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ABSTRACT 

The development and evaluation of novel treatment and sanitation devices are 

necessary for the advancement of wastewater management practices. Considering future 

water demands and the limitation of current supplies, water security will likely become a 

central issue of the 21
st
 century. To address this concern, a greywater reclamation system 

for non-potable water applications was developed and evaluated during this research. The 

reclamation system consisted primarily of a hybrid membrane bioreactor (HMBR), a 

biological treatment system containing both attached and suspended growth processes 

and membrane separation. A 10 month pilot study using synthetic and real greywater was 

conducted at the University of Regina Research and Innovation Centre (RIC). The 

objectives of this study were to: (1) evaluate treatment performance at various mixed 

liquor suspended solids (MLSS) concentrations and hydraulic retention times (HRT); (2) 

evaluate treatment performance at high contaminant loads using high strength synthetic 

greywater; and (3) evaluate treatment performance following long periods of idle 

operation. 

Influent and effluent water quality was evaluated in terms of five-day biochemical 

oxygen demand (BOD5), chemical oxygen demand (COD), total phosphorus (TP), total 

nitrogen (TN), nitrate, nitrite, ammonia, and turbidity. Removal efficiencies were 

evaluated at MLSS concentrations ranging from approximately 1000 to 4000 mg/L and at 

HRTs ranging from 8 to 12 hours. An MLSS = 3000 or 4000 mg/L at an HRT of 8 hours 

yielded optimal results for the treatment of medium strength greywater. Under these 

conditions, removal efficiencies as high as 99.2%, 97.8%, 99.8%, 99.9%, 97.9%, and 

44.8% were achieved for BOD5, COD, turbidity, ammonia, TP, and TN, respectively. 
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When treating high strength synthetic greywater, high removal efficiencies were 

observed and residual BOD5 and turbidity were below the Canadian Guidelines for 

Domestic Reclaimed Water for Use in Toilet and Urinal Flushing. The system showed 

prompt recovery following one, two, three, and four week periods of idle operation and 

was capable of producing reusable effluent within two days of resumed flow.  
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1 INTRODUCTION 

Water is an essential resource to all life on Earth and nearly all social and 

economic activities depend on accessible and stable water supplies. Earth contains 

approximately 1.4 billion km
3
 of water, 97.5% of which is salt water while the remaining 

2.5% is fresh water (UNEP, 2008). However, as much as 68.9% of all fresh water is in 

the form of permanent ice or snow located in alpine, Arctic, and Antarctic glaciers 

(UNEP, 2008) making these resources virtually inaccessible. The remaining fresh water 

is divided between groundwater and surface water, which constitute 30.8% and 0.3%, 

respectively (UNEP, 2008). However, distribution and terrain limit the utilization of 

much of these water resources. As a result, the total usable freshwater supply is estimated 

at 200,000 km
3
, which is less than 1% of all freshwater resources, or approximately 

0.01% of all water on Earth (UNEP, 2008). 

The unequal distribution of fresh water across the globe has led to a disparity in 

regional water supplies making fresh water a scarce resource in many parts of the world. 

Nearly 80% of global runoff is concentrated in the northern hemisphere while the more 

heavily populated tropical and arid regions suffer regular water shortages (Swain, 2001). 

Currently, water resources appear to be extracted and consumed at an unsustainable rate, 

as evidenced by surface water decline, wetland degradation, sinkhole formation, 

groundwater depletion, and saltwater intrusion. Polluted waters have an equally 

detrimental effect by reducing the usability of many water resources, increasing treatment 

requirements, and increasing the risk of exposure to contaminants. Agriculture, 

urbanization, energy production, industry, and lifestyle exert significant pressure on 

freshwater supplies. Without the application of strategic countermeasures, water scarcity 
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will likely worsen in the coming decades as a result of rapid population growth, 

economic development, and urbanization.  

Recent estimates predict world population to increase from 7 billion to 8.3 billion 

people by 2030 and to exceed 9 billion people by 2050 (WWAP, 2012). As a result, food 

demand is predicted to increase 50% by 2030 and 70% by 2050 (WWAP, 2012). This 

will further increase the need for irrigated agriculture, which already accounts for 70% of 

the world’s freshwater withdrawals, and will tighten the competition among the 

remaining water-using sectors (WWAP, 2012). Globally, net irrigation requirements may 

increase 45% by 2080, resulting in a 20% increase in gross water withdrawals (Hanjra & 

Qureshi, 2010). An increase in water demand may also heighten tension between 

neighbouring countries that share water supplies. Across the globe, there are at least 245 

river basins, servicing approximately 40% of the world’s population, which are shared 

among two or more states (Salman & de Chazournes, 1998). Many countries have 

already identified water scarcity as a matter of national security (Swain, 2001) and 

disputes over water apportionment in transboundary basins will most likely increase with 

future water demands.   

In Canada, water resources are often taken for granted and little effort is made to 

conserve or protect freshwater supplies. Daily domestic water use per Canadian is, on 

average, 343 L per day, second only to the United States, 382 L per day (Environment 

Canada, 2011), and more than double the water use of the average European 

(Environment Canada, 2004). Despite containing 20% of the world’s total freshwater 

resources, Canada only receives 7% of the world’s renewable freshwater supplies 

(Environment Canada, 2012). Furthermore, 60% of Canada’s water supply flows 
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northwards, away from 84% of the population (Environment Canada, 2011). As such, 

there is a mismatch between regions of freshwater abundance and regions of high 

freshwater demand. Freshwater sources are currently under noticeable pressure when 

attempting to fulfill the growing demands of domestic requirements (Environment 

Canada, 2004). For this reason, water conservation and sustainable management will 

likely continue to gain prominence in the future of Canada’s water resource management. 

Current climate change predictions may greatly impact the future of Canada’s 

water resources, especially in the dry prairie regions of Canada. The Prairie Provinces are 

expected to experience up to a 55% increase in evaporation rates by the end of the 21
st
 

century while precipitation rates may increase slightly or remain the same (Schindler & 

Donahue, 2006). As such, the Canadian prairie is predicted to be much drier and drought-

prone in the future (Laird et al., 2007). Prairie wetlands, which provide important 

hydrological services by mitigating the effects of floods and droughts, are particularly 

vulnerable to climate change. By the end of the century, 7 to 47% of wetlands in the 

Prairie Pothole Region may be lost as a result of climate change (Withey & van Kooten, 

2010). Detrimental effects caused by climate change are also predicted in Eastern 

Canada. By 2055, the water level of the Great Lakes may drop by 0.5 to 1.0 m while the 

outflow of the St. Lawrence River may be reduced by 20% (Environment Canada, 2009). 

The resulting water loss may put strain on over 8 million Canadians who depend on the 

Great Lakes/St. Lawrence River basin for drinking water, energy, and employment. 
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1.1 Problem Statement 

The challenges faced by water and wastewater engineers in the 21
st
 century 

greatly affect the welfare of humanity and the environment. Water quantity and quality 

are on the decline in many regions of the world and over 0.5 billion people currently live 

in water-stressed countries, a number that is expected to grow to over 3 billion by 2025 

(Hanjra & Qureshi, 2010). The reduction in national and international water resources 

and the increase in future water demand may result in significant socio-economic 

hardship, political instability, and environmental degradation. Currently, many cities have 

overburdened their wastewater infrastructures while others struggle to keep pace with 

increasingly stringent discharge regulations. Wastewater reclamation may therefore 

provide an advantage over conventional treatment processes by providing high quality 

reusable water.  

Developing treatment systems that are robust, cost-effective, low maintenance, 

and capable of producing high quality reusable effluent remains at the forefront of 

wastewater reclamation research. Many efforts have been focused primarily on the 

treatment and reuse of greywater for non-potable water applications. In particular, the use 

of membrane bioreactors (MBRs) for greywater reclamation has been identified as a 

potentially viable technology (Li et al., 2009). While these systems are capable of 

producing high quality reusable effluent, they are often expensive to purchase, install, 

and operate, and prone to many technological problems.  

To address these issues, recent efforts have focused on combining attached and 

suspended growth processes into MBRs, a system configuration referred to in this study 

as a hybrid membrane bioreactor (HMBR). However, there is currently insufficient 
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research related to the efficacy of combining attached and suspended growth processes in 

one reactor, and the practical utilization of hybrid growth systems has not yet been fully 

explored (Yang et al., 2011). Previous research conducted at the University of Regina has 

demonstrated great potential for an HMBR greywater reclamation system. However, the 

system had not yet been fully developed or tested, prompting the need for further 

research. 

The effect of MLSS concentration and HRT on HMBR treatment performance 

had not been investigated on MLSS concentrations below 3000 mg/L and current 

operational values for MLSS are unsubstantiated by research. MLSS has been recognized 

as a key parameter in MBR operation (Lousada-Ferreira et al., 2009) and the 

determination of an optimal concentration is desirable. The reclamation system had also 

not been tested using a wide range of wastewaters, including wastewater design to 

simulate highly contaminated greywater. It was therefore unclear whether the system was 

currently capable of treating high strength greywater in addition to low/medium strength 

greywater, or how the system would respond to sudden contaminant loads. Finally, the 

effects of microbial starvation on treatment performance following long idle periods have 

yet to be fully evaluated. If installed in schools, greywater reclamation systems may be 

expected to undergo long periods without any influent greywater, especially during the 

holiday seasons. As such, evaluating the effects of microbial starvation on treatment 

performance may help determine the suitability of the HMBR system for certain 

applications.  
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1.2 Objectives 

The objective of this research was to further develop, optimize, and evaluate the 

HMBR treatment system for greywater reclamation. The pilot study focused on three 

goals: (1) to investigate treatment performance at various MLSS concentrations and 

HRTs; (2) to investigate treatment performance when treating high strength greywater for 

a system optimized to treat medium strength greywater; and (3) to investigate treatment 

performance following long periods of idle operation. 

The investigation of HMBR performance at various MLSS concentrations and 

HRTs will help determine the stability of the treatment system and the extent to which 

treatment performance can be improved by varying these parameters. Both MLSS and 

HRT can be expected to fluctuate considerably during the course of operation as a result 

of changing flow rates or changing wastewater characteristics. To date, few studies have 

investigated the effect of operational parameters on effluent quality in order to determine 

optimal operation (Ren et al., 2005a). As such, this research will provide insight into the 

operating capabilities of the HMBR system which is necessary in determining the scope 

of its application. The investigation of HMBR performance when subjected to high 

strength greywater was done to test the limitations of the treatment system. As greywater 

characteristics vary substantially from source to source, the system should be capable of 

handling a wide variety of variable strength wastewaters. Analyzing system performance 

with high strength synthetic greywater will provide data on the current system’s ability to 

treat heavily contaminated greywater, which may be used to define the limitations of the 

system and guide future system adaptations. Finally, the effect of long idle periods on 

treatment performance was evaluated to assess the reliability of the system in certain 
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installation scenarios (e.g. schools). This test will help determine the practicality and 

feasibility of the treatment system in certain applications which may require the system to 

go long periods with little to no influent.  

1.3 Significance of Research  

The core principle of wastewater reclamation is to conserve freshwater resources 

by introducing cost-effective technologies that can treat and recycle wastewater. When 

implemented, these technologies may provide significant social and environmental 

benefits around the world especially in regions currently suffering from water shortages, 

limited wastewater treatment capacities, disconnected infrastructure, or unreliable water 

supplies. Greywater reclamation systems may significantly reduce freshwater 

consumption and wastewater flow rates which in turn reduces the load on water and 

wastewater treatment plants.  

The objectives set forth in this research will provide information on HMBR 

operation and performance under various operating conditions. Evaluating treatment 

performance at various MLSS concentrations, HRTs, contaminant loads, and idle times 

will determine the range of conditions in which the system can generate acceptable 

effluent. The application of this knowledge may be used to assess the practicality of the 

reclamation system for various applications.  
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2 LITERATURE REVIEW 

2.1 Reclamation: A New Approach to Water Management 

In many parts of the world, the challenges posed by population and urbanization 

have pushed conventional water resources to their limits, requiring suppliers to consider 

new strategies and technologies that increase the sustainability and self-sufficiency of 

urban environments (Rygaard et al., 2010). The one-use model of water management has 

therefore been required to adapt as emerging technologies enable the reuse of previously 

unusable wastewater. The recognition of wastewater as a valuable and renewable 

resource may reflect a fundamental change in the overall approach to water management. 

As such, the function of future wastewater treatment plants may have increased emphasis 

on recovering water resources, energy, and materials, such as biosolids and nutrients 

(Meneses et al., 2010).  

In order to accommodate reclamation systems, many new and existing 

communities have integrated dual distribution networks into their infrastructure. These 

systems deliver both potable and non-potable water throughout their service area. 

Lavender coloured pipes and taps are commonly used to indicate reclaimed water for 

non-potable uses. While modern in comparison to conventional distribution schemes, the 

utilization of separate water supplies for potable and non-potable applications can be 

traced back to antiquity. Augustus of Rome recognized the value of using contaminated 

water for restricted non-potable uses and developed a dual distribution system in Rome 

nearly 2000 years ago (AWWA, 2009). Since then, the practice has been discarded in 

favour of traditional single pipe systems which supply potable water for all uses. The 

earliest modern dual distribution system in North America was developed in 1926, in 
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Grand Canyon Village, Arizona (NRC, 2012). Here, the reclamation facilities delivered 

up to 3800 m
3
/d of reclaimed water to residents for non-potable applications such as toilet 

flushing, irrigation, and vehicle washing (NRC, 2012). Since then, many other states have 

followed suit, including California, Virginia, Texas, Florida, Colorado, Georgia, and New 

Mexico (NRC, 2012). In 2006, the United States was producing an estimated 9.8 million 

m
3
 of reclaimed water every day, an amount projected to increase to 38 million m

3
 per 

day by 2015 (Miller, 2006). 

Europe is also transitioning to wastewater reclamation processes for non-potable 

applications, although at a much slower pace than the United States. In the early 1990s, 

there were very few cases of wastewater reclamation being practiced in Europe (Bixio et 

al., 2006). This may in part be attributed to the absence of legislative regulations across 

the European Union which has limited reuse projects to only national or regional 

guidance (Hochstrat et al., 2006). Other factors may include incomplete knowledge 

concerning the safety of reclaimed water, difficulties in assessing reclaimed water quality 

in real-time, difficulties in implementing epidemiological studies (Salgot, 2008), and 

poor public acceptance. However, recent surveys have revealed well over 200 operating 

water reuse projects across Europe (Bixio et al., 2006). Globally, at least 43 nations 

currently possess major reclamation facilities, producing an estimated 49 million m
3
 a 

day of reclaimed wastewater (NRC, 2012). Prominent among these nations is Australia, 

which possesses over 450 water reclamation facilities (Bixio et al., 2008). Other key 

nations include the United States, Japan, Israel, Singapore, South Africa, Tunisia, and 

Mexico (Salgot, 2008). 
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2.2 An Overview of Greywater Reclamation  

Greywater consists of wastewater generated from sinks, showers, bathtubs, 

dishwashers, or washing machines. It is differentiated from regular domestic wastewater 

by the exclusion of sewage, making it relatively less contaminated than blackwater and 

more suitable for reclamation. The treatment of greywater for reclamation purposes has 

become an increasingly important process in the effort to improve freshwater 

conservation in many countries (Mourad et al., 2011). In general, the goal of a greywater 

reclamation system is to produce water sufficient for all non-potable water applications, 

such as irrigation, recreational activities, firefighting, construction, cleaning, surface 

water replenishment, groundwater recharge, and industrial applications (Meneses et al., 

2010). The design and implementation of a greywater reclamation system is contingent 

on many factors including treatment requirements, influent characteristics, location, 

space, budget, and the intended use for the reclaimed water. Nevertheless, all greywater 

reclamation systems should fulfill four basic criteria: (1) the reclaimed water should be 

safe and hygienic; (2) the reclaimed water should possess acceptable aesthetic qualities; 

(3) the reclaimed water should meet or exceed environmental tolerance; and (4) the 

treatment system should be technically and economically feasible (Al-Jayyousi, 2003).  

In traditional sewage collection systems, greywater and toilet water are combined 

when entering the collection system, resulting in a single stream of highly contaminated 

wastewater. In-house waste segregation, the process of keeping separate waste products 

generated from various sources, prevents pollutants such as biochemical oxygen demand 

(BOD), nutrients, solids, and pathogens, found in the blackwater fraction, from 

contaminating the more relatively abundant greywater fraction (Siegrist, 1977). The 
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relative absence of solid wastes, such as faeces and toilet paper, greatly simplifies the 

treatment and handling of greywater, and may also reduce the need for solid waste 

disposal. From a risk management perspective, the reduction in pathogenic and organic 

content makes onsite greywater treatment an attractive option (Donner et al., 2010) and 

greatly facilitates reclamation (Hocaoglu et al., 2012). The separated greywater may be 

treated using physical, chemical, or biological processes and pumped to a storage 

container for reuse. Facilities equipped with dual piping may then access the reclaimed 

greywater for a variety of applications.  

The implementation of wastewater reclamation can occur at both large and small 

scales; however, current research and implementation schemes have focused on the 

benefits of decentralized greywater reclamation systems (Al-Jayyousi, 2003). 

Decentralization is increasingly recognized as an appropriate solution to service areas 

lacking water supply and sanitation facilities (Libralato et al., 2011). Some areas can 

function solely on decentralized treatment systems. Venice, for example, successfully 

operates on 140 decentralized biological wastewater treatment plants (Libralato et al., 

2011) distributed across its islands. Decentralized systems are capable of integration with 

centralized urban infrastructure, but can also be used to treat rural areas or areas 

disconnected from a centralized treatment facility. This versatility gives decentralized 

treatment systems a broad range of application.  

Small-scale community greywater reclamation involves the collection of 

greywater from residential and public buildings, which is then treated onsite and reused 

in various applications such as toilet flushing and irrigation. Localization of the water 

cycle through neighborhood reclamation avoids some of the ecological impacts and 
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infrastructure costs associated with the transportation of water across long distances, the 

construction of dams and reservoirs (van Roon, 2006), and the construction and operation 

of centralized water and wastewater treatment facilities. This provides a motivation to 

develop small-scale decentralized greywater reclamation systems. 

2.2.1 Greywater Characterization: Quality and Quantity 

The volume of greywater generated per person is highly dependent on an 

individual’s age, gender, habits, lifestyle, and access to available water resources. 

Estimates for typical greywater production vary from 90 to 120 L per person per day (Li 

et al., 2009) to as much as 180 to 300 L per person per day (Rodda et al., 2011). It has 

been estimated that up to 75% of combined residential sewage consists of greywater 

(Eriksson et al., 2002). This suggests significant potential for greywater reclamation. In 

Canada, 35% of domestic water is used for showering and bathing, 30% is used for toilet 

flushing, 20% is used for laundry, 10% is used in the kitchen and for drinking, and 5% is 

used for cleaning (Environment Canada, 2011). These estimates suggest that at least 60% 

of total domestic water used in Canada will end up as greywater and that greywater is the 

major form of wastewater discharged to residential sewer systems. It also indicates that 

reusing reclaimed greywater for toilet flushing alone can reduce household freshwater 

consumption by up to 30%. Other estimates suggest that the use of reclaimed greywater 

for lawn and garden irrigation in addition to toilet flushing can reduce potable water use 

by as much as 30 to 50% (Jeppesen, 1996). 

The quality of greywater greatly affects the selection and design of a treatment 

system. For this reason, it is necessary to thoroughly analyze its characteristics and 

composition. Many factors, such as household activities, the quality of the water supply, 
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and the type and condition of the distribution system, greatly influence the characteristics 

of greywater (Eriksson et al., 2002). Circumstances such as the time of day, climate, or 

season influence household activities and the types of products used within the 

household. Additional factors may include the number of individuals occupying a 

residence, their age, gender, medicinal needs, habits, and culture. For these reasons, 

significant variation in greywater characteristics is common, even when sourced from a 

single location. A summary of common greywater characteristics is presented in Table 1. 
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Table 1. Characteristics of greywater from combined sources 

*and references therein. 

Table 2. Characteristics of greywater vs. blackwater (Health Canada, 2010) 

Parameter Unit Greywater (Range) Greywater (Mean) Blackwater (Range) 

Suspended solids mg/L 45-330 115 100-500 

Turbidity NTU 22->200 100 n.a. 

BOD5 mg/L 90-290 160 100-500 

Nitrite mg/L <0.1-0.8 0.3 1-10 

Ammonia mg/L <1.0-25.4 5.3 10-30 

TKN mg/L 2.1-31.5 12 20-80 

Total phosphorus mg/L 0.6-27.3 8 5-30 

Sulphate mg/L 7.9-110 35 20-100 

pH  6.6-8.7 7.5 6.5-8.5 

Conductivity mS/cm 325-1140 600 300-800 

Hardness mg/L 15-55 45 200-700 

Sodium mg/L 29-230 70 70-300 

Source* BOD5 COD Turbidity NH3 TP TN TKN pH T Coliform 

 mg/L mg/L NTU mg/L mg/L mg/L mg/L  CFU/100 mL 

Health Canada (2010) 90-290 n.a. 22->200 <1.0-25.4 0.6-27.3 n.a. 2.1-31.5 6.6-8.7 n.a. 

Jefferson et al. (2004) 146 451 100.6 n.a. 0.35 8.73 n.a. 7.47 7387 

Al-Jayyousi (2003) 121 371 69 1 

 

0.36 n.a. n.a. n.a. 10
6
 

Eriksson et al. (2002) 90-360 

 

13-549 15.3->200 0.03-25.4 0.16-27.3 0.54-5.2 2.1-31.5 n.a. 10
7.2

-10
8.8

 

Li et al. (2009) 47-466 100-700 29-375 n.a. 0.11-22.8 1.7-34.3 n.a. 6.3-8.1 56-8.03x10
7
 

Nolde (2000) 150-250 250-430 n.a. n.a. 0.2-0.6 5-10 n.a. n.a. 10
4
-10

6
 

Hocaoglu et al. (2012) 117 310 n.a. 1.9 9.4 n.a. 7.6 7.1 n.a. 

Donner et al. (2010) 41-500 283-549 n.a. n.a. 0.6->68 0.6-11 n.a. 5-8.7 n.a. 

Aizenchtadt et al. (2009) 69 211 65 3.8 4.7 n.a. 9.7 7.2 10
5
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Greywater contaminants are often characterized in terms of oxygen demand, 

suspended solids, nitrogen content, and phosphorus content due to the effects of these 

parameters on natural bodies of water. BOD and COD are important measures of 

potential oxygen depletion resulting from the degradation of organic compounds during 

transportation and storage. The presence of biodegradable organics may therefore 

encourage undesirable bacterial growth. The ratio of BOD to COD reflects the relative 

biodegradability of the organic fraction and may be used to evaluate the potential 

viability of biological treatment. It has been observed that even relatively weak greywater 

possesses a BOD:COD ratio of roughly 0.33, indicating relatively easy biodegradability 

(Aizenchtadt et al., 2009). The BOD:COD ratio for untreated municipal wastewater is 

generally between 0.3 and 0.8 (Metcalf & Eddy, 2003). A literature review by Li et al. 

(2009) also found that nearly all types of greywater have good biodegradability. A very 

recent analysis of several COD fractions found in greywater indicated that up to 94% 

may be biodegradable (Hocaoglu et al., 2012). While reported values for organic strength 

indicate the suitability of greywater for biological treatment, nitrogen and phosphorus 

levels in greywater are generally low, particularly in greywater originating from 

bathrooms and laundry rooms (Li et al., 2009). Roughly 90% of the nitrogen and 67% of 

the phosphorus in human excrements comes from urine (Günther, 2000). Therefore, 

nitrogen and phosphorus deficiencies in greywater can be expected (Jefferson et al., 

2004).  

From a public health standpoint, an even more important characteristic of 

greywater is the type and amount of pathogens it contains. Pathogens may enter 

greywater by washing hands after toilet use, washing babies or small children after diaper 
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changes, or from uncooked foodstuffs including vegetables and meats (Eriksson et al., 

2002). Opportunistic pathogens such as Pseudomonas aeruginosa and Staphylococcus 

aureus, and protozoa such as Cryptosporidium and Giardia lamblia have been detected in 

greywater (Winward et al., 2007). Pseudomonas aeruginosa and Staphylococcus aureus 

are common bacteria found on skin. Recent microbial analysis of over 100 greywater 

samples showed that 21% of samples were positive with pathogens: 18% included enteric 

viruses, 7% included enterovirus, 11%, included norovirus GI, 1% included norovirus 

GII, 1% included rotavirus, and 3% included E. coli (O’Toole, 2012). Inactivation of 

these pathogens through appropriate treatment is necessary, especially in reuse 

applications involving unrestricted access. 

Due to its source of origin, greywater also contains a large variety of household 

chemicals. These include detergents, bleaches, dyes, emulsifiers, enzymes, fragrances, 

flavours, preservatives, softeners, solvents, UV filters, and various other miscellaneous 

compounds (Eriksson et al., 2002). Several metals have also been detected in greywater 

such as Ca, K, Fe, Mg, Mn, Cu, Al, Zn, and Co (Li et al., 2009), though the presence of 

heavy metals is relatively low (Eriksson et al., 2002). The extent to which metals are 

present in the greywater depends mainly on the quality of the water supplied by the 

waterworks (Eriksson et al., 2002). This suggests that the metal content in reclaimed 

water will resemble that of the potable water supply, though some household chemicals 

may increase the presence of certain metals. For instance, greywater generated from 

laundry contains elevated sodium concentrations due to the use of sodium as a counterion 

to anionic surfactants used in powder laundry detergents (Eriksson et al., 2002). 
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2.2.2 Emerging Contaminants  

Recent advancements in chemistry over the past century have led to the 

development of hundreds of new compounds which are used extensively in consumer 

products. Over 900 xenobiotic organic compounds (XOCs), compounds foreign to 

biological systems, are detectable in domestic greywater (Eriksson et al., 2002). 

Endocrine disrupting chemicals (EDCs) are also increasingly recorded among the trace 

organic contaminants found in wastewater (Wintgens, 2005). EDCs have been shown to 

affect some organisms (primarily aquatic specimens) at part per trillion concentrations 

(Wintgens, 2005). The extent to which EDCs are present in greywater is poorly 

understood (Schäfer et al., 2006). The presence of EDCs and other trace organic 

compounds greatly depends on the constituents found in detergents, personal care 

products (PCPs), and their degradation bi-products (Schäfer et al., 2006). Due to the 

complexity of biological processes, it is difficult to assess the relative safety of these 

compounds and the extent to which they must be removed. Nevertheless, in accordance 

with the precautionary principle, it is prudent to account for these compounds in 

treatment design whenever possible. Reports of pharmaceutically active compounds in 

municipal wastewaters are also becoming more common and the effect of these 

compounds is largely unknown (Wintgens, 2005). However, the majority of these 

compounds, including antibiotics, are introduced into wastewater from human excretion 

(Le-Minh, 2010) and may therefore pose little concern in greywater reuse schemes. 

Nevertheless, the emergence of new contaminants emphasizes the need for defensive 

measures in system design in the interest of protecting public health. 
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2.2.3 Public Perception and Public Acceptance 

Positive public perception and acceptance of greywater reclamation systems are 

critical to their successful implementation. Consumers may be wary of the close 

connection between greywater and reclaimed water and may exhibit concerns regarding 

its safety. Analyses of public perception have shown that people are more accepting of 

greywater reclamation when they are not in direct contact with the reclaimed water 

(Rygaard et al., 2010; Mankad & Tapsuwan, 2010). In Victoria, Australia, the acceptance 

of greywater reclamation was highest for uses in toilet flushing and irrigation, but 

decreased for activities involving personal contact such as car washing and laundry 

(Muthukumaran et al., 2011). Surveys in Melbourne, Australia, indicated that 77% of the 

population was supportive of greywater reclamation, with 75% showing strong support 

for the use of recycled water in toilet flushing, 60% confident in the water authority’s 

ability to deliver safe reclaimed water, and 50% willing to pay a levy for water sensitive 

urban design (van Roon, 2006). In Syria, 83% of the surveyed population were reportedly 

in favour of reusing treated greywater for toilet flushing (Mourad et al., 2011), and 80 to 

90% of the surveyed population in Barcelona, Spain, were in favour of greywater reuse 

for toilet flushing (Doménech & Sauri, 2010). Apart from safety concerns, up-front costs 

have been implicated as one of the main barriers preventing potential buyers from 

purchasing decentralized greywater reclamation systems, particularly for reclamation 

systems that require retrofitting residential housing units (Mankad & Tapsuwan, 2010). 

Without government incentive and rebate programs, greywater reclamation systems may 

therefore be limited to applications in new developments. 
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2.2.4 Domestic and Foreign Guidelines 

Currently, a number of countries have developed guidelines for greywater 

reclamation such as Canada, the United States, and Australia. The intent of these 

guidelines is to protect public health and to maintain acceptable aesthetic quality. The 

Canadian guideline for domestic reclaimed water for use in toilet and urinal flushing is 

provided in Table 3.  

Table 3. Canadian guidelines for water reuse in toilet flushing (Health Canada, 2010) 

Parameter Unit Median Maximum 

BOD5
 

mg/L ≤ 10 ≤ 20 

TSS
 

mg/L ≤ 10 ≤ 20 

Turbidity
 

NTU
 

≤ 2 ≤ 5 

Escherichia coli CFU/100 mL
 

Not detected ≤ 200 

Thermotolerant coliforms
 

CFU/100 mL
 

Not detected ≤ 200 

Total chlorine residual
 

mg/L ≥ 0.5 

Note: Only one of TSS and turbidity, and only one of E. coli and thermotolerant 

coliforms, need monitoring in a given system.  

The Canadian guidelines also provide general recommendations regarding 

operational oversight, inspection, and monitoring, including the recommendation to 

monitor chlorine residuals on a real-time basis and routine monitoring of TSS or turbidity 

(Health Canada, 2010). Maintaining verified chlorine dosage and residual is considered 

sufficient oversight of bacteriological water quality criteria, which in turn does not 

require frequent monitoring (Health Canada, 2010). Verification that the effluent water 

quality meets all guideline criteria is recommended on a biannual basis or when changes 

in system operation occur (Health Canada, 2010).  

In the United States, the Environmental Protection Agency (EPA) provides reuse 

guidelines for various applications including agriculture, industry, recreation, 

environment, and restricted and unrestricted urban reuse. EPA guidelines for domestic 



20 

 

reuse are provided in Table 4. These guidelines are intended for the following reuse 

applications: all types of landscape irrigation (e.g. golf courses, parks, cemeteries), 

vehicle washing, toilet flushing, use in fire protection systems, air conditioners, and other 

applications with similar access or exposure to the reclaimed water (AWWA, 2009).  

Table 4. EPA guidelines for urban water reuse (AWWA, 2009) 

Parameter Unit Value Effluent Monitoring Frequency 

BOD5 mg/L 10 Weekly 

Turbidity NTU 2 Continuous 

Faecal Coliform CFU/100 mL Not detected Daily 

Chlorine Residual mg/L ≥ 1 Continuous 

pH  6-9 Weekly 

However, individual states are free to adopt different reusable effluent quality 

requirements. This has led to several inconsistencies in the reuse guidelines among 

various states. For instance, reuse criteria for toilet flushing in Texas requires reclaimed 

effluent to have a quality = 5 mg/L BOD, 3 NTU, and 20 CFU/100 mL faecal coliform 

(AWWA, 2009). On the other hand, reuse criteria for toilet flushing in Florida requires 

effluent quality to meet 20 mg/L BOD, 5 mg/L TSS, and no detectable faecal coliforms 

per 100 mL (AWWA, 2009). Similarly, inconsistent reuse guidelines also exist across the 

states of Australia. Reuse guidelines for toilet flushing in the states of Western Australia 

and New South Wales (NSW) are provided in Table 5 and Table 6, respectively.  
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Table 5. Western Australia guidelines for water reuse in toilet flushing (Government of 

Western Australia, 2011) 

Parameter Unit Value Effluent Monitoring Frequency 

BOD5 mg/L < 10 Weekly 

Suspended Solids mg/L < 10 Weekly 

pH  6.5-8.5 Continuous online 

Turbidity NTU < 2, < 5 (max) Continuous online 

Chlorine Residual mg/L 0.2-2.0 Continuous online 

Escherichia coli CFU/100 mL < 1 Weekly 

Coliphages PFU/100 mL < 1 Weekly 

Clostridia CFU/100 mL < 1 Weekly 

Reclaimed water may also be used for the agricultural irrigation of unprocessed food 

crops (e.g. salad crops), urban irrigation in areas of unrestricted access, and washing 

machines (Government of Western Australia, 2011). 

Table 6. New South Wales guidelines for water reuse in toilet flushing (NSW Health, 

2000) 

Parameter Unit Value 

BOD5 mg/L 20 

Suspended Solids mg/L 30 

Thermotolerant coliforms CFU/100 mL 10 

Reclaimed water may also be used for sub-soil irrigation, sub-surface irrigation, surface 

irrigation, and laundry use (NSW Health, 2000). The guidelines for New South Wales 

also indicate that disinfection of treated effluent is required, though method and residual 

amount are unspecified (NSW Health, 2000).  

 

2.2.5 Advantages of Greywater Reclamation  

Integrating sustainable reclamation systems into existing water management 

schemes has many advantages. Since the source of reclaimed water is not dependent on 

rainfall or other environmental factors, the reclamation of greywater offers a relatively 

constant year-round return, adding stability and self-sufficiency to the water supply 

(Wintgens et al., 2005). This may significantly reduce the need for costly dam and 

diversion projects or water imports from surrounding areas. Reclamation systems also 

have the potential to alleviate strain in areas of limited sewer treatment capacity by 
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dramatically reducing the amount of wastewater discharged to the central sewage system. 

The reuse of greywater on individual residential lots may achieve a reduction of up to 

54% in annual wastewater discharges (Zhang et al., 2009). Advanced greywater 

reclamation systems that use MBRs and similar technologies also produce higher quality 

effluent compared to conventional activated sludge (CAS) processes. Thus, greywater 

reclamation has the potential to offer significant benefits in terms of water savings, water 

quality, and wastewater reduction. For domestic residences, greywater reclamation 

represents the largest potential source of water savings (Al-Jayyousi, 2003).  

2.3 Current Applications of Greywater Reclamation 

Current applications of greywater reclamation use a variety of treatment methods 

including sand filtration, biological aerated filters, rotating biological contactors (RBCs), 

constructed wetlands, membrane bioreactors (Aizenchtadt et al., 2009), sequencing batch 

reactors (SBRs), direct ultrafiltration (UF), and chemical processes such as advanced 

oxidation and photo-catalytic oxidation (Hocaoglu et al., 2012). In general, biological 

systems such as RBCs and MBRs exhibit higher removal efficiencies compared to sand 

filtration systems, and long-term trends indicate that MBRs offer the highest advantages 

for COD and turbidity removal (Aizenchtadt et al., 2009). Reclamation systems designed 

for larger residential buildings typically include biological treatment such as an MBR, 

SBR, or biologically aerated filters (Jefferson et al., 2004). A review of greywater 

treatment systems by Li et al. (2009) recommended MBRs as the most economical and 

feasible reclamation system for collective urban residential buildings. A comparison of 

removal efficiencies for various greywater reclamation systems is presented in Table 7. 
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Table 7. Reported removal efficiencies of various greywater reclamation processes 

 BOD COD TSS T TP TKN NH3 FC 

RBC
a
 95% 78% 86% 98% 51% 88% 95% 99.3% 

Sand filtration
a
 10% 38% 65% 46% 32% 23% < 1% 57.4% 

RBC + sand 

filtration
a
 

97% 80% 92% 99% 57% 90% 97% 99.8% 

MBR
a
 98% 81% 87% 99.7% 72% 86% 79% 99.99% 

GAC-biofilm + 

sand filtration
b
 

n.a. 70% 72% n.a. n.a. n.a. < 1% 65% 

MBR
c
 96% 97% 96% n.a. 44% n.a. 89% ND 

SBR
d
 93% 79% 30% n.a. < 1% n.a. 96% n.a. 

HFRB
e
 65% 75% 63% 82% n.a. n.a. n.a. ~99.9% 

VFRB
e
 97% 94% 89% 97% n.a. n.a. n.a. ~99.9% 

GROW
e
 51% 68% 78% 57% n.a. n.a. n.a. ~99% 

MBR
e
 99% 89% 99% 99.7% n.a. n.a. n.a. ND 

MCR
e
 94% 84% 98% 99% n.a. n.a. n.a. ND 

MBR
f
 94% 85% n.a. 98% 19% 63% 72% 99% 

RBC + sand 

filtration
g
 

96% 75% 82% 98% 58% 87% 96% ND 

a
Aizenchtadt et al., 2009; 

b
Al-Mughalles et al., 2012; 

c
Hocaoglu et al., 2012; 

d
Lamine et 

al., 2007; 
e
Winward et al., 2007; 

f
Merz et al., 2007; 

g
Friedler et al., 2005. FC = faecal 

coliform, ND = not detected, GAC = granular activated carbon, HFRB = horizontal flow 

reed bed, VFRB = vertical flow reed bed, GROW = green roof water recycling system, 

MCR = membrane chemical reactor. 

Currently, many jurisdictions across the world are involved in the research and 

application of greywater reclamation as part of their water resource management 

including the United States, Australia, Japan, the United Kingdom, Germany, and 

Sweden (Al-Jayyousi, 2003). In Los Angeles, greywater reuse for irrigation has been 

estimated to conserve 12 to 65% of the city’s annual freshwater use (Mourad et al., 

2011), and greywater reclamation in Cranbrook, Australia, has resulted in a 20 to 32% 

reduction in potable water imports (Zhang et al., 2009). In Galicia, Spain, the installation 

of greywater reclamation systems in new buildings has been required since 2008 

(Doménech & Sauri, 2010), while in Germany the use of RBCs and fluidised-bed 
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reactors for greywater reclamation in multi-storey buildings has been practiced since the 

early 1990s (Nolde, 2000).  

Single house greywater reclamation systems have also been used in some parts of 

the world such as the United Kingdom (Jefferson et al., 2004). However, the cost-benefit 

of these small-scale applications has limited treatment design to simple methods such as 

course filtration devices and chemical disinfection (Jefferson et al., 2004). A larger 

greywater reclamation system was incorporated into the Millennium Dome for use in 

toilets and urinals (Rygaard et al., 2010), demonstrating the potential application of 

greywater reclamation in stadiums and exhibition spaces. 

Not surprisingly, arid countries in the Middle East and North Africa such as 

Israel, Jordan, and Tunisia are greatly involved in wastewater reclamation. Irrigation is 

one of the central uses for treated greywater and up to 75% of all wastewater in Israel is 

reused in irrigation projects (Qadir et al., 2009). Jordan has also become a regional leader 

for greywater reuse (Qadir et al., 2009) and in 2003, 750 greywater treatment systems 

designed to augment home and garden irrigation were installed in over 90 villages (Al-

Hamaiedeh & Bino, 2010). In Syria, greywater reuse in toilet flushing has been 

recommended as one of the best strategies for addressing water shortages with the 

potential to reduce potable water usage by up to 35% (Mourad et al., 2011). Small-scale 

greywater reclamation in Yemen has also been implemented in at least six mosques and 

the treated water is reused for irrigation and afforestation (Al-Mughalles et al., 2012).  

The use of small-scale MBR package plants for greywater reclamation has 

become a favourable practice in Japan and many Japanese office buildings have 

implemented this practice (de Koning et al., 2008). The reclaimed water is primarily used 
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for toilet flushing (de Koning et al., 2008). Fukuoka, Japan, requires, through legislation, 

large buildings to adopt water saving technologies such as rain harvesting or greywater 

reclamation (Wintgens et al., 2005). Similar mandates exist in Tokyo where greywater 

reclamation is required in new buildings that are larger than 30000 m
2
 or use more than 

100 m
3
 of water a day (Doménech & Sauri, 2010). Over 970,000 m

3
/year of reclaimed 

water is used for toilet flushing in Tokyo as a result of greywater reclamation practices 

(Al-Jayyousi, 2003). Other heavily populated areas such as India have also invested in 

greywater reclamation. Here, over 200 greywater reuse systems have been installed in 

residential schools for toilet flushing and food crop irrigation (Godfrey et al., 2009).  

The adoption of greywater reclamation is often motivated by either drought 

mitigation, as is the case in the United States, Australia, Saudi Arabia, and Jordan, or 

high population density, as is the case in Japan (Al-Jayyousi, 2003). Often these measures 

are adopted not in the interest of environmental sustainability but as an immediate 

response to water scarcity (Al-Jayyousi, 2003). The above applications of greywater 

reclamation suggest that the dominant uses are irrigation and toilet flushing. There is 

evidence to suggest the use of treated greywater does not negatively harm soil or plants 

(Travis et al., 2010). However, the use of untreated greywater may result in an 

accumulation of surfactants, oil, and grease in the soil which increases its hydrophobicity 

and sodium adsorption ratio (Travis et al., 2010). It has also been shown that reclaimed 

greywater can be used for toilet flushing without a health risk so long as it has undergone 

proper treatment (Eriksson et al., 2002).  
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2.4 Economic Feasibility of Greywater Reclamation  

Economic feasibility is critical to the implementation of greywater reclamation 

and costly systems are often cited as a barrier to implementation (Mankad & Tapsuwan, 

2010). Single family (five person) and multi-family (50 person) commercial bio-filters 

used for greywater reclamation in Syria cost approximately 2500 and 9800 US$, 

respectively (Mourad et al., 2011). Without factoring subsidized water pricing, the 

payback period for multi-family units is approximately 21 years and 139 years for 

individual family units (Mourad et al., 2011). As such, single family units are not 

currently economically feasible. An economic analysis of a wetland system for multi-

building greywater reclamation in Brazil concluded a payback period of less than five 

years (Ghisi & Ferreira, 2006). An economic feasibility analysis for an RBC greywater 

reclamation system concluded that investment costs were < 1000 US$/apartment or 0.5 to 

1% of the price of an average apartment in a 20 apartment complex (Friedler & Hadari, 

2006). For comparable investment costs, an MBR greywater system would require a 

minimum of four buildings in its service area, each containing 40 apartments (Friedler & 

Hadari, 2006). This indicates that decentralised systems, especially MBR systems, may 

be required to service multiple buildings in order to become economically feasible. 

However, capital costs for MBRs may decrease substantially due to the recent decreases 

in the costs of membrane modules. Membrane prices have decreased from over $400/m
2
 

in 1992 to below $50/m
2
 in 2005, with additional reductions expected in the future (Judd, 

2006).  

A potential pitfall in evaluating the economic feasibility of greywater reclamation 

systems may be encountered if the environmental benefits are not properly taken into 
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account. This may cause reclamation projects to be undervalued with respect to their 

potential net benefit. A life cycle assessment of non-potable water reclamation indicates 

significant environmental and economic advantages, especially when used in place of 

desalination (Meneses et al., 2010). Wastewater reuse projects in Spain were all 

considered economically viable when external benefits, such as environmental benefits, 

were considered (Molinos-Senante et al., 2011). A cost-benefit analysis of small-scale 

decentralised greywater reclamation systems for reuse in toilet flushing and irrigation in 

India showed that the net benefits of greywater reuse were significantly higher than its 

net costs (Godfrey et al., 2009).  

Energy demands remain costly for systems that require significant amounts of 

aeration, such as MBRs and other biological treatment processes, and pumps. MBRs 

generally use 0.4 to 1 kWh/m
3
 while CAS processes use 0.3 to 0.4 kWh/m

3
 (Hospido et 

al., 2011), indicating higher operating costs for MBR processes. However, depending on 

regional water supplies, the energy required for reclamation may be similar to, or less 

than, the energy required for pumping freshwater from a local supply. Wastewater 

reclamation facilities in California and Arizona utilize 0.33 to 1.86 kWh/m
3
 to 1.2 to 2.4 

kWh/m
3
, respectively, while the energy demand of surface irrigation pumping may be as 

high as 0.9 kWh/m
3
, as recorded in Spain (Plappally & Lienhard, 2012). Thus, for reuse 

in irrigation, reclamation may be less energy intensive, especially in water scarce regions.  
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2.5 Biological Treatment Processes 

2.5.1 Suspended Growth Processes 

Suspended growth processes utilize suspended microorganisms (activated sludge) 

to remove organic material, nutrients, and solids from influent wastewater. Contaminant 

removal is accomplished principally through biological oxidation and sorption processes. 

These processes are fundamental to SBR and MBR greywater reclamation systems.  

While knowledge of the microbial community in suspended growth processes is 

incomplete, an analysis of several wastewater treatment plants indicate that 50 to 62% of 

bacteria belong to the phylum Proteobacteria, while subdominant phylums include 

Firmicutes, Actinobacteria, and Bacteriodetes (Xia et al., 2010). Microorganisms such as 

amoeboids, flagellates, ciliates, rotifers, and nematodes are also present, though their role 

in contaminant removal is limited. They are instead used as indicators of food-to-

microorganism ratio, sludge age, limited dissolved oxygen (DO) concentrations, or the 

presence of inhibitory compounds (Metcalf & Eddy, 2003). Many factors affect microbial 

diversity such as influent characteristics, pH, temperature, solids retention time (SRT), 

HRT, return activated sludge (RAS), and DO (Baek & Pagilla, 2009). Therefore, 

differences in the microbial properties between greywater and wastewater treatment 

processes can be expected, though studies demonstrating this are limited in the current 

literature. Large fluctuations in greywater influent have been observed to cause diverse 

and unstable bacterial populations in MBRs in response to BOD spikes and toxic shocks 

due to the frequent presence of detergents, bleach, and other cleaners (Stamper et al., 

2003).  
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Due to the negative environmental consequences of excessive nitrogen and 

phosphorus on natural water systems, the use of biological treatment for nutrient removal 

is common. As necessary nutrients, nitrogen and phosphorus are absorbed by bacteria and 

used for cell growth and division. A fraction of these nutrients can be removed in the 

form of waste sludge when accumulated biomass exceeds desired concentrations. The 

remaining fraction of nutrients may cycle through the suspended biomass via endogenous 

respiration. Additional nitrogen removal can occur through coupled nitrification and 

denitrification processes. Nitrification, the process of oxidizing ammonia to nitrite which 

is then oxidized to nitrate, can be accomplished by several species of aerobic autotrophic 

bacteria. Bacteria in the genera Nitrosomonas, Nitrosococcus, Nitrosospira, Nitrosolobus, 

and Nitrosorobrio are known to oxidize ammonia to nitrite, while Nitrobacter, 

Nitrococcus, Nitrospira, Nitrospina, and Nitroeystis oxidize nitrite to nitrate (Metcalf & 

Eddy, 2003). Denitrification, the process of reducing nitrate to molecular nitrogen, is 

accomplished by several species of predominately facultative aerobic heterotrophic 

bacteria such as: Achromobacter, Acinetobacter, Agrobacterium, Alcaligenes, 

Arthrobacter, Bacillus, Chromobacterium, Corynebacterium, Flavobacterium, 

Hypomicrobium, Moraxella, Neisseria, Paracoccus, Propionibacterium, Pseudomonas, 

Rhizobium, Rhodopseudomonas, Spirillum, Vibrio, Halobacterium, and Methanomonas 

(Metcalf & Eddy, 2003). In order for denitrifying bacteria to switch from molecular 

oxygen to nitrate for metabolic processes, denitrification requires anoxic conditions.  

Additional biological processes can also remove excess phosphorus. Phosphorus 

accumulating organisms (PAOs) are capable of storing large amounts of phosphorus in 

their biomass. Accumulated phosphorus inside PAOs leaves the system when sludge is 
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wasted from the reactor. While the identity of many PAOs remains inconclusive 

(Panswad et al., 2006), Accumulibacter, Tetrasphaera-related PAOs, and 

Dechloromonas-related PAOs have been identified (Oehmen et al., 2010). Biological 

phosphorus removal requires both anaerobic and aerobic processes which makes it 

difficult to incorporate into compact greywater reclamation systems. Nonetheless, the 

presence of PAOs has been reported in several MBRs not designed specifically for 

phosphorus removal (Fenu et al., 2010).  

2.5.2 Attached Growth Processes 

Attached growth processes describe the use of fixed biomass (biofilm) and 

support media in biological treatment processes. These processes are fundamental to 

RBC, GAC-biofilm, and slow sand filtration greywater reclamation systems. The 

transition from suspended to attached cells during biofilm development is accompanied 

by profound and complex physiological changes, resulting in a single species of bacteria 

displaying multiple phenotypes during biofilm development (Sauer et al., 2002). These 

changes alter the behaviour of the bacteria and allow biologically diverse microbial 

communities to form. Sauer et al. (2002) has categorized the process of biofilm 

development into the following five stages:  

(1) Reversible attachment: During this stage, planktonic bacteria make initial 

contact and transient attachment to the biofilm substrate. Weak adherence of bacteria to 

the substrate surface results in their susceptibility to detachment.  

(2) Irreversible attachment: Bacterial cells that have become attached to the 

support media lose their motility. Flat nascent cell clusters begin to develop along the 

surface of the media with each cell sharing contact with each other and the media surface.  
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(3) Maturation I: A multi-cell thick biofilm begins to form and cells begin to 

proliferate beyond the surface of the support structure. At this point, the biofilm has 

achieved an observable thickness of approximately 10 µm. 

(4) Maturation II: Cell clusters continue to proliferate outward until they reach 

their maximum sustainable thickness of approximately 100 µm.  

(5) Dispersion: Bacteria in the interior portions of the biofilm begin migrating 

toward the bulk liquid. The resulting void space left by the evacuated interior may be 

reoccupied by additional motile bacteria. Bacteria constituting the wall of the biofilm 

remain non-motile. Bacteria released from the biofilm may initiate biofilm development 

on available substrate, leading to the spread of the biofilm throughout the reactor.   

Under aerobic conditions, the exterior surface of the biofilm occupies an oxygen 

rich environment while the interior of the biofilm is relatively oxygen poor. This allows 

nitrifying and denitrifying bacteria to occupy aerobic and anoxic environments, 

respectively, allowing biofilms to achieve simultaneous nitrification and denitrification 

(SND). The SND capabilities of biofilms may therefore afford them an advantage over 

CAS processes for nitrogen removal (Yang et al., 2008). Biofilms have also been shown 

to be effective at treating hazardous organic compounds, including phenolic compounds, 

and the use of biofilms in moving bed biofilm reactors (MBBR) have demonstrated good 

resistance and prompt recovery following exposure to shock loads (Hosseini & Borghei, 

2004). Additional evidence suggests that biofilms are more resilient to process 

disturbances compared to CAS treatment (Krause et al., 2010). Resilience to toxic 

compounds and shock loads is advantageous in greywater reclamation processes due to 

the frequent fluctuations in influent characteristics and presence of household chemicals. 
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2.5.3 Hybrid Suspended and Attached Growth Processes 

There are also a number of possible ways to combine suspended and attached 

growth treatment processes, such as combining trickling filters with activated sludge 

processes, or by adding packing material to suspended growth reactors. This second 

method, commonly referred to as an integrated fixed-film activated sludge process 

(IFAS), is closely related to HMBR processes and will therefore be the focus of 

discussion.  

Microbial biomass in IFAS systems is present as both floc and biofilm; each form 

of biomass is significantly different from one another in both structure and character. An 

analysis of IFAS biomass revealed that floc particles are more negatively charged and 60 

to 75% more hydrophobic compared to biofilm, whose charge was determined to be near 

neutral (Mahendran et al., 2012). The amount of extracellular polymeric substances 

(EPS) found on floc particles was also 2.1 to 4.5 times higher than the EPS content found 

on biofilms (Mahendran et al., 2012). Floc EPS consisted predominately of proteins 

while biofilm EPS contained equal proportions of proteins and polysaccharides 

(Mahendran et al., 2012). This implies that contaminant removal via sorption processes 

differ between biological floc and biofilms, potentially giving IFAS more than one 

distinct sorption mechanism for contaminant removal (Mahendran et al., 2012).  

The addition of growth media into activated sludge processes increases microbial 

concentration which in turn increases biodegradation (Kim et al., 2009). It has also been 

found to increase nitrification (Kim et al., 2009) as nitrifiers and denitrifiers are 

predominately found in biofilms (Mahendran et al., 2012). However, to maintain media 

in suspension, IFAS reactors possess high mixing and aeration demands. A study by 



33 

 

Rosso et al. (2011) revealed that IFAS required approximately twice the aeration 

requirements of CAS. As a result, the energy demand for IFAS was more than double the 

energy demand required for CAS (Rosso et al., 2011). 

2.6 Membrane Filtration Processes 

Membrane filtration processes are used to provide solid-liquid separation and 

most, if not all, types of contaminants can be removed from wastewater with the selection 

of a suitable membrane or combination of membranes. Greywater reclamation systems 

such as MBRs or direct ultrafiltration systems are dependent on membrane separation 

processes. Membranes are generally classified by their relative pore size and density, and 

classifications include microfiltration (MF), ultrafiltration, nanofiltration (NF), and 

reverse osmosis (RO). A summary of the constituents removed by each process is 

provided in Table 8.  

Physical barrier processes are attractive for greywater reclamation because they 

provide uniform effluent quality regardless of the wide fluctuations in contaminant 

concentration and influent characteristics (Wintgens et al., 2005). Furthermore, they 

reduce the amount of chemicals used throughout the treatment process which is both 

environmentally and economically beneficial (Wintgens et al., 2005). Hollow fibre, flat 

sheet, pleated sheet, spiral-wound, tubular, and capillary tube are common configurations 

for membrane modules (Judd, 2006). 
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Table 8. Type and application of various membrane processes (Metcalf & Eddy, 2003) 

Category Operating Range (µm) Constituents Removed 

MF 0.08-2.0 
Suspended solids, protozoan oocysts and cysts, 

some bacteria, and viruses 

UF 0.005-0.2 
Macromolecules, colloids, most bacteria, some 

viruses, and proteins 

NF 0.001-0.01 Small molecules, viruses, and some hardness 

RO 0.0001-0.001 
Very small molecules, colour, hardness, 

sulphates, nitrates, sodium, and other ions 

One major drawback of membrane processes, especially when incorporated into 

biological processes, is the accumulation of retentate on the membrane surface leading to 

a decrease in flux and membrane fouling. Efforts to control fouling include cross-flow 

filtration, air scouring, and frequent backflushing. An evaluation of various techniques to 

mitigate membrane fouling showed that a combination of backflushing and air scouring 

provided the best fouling control, with a reduction in particle deposition of up to 80% 

(Qaisrani & Samhaber, 2010). Over time, more severe and stringent fouling requires the 

use of chemical cleaners to recover lost permeability. Eventually irreversible fouling will 

occur, requiring the membrane module to be replaced since it is currently not possible to 

restore a membrane to its original permeability. 

2.6.1 Membrane Bioreactor 

Membrane bioreactors combine the activated sludge process with membrane 

filtration allowing biological treatment as well as solid-liquid separation to take place 

within a single reactor. MBRs can be installed in either internal or external configurations 

depending on whether membrane filtration takes place within the biological reactor or 

separately. Currently, internal MBRs are the most prevalent configuration (Melin et al., 
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2006), and this configuration has been shown to be energetically superior to external 

MBRs (Fenu et al., 2010). The combination of suspended growth and membrane 

filtration within a single reactor eliminates the need for secondary clarification which in 

turn removes many of the operational problems caused by non-settling sludge 

(Sombatsompop et al., 2006). Additional advantages of MBRs over CAS processes 

include a smaller footprint, better effluent quality, the ability to operate at higher MLSS 

concentrations and SRTs, less sludge production, and lower sensitivity to contaminant 

peaks (Melin et al., 2006). However, MBRs possess higher installation and operational 

costs, and membrane modules need frequent monitoring and maintenance (Melin et al., 

2006). In greywater reclamation projects, space is often limited and the small footprint of 

MBRs may justify their high investment costs (Merz et al., 2007). 

Many of the aforementioned benefits make MBRs favourable for greywater 

reclamation. Merz et al. (2007) have demonstrated 85%, 94%, 98%, and 99% 

contaminant removals for COD, BOD5, turbidity, and faecal coliforms, respectively, for 

an MBR used to treat low strength greywater from a sports and leisure club. Aizenchtadt 

et al. (2009) reported 99%, 99.7%, 99.998% removals for BOD5, turbidity, and faecal 

coliform, respectively, using an MBR to reclaim greywater from an eight-storey 

apartment complex. Melin et al. (2006) have reported pathogen removals as high as six to 

eight log for bacteria and three to five log for viruses. High quality effluent with low 

bacteriological activity is a major factor in the frequent selection of MBRs in reclamation 

systems. Recent microbial studies of various greywater treatment technologies indicate 

that MBRs provide the highest quality effluent in regards to total coliform, E. coli, 

Enterococci, Clostridia, and Pseudomonas aeruginosa with no coliforms detected in 33% 
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of the samples and with an average total coliform removal exceeding six log (Winward et 

al., 2007). 

There is a growing concern over the presence of micro-pollutants such as PCPs 

and EDCs in reclaimed water due to the abundance of household chemicals, cleaners, and 

care products found in wastewater. MBRs have been reported to remove about 39% of 

micro-pollutants with a removal efficiency of 90% or greater, while CAS processes 

remove about 27% of micro-pollutants with a removal efficiency of 90% or greater (Lee, 

2009). In a sample of 40 trace organic contaminants, all hydrophobic contaminants were 

consistently well removed by the MBR with efficiencies of at least 80% (Alturki et al., 

2010). Floc hydrophobicity and adsorption mechanisms may explain the selective 

removal for hydrophobic compounds. 

2.6.2 Hybrid Membrane Bioreactor 

Hybrid membrane bioreactor systems incorporate suspended growth, attached 

growth, and membrane processes within a single reactor. The addition of carriers into the 

bulk liquid has been motivated by efforts to reduce membrane fouling while improving 

nutrients and organic removal. Biofilm carriers may consist of PAC, ceramic, rubber, or 

plastic. Biofilm in HMBR processes adsorb small biological flocs and colloidal matter, 

such as EPS, which reduces the frequency of membrane fouling (Liu et al., 2010). The 

result of this effect has been observed to reduce TMP and to extend the period of 

operation by a month between cleanings (Liu et al., 2010). Mechanical scouring of the 

membrane surface by membrane-carrier collision may also disrupt the formation of the 

cake layer (Huang et al., 2007) leading to longer periods of higher flux. Depending on the 

hydrodynamic conditions within the reactor, allowing direct contact between the carriers 
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and the membrane module may increase the risk of damaging the membrane. Carriers 

may also negatively influence the rate of membrane fouling. The motion of carriers 

throughout the mixed liquor increases the fragmentation of biological floc which in turn 

increases the number of small membrane clogging particles (Huang et al., 2007). 

However, it was also found that the breakage of floc by attached growth media 

diminishes at lower carrier volume and higher MLSS concentrations (Huang et al., 2007).  

The use of carriers in the reactor allows nitrifiers and other organisms that occupy 

the biofilm to remain in the reactor longer than the organisms in suspension. The 

relatively higher SRT of the biofilm results in a higher fraction of nitrifying bacteria in 

the reactor (Artiga et al., 2005) which in turn boosts nitrogen removal. Biofilm may 

contribute up to 50 to 60% of the nitrification capacity in a hybrid reactor (Artiga et al., 

2005) and removals of up to 70% and 80% for TN and ammonia have been reported 

(Yang et al., 2008). Liu et al. (2010) found that an HMBR increased COD, ammonia, TN, 

and TP removals by 3.8%, 4.2%, 13.7%, and 1.7%, respectively, compared to an MBR, 

indicating general improvements in effluent quality.  

2.7 Influence of MLSS and HRT on Treatment Performance    

The potential for contaminant removal via biodegradation is proportional to the 

concentration of MLSS within a bioreactor and to the contact time between the influent 

wastewater and activated sludge. For these reasons, MLSS and HRT have been 

recognized as major factors affecting MBR operation and performance (Lousada-Ferreira 

et al., 2009; Ren et al., 2005a). MBRs operating at extremely high biomass 

concentrations are capable of COD removals of up to 90 to 98% (Huang et al., 2010). 

Balancing suspended and attached biomass fractions has also been recognized for its 
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importance in achieving high contaminant removal efficiency in HMBR processes (Yang 

et al., 2011). Ren et al. (2005) observed an increase of up to 17.2% in COD removal 

when HRT was increased from one to three hours in a submerged MBR. Therefore, the 

selection of operational values for MLSS and HRT may greatly affect the removal of 

contaminants in biological treatment processes.  

MLSS and HRT also influence aeration efficiency. This parameter is often 

measured by an alpha factor, defined as the ratio of the oxygen mass transfer coefficient 

of the process water to the clean water. Alpha factor is used because it accounts for the 

effect of mixed liquor characteristics on aeration efficiency. High MLSS concentrations 

increase viscosity which influences the transfer of oxygen from the aerator to the mixed 

liquor (Rodríguez et al., 2011). When the MLSS concentration of an MBR system was 

decreased from 11192 mg/L to 4018 mg/L, the alpha factor was found to increase by 

1160% (Rodríguez et al., 2011), indicating significant improvements in oxygen transfer. 

Alpha factor was also found to increase by 119% when HRT was increased from 12 

hours to 18 hours (Rodríguez et al., 2011) as a result of increased contact time between 

the supplied oxygen and the mixed liquor. An increase in aeration efficiency is important 

since aeration is the largest power requirement in MBR processes (Rodriquez et al., 

2011). Thus, longer HRTs and lower MLSS may offer better energy efficiencies. 

MLSS concentration is also one of the main operational parameters influencing 

flux decline in MBR systems (Gómez et al., 2012) due to its influence on membrane 

fouling. In HMBR systems, fouling tendency and removal efficiency are influenced by 

the ratio of suspended to attached growth biomass (Yang et al., 2011). MLSS in excess of 

10000 mg/L have shown the ability to entrap particles with sizes < 20 µm (Lousada-
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Ferreira et al., 2009). Thus, achieving higher MLSS concentrations may be beneficial 

since it allows larger biological floc to sweep out smaller pore clogging particles. 

However, longer SRTs (which usually accompany higher MLSS concentrations) have 

been shown to negatively affect membrane fouling by increasing the concentration of 

carbohydrates and proteins in soluble microbial products (SMP) (Huang et al., 2010). 

HRT has also been shown to influence membrane fouling. Khan et al. (2012) observed an 

increase in membrane fouling at decreased HRT, even under conditions when aeration 

rates were doubled. This observation was attributed partly to the accumulation of 

carbohydrates at decreased HRT (Khan et al., 2012).  
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3 MATERIALS AND METHODS 

3.1 Apparatus and Experimental Setup 

The HMBR pilot system was installed and tested in the Research and Innovation 

Centre at the University of Regina, where greywater was collected from bathroom sinks, 

analyzed, and treated onsite. The HMBR used in this study has recently been patented 

internationally (Young & Munoz, 2012). A schematic diagram of the treatment apparatus 

is shown in Figure 1. 

Figure 1. Schematic diagram and image of the HMBR greywater reclamation system 

 

     

Item  Description Item Description 

1 Y strainer 7 Air pump 

2 Influent storage/equalization tank 8 Biological reactor 

3 Fine filter 9 Permeate/backflush pump 

4 Suspended carrier compartment 10 Backflush tank 

5 Microfiltration membrane module 11 Permeate tank 

6 Air stone   

The main treatment components of the HMBR system include the biological 

reactor, attached growth media, and membrane module. The cylindrical bioreactor was 
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constructed from an acrylic plastic to a height of 91.5 cm, with an outer diameter of 30.5 

cm and an inner diameter of 29.0 cm, resulting in an approximate volume of 60.5 L. 

However, displacement from the membrane module, tubing, air stone, and carriers 

resulted in an effective volume of 53 L. Two sampling ports, one located at the midpoint 

of the reactor and the other near its base, were used for mixed liquor sample collection 

and sludge removal, respectively. Influent samples were taken from greywater leaving 

the equalization basin and effluent samples were taken from reclaimed water entering the 

permeate tank. The influent equalization tank was elevated above the HMBR allowing 

gravity to feed greywater directly into the reactor. A float valve situated at the top of the 

reactor maintained a constant water level and prevented influent greywater from 

overflowing the reactor. 

Approximately 10 L of Bioportz growth media filled the upper compartment of 

the bioreactor at a filling ratio of 20%. This volume was based on performance reviews of 

past researchers (Li, 2011; Yang et al., 2011). The carriers consisted of high-density 

polyethylene cylinders 1.5 cm high and 1.8 cm in diameter. Each carrier contained 12 

interior chambers with a specific surface area of 600 to 700 m
2
/m

3
. The carriers were 

supported by a plastic mesh which allowed ample hydraulic mixing and aeration but 

prevented the carriers from colliding with the membrane module situated below.  

A custom built MF membrane module, designed and patented (Young & Munoz, 

2012) at the University of Regina, was used for solid-liquid separation. The membrane 

fibres were twisted about the vertical axis of the membrane module in an effort to 

improve air scouring and therefore reduce membrane fouling (Young & Munoz, 2012). 

Details on the membrane module are provided in Table 9. The membrane module was 
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positioned in the centre of the reactor and was fastened in a vertical orientation by a 

plastic support bar and cable tie. An air stone was embedded into the base of the 

membrane module to provide direct air scouring across the membrane surface. It has been 

reported that increased aeration across the membrane surface suppresses fouling and 

increases critical flux (Le-Clech et al., 2003). Another air stone was placed near the 

bottom of the reactor to provide the mixed liquor with aeration and mixing. A continuous 

airflow was supplied to both air stones by a single blower. Flow control valves were used 

to regulate airflow delivered to each individual air stone.  

Table 9. Details and specifications of membrane module 

Specifications 

Membrane manufacturer SENUO Filtration Technology (Tianjin) Co., Ltd. 

Membrane type Hollow fibre 

Membrane material Polyvinylidene fluoride (PVDF) 

Nominal pore size 0.1 µm 

Outer fibre diameter 1.3 mm 

Inner fibre diameter 0.7 mm 

Fibre length 46 cm 

Fibres per bundle 40 

Bundles per module 18 

Maximum transmembrane pressure 60 kPa 

Operating pH range 2-11 

Module maximum height 60 cm 

Module maximum width 11.4 cm 

The membrane module was connected to a Masterflex L/S pump which provided 

suction for both forward and reverse flow, allowing the same pump to be used for both 

permeate and backflush cycles. Pump speeds and cycles were controlled by software on a 

desktop computer. The cycle consisted of 9 minutes and 30 seconds of forward flow, 

followed by 15 seconds of relaxation, followed by 15 seconds of reverse flow. A previous 

study has shown this cycle to maximize permeate production with minimal downtime 

(Lee, 2011). No post treatment or chlorination was provided to the effluent after it exited 
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the bioreactor because the reclaimed water was not reused during this study. Reclaimed 

water was discharged to the sewer.  

Operating conditions were periodically adjusted to maintain a temperature = 20±1 

ºC, pH = 7±1, and DO = 2.5±1 mg/L. In general, these parameters were considered 

constant throughout the experiment. The membrane module was cleaned every eight 

weeks or sooner in the event of membrane fouling. A short duration between membrane 

cleanings was chosen to reduce the risk of irreversible fouling, which could damage the 

membrane fibres and reduce the service life of the module. To clean the membrane 

module, cake layer deposits were removed manually using a sponge and tap water. The 

module was then allowed to soak in a 200 ppm NaOCl solution for 24 hours. Afterwards, 

the module was rinsed with tap water and submerged in a storage tank for later use.  

3.1.1 Greywater Collection and Pretreatment 

Greywater originating from bathroom sinks was collected in a temporary storage 

tank located on the lower ground floor of the RIC. Excess greywater was discharged to 

the sewer through an overflow pipe near the top of the collection tank. A submerged 

pump in the collection tank was used to transport the greywater to the laboratory where it 

was analyzed and treated by the HMBR pilot system. Before entering the influent 

storage/equalization tank, the greywater was first strained to remove large particles and 

debris. Fine particles were also removed by a second filter located between the storage 

tank and bioreactor. Particles were removed to avoid damage to the membrane module, 

premature membrane fouling, or clogged carriers. The fine filter was cleaned once every 

two weeks and the coarse strainer was cleaned once a month.   
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3.1.2 Preparation of Synthetic Greywater 

Real greywater exhibits a wide range of variation in its characteristics. Therefore, 

synthetic greywater was used to provide consistent influent characteristics during the 

experiments which investigated contaminant removal at various operating conditions. 

The composition of medium strength synthetic greywater is provided in Table 10. 

Synthetic greywater was prepared directly in the influent equalization tank. Fresh 

synthetic greywater solutions were prepared every three to four days. Biodegradation of 

organic compounds within the storage tank was minimal during this time as the amount 

of bacteria in the freshly made synthetic greywater was negligible. Aeration was provided 

to the greywater storage tank intermittently to provide mixing and to prevent anaerobic 

conditions from developing.   

Table 10. Composition of synthetic greywater, COD ~ 400 mg/L (Li, 2011) 

Chemical Molecular Formula Amount (g) 

Starch C6H10O5 75.0 

Dextrose C6H12O6 35.0 

Peptone N/A 36.0 

Beef extract N/A 25.5 

Sodium carbonate Na2CO3 90.0 

Sodium bicarbonate NaHCO3 46.5 

Urea NH2CONH2 12.0 

Ammonium sulphate (NH4)2SO4 13.0 

Tap water H2O 500 L 

 

 

Table 11. Characterization of synthetic greywater 

Parameter Unit Synthetic Greywater 

COD mg/L 436±32 

BOD mg/L 246±15 

NH3 mg/L 40±5.0 

Turbidity NTU 31.9±1.3 

TP mg/L 1.27±0.15 

TN mg/L 52.6±4.6 
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3.1.3 Equipment 

The experimental apparatus consisted of the following components: one 450 L 

greywater storage/equalization tank, one fine filter, one Gast 1/8 hp air pump, two air 

stones, one 53 L bioreactor, two hollow fibre custom built membrane modules, one 1/10 

hp Masterflex L/S pump with easy-load II pump head, one computer with peripherals, 10 

L of Bioportz growth media, and one 120 L backflush tank. Masterflex norprene tubing 

was used to transfer HMBR effluent through the pump head. All tubing had an outer 

diameter of nine millimetres and an inner diameter of six millimetres.  

Water quality analysis was performed using the following equipment: one InoLab 

pH 730 pH meter, one Hach 2100N turbidimeter, one Thermo Scientific 3051 precision 

standard oven, one Thermo Scientific FD1500M furnace, one CellOx 325 DO probe, 12 

Oxitop-C measuring heads, one OxiTop OC100 controller, one Hach DR 2800 

spectrophotometer, two Hach DRB 200 ovens, and one Motic 102M light microscope.  

Hach test kits were used extensively for the analysis of COD, TN, TP, nitrate, nitrite, and 

ammonia. The following test kits were required for these analyses: COD (TNT 821 LR), 

TN (TNT 826 LR), TP (TNT 843 LR), NO3 (TNT 835 LR), NO2 (TNT 839 LR), NH3 

(TNT 831 LR), and NH3 (TNT 830 ULR). Microbial parameters, such as total coliform 

and E. coli, were analyzed by the Saskatchewan Disease Control Laboratory. Analysis 

procedures were taken from Standard Methods (APHA, 2005) with the exception of 

those provided by Hach for the test kits and by Oxitop for BOD analysis. The pH meter 

was calibrated daily and the turbidimeter and DO probe were calibrated monthly. The DO 

probe was calibrated using the iodometric titration method. 
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3.2 Methodology 

3.2.1 Start-up and Biofilm Formation 

The bioreactor was seeded with an activated sludge sample from the Swift 

Current Wastewater Treatment Plant and acclimated over a course of 14 days using 

synthetic greywater as influent. The reactor was operated in continuous flow mode under 

aerobic conditions. Membrane modules were checked for leaks by submerging them in 

water and passing pressurized air at 60 kPa through the hollow fibres from the inside-out. 

The absence of bubble formation on the surface of the fibres indicated that no leaks were 

present in the membrane fibres. Bioportz carriers were then loaded into the carrier 

compartment in the bioreactor. 

Attempts to develop biofilm were tested sequentially under two different 

operating conditions: first, in the presence of activated sludge, and second, in the absence 

of activated sludge. The duration of each trial lasted 25 days with biofilm development 

monitored daily. The carriers were rinsed clean before the start of each trial. During the 

second growing attempt, the carriers were first soaked in activated sludge before being 

transferred to the bioreactor. This was done to ensure that enough bacteria were present 

on the carriers to initiate biofilm formation. Synthetic greywater was used as an influent. 

In addition to microscopic observations, the formation of biofilm was quantitatively 

assessed by measuring the change in biofilm dry mass over time. Two carriers were 

extracted from the reactor daily, rinsed gently to remove any suspended floc, and allowed 

to dry in an oven at 105 ºC for a minimum of one hour. The mass of the dried carriers 

was recorded as the weight of the carrier plus the dry mass of the biofilm. The carriers 

were then stirred in hot soapy water for 15 minutes followed by vigorous rinsing with tap 
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water and a final rinse with de-ionized water. The carriers were then placed back in the 

oven at 105 ºC to dry for a minimum of one hour. The mass of the dried carriers was then 

subtracted from the previous result to obtain the dry mass of the biofilm. 

3.2.2 Contaminant Removal Versus MLSS Concentration and HRT 

Following biofilm formation, contaminant removal was evaluated at MLSS 

concentrations of 4000, 3000, 2000 and 700 mg/L at an HRT of 8 hours. The trial at 700 

mg/L MLSS was conducted prior to the introduction of activated sludge into the 

bioreactor. This trial was intended to measure the treatment performance of the HMBR 

with biofilm only. To achieve the desired MLSS concentration, the mixed liquor was 

gently diluted to the correct concentration by removing a fraction of sludge and replacing 

it with tap water. A fraction of the sludge was then wasted daily to maintain as constant 

an MLSS concentration as possible. The amount of sludge wasted varied significantly 

depending on the MLSS concentration being tested, and SRT values ranged between 4 to 

31 days. Residual BOD5 and turbidity recorded during trials conducted at an MLSS = 

2000 mg/L and 700 mg/L were not sufficient to meet the Canadian Guidelines. In an 

effort to improve performance at low MLSS concentrations, an HRT = 10 hours and 12 

hours were tested at MLSS concentrations of 2000 mg/L and 1000 mg/L. Past research 

conducted on the HMBR system evaluated contaminant removals at HRTs ranging 

between 5 to 10 hours, while MLSS concentration was kept constant at 3000 to 3500 

mg/L (Li, 2011). The results indicated that HRT had no significant effect on contaminant 

removal except for TN removal, which was optimal at seven to eight hours (Li, 2011). In 

this research, longer HRTs were evaluated at lower MLSS concentrations to determine 

whether poor treatment performance at low MLSS concentrations could be compensated 
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for by longer HRTs. Adjustments in either MLSS or HRT were followed by a 10 day 

period of acclimation before water quality analysis began. Actual flow rates were 

checked manually to ensure correct HRTs during each trial. 

Temperature, DO, pH, MLSS, and mixed liquor volatile suspended solids 

(MLVSS) were monitored daily during this time to ensure healthy and consistent 

biological conditions. Biological activity was also monitored using a light microscope. 

Samples of both attached and suspended biomass were photographed and documented. 

The following characteristics were determined for both raw and reclaimed water: BOD5 

(mg/L), COD (mg/L), TP (mg/L PO4-P), TN (mg/L N), nitrate (mg/L NO3-N), nitrite 

(mg/L NO2-N), ammonia (mg/L NH3-N), and turbidity (NTU). All tests were done in 

duplicate and repeated over the course of three days for a total of six results per 

parameter per trial, with the exception of BOD5, which was only repeated over the course 

of two days for a total of four results per trial.  

3.2.3 Treatment of High Strength Synthetic Greywater 

From the trials above, it was concluded that optimal treatment quality could be 

obtained at an MLSS concentration of 3000 to 4000 mg/L at an HRT of 8 hours. 

Therefore, a concentration of 3500 mg/L was chosen and evaluated for its ability to 

handle high strength synthetic greywater. Because greywater characteristics fluctuate 

dramatically, testing the upper range of greywater strength was done to determine 

whether the bioreactor could reliably produce reusable effluent when subjected to high 

contaminant loads for an extended period of time. High strength synthetic greywater was 

prepared by doubling the concentration of each component found in the medium strength 

synthetic greywater formula. The target COD concentration was 800 mg/L, though actual 
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COD concentrations ranged from 650 to 850 mg/L. The system was allowed to acclimate 

to the high strength synthetic greywater for 10 days before data collection began. The 

influent and effluent quality was analyzed in a manner identical to the previous trials.   

3.2.4 Treatment of Greywater Collected for Bathroom Sinks 

The HMBR system was then tested using real greywater over a one month period 

at optimal conditions of 3000 to 4000 mg/L MLSS and 8 hours HRT. The reactor was 

acclimated to real greywater collected from the RIC over 10 days. During this time, it 

was found that only a maximum MLSS concentration of 3000 mg/L could be achieved 

due to the limited organic strength of the real greywater. Five sets of data were collected 

over a 20 day period. Additional samples were collected and analyzed for total coliform 

and E. coli by the Saskatchewan Disease Control Laboratory.  

3.2.5 Contaminant Removal Following Idle Operation 

The final project phase consisted of evaluating contaminant removal following a 

period of no influent flow into the HMBR system. The system was allowed to idle for 

one, two, three, and four week periods. During this time, the bioreactor did not receive 

any influent greywater. Aeration was provided to maintain aerobic conditions within the 

bioreactor. Influent flow was resumed for two days following each test period before data 

collection began. The influent and effluent quality was analyzed in a manner identical to 

the previous trials. Data was then collected every second day until the effluent quality 

was sufficient to meet the Canadian Guidelines. Once the system was capable of 

producing reusable effluent, the reactor was allowed an additional 10 days to recover 

before initiating the next test period.  
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4 RESULTS AND DISCUSSION 

4.1 Biofilm Formation 

The formation of biofilm in the presence of activated sludge showed little to no 

development during the 25 day growing period. The average MLSS concentration in the 

bioreactor was 5609±497 mg/L during this time. Biomass taken from the surface of the 

carriers revealed an abundance of planktonic bacteria within hours of exposing the 

carriers to the mixed liquor, indicating that the process of reversible attachment was 

likely occurring. However, the formation of a biofilm was not observed throughout the 

remaining growing period. In the absence of activated sludge, sessile colonies were 

quickly established on the carriers within two to three days and a mature biofilm was 

observed within the following weeks. Measurements of biofilm dry mass, shown in 

Figure 2, further supported these observations.  

Figure 2. Biofilm development in the presence and absence of activated sludge 

 

AS = activated sludge. 
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the surfaces of the carriers were noticeably slippery when handled. An image depicting 

biofilm formation after 25 days is shown in Figure 3. 

Figure 3. Bioportz growth media before (left) and after (right) biofilm formation 

                                          

A similar experience growing biofilm was reported by Yang et al. (2011), who 

failed to develop biofilm at 5600 mg/L MLSS but developed it promptly in the absence 

of activated sludge. Therefore, the presence of suspended microorganisms within the 

mixed liquor appears to suppress biofilm development. It has been shown that 

heterotrophic organisms in suspension out-compete fixed biomass for COD which 

reduces the available resources for attached growth processes (Artiga et al., 2005). It is 

therefore likely that the transition from planktonic to sessile biomass is unfavourable 

under these conditions, which may, in part, explain the inability to develop biofilm in the 

presence of activated sludge. In the absence of activated sludge, competition from 

suspended biomass for available resources is significantly reduced and biofilm 

development readily proceeded. Various stages of biofilm development are presented in 

Figure 4.  
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Figure 4. Stages of biofilm development observed in the absence of activated sludge 
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4.2 Observations of Microorganism Populations in Activated Sludge 

Microorganism populations throughout the mixed liquor and biofilm were 

monitored frequently. Initial sludge samples provided by the Swift Current Wastewater 

Treatment Plant consisted predominately of stalked ciliates, free-swimming ciliates, and 

rotifers. However, the relative abundance of rotifers and stalked ciliates decreased over 

time and free swimming ciliates became the dominate group of microorganisms within 

the mixed liquor, despite relatively long SRTs and low MLSS concentrations. Baek et al. 

(2009) observed that Vorticella and rotifers were not regularly detected in an MBR 

operating at high shear forces, but were commonly observed at low shear forces. High 

shear forces arise during vigorous mixing processes and are common in systems that rely 

on air scouring and cross-flow operation to prevent cake formation on membrane 

surfaces. High shear forces within the HMBR arose from coarse bubble aeration which 

was used to provide mixing and membrane scouring. The exposure of floc to high shear 

forces within the HMBR may have resulted in conditions unfavourable to stalked ciliates 

and rotifers. The hydrodynamic conditions within the bioreactor may therefore account 

for the observed changes in the rotifer and ciliate populations. 

In contrast, rotifers and stalked ciliates were commonly observed in the biofilm. 

Nematodes were also observed, despite being completely absent in the suspended sludge. 

The presence of rotifers and nematodes in the biofilm indicated a rich DO environment 

surrounding the carriers. Biofilm provides an ideal habitat for protozoans and metazoans 

due to its relative stability and long retention time in comparison to the suspended floc. 

Moderate predation of the biofilm by nematodes may provide a benefit by stimulating 

bacterial growth which in turn enhances contaminant decomposition (Woombs et al., 
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1986). Bioturbation of the biofilm may also increase contact and nutrient transport 

between the influent greywater and attached biomass. 

Figure 5. Commonly observed microorganisms found within the HMBR 

                     

 

                     

 

4.3 Effect of MLSS Concentration on Removal Efficiency 

Removal efficiencies were investigated at MLSS concentrations of 662±18 mg/L, 

2157±39 mg/L, 3113±121 mg/L, and 4163±139 mg/L to determine the influence of 

MLSS on treatment performance. The first trial did not contain suspended biomass 
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originating from activated sludge and was intended to measure contaminant removal 

using attached growth processes only. MLSS concentrations measured during this trial 

consisted primarily of planktonic bacteria desquamated from the biofilm. The remaining 

trials included both attached growth and activated sludge processes. HRT was maintained 

at eight hours during each trial. DO, pH, and temperature were 2.67±0.29 mg/L, 

7.36±0.09, and 20.4±0.2 ºC, respectively, during the four trial periods. Influent 

characteristics and residual contaminant concentrations are summarized in Table 12. 

Removal efficiencies at each MLSS concentration are presented in Figure 6. 

Table 12. Influent and effluent characteristics during each trial 

Parameter (mg/L)  Trial 1 Trial 2 Trial 3 Trial 4 

MLSS  662±18 2157±39 3113±121 4163±139  

COD 
Influent 413±40 406±33 423±35 450±44 

Effluent 26.1±1.2 15.7±1.3 9.6±2.7 10.0±0.9 

BOD5 
Influent 215±27 260±16 251±8 261±14 

Effluent 13.3±1.3 9.9±4.0 2.1±1.5 3.1±1.4 

NH3 
Influent 39.8±4.6 43.5±6.8 40.5±4.6 39.8±8.3 

Effluent 25.7±0.2 0.798±0.874 0.061±0.011 0.058±0.006 

Turbidity 

(NTU) 

Influent 36.5±3.4 31.7±1.4 31.4±0.7 32.9±1.3 

Effluent 0.175±0.059 0.105±0.037 0.076±0.023 0.060±0.042 

TP 
Influent 1.32±0.29 1.22±0.13 1.42±0.14 1.29±0.20 

Effluent 0.092±0.006 < 0.050 < 0.050 0.229±0.127 

TN 
Influent 51.5±3.9 57.6±4.6 51.5±2.5 57.6±11.4 

Effluent 28.8±4.2 30.6±8.2 37.6±3.4 30.5±4.4 

NO3
- Influent < 0.23 < 0.23 < 0.23 < 0.23 

Effluent < 0.23 16.6±5.0 31.2±4.2 27.3±5.5 

NO2
- Influent 0.062±0.015 0.069±0.006 0.065±0.006 0.080±0.009 

Effluent < 0.015 7.800±1.405 0.395±0.080 0.313±0.067 

n = 6 for all parameters except BOD5 (n = 4).  
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Figure 6. Removal efficiencies vs. MLSS concentration 

 

 

COD and BOD5 removals were both significantly affected by MLSS 

concentration, and the transition from 700 mg/L to 3000 to 4000 mg/L MLSS was 

accompanied by an average per cent removal increase of 4.2% and 5.5%, respectively. 

An increase in the removal of organic compounds was expected since an increase in 

suspended biomass directly increases the HMBR’s capacity for biodegradation. No 

significant improvement was observed for COD and BOD5 removals when MLSS 

concentrations increased from 3000 mg/L to 4000 mg/L, indicating the limitation further 
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increases in MLSS concentration may bear on treatment performance. No discernible 

changes in turbidity, TP, and TN removals were observed between trials. Consistent 

turbidity removal independent of MLSS was expected as most constituents contributing 

to turbidity were excluded from the effluent by the membrane module.  

Nearly complete ammonia removal was achieved during trials two, three, and 

four. Ammonia removal is largely dependent on nitrifying bacteria, which produce nitrite 

and nitrate during biological oxidation. At 3000 mg/L MLSS, nitrite concentrations 

increased 0.3±0.1 mg/L NO2-N and nitrate concentrations increased 31.0±4.5 mg/L NO3-

N after treatment, indicating the occurrence of nitrification within the bioreactor. High 

nitrate concentrations generally observed in the effluent indicated that substantially more 

nitrification occurred within the bioreactor than denitrification. The persistence of these 

compounds resulted in significantly lower TN removals with respect to other 

contaminants in each trial. Yang et al. (2011) have attributed poor TN removal efficiency 

in HMBR configurations to the limited development of anoxic processes, in other words, 

insufficient denitrification. This is partly unavoidable as aerobic processes dominate the 

HMBR bioreactor by design. Denitrification is mainly limited to SND processes within 

floc and biofilm. In this regard, the inclusion of biofilm may greatly improve 

denitrification and improvements in TN removal after the addition of carriers have been 

observed by Yang et al. (2008). In this experiment, accurate measurements of MLSS 

required complete mixing of the mixed liquor before sampling. However, this prevented 

the development of an anoxic zone at the bottom of the reactor, which would normally 

form due to sludge settling over time. As such, the environment for denitrifying bacteria 

was further reduced. 
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In the absence of suspended floc, the HMBR exhibited poor ammonia removal. 

SND processes within the biofilm may account for the absence of nitrite and nitrate 

detected in the effluent. In this case, nitrate produced during nitrification would have 

been immediately reduced to elemental nitrogen by denitrifying bacteria within the 

biofilm. Poor ammonia and TN removal during this trial was most likely caused by 

insufficient biomass relative to the contaminant load, as BOD5 and COD removals were 

also significantly lower during this trial.  
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4.4 Effect of HRT on Removal Efficiency  

In addition to the above trials conducted at HRT = 8 hours, removal efficiencies 

were also investigated at HRTs of 10 and 12 hours to determine the influence of HRT on 

treatment performance. These trials were conducted at MLSS concentrations of 

2163±110 mg/L and 1054±72 mg/L. Influent characteristics and residual contaminant 

concentrations are summarized in Table 13. Removal efficiencies at each MLSS 

concentration are presented in Figures 7 and 8. DO, pH, and temperature were 2.74±0.27 

mg/L, 7.30±0.10, and 20.4±0.4 ºC, respectively, during this time. Removal efficiencies at 

2157±39 mg/L and 662±18 mg/L MLSS at an HRT of 8 hours are included for 

comparison.   

Table 13. Influent and effluent characteristics during each trial 

Parameter (mg/L)  Trial 1 Trial 2 Trial 3 Trial 4 

HRT (hr)  10 10 12 12 

MLSS  1072±90  2093±115 1037±50 2233±41 

COD 
Influent 454±27 466±28 452±22 425±25 

Effluent 12.8±3.0 7.1±0.6 13.3±0.9 6.3±0.5 

BOD5 
Influent 250±10 259±11 233±18 238±15 

Effluent 6.5±1.0 5.5±0.7 4.3±2.7 2.7±1.3 

NH3 
Influent 32.8±2.0 41.7±5.3 38.8±3.3 43.1±5.0 

Effluent 12.1±4.1 0.080±0.023 23.5±7.8 0.120±0.024 

Turbidity 

(NTU) 

Influent 28.4±0.7 30.9±1.2 28.5±1.1 35.2±0.5 

Effluent 0.317±0.190 0.105±0.096 0.438±0.187 0.063±0.039 

TP 
Influent 0.975±0.117 1.22±0.15 0.96±0.12 1.79±0.08 

Effluent < 0.050 < 0.050 0.028±0.003 0.394±0.184 

TN 
Influent 41.4±2.8 51.3±4.3 50.5±4.3 59.4±3.3 

Effluent 17.5±6.6 30.2±6.8 26.4±9.5 37.5±8.1 

NO3
- Influent < 0.23 < 0.23 < 0.23 < 0.23 

Effluent 2.77±1.77 23.7±4.2 0.89±0.32 30.4±5.2 

NO2
- Influent 0.054±0.005 0.061±0.004 0.048±0.002 0.098±0.005 

Effluent 0.580±0.218 0.502±0.231 0.318±0.097 0.504±0.121 

n = 6 for all parameters except BOD5 (n = 4).  



60 

 

Figure 7. Removal efficiencies vs. HRT (MLSS = 2000 mg/L) 

 

 

At 2000 mg/L, COD and BOD5 removals were both significantly affected, and the 

transition from 8 to 12 hours was accompanied by an average per cent removal increase 

of 2.4% and 2.6%, respectively. An increase in the removal of organic compounds was 

expected since an increase in HRT increases the contact time between influent greywater 

and the activated sludge. This in turn increases the amount of biodegradation within the 

reactor. No discernible trend in turbidity, ammonia, TP, and TN removals was observed 

between trials.  
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Figure 8. Removal efficiencies vs. HRT (MLSS = 700 to 1000 mg/L) 

 

 

At 1000 mg/L MLSS, the quality of the suspended floc declined considerably 

during the period of acclimation, and free-floating bacteria quickly became predominant 

in the mixed liquor. The observed biomass within the mixed liquor appeared similar to 

the biomass observed during operation with biofilm only, i.e. at MLSS = 700 mg/L. A 

comparison between the observed floc is shown in Figure 9. 
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Figure 9. Appearance of floc at 1054±72 mg/L (left) and 662±18 mg/L MLSS (right) 

                     

Ammonia removal showed a marked decline during each trial at 700 to 1000 

mg/L, regardless of HRT. Due to the loss of floc under these conditions, the decline in 

ammonia removal is most likely caused by the reduction in nitrifying bacteria. At an 

HRT of 10 hours, nitrite concentrations increased 0.5±0.2 mg/L NO2-N and nitrate 

concentrations increased 2.5±2.0 mg/L NO3-N after treatment. At an HRT of 12 hours, 

nitrite concentrations increased 0.3±0.1 mg/L NO2-N and nitrate concentrations increased 

0.4±0.5 mg/L NO3-N after treatment. The observed nitrate values were 20 to 30 mg/L 

NO3-N lower than the values observed at MLSS = 2000, 3000, and 4000 mg/L, but were 

comparable to the low values observed in biofilm-only operation. SND processes within 

the biofilm may account for the observed nitrite and nitrate effluent concentrations, since 

nitrification products would be immediately reduced to elemental nitrogen. The loss of 

floc at 1000 mg/L MLSS required the reactor to be reseeded in order to reinitiate floc 

formation. The results of these trials therefore indicated system instability at MLSS 

concentrations ≤ 1000 mg/L, regardless of HRT.  
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4.5 Effect of MLSS Concentration on Membrane Fouling 

Throughout experimentation, membrane modules were cleaned every eight weeks 

to avoid irreversible fouling and flux decline. Between scheduled cleanings, membrane 

fouling was not observed at MLSS concentrations of 3000 and 4000 mg/L. However, 

modules frequently required unscheduled cleaning during operation at ≤ 1000 mg/L 

MLSS. Less frequent cleaning was required at 2000 mg/L MLSS. Ying et al. (2009) also 

found that membrane fouling in a hybrid growth MBR accelerated at lower MLSS 

concentrations. However, this effect is not unique to HMBRs. Lee et al. (2001) found that 

membrane fouling occurred at a rate seven times faster in attached growth MBRs 

operating at 100 mg/L MLSS than in suspended growth MBRs operating at 3000 mg/L 

MLSS. Domínguez et al. (2011) reported more frequent membrane fouling in MBRs 

operating at MLSS concentrations below 2000 to 3000 mg/L. As such, there is evidence 

to suggest increased fouling at low MLSS concentrations, regardless of reactor 

configuration or use of carriers. An image of a fouled membrane is shown in Figure 10.  

Figure 10. Fouled membrane (left) and clean membrane (right) 
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SMP has been implicated as one of the main factors affecting membrane fouling 

(Wu & Huang, 2009). SMP obstructs membrane pores by adsorbing and depositing onto 

the membrane surface. In particular, the SMP fraction containing soluble organics and 

polysaccharides contributes to fouling more than colloidal organics and proteins (Wu & 

Huang, 2009). At low MLSS concentrations, soluble EPS concentrations are at their 

highest (Domínguez et al., 2011) and large amounts of EPS adsorption onto membrane 

surfaces has been observed under these conditions (Ying et al., 2009).  

Therefore, increasing MLSS concentration above 2000 to 3000 mg/L may reduce 

the propensity of membrane fouling caused by SMP. Operation at higher MLSS 

concentrations may reduce EPS and soluble polysaccharides compared to operation at 

lower MLSS concentrations (van den Broeck et al., 2012). An MBR operating at 6190 

and 11530 mg/L MLSS showed a reduction in membrane fouling compared to an MBR 

operating at 2200 mg/L MLSS (van den Broeck et al., 2012). However, Sombatsompop 

et al. (2006) noted significant increases in the rate of fouling in an MBR when the MLSS 

concentration was increased from 6000 to 15000 mg/L. Similarly, Damayanti et al. 

(2011) demonstrated clear increases in membrane fouling when MLSS concentrations 

were increased from 5000 to 10000, 10000 to 15000, and 15000 to 20000 mg/L. Le-

Clech et al. (2003) observed that membrane fouling remained unaffected when MLSS 

concentration was increased from 4000 to 8000 mg/L, but noticed a significant increase 

in fouling at MLSS concentrations around 12000 mg/L. These results suggest that MLSS 

concentrations < 4000 and > 8000 mg/L negatively affect membrane fouling. 
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4.6 Determination of Optimal Parameters 

Optimal MLSS concentrations are specific to the design of a treatment system and 

its operating conditions. For this reason, it was necessary to determine experimentally the 

optimal MLSS concentration for the HMBR. To this end, both contaminant removal and 

the frequency of membrane fouling were taken into consideration. A comparison of the 

results using synthetic greywater at MLSS concentrations of 3000 and 4000 mg/L 

demonstrated no significant difference in performance, and observations suggested that 

an MLSS concentration between 3000 to 4000 mg/L resulted in less membrane fouling 

than MLSS concentrations < 3000 mg/L. Influent used during these trials was designed to 

simulate medium strength greywater. Therefore, operating at a concentration of 3000 to 

4000 mg/L for greywater of comparable quality is recommended. 

4.7 Treatment of High Strength Synthetic Greywater 

Removal efficiencies using synthetic high strength greywater were investigated at 

MLSS = 3457±156 mg/L at an HRT = 8 hours to determine the treatment performance at 

high contaminant loads. Infrequent monitoring of influent and effluent requires greywater 

reclamation systems to reliably produce reusable effluent under various contaminant 

loads since operators will not be aware of changes in greywater characteristics, nor will 

they be expected to respond to these changes. Influent characteristics and residual 

contaminant concentrations are summarized in Table 14. Removal efficiencies are 

presented in Figure 11. Results are presented in comparison to the removal efficiencies of 

the HMBR when subjected to medium strength synthetic greywater operating at 
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3113±121 mg/L MLSS at an HRT = 8 hours. DO, pH, and temperature were 2.62±0.15 

mg/L, 7.21±0.15, and 20.1±0.1 ºC, respectively, during this time. 

Table 14. Influent and effluent characteristics during each trial 

Parameter Unit Influent Effluent 

COD mg/L 727±100 21.8±1.1 

BOD5 mg/L 460±9 15.2±1.8 

NH3 mg/L 61.5±3.4 0.133±0.054 

Turbidity NTU 48.2±6.3 0.096±0.066 

TP mg/L 5.25±0.62 0.541±0.365 

TN mg/L 79.9±2.2 46.4±10.0 

NO3
-
 mg/L <0.23 36.9±6.8 

NO2
-
 mg/L 0.112±0.007 6.99±1.10 

n = 6 for all parameters except BOD5 (n = 4).  

Figure 11. Removal efficiencies for medium vs. high strength greywater 
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When subjected to high contaminant loads, the HMBR exhibited high removal 

efficiencies, though slightly less than removals observed during the treatment of medium 

strength greywater. COD, BOD5, and TP removals decreased 0.7%, 2.5%, and 7.7%, 

respectively, between the two trials. While a residual of 15.2±1.8 mg/L BOD5 exceeds 

the median value recommended in the Canadian Guidelines, it is still below the 

recommended maximum value of 20 mg/L. Residual turbidity of 0.096±0.066 NTU was 

well below the recommended median value of 2 NTU. Therefore, the HMBR was still 

capable of producing reusable effluent during this time.  

4.8 Treatment and Characterization of Real Greywater 

Real greywater was collected over a course of 20 days from bathroom sinks in the 

RIC at the University of Regina. An analysis of the collected greywater is presented in 

Table 15, along with residual contaminants detected in the treated effluent. DO, pH, and 

temperature were 2.65±0.11 mg/L, 7.08±0.16, and 19.9±0.5 ºC, respectively, during this 

time. 

Table 15. Characteristics of real greywater collected from bathroom sinks 

Parameter Units Average Min/Max Residual 

COD mg/L 145±51 74.4/224 8.66±4.65 

BOD5 mg/L 66.0±17.9 50.7/104 5.07±2.95 

NH3 mg/L 3.85±1.02 2.14/5.38 0.019±0.003 

Turbidity NTU 284±244 51.0/536 0.258±0.241 

TP mg/L 0.551±0.360 0.791/3.74 0.247±0.192 

TN mg/L 7.60±1.50 4.98/9.01 4.38±1.44 

NO3
- mg/L 0.356±0.165 <0.23/0.579 3.74±1.01 

NO2
- mg/L 0.201±0.190 0.058/0.553 0.015±0.001 

Total Coliform CFU/100 mL 58300 n.a. <10 

E. Coli CFU/100 mL <10 n.a. <10 

n = 10 for all parameters except total coliform and E. Coli (n = 1), and turbidity (n = 8).  
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The greywater collected from the RIC displayed low concentrations of most 

contaminants with the exception of turbidity which was significantly higher than 

expected. Greywater collection limited to only bathroom sinks may account for the 

relatively low concentration of contaminants observed. Washing machines, dishwashers, 

kitchen sinks, showers, and bathtubs are significant sources of contaminants, and laundry 

and kitchen greywater have been reported to contain up to 48 to 380 mg/L and 47 to 1460 

mg/L BOD, respectively (Donner et al., 2010).  

Unusually high turbidity may have resulted from construction activities occurring 

on the main floor of the RIC during testing. Within the first week, the reactor received 

unusually polluted influent, as traces of paint were found within the greywater. Turbidity 

recorded at this time was 2712±1 NTU. These data points were excluded as outliers from 

the figures shown in Table 15. However, traces of paint were visually observed for 

several days after first appearing in the greywater which increased the observed turbidity 

considerably during this time. Influent greywater contaminated with paint is shown in 

Figure 12. 

Figure 12. Typical greywater (left) vs. greywater contaminated with paint (right) 
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When treating the real greywater, the reactor was operated at 2932±163 mg/L 

MLSS at an HRT = 8 hours. Due to the limited strength of the raw greywater, the highest 

achievable MLSS concentration was approximately 3000 mg/L. Removal efficiencies are 

presented in Figure 13. 

Figure 13. Removal efficiencies for real greywater collected from the RIC 

 

Surprisingly, the reactor appeared to be minimally affected by the tainted influent, 

demonstrating the resilience of the microbial community within the HMBR. Removal 

efficiencies as well as contaminant residuals indicated excellent treatment performance, 

and the effluent quality was well below the Canadian Guidelines. Per cent TP removal 

was considerably lower than removals observed during trials using synthetic greywater 

influent. This was due to the low concentration of influent TP observed in the collected 

greywater.   
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4.9 Effect of Idle Operation on Treatment Performance 

The effect of idle periods on contaminant removal was evaluated in order to 

assess the resilience of the HMBR reclamation system during periods of no influent flow. 

The bioreactor was subjected to idle periods lasting one, two, three, and four weeks. 

During this time, the bioreactor did not receive any influent greywater. The results of 

each trial are shown in Table 16. Removal efficiencies are shown in Figure 14. DO, pH, 

and temperature were 2.53±0.24 mg/L, 7.33±0.33, and 19.7±0.7 ºC, respectively, during 

this time. 

Table 16. Influent and effluent characteristics during each trial 

Parameter (mg/L)  Trial 

  1 Week 2 Weeks 3 Weeks 4 Weeks 

COD Influent 159±4 133±7 135±6 121±1 

Effluent 5.98±1.35 10.8±0.3 15.7±1.3 15.6±0.1 

BOD5 Influent 64.7±7.9 54.9±1.9 62.0±3.1 57.8±3.0 

Effluent 5.5±0.8 1.1±1.5 0.8±1.1 0.2±0.2 

NH3 Influent 3.59±0.01 3.25±0.07 6.27±0.15 5.29±0.12 

Effluent 0.044±0.001 0.280±0.000 2.71±0.15 2.48±0.00 

Turbidity 

(NTU) 

Influent 71.2±0.6 38±0 114±0 106±0 

Effluent 0.211±0.001 0.052±0.001 0.042±0.004 0.056±0.008 

TP Influent 0.569±0.012 0.333±0.005 0.626±0.000 0.400±0.002 

Effluent <0.050 0.085±0.002 0.207±0.000 0.334±0.002 

TN Influent 11.0±1.0 10.7±1.2 14.2±0.3 8.21±0.01 

Effluent 4.52±0.52 5.89±0.81 8.84±0.42 4.79±0.12 

NO3
- Influent 0.428±0.024 0.299±0.020 0.309±0.011 <0.23 

Effluent 2.85±0.04 2.02±0.09 0.965±0.011 1.09±0.01 

NO2
- Influent 0.136±0.011 0.067±0.000 0.088±0.000 0.054±0.001 

Effluent 0.016±0.001 0.056±0.001 0.057±0.001 0.092±0.001 

n = 2 for all parameters.  

5 
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Figure 14. Removal efficiencies following one, two, three, and four week trials 

 

The results after each trial period were generally positive, and effluent 

characterization showed that the reclaimed water was capable of meeting the Canadian 

Guidelines at the end of each trial. However, a noticeable decline in treatment 

performance was observed after longer idle periods. TP removal declined from 93.1% 

after trial one to 16.3% after trial four. Ammonia removal also showed considerable 

decline, with removals decreasing from 98.8% to 53.1% after trials one and four, 

respectively. BOD5 removal increased 8.1% from trial one to trial four, indicating that 

severe nutrient deprivation may cause a positive effect on organics removal. However, 

the loss of biomass over time may limit the benefit of this effect at longer intervals of no 

influent.   

MLSS concentrations declined by as much as 590 to 1040 mg/L after three to four 

weeks of no influent, despite no sludge wasting during this time. Poor contaminant 

removal during idle periods is attributed to the considerable degradation of floc and loss 

of biomass. A comparison of suspended and attached biomass after four weeks is shown 

in Figure 15.  
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Figure 15. Suspended (left) and attached (right) biomass after four weeks 

                     

 

 

After a period of two weeks, stalked ciliates and rotifers were no longer observed 

in the mixed liquor and populations within the biofilm also decreased. Free swimming 

ciliates dominated the mixed liquor during two, three, and four week trials, despite the 

low food-to-microorganism ratio. While shear forces within the reactor made conditions 

generally unfavourable for stalked ciliates and rotifers (Baek et al., 2009), fragmentation 

and degradation of floc particles may have further worsened these conditions. 

Observations of the biofilm indicated remarkable resilience to the effects of influent 

deprivation, even after four weeks. Compared to the activated sludge, the biofilm 

appeared thick and relatively healthy, though signs of decline were evident.  

  

Floc considerably disintegrated 

after four weeks 

Biofilm displaying relatively stable 

characteristics after four weeks 
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5 CONCLUSIONS 

The intent of this research was to investigate the effect of MLSS and HRT on 

removal efficiencies, to investigate treatment performance when treating high strength 

greywater, and to investigate treatment performance following long periods of idle 

operation. It was found that COD and BOD5 removal increased with increasing MLSS 

and HRT, while turbidity, ammonia, TP, and TN generally showed no significant change. 

Reusable effluent was produced at MLSS operated in the range of 2000 to 4000 mg/L at 

an HRT of 8 hours. Acceptable effluent could also be generated at 2000 mg/L MLSS at 

an HRT of 10 and 12 hours. At 1000 mg/L MLSS, the quality of the suspended biomass 

within the treatment system sharply declined over time, indicating reactor instability at 

low biomass concentrations. Almost complete loss of biological floc required the reactor 

to be reseeded before operation could be resumed at higher MLSS concentrations. 

Membrane fouling was also observed to increase significantly during operation at MLSS 

concentrations < 3000 mg/L. An optimal MLSS concentration was determined to be 3000 

to 4000 mg/L. Due to the aggressive fouling observed at MLSS concentrations < 3000 

mg/L, it is advised that MLSS be maintained above this threshold. At optimal conditions, 

residual BOD5 = 2.1±1.5 mg/L and residual turbidity = 0.076±0.023 NTU were attained 

when treating medium strength synthetic greywater. When treating high strength 

synthetic greywater, residual BOD5 and turbidity increased to 15.2±1.8 mg/L and 

0.096±0.066 NTU, respectively. Trials using real greywater (which were representative 

of low strength greywater) resulted in a residual BOD5 and turbidity of 5.07±2.95 mg/L 

and 0.258±0.241 NTU, respectively. Thus, contaminant removal was sufficient to meet 
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the Canadian Guidelines for greywater reuse. An image of the treated effluent in 

comparison to the untreated greywater is shown in Figure 16. 

Figure 16. Greywater from bathroom sinks (left) and reclaimed water (right) 

 

Under optimal conditions, per cent removals for BOD5, COD, turbidity, ammonia, 

TP and TN were as high as 99.2%, 97.8%, 99.8%, 99.9%, 97.9%, and 44.8%, 

respectively. After treating greywater samples collected from the RIC, no faecal coliform 

or E. coli were detected in the treated effluent. As such, very high contaminant removals 

were observed for all parameters measured except TN. Following a period of four weeks 

without influent, the reactor was capable of producing reusable effluent within two days. 

While biomass significantly declined during periods of idle operation, irreversible 

damage was not observed.   
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6 RECOMMENDATIONS 

Recommendations for further research include the following: 

1. To beta test the treatment system at a site where the system will be exposed to 

greywater generated from a wide selection of sources. Sources for raw greywater 

generated in the RIC were limited to bathroom sinks. Exposing the system to a wide 

variety of sources, including washing machines and showers, would provide valuable 

contaminant removal and feasibility data. 

2. To investigate the advantages and disadvantages of different reactor configurations 

regarding the placement of suspended carriers. It was observed that the presence of 

MLSS negatively affected biofilm growth during initial formation. Better isolation of 

the suspended carriers from the mixed liquor may improve biofilm performance. 

Segregating carriers in a separate reactor or compartment may provide better control 

of carrier hydrodynamics and DO content, which could improve nutrient removal 

capacity. 

3. To further investigate the phenomena of membrane fouling in the context of 

greywater treatment and hybrid membrane bioreactors. 

4. To investigate the feasibility of adapting the system for industrial wastewater or 

blackwater applications 

5. To assess the feasibility of adapting the technology for potable water reclamation. 

This would include assessing the cost-benefit of incorporating additional treatment 

units such as activated carbon adsorption, advanced oxidation, and chlorination, as 

well as evaluating effluent quality for emerging contaminants such as PCPs and 

EDCs.  
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