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Abstract 

 

Agricultural runoff and influence to surface water is a widely experienced problem 

across the world, particularly in treating that water for potable consumption. Although 

many effective methods have been researched, there are few that can be considered 

suitable for rural regions, in-home and on-site water treatment, and extremely small-

scale design without requiring significant chemical use, operator skills and 

sophistication, and large-scale to be economically viable. This research focuses on the 

use of slow sand filtration (SSF) as one of the most effective methods for potable water 

treatment that can meet all of the above criteria. The experiments were designed using 

rapid small scale column testing theory, which is a directly scalable approach to 

developing a robust and effective system for treating water.  

 

The SSF laboratory experiments were divided into two parts: preliminary experiments 

and full-scale experiments. The preliminary experiments were designed to test the 

removal efficiency of agriculturally-associated concentrations of orthophosphate and 

iron. The full-scale experiments were design simulate the realistic SSF plant which can 

test the removal efficiency with different concentration of additive in raw water. Raw 

water samples were collected from Wascana Lake as representative of complex water 

quality associated with both rural and urban contamination and agricultural influence. 

In the experiments, these raw water samples are subjected to several operational, water 

quality and environmental factors, including temperature, pH and filtration rate, to 

determine the impacts on removal efficiency and overall performance of the SSFs.  

 

The results of the preliminary experiments indicate that 25°C and alkaline conditions 

had the most significant impact on orthophosphate removal. Factors such as lower 

temperature (5°C) and acidic condition created an inhibited impact on the results, 

leaving higher concentration of orthophosphate in the effluent. For iron removal, the 

pH, temperature and filtration rate were all noted to impact removal efficiency. Higher 
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temperature (25°C), increased alkalinity, and higher filtration rate resulted in higher 

effluent concentrations of iron.  

 

The results of the full-scale experiments indicate the interaction of phosphate, nitrate, 

iron and humic acids in SSF. The data show that increasing phosphate and nitrate in the 

raw water can slightly improve the performance of nitrate and phosphate removal but 

no obvious effect in humic acids and iron removal. The higher iron concentration can 

help improve humic acids removal.  

 

The experimental results clearly demonstrate that temperature and pH control in water 

treatment design are essential for high performance and robust and reliable production 

of high quality potable water. 
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1 INTRODUCTION 

 

With economic development there is increasing need, especially in the small rural communities 

and countryside of Canada. In generally, the quality of the water source in urban centre is better 

than the rural areas because cities tend to be developed on large river systems, while rural 

communities were originally settled as agricultural centre with smaller lakes and streams or 

groundwater serving as their primary water source (Gottinger et al., 2011). Conventional water 

treatment methods which are used in urban centre are very expensive, the equipment is complex 

and the need for skilled well-paid labour can be hard to sustain. With those reasons, the cost-

effective and reliable method of water treatment is the first choice for agricultural areas and smaller 

rural communities. Methods, such as slow sand filtration (SSF) and other non-chemical water 

treatment designs, can satisfy many of the conditions found in water treatment needs for rural 

Canada (Gottinger et al., 2011). 

 

Slow sand filtration (SSF) has been used for a long time, with the earliest recorded use in 1804 

when John Gibb built an experimental filter for his bleachery in Paisley, Scotland (Huisman et al., 

1974). In 1829, engineer James Simpson used SSF for treating the public water supply in London 

and soon after, the technology was deployed widely used across the United Kingdom to provide 

treated water for households (Huisman et al., 1974). The proven use of SSF for treating water for 

safe human consumption and ongoing engineering improvements to the design led to SSF being 

considered a mainstream technology throughout the 1800s and early 1900s.SSF technologies 

continued to demonstrate value when in 1892, cholera epidemic outbreak occurred in Germany 

and those areas in which SSF was used experienced lower death rates. For example, in Hamburg 

almost one in thirty of its population was effected and more than 7500 deaths when in Altona there 

were almost unscathed (Huisman et al., 1974). In North America, many water treatment engineers 

preferred the use of chemically-based treatments such as coagulation, sedimentation and rapid rate 

filtration as they were seen to be more modern and sophisticated than SSF. A shift toward SSF 

began when evidence showed the effective and reliable removal of microbiological contaminants 

by SSF. The shift continued as one way of addressing needs in small rural areas in the USA 

(Logsdon et al., 2002). 
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SSF water treatment can be quite successful for treating a wide variety of naturally occurring and 

human-impacted water quality parameters. For instance, recent research points to successful 

removal of small concentrations of naturally occurring uranium from Saskatchewan groundwater 

(Gottinger et al. 2013), phosphate from urban storm water containing various heavy metals 

(Okochi et al., 2012; Okochi et al., 2011),  inert particles such as turbidity-causing clays and 

pesticides in the agricultural water. SSF has grown from one of the earliest modern water treatment 

systems for the purification of drinking water to a widely-accepted technology used in the modern 

drinking water industry (Logsdon et al., 2002). There continue to be opportunities to evaluate and 

optimize the application of SSF to new and more challenging water quality treatment issues. 

 

1.1 Objectives 

This research project focuses on optimizing the removal efficiency of specific, commonly 

occurring nutrients and metals from a natural surface water source using a variety of slow sand 

filtration (SSF) designs. For the purposes of this study, Wascana Lake water was used for 

proximity to the research and since there are well-documented challenges with water quality, 

including those where nutrients and metal concentrations produce hard-to-treat water. 

 

Specifically, the research objectives were to: 

(1) Identify and test one industrially-available and commercially viable SSF media under a 

variety of experimental conditions for removal of iron, phosphate, and nitrate using Wascana 

Lake water as a source water; 

(2) Evaluate a variety of environmental and water quality conditions in reproducible experiments 

to determine impacts of such parameters as temperature, pH, and flow rate on removal 

effectiveness of iron, phosphate, and nitrate added to Wascana Lake water; 

(3) Provide context for scale-up of SSF results to a small community water treatment plant based 

on the Rapid Small Scale Column Tests (RSSCT) completed at the laboratory scale. 
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2 LITERATURE REVIEW 

 

Given the increasing challenges of access to adequate volumes of high quality water and increasing 

pressures on water quantity and quality due to growing consumption (both industrial and human), 

there is a need to identify and optimize solutions to support better understandings of impacts on 

water quality and low-impact treatment options that can be used in agriculturally active regions of 

the world. 

 

2.1 Agriculture and Water Quality 

With the continuing development and globalization of agriculture, impacts of agricultural 

production of water resources is increasingly serious (Haygarth et al., 2002). Agricultural pollution 

can be divided into biotic and abiotic byproducts of farming practices, which can contaminate 

surrounding environments and ecosystems (Haygarth et al., 2002). The main abiotic contaminants 

are associated with the application of pesticides and fertilizers on agricultural lands (Haygarth et 

al., 2002). Biotic contamination is often a result of the use of biopesticides (Haygarth et al., 2002). 

However, other sources of biotic contamination can also include natural organic materials found 

in various pesticides and fertilizers (Haygarth et al., 2002). 

 

Agriculturally-influenced water is produced when rainfall and snowmelt are transported from 

cropland and pastures where agricultural products, and the waste products related to agricultural 

production, occur (BC Ministry of Agriculture, 2015). Agriculturally influenced water can include 

farmland runoff as well as livestock and agricultural sewage (BC Ministry of Agriculture, 2015). 

For example, when rain or irrigation water flow the farmland, agricultural pollution can be 

transported into both groundwater and surface water formations (BC Ministry of Agriculture, 

2015). Nitrogen and phosphorus are key pollutants in the agricultural wastewater because the 

pesticides, fertilizers and biopesticides are full of nitrogen and phosphorus components (BC 

Ministry of Agriculture, 2015). 

 

When this kind of wastewater enters lakes or rivers, it can cause eutrophication (Smith et al., 1999). 

The over-contribution of nutrients, particularly nitrogenous and phosphorous-based nutrients, can 

lead to significant and potentially damaging growth of algae and hydrophytes (Smith et al., 1999). 
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When those organisms die, the decomposition of organic matter requires large volumes of oxygen 

consumption from the water, leading to hypoxic lake conditions (Smith et al., 1999). Many of the 

fish and aquatic biota that live in water can't survive under low oxygen content conditions (Smith 

et al., 1999). That is a serious problem which will cause decreased biodiversity and changes in 

species composition, and if the problem can't be treated it will produce toxic effects to the 

environment (Smith et al., 1999). Eutrophication is often considered to be a problem associated 

with globalization (Smith et al., 1999). Surveys indicate that 54% of lakes in Asia, 53% in Europe, 

48% in North America, 41% in South America, and 28% in Africa are facing problems with 

eutrophication (ILEC, 1988-1993). Figure2.1 provides a visual example of possible eutrophication 

of Wascana Lake (CBC, 2011). 

 

 
Figure 2.1 Eutrophication of Wascana Creek (CBC, 2011) 

 

2.2 Slow Sand Filtration 

The principles of SSF design and operation are relatively simple. SSF works through a 

combination of physical, chemical, and biological processes that include growth of a biological 

film at the surface and into the top layers of sand (Logsdon et al., 2002). This biological film is the 

layer in which much of the initial water treatment process happens (Logsdon et al., 2002) with 
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lower layers providing additional support, reserve for development of new biological treatment 

when the top layer is exhausted, and further polishing of the water by physical and chemical 

treatment processes (Logsdon et al., 2002).  

 

After prolonged use, the biological film thickens so that the SSF loses its effectiveness and the 

treatment rate slows below the minimal flow rate threshold required by the water consumers 

(whether individual- or community-scale) (Logsdon et al., 2002). At this point, the filter can be 

refurbished using physical rehabilitation processes. These include: (1) removing the top layer of 

filter sands which so that sands underneath can form a new biological film layer for water treatment 

and (2) scouring the top layer of the SSF by means of either mechanical interaction or aeration to 

break apart the biofilm and permit regrowth of a new biofiltration layer that permits increased flow 

rates to again be achieved (Logsdon et al., 2002). Both of processes can be relatively easy and 

inexpensive to realize (Logsdon et al., 2002). 

 

SSFs can also be designed in a variety of formats to encourage biological layer growth. In rare 

cases, an SSF is covered to reduce exposure to the surrounding environment, allowing only 

deliberately added fluids to influence the development of the biofilm layer (U.S. EPA, 1990). Here, 

biological growth is more controlled and specific to the water quality undergoing treatment 

(Logsdon et al. 2002). In the vast majority of designs, the SSF is open to the environment allowing 

for not only the raw water to seed the biofilm but also airborne and other biological contributions 

to become part of the biofilm growth (Figure 2.2) (slowsandfilter.org, 2011). In that case, 

biological growth tends to include more diversity of microorganisms than are contained only 

within the raw water supply (Logsdon et al., 2002). 
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Figure 2.2 Open slow sand filter module (slowsandfilter.org 2011; reproduced per Creative Commons Attribution 

Share Alike 3.0) 

 

Regardless of the choice of design of SSF for treatment of raw water to produce potable water, the 

SSF relies heavily on multiple treatment processes and mechanisms that are, at first, driven by 

biological metabolism (Logsdon et al., 2002). 

 

2.2.1 Biological Metabolism for Water Treatment 

Much of the biological water treatment that occurs in SSFs occurs within the top 0.5-2 cm of the 

filter, although small contributions to biological metabolism occur throughout the depth of an SSF 

(Logsdon et al., 2002). Bacteria present in the very top layer are primarily aerobic bacteria that 

require atmospheric oxygen for metabolism. In lower layers where only molecular oxygen is 

present, facultative anaerobes and anaerobes dominate and are responsible for consumption of 

different, more recalcitrant, compounds in the raw water (Haygarth et al., 2002). 

 

The top, highly biologically active 1-2 cm layer of an SSF is called the schmutzdecke (Logsdon et 

al., 2002). The schmutzdecke forms over a ripening period of 2-3 weeks under suitable temperature 

and adequate nutrient conditions suitable for microorganisms to grow and reproduce (H2O-1B, 

2009). Generally, raw water is circulated through the SSF and otherwise undisturbed to permit 

formation of the schmutzdecke (Logsdon et al., 2002). The effectiveness of the schmutzdecke 

depends on several factors like temperature and organic material concentrations and compounds 

within the raw water (Gottinger et al., 2011). It is possible to enhance schmutzdecke effectiveness 
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by adding more than 3 mg/L oxygen into the filter bed (H2O-1B, 2009). For open SSF designs, 

algae from the raw water will more readily survive on the surface of the filter bed, providing a 

very important role in the removal of carbon dioxide (CO2), nitrates (NO3
-) and phosphates (PO4

-

3) (H2O-1B, 2009). Because there are many kinds of algae and not all of these are positive 

additions to the treatment processes, algae growth controls are often required (H2O-1B, 2009). 

Under cold climate conditions (< 5°C), the filter bed must be covered or the algae will not survive 

(H2O-1B, 2017). 

 

Before SSF design and equipment function can be successful, the biological processes involved 

should be generally understood. Biological particles (organic cells) and organic compounds can 

be removed via processes that occur at the surface of the sands and within the biofilm layer. 

Biological particles, or cells, are removed via biological adsorption mechanisms that are affected 

by like larger organisms prey upon smaller ones and mediated by the presence of biological activity 

(Logsdon et al., 2002). Biological metabolism that is responsible for the breakdown and 

consumption of organic compounds and inorganic nutrients occurs via biomass growth and 

maintenance processes (Gottinger et al., 2011). The efficiency, resiliency, and efficacy of such 

biological processes are affected by variable operating and environmental conditions (Gottinger et 

al., 2011). Biological processes in SSF can be further enhanced through interventions to hasten 

ripening via seeding and inoculations to develop specifically-designed microbial communities for 

robust water treatment (Gottinger et al., 2011). Even once biofilms are fully developed and 

stabilized, biological processes can be disrupted, shifted or enhanced depending on environmental 

factors including pH, temperature, presence of bioavailable nutrients, filtration rate, and influent 

water quality (Gottinger et al., 2011). 

 

2.2.2 Features and Design of SSF 

SSF is one of the environmentally friendly methods for water treatment. Unlike other potable water 

treatment methods, SSF relies heavily on biofilms to treat the water, without the expensive 

additions of chemicals and electricity in the treatment processes (Logsdon et al., 2002). Further, 

only minimal mechanical power is required and the design includes easily replaceable parts and 

simple periodic maintenance (Logsdon et al., 2002). For these reasons, it meet with great favor in 

the small rural, countryside and poor and isolated areas (Logsdon et al., 2002). 
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The treatment processes occur in the biofilm layer, so raw water turbidity is an important operating 

factor. SSF requires low turbidity levels in the raw water supply to ensure efficient and effective 

operating conditions; high turbidity levels increase the pace of biofilm thickening (Logsdon et al., 

2002). Most conventional and large-scale water treatment methods have high treatment and flow 

rates, but the SSF treatment processes are slow by comparison. Flow rates tend to range in the 

range of 0.1-0.3 m3/h per square meter of surface (SSWM, 2017).The slow treatment rate allows 

for ample time for the raw water to be in contact with all active components of the filtration system 

during the treatment processes (Logsdon et al., 2002). 

 

Many well-respected non-governmental, research, and regulatory organizations like the World 

Health Organization (WHO), Oxfam, and the U.S EPA recognize SSF as one of the best 

technology for surface water treatment. WHO (2009) further noted that SSF is the cheapest, 

simplest and most efficient method for water treatment under many circumstances. Because of the 

large land requirement and slow treatment processes associated with many SSF designs, SSF is 

not considered a suitable option for large urban centre (SSWM, 2017). 

 

The design and operating principles and technology for SSF are uncomplicated, and the equipment 

requires minimal expertise and time for operation, maintenance and monitoring (SSWM, 2017). 

By comparison, SSF is relatively cheap to operate because the equipment generally depends on 

gravity flow and it doesn’t produce significant volumes of waste residuals apart from used filter 

sands (Gottinger et al., 2011). More information about the advantages and disadvantages of SSF 

for potable water treatment is provided in Table 2.1. 

 

The information in Table 2.1outlines the benefits and shortcomings for application of SSF 

depending on context and geography. In rural areas, for instance, problems related to the large land 

area requirement can be solved easily. Water treatment engineers can use the information in Table 

2.1 as a starting point to identify the most suitable factors for SSF design depending on local 

environmental and operating conditions.  
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Table 2.1 Advantages and Disadvantages of SSF (SSWM, 2017) 

Advantages Disadvantages 

1. Can effectively remove bacteria, viruses and heavy 

metals 

2. Can remove suspended particulate matter and lower 

turbidity 

3. Offers simplicity of design and wide application 

4.Requires minimal operation and maintenance 

sophistication 

5. Requires few to no chemicals 

6. May not require electricity to operate due to gravity 

flow design 

7. Can make use of locally sourced materials for 

construction and as media 

8. Offers high reliability and robustness 

9. Offers long lifecycle 

10. Is significantly less expensive than conventional 

water treatment methods 

1. Requires low turbidity (< 10-20 NTU) raw water 

2.Requires constant (or recirculating) flow 

3. Environmental factors affect treatment 

3. Can't be used immediately due to requirement for 

schmutzdecke formation 

4. Needs new sands regularly 

5. Needs disinfection for produced water prior to 

distribution 

6. Needs tools or processes to remove spent sands 

7. May need large land area, depending on design 

8. Needs large quantities of filter sands as media 

9. Low filtration and flow rates 

 

 

SSF designs require a minimum raw water quality as influent, such that the filters don’t become 

clogged or toxified due to the presence of high turbidity or organic and inorganic chemical 

contamination (Logsdon et al., 2002). Cleasby (1991) presented recommendations for raw water 

quality thresholds for SSFs including: 

 Low turbidity, less than 5 nephelometric turbidity units (NTU);  

 no heavy seasonal bloom of algae; 

 chlorophyll a less than 0.05 μg/L;  

 iron less than 0.3 mg/L; and  

 manganese less than 0.05 mg/L.  

 

Additional researchers (Logsdon et al., 2002) note that SSFs operate better when the raw water 

source does not contain: 

 dissolved heavy metals;  

 high true color; 
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 pesticides and herbicides, unless ozone pretreatment and granular-activated carbon (GAC) 

are used;  

 clay-bearing particles unless a pre-treatment roughing filter is employed;  

 residual oxidants, such as chlorine. 

 

Traditionally, the effective size of SSF media should range from about 0.15 to 0.35 mm, with a 

uniformity coefficient less than 3 (Logsdon et al., 2002). Flow rates tend to fall between 0.1 and 

0.3 m/h for optimal performance and constant flow is one of the most important factors in design 

(Logsdon et al., 2002). SSFs are designed to operate on a 24h/d basis to avoid disruption of the 

biological systems responsible to treatment (Logsdon et al., 2002). Such designs require high 

quality forecasts of treated water production and demand to ensure that sizing and media 

performance are adequate for the application.  

 

Some of the modern modifications that are commonly seen in SSF plant design include use of 

multiple filter beds to enhance filtration reliability, redundancy, and maintenance scheduling (e.g., 

while one filter is scoured and the biofilm regrown, the other remains in use at full capacity) 

(Logsdon et al., 2002).The design concepts depend on plant layout and footprint, but generally 

include, at a minimum, roughing filters for pretreatment, biologically active SSF, and a 

disinfection process (SSWM, 2017). Materials for construction can include the gamut of options 

from precast concrete boxes to high grade, food quality plastic containers (Logsdon et al., 2002). 

The development of monitoring programs and operating thresholds is very important to ensure that 

scouring and biofilm regeneration processes occur on a timely schedule that does not impede 

production of high quality treated water. Several factors that must be monitored include water flow 

rate, head loss, and turbidity that can be measured using simple techniques and instruments that 

are accessible and affordable for water treatment plant operators the world over (SSWM, 2017; 

Logsdon et al., 2002). 

 

2.3 SSF Performance 

The design of SSFs and SSF-based water treatment plants must consider the raw water quality 

entering the system and produced water quality required from the system to ensure a net positive 

balance between advantages and disadvantages. SSF plant designs have the ability to effectively 
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remove many different kinds of pollution in raw water including a broad spectrum of microbial, 

chemical, and physical impurities (Table 2.2).  

 

Table 2.2 Typical removal efficiencies of conventional SSFs

 
(Reproduced directly from Gottinger et al., 2011) 

 

Table 2.2 provides data that outlines the ability of SSF to remove many chemical, microbial and 

physical contaminants that may be found in raw water. Most of the components listed in the table 

can be removed with at least 50% efficacy, with others like poliovirus and Giardia cysts, reaching 

almost 100% removal (per Table 2.2). Some chemical compounds, like sulphates and nitrates, are 

not as easily removed, depending on SSF performance and operating conditions (Gottinger et al., 

2011; Haarhoff et al., 1991; Ellis, 1985). When an SSF is operating optimally, biological treatment 

processes convert ammonium to nitrate, necessitating either a pretreatment process to remove or 

reduce ammonium in the raw water or a post-treatment process to remove nitrate from the SSF 

effluent stream (Gottinger et al., 2011; Duncan, 1988).  

 

For optimal design and operation of SSF, the pH, temperature and flow rate must be optimized. 

As noted in Table 2.3, temperature and filtration rate have significant impacts on SSF performance. 
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Table 2.3 Effects of Flow Rate and Temperature on SSF Performance (Logsdon et al. 2002) 

 

 

Efficient SSF operations require relatively consistent temperature throughout operation and it is 

generally agreed that 15-25°C is ideal operating temperature to support a robust and diverse 

schmutzdecke. However, Moll et al. (1999) noted that an SSF operated at 5°C was capable of 

achieving significant reduction in natural organic matter as compared to systems operated at 20 

and 35°C. And (Juhna et al., 2006) noted that low temperatures had minimal impact on organics 

removal. Based on these results, it maybe hypothesized that abundant and active biomass in the 

filter bed can thrive under lower temperature conditions, resulting in specific operating efficiencies 

that can achieve adequate or enhanced removal efficiencies of target contaminants in the raw water 

stream (Mauclaire et al., 2006; Gottinger et al., 2011). 

 

Standard filtration rates for SSFs fall between 0.1-0.3 m3/h per square metre of surface area 

(SSWM, 2017). Under this flow rate, SSFs can provide stable conditions for microbial growth, 

reproduction and metabolism of nutrients and oxygen (SSWM, 2017). Sand filtration systems that 

operate at higher filtration rates are classified as rapid sand filtration (RSF) designs. The 

performance of RSFs is less reliant on biofilm metabolism and sorption and more heavily 

dependent on physical treatment processes, such as sedimentation and straining (H2O-1B, 2017; 

BioSandFilter, 2017). 
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The sand filtration media employed in SSF is selected to ensure a high performance balance 

between sufficiently sized pores so that the surface area of the biofilm layer can grow and the 

treatment processes can be more effective and pores that are too small to accommodate adequate 

filtration rates (Logsdon et al., 2002). As noted earlier, the sands used in SSFs have an effective 

size of 0.15-0.35 mm and a uniformity coefficient between1.5-3.0 (ideally < 2) (Logsdon et al., 

2002). In addition to size and uniformity coefficient, the shape and source of filtration media are 

also important for optimizing SSF performance. Ideal sands are rounded and free from the clay, 

meaning that those sourced from flowing water systems (like streams and rivers) tend to be better 

than those sourced from dug-out pits (Logsdon et al., 2002). Smaller size sands are more effective 

because the surface contact area increase, if the sand is no more than 0.45mm the performance 

results for removal of bacteria, turbidity and color will not very different (H2O-1B, 2017). Prior 

to use, sands are washed to remove fines and organic matter to ensure optimal performance for the 

production of treated water (H2O-1B, 2017). 

 

Similarly, raw water is often “washed” to remove fines that may clog pore spaces and block biofilm 

performance. Pre-treatment via turbidity controls, such as the use of a roughing filter, is commonly 

included in SSF plant designs where raw water quality is inconsistent, affected by land use 

activities, subject to high spring melt and runoff events, and/or contains naturally high turbidity 

concentrations (Logsdon et al., 2002). 

 

SSF designs include a gravel pack at the base to support filtration media and to prevent sands from 

entering the drain (Logsdon et al., 2002). Generally, four progressively sized gravel layers are used 

to support the filtration media and protect the drain (H2O-1B, 2017). 

 

2.4 SSF Cost 

SSF is one of the most affordable water treatment design to both build and operate. From Brikke 

et al. (2003), the cost to build an SSF plant ranges between $100-300 USD/m2. The uncertainty 

reflects sizing and treatment train options (roughing filter, parallel filters, and others), as well as 

raw water quality (SSWM, 2017). Construction and operating costs also reflect local 

environmental conditions like topography and weather (SSWM, 2017). Operation and 

maintenance costs are generally minimal, since SSF requires minimal to no chemical inputs and 
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only minor expenses related to filter material scouring and infrequent replacement (SSWM, 2017). 

Additional operating expenses are derived from the regulatory requirements for monitoring of raw 

water and produced water quality and the metering of any chemicals involved. 

 

The features of SSF make it highly suitable for small water systems in rural areas and individual 

homes, such as farms and ranches. SSF had been applied in many countries for 100s of years and 

remains in high use particularly in developing countries and underserviced communities (such as 

rural, remote, and reserve communities in Saskatchewan, Canada). SSF plants can be operated 

with minimal training about water chemistry and microbiology (Logsdon et al., 2002). 

  



 

15 
 

3 METHODS AND MATERIALS 

 

3.1 Study Site 

Wascana Lake is a constructed lake that was created in 1883by damming Wascana Creek between 

Angus and Rae Streets to create a recreational facility for sailing and canoeing. Later, the Lake 

was expanded to support livestock watering and provide domestic water supply to the growing city 

(WCA, 2017). During The Great Depression of the 1930s, the provincial and federal governments 

developed a relief project to drain and deepen Wascana Lake, as well as to create much-needed 

employment (Marchildon et al., 2008).  

 

Today, Wascana Lake water has many uses and benefits, particularly centred around recreation 

and wildlife habitat. The Lake is divided into two primary zones: the western Lake that is focused 

on water-based recreation and the eastern lake that is predominantly marsh habitat for waterfowl 

and associated environmental education programs (WCA, 2017).    

 

Downstream from Wascana Lake, the City of Regina Waste Water Treatment Plant (WWTP) 

makes use of the Wascana Creek as a receiving water for treated effluent discharge (WCA, 2017). 

The WWTP is currently under expansion to better manage the volume and complexity of 

wastewater requiring treatment, and in recognition of the extremely low dilution capacity of 

Wascana Creek, particularly in winter months (WCA, 2017). Because Wascana Lake is classified 

as a recreational water body, water quality monitoring in reference to provincially established 

guidelines and standards is required. The Saskatchewan Ministry of Health is responsible for 

setting and monitoring recreational water quality requirements (WCA, 2017).  

 

Raw water was collected from the eastern part of Wascana Lake, located in close proximity to the 

University of Regina. Water quality in Wascana Lake is reported to contain almost no nitrate, 

phosphate and iron, with high organic content at 22.4 mg/L humic acids (Saskatchewan Disease 

Control Laboratory, 2017). 

 

Because the focus of this research is treatment to drinking water quality standards, potable water 

standards apply. In Saskatchewan, the Ministry of Environment (aka Saskatchewan Environment) 
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regulates drinking water treatment and quality. Saskatchewan Environment requires owners and 

operators of potable water treatment systems to provide notice to consumers about the quality of 

water produced and supplied (Saskatchewan Environment, 2006). 

 

Table 3.1Saskatchewan Drinking Water Quality Requirements (Saskatchewan Environment, 2006) 

Parameter Saskatchewan Environment 
Water Quality Objective (mg/L) 

Sodium (Na) < 200 (AO) 
Sulphate (SO4) < 500 (AO) 
Total Dissolved Solids (TDS) 1500 
Manganese (Mn) 0.05 (AO) 
Nitrate (NO3) 45 
Potassium (K) No Standard 
Hardness 800 
Iron (Fe) 0.3 (IMAC) 
Magnesium (Mg) 200 
Calcium (Ca) No Standard 
Chloride (Cl) < 250 (AO) 
Fluoride (F) 1.5 
Alkalinity (CaCO3) 500 

AO: Aesthetic Objective 
IMAC: Interim Maximum Allowable Concentration 

 

3.2 Sample Collection 

For preliminary experiments conducted during winter months, the cold climate and ice layers over 

the water source necessitated the collection and storage of water for completion of all experiments. 

The preliminary experiments required collection of approximately 100 L that was pre-treated and 

stored for eventual use. The full-scale experiments were conducted during summer months, 

permitting easier access to the water source. The full 300 L of water required for the full-scale 

experiments was collected in a single excursion, pre-treated as with the preliminary experiments, 

and stored in a cool environment to avoid significant shifts in raw water quality. Analyses of raw 

water quality were completed with all new experiments to confirm consistency of inflow quality. 

 

Impacts to sample quality were reduced by filtering all raw water with 0.45 m GF/C filters to 

remove the majority of algae and other microorganisms. Algae and microorganisms affect 

constituents in the raw water like the concentrations of orthophosphate and nitrate, which were 

included as the focus of the research design. The flowchart in Figure 3.1 outlines the steps and 

equipment used in raw water collection and pre-treatment. 

 



 

17 
 

 

 

 

 

 

 

 
Figure 3.1 Flowchart depicting sample collection and preparation for storage prior to experiments. 

 

The pre-treatment filtration process was selected as it has been proven to remove the majority of 

living cells without affecting the concentrations of orthophosphate, nitrate and iron. Filtered water 

was refrigerated since low temperatures can inhibit microbial activities associated with any 

remaining cells in the sample water. 

 

Teflon®-lined collection containers and 
trolley to collect raw water samples from 
eastern Wascana Lake for experiments 

Suspended solids, including the majority 
of microbial cells, removed by filtration 

using 0.45 m GF/C filters 

Filtered water stored in clean, inert bottles 
and refrigerated at 4°C until use; pre-
treated water was allowed to warm to 

room temperature prior to experiments 
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3.3 Rapid Small Scale Column Tests 

A series of column tests was designed and carried out to test the hypothesis and respond to the 

research objectives. In experimental processes, there are many chemicals, experimental apparatus 

and preparation to be selected and designed for testing the treatment methods. For these 

experiments, the process included three key steps, namely: sample preparation, sample treatment 

(experiments) and sample analysis. 

 

3.3.1 Sample Preparation 

Water collected from Wascana Lake was filtered using Whatman0.45 m GF/C filter papers to 

remove suspended solids, including microbial cells, and provide some preservation of the water 

quality for the duration of the experiments. Once filtered, additions of the compounds of interest 

were made to sub-samples of the Wascana Lake water to produce various concentrations of starting 

sample quality. These additions included iron, humic acid, orthophosphate and nitrate added to the 

filtered water samples. Those four compounds were chosen as they are commonly found in 

agriculturally impacted water (Haygarth et al., 2002).  

 

3.3.1.1 Preliminary Experiments 

The preliminary experimental design included 16 concentration groupings (Table 3.2) to simulate 

different kinds of agricultural water conditions and to assess the capability of the SSF approach to 

removing a variety of concentrations of those target compounds. The added concentrations were 

selected by reviewing current literature about the natural and impacted concentrations of these 

compounds likely to occur in agricultural runoff and to be contained in agricultural stored water 

reservoirs (i.e., dugouts). 
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Table 3.2 Preliminary Experiments 

No. Orthophosphate Nitrate Humic Acid Iron 
1 0 0 0 0 
2 +1 mg/L +2 mg/L 0 0 
3 +2.5 mg/L +5 mg/L 0 0 
4 +5 mg/L + 10 mg/L 0 0 
5 0 0 +1 mg/L +1 μg /L 
6 0 0 +2.5 mg/L +2.5 μg /L 
7 0 0 +5 mg/L +5 μg /L 
8 +1 mg/L +2 mg/L +1 mg/L +1 μg /L 
9 +1 mg/L +2 mg/L +2.5 mg/L +2.5 μg /L 
10 +1 mg/L +2 mg/L +5 mg/L +5 μg /L 
11 +2.5 mg/L +5 mg/L +1 mg/L +1 μg /L 
12 +2.5 mg/L +5 mg/L +2.5 mg/L +2.5 μg /L 
13 +2.5 mg/L +5 mg/L +5 mg/L +5 μg /L 
14 +5 mg/L + 10 mg/L +1 mg/L +10 μg /L 
15 +5 mg/L + 10 mg/L +2.5 mg/L +25 μg /L 
16 +5 mg/L + 10 mg/L +5 mg/L +50 μg /L 

Note: The concentration of iron was below the instrument detection limit following SSF treatment in experiments 1-
13, leading to a decision to increase the concentration in experiments 14-16 by a factor of 10 allow for 
comparison and analysis.  

 

 

The selection of the chemical formulations for increasing the concentration of orthophosphate, 

nitrate, humic acid, and iron in the samples is important. Most chemicals available for research 

also result in the addition of other compounds, such as hydrogen, potassium, or sulphate. 

Deliberate decisions were made to avoid chemical complexes that included more than one of the 

selected compounds (for instance, mixtures that contained both phosphorous and nitrogen, such as 

commercial fertilizers, were not considered as viable options).  

 

Thus, the experimental compounds chosen to produce the additions of the four selected analytes 

were: 

(1) potassium hydrogen phosphate monobasic (KH2PO4; General Storage) to add 

orthophosphate, 

(2) potassium nitrate (KNO3; Fisher Scientific) to add nitrate,  

(3) ferrous sulphateheptahydrate (FeSO4.7H2O; EM Science) to add iron, and 

(4) humic acid (Sigma-Aldrich). 
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In addition to the four water quality additions made to reflect agricultural water quality, three 

further factors were varied in the preliminary experimental design. These include pH, temperature 

and flow rate (aka filtration rate, which affects number of bed volumes treated per experiment). 

These three factors were selected as they are essential elements in biological development of the 

schmutzdecke in SSF, along with raw water turbidity and bioavailable nutrients in raw water 

(Logsdon et al., 2002; Gottinger et al., 2011). Since turbidity was removed to allow for 

preservation of samples, and nutrient concentrations were added per Table 3.2, the remaining three 

variables for investigation included only pH, temperature, and flow rate. Each of these can be 

controlled and monitored in the experiment and was selected in terms of reflecting local seasonal 

changes. 

 

The pH of the water was tested after the addition of the water quality additives noted in Table 3.2. 

From that starting point, pH was adjusted by adding 0.07 mL/L acetic acid (CH3COOH; VWR 

International/LLC Radnor) or sodium hydroxide (NaOH; EMD Millipore Corporation), 

respectively. The pH of water samples was tested using an Oakton EcoTestr pH 2 Waterproof pH 

Tester (Figure 3.2) that was calibrated using a three-point calibration. 

 
Figure 3.2Analysis of sample pH using an EcoTestr pH 2 meter. 
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The pH of influent samples was monitored throughout the experiments and adjusted as necessary 

to maintain pH values within the two ranges noted above. In most cases, approximately 0.07 mL 

acetic acid (CH3COOH) was required to acidify solutions and 0.07 mL of 1 N sodium hydroxide 

(NaOH) to produce a more basic solution. 

 

The average temperature in spring/summer and fall/winter is about 25°C and 5°C, so the samples 

are prepared under those two temperatures. A VWR incubator (Edmonton, AB) set at 30°C (Figure 

3.3) and refrigerator (determined to provide an environment at 5°C ± 2°C were used to maintain 

sample temperature prior to experiments. 

 

 

Figure 3.3 VWR incubator used to maintain sample temperature until used in experiments. 

 

In addition to holding sample temperature constant prior to experiments, the temperature of 

samples was monitored throughout experiments (Figure 3.4). The experiments did not include an 

attempt to operate the Rapid Small Scale Columns (RSSCs) under fully temperature-controlled 

conditions, but rather were carried out at room temperature. Thus, it was that the water samples 

either warmed or cooled to 20°C ± 2°C throughout the experimentation. 

 

Table 3.3 Environmental Condition 

pH Values Temperatures Flow Rates 

Acidity (5.8-6.3) 25°C 30 rpm 

Alkaline (8.0-8.5) 5°C 15 rpm 
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Figure 3.4 Analysis of sample temperature within experimental design. 

 

Because climate conditions will affect actual flow rates and the objectives of this research include 

attempts to simulate out-of-lab conditions, the peristaltic pumps used to control flow rate were set 

at a constant and consistent 15 and 30rpm across all of the RSSCs in the experiments (Figure 3.5). 

 

 
Figure 3.5 Constant control of flow rate for up to 5 rapid small scale testing column experiments via cartridge 

peristaltic pumps. 
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The bed volume of the RSSCs was calculated by filling each packed or control-blank column with 

water to fill all pore spaces and head space. Packing of the RSSCs was accomplished to produce 

as consistent as possible bed volume for each experiment, thus ensuring nearly identical flow 

patterns, surface area contact, and space for biofilm development. The bed volume for the blank 

column was 89 mL, for the pea gravel it was 29.9 mL, and for the filtration sand columns it was 

between 18.8 and 19 mL. 

 

At the two given flow rates, each RSSCT was operated until the equivalent of 10 bed volumes 

were passed through the RSSCs. 

 

3.3.1.2 Full‐Scale Experiments 

The full-scale experimental design included 12 sets of triplicate experiments using the water 

quality parameters determined to have measurable impact per the preliminary experiments (Table 

3.3). These were labeled alphabetically from A to L to avoid confusion with experiments 1 through 

16 in the preliminary phase of research. The added concentrations were selected by reviewing 

current literature about the natural and impacted concentrations of these compounds likely to occur 

in agricultural runoff and to be contained in agricultural stored water reservoirs (i.e., dugouts). 

 

Table 3.4 Full-Scale Experiments 

Label Orthophosphate Nitrate Humic Acid Iron 
 (mg/L) (mg/L) (mg/L) (mg/L) 

A 0 0 0 0 
B 0 0 0 +1 
C +1  0 0 +1  
D +1  + 5  0 +1  
E 0 0 +5  0 
F 0 0 +5  +1  
G +1  0 +5  +1  
H +1  +5  +5  +1  
I +2.5  0 0 0 
J 0 +10  0 0 
K +2.5  +10  0 0 
L +2.5  +10  0 +1  
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The same chemical formulations for increasing the concentrations of orthophosphate, nitrate, 

humic acids, and iron were used as described in 3.3.1.1 for the preliminary experiments. The 

impacts of pH and temperature were noted to be minimal throughout the preliminary experiments, 

resulting in the full-scale experiments being conducted at room temperature (20°C ± 2°C) and 

ambient pH. The pH of the raw and treated water was tested in each experiment using an Oakton 

EcoTestr pH 2 Waterproof pH Tester (Figure 3.2) that was calibrated using a three-point 

calibration. 

 

For full-scale experiments, the peristaltic pumps used to control flow rate were set at a constant 

and consistent 3.5 rpm across all of the RSSCs in the experiments. This equates to 0.36 L/hr. Bed 

volumes remained static from those determined during the preliminary experiments. At a flow rate 

of 3.5 rpm, each RSSCT was operated until the equivalent of 10 bed volumes were passed through 

the RSSCs. 

 

Both blank (empty) columns and control (pea gravel-filled) columns were employed throughout 

the full-scale experiments to examine the impacts of column walls and non-biologically active 

media in the removal kinetics of the target analytes. 

 

3.3.2 Rapid Small Scale Columns 

Lab-scale SSF columns were constructed from Rapid Small Scale Columns (RSSC) that produced 

and calibrated for lab-scale simulation and ready-scale-up to pilot- and implemented-scale water 

treatment facility designs. The standardized RSSCs are 5 cm x 20 cm. The blank and control 

columns were either empty (blank) or filled with pea gravel (control column). The experimentation 

columns were filled with uniform diameter filtration sands (sand sourced from Unimin 

Corporation, Le Sueur, MN), as shown in Figure 3.6. 
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Figure 3.6 Photographs of the blank, control, and experimental RSSCs used in full-scale experiments. 

 

Unlike naturally occurring sands, the filter sand used in these experiments are industrially cleaned, 

sieved, and produced for use in SSF systems, such as that evaluated here using the RSSC test 

(RSSCT) method. Multiple RSSCs were prepared and operated at any given time to allow for 

simultaneous operation of 9 columns, plus 1 blank and 1 control. The photograph in Figure 3.7 

shows the blank (far left), pea gravel control (second from left), and 4 of the sand columns used in 

the RSSCT.  

 

 
Figure 3.7 Rapid Small Scale Column Test equipment including blank column to the far left next to the pea gravel 

column and four filled sand columns set up for multiple simultaneous experiments. 
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On the basis of literature review, a decision was made to operate the RSSCT in downflow mode. 

Downflow operation was chosen since, when the flow rate increases, bed expansion may occur. 

Downflow can avoid the problem of channeling with a well-controlled flow rate. Therefore, the 

cartridge peristaltic pumps were used to raise the influent water to the top of each RSSC, forcing 

water, with the aid of gravity, through the columns and to the bottom outflow nozzle.  

 

Samples were collected at the outflow using clean plastic bottles and stored at 5°C for no more 

than 48 hours prior to analysis. The pH of each sample was tested daily and values recorded for 

later evaluation. All full-scale experiments were completed simultaneously in triplicate. 

 

At the start and end of each series of experiments, the columns were washed with at least 10 bed 

volumes of RO water to remove residues on the filter sands.  

 

3.3.3 Sample Analyses 

A SmartChem 170 automated, direct-read, discrete analyzer (Figure 3.8) was employed for 

analyzing concentrations of orthophosphate and iron components; analyses of nitrate and humic 

acids were completed at the Provincial Laboratory (Regina, SK) due to instrumental errors with 

the SmartChem nitrate module and sensitivity required for humic acids.  

 

 

Figure 3.8 SmartChem 170 automated chemistry analyzer produced by WestCo. 

 

All chemical mixtures for use with the SmartChem 170 were prepared in distilled water per 

standard operating procedures. All instrumental and chemistry protocols followed U.S.EPA 

modified protocols and procedures specifically revised for use with the SmartChem 170 instrument 

and available from Mandel Scientific (Edmonton, AB). Method 330-0704B was used for iron 
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analysis; Method PHO-003-A for orthophosphates; and Method NO3-001-B was assessed for use 

in nitrate analyses. 

 

Reagent preparation for SmartChem methods includes basic operating mixtures such as the 

standardized Cuvette Cleaning Solution and Probe Rinse Solution that are affixed to the side of 

the machine during operation. Method-specific reagents and standards were prepared according to 

each analytical Method identified above. The SmartChem 170 relies on colourimetric analysis and 

provides exceptional quality assurance to minimize cross contamination of samples.  

 

Iron is brought into solution, Reduced to the ferrous state by boiling with acid and hydroxylamine, 

and treated with 1,10-phenanthroline at pH 3.2 to 3.3. Three molecules of phenanthroline chelate 

each atom of ferrous iron to form an orange-red complex. The colored solution obeys Beer's law. 

Intensity is independent of pH from 3 to 9. A pH between 2.9 and 3.5 insures rapid color 

development in the presence of an excess of phenanthroline. SmartChem will construct and display 

the calibration curve and calculate all sample results. 

 

To test orthophosphate, a 4% ammonium molybdate solution (Dissolve 4g ammonium 

molybdatetetrahydrate in 100 mL reagent water) and antimony potassium tartrate solution 

(Dissolve 1.3715 g potassium antimony tartrate hemihydrate in 400 mL distilled water in a 500 

mL volumetric flask, dilute to volume) react in an acid medium to form an antimony-phospho-

molybdate complex in the presence of dilute solutions of phosphorous. The complex is reduced to 

an intensely blue-coloured complex by ascorbic acid and colour (as optical density, or O.D.) is 

measured at either 880 or 660 nm to calculate phosphorous concentration. A standard calibration 

curve is produced for calculation of concentrations by linear regression of authentic sample data. 

 

Nitrate analysis occurs via reduction to nitrate by passage of a sample through a copperized 

cadmium nitrate reductor (a separate module purchased for use with the SmartChem 170). The 

resulting nitrate, plus any nitrite that may have originally been present in the sample, is then 

determined as nitrite through a separate chemical reaction to form a highly coloured azo dye. 

Nitrate concentrations (O.D.s) are measured colourimetrically at 520, 543, or 550 nm per 

instrumental automation. As with previous discussions, the nitrate concentration is reported on the 
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basis of linear regression within a standard calibration curve of measured standard O.D. values. 

Data from nitrate analyses were unreliable, necessitating sample analysis to be conducted at an 

external laboratory (Provincial Lab, Regina, SK). 

 

The data produced by the SmartChem 170 are in the form of both O.D.s and automatically 

calculated concentrations (based on the O.D.s within standard calibration curves for each “run” of 

analyses). These data were exported to Microsoft Excel spreadsheets for analysis. 

 

3.4 Data Analysis 

Data produced from SmartChem 170 analyses were compiled in Microsoft Excel spreadsheets with 

the purpose of identifying optimal conditions for the removal of iron, phosphate, and nitrate from 

agriculturally influenced water. These conditions included changes in humic acid concentration, 

as well as concentrations of the three target analytes, temperature and pH of the influent water, 

and flow rate through the SSF-simulation columns. Data manipulation included the creation of 

charts and graphs, as well as statistical comparison techniques, to identify differences in removal 

effectiveness of the target compounds relative to the various experimental conditions. 

 

3.4.1 Preliminary Experiments 

Within the preliminary experimental design, there were total 16 groups of samples. To avoid 

confusion in comparing sample data, sample IDs were assigned and a legend produced for quick 

reference and identification of experimental conditions and variables tested. Each sample ID was 

created by including information about temperature, flow rate and pH for each sample. For 

example, the sample labeled with ID 25300 indicates that the temperature was 25°C, flow rate was 

30 rpm, and pH was ambient (“0” connotes an unadulterated sample, while -1 is acidic, and 1 is 

alkaline). Samples from the gravel control column were identified as GCC. 

 

Analysis and discussion of the water quality data were divided to permit review of impacts on 

removal in the final solution relative to the water quality itself, as well as pH, temperature, and 

filtration rate. Since the pH, temperature, and flow rate can be readily controlled in full-scale SSF 

treatment plants, and the RSSCT is designed specifically to permit ready up-scaling to full water 
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treatment design scale, these results were intended to be directly applicable, with space for in situ 

optimization, for rural areas where raw water is agriculturally influenced. 

 

Due to challenges with the nitrate module for the SmartChem 170, the research results focus only 

on the effluent concentrations iron and orthophosphate. However, the potential impacts of changes 

in humic acid and nitrate on the removal efficiency and efficacy of orthophosphate and iron are 

considered. That is, although the concentrations of humic acid and nitrate in the outflow from the 

experiments are unknown (or unreliable), the inflow concentrations are known and can be 

evaluated per differences in the final concentrations of orthophosphate and iron. 

 

3.4.2 Full-Scale Experiments 

The full-scale experiments comprised 12 groups of triplicate RSSCT isolating variables to permit 

statistical comparison of results. Additionally, a time-series of samples was collected from each 

RSSC to permit analysis of removal kinetics over a set period of time. As with the preliminary 

experiments, sample IDs were assigned and a legend produced for quick reference and 

identification of experimental conditions and variables tested. 

 

Data analyses include evaluation of total concentration removed as well as removal kinetics for 

each of the four water quality parameters tested under consistent pH, temperature, and flow rate 

conditions. Challenges associated with water quality analyses experienced in the preliminary 

experiments were avoided by submitting samples to the Provincial Laboratory (Regina, SK) for 

all analyses of nitrate and humic acids concentrations. Additionally, a select number of 

confirmatory and raw water samples were submitted to the Provincial Laboratory to confirm U of 

R Lab results of the orthophosphate and iron concentrations determined via the SmartChem 170. 

 

Time-series results for all four compounds across the 12 triplicate experiments were graphed to 

determine effectiveness and trends in removal, including standard deviations and employing error 

bars in graphical representations of results. Total concentration removed of each of the four 

compounds was also tabulated for each triplicate experiment. 
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Data analysis was completed by evaluating changes in concentration (increasing and decreasing) 

and the slopes of the plotted time-series line graphs for all 12 experiments, as well as the data from 

blank and control columns. This approach was selected since it offers a method for determining 

the statistical significance of the water quality conditions tested in the experiments and satisfy the 

objective of the thesis which need to analyze the removal efficiency and performance of SSF under 

different conditions. By comparing the change of concentration and slopes under different time 

interval, it is possible to directly show the change in performance and removal efficiency. 
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4 RESULTS AND DISCUSSION 

 

The raw water quality of Wascana Lake samples collected for the preliminary and full-scale 

experiments aligned with that reported by the Saskatchewan Ministry of Environment. Because 

experiments were conducted in vastly different seasons, it was important to compare water quality 

data with that reported over time in an attempt to reduce the impacts of seasonality on experimental 

results and the interpretation of those data. 

 

4.1 Preliminary Experiments 

The results of 16 groups of experiments using the RSSCT approach to simulating SSF design and 

projected optimal conditions were assessed for removal efficiency under varying pH, temperature, 

and flow rate conditions, as well as up to three water quality amendments per compounds under 

investigation. These results were evaluated to identify the most likely parameters, alone and in 

combination, impacting removal efficiency of orthophosphate, nitrate, humic acids, and iron 

during slow sand filtration of Wascana Lake water. 

 

As noted earlier, the results of nitrate analyses were unreliable and therefore not included directly 

in the analysis of outcomes from the preliminary experiments. Further, the iron concentrations in 

preliminary experiments 1-13 were too low to permit detection and quantitation of iron in the 

experimental effluent. Thus, the results from preliminary experiments 14-16 are form the basis of 

discussion about iron removal in the RSSCT. Data for orthophosphate are complete across the 16 

preliminary experiments, permitting more fulsome review and evaluation of the impacts of the 

environmental and operating conditions (i.e., pH, temperature, and flow rate) on removal 

effectiveness as determined by comparison of pre- and post-treatment phosphate concentrations. 

 

In assessing the performance of SSF in the preliminary experiments a simple assessment of the 

concentration in effluent samples was deemed sufficient to determine impact of water quality, 

environmental, and operating conditions on target compound removal success. The data presented 

focus on orthophosphate results from Group 14 experiments and iron results from Group 15 

experiments. Additional data and charts are available in Appendix A. 
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4.1.1 Phosphate Removal 

The impacts of initial pH and temperature were assessed per orthophosphate concentration in the 

effluent from all 16 preliminary experiments. Two flow rates were also assessed to determine the 

occurrence, and extent, of the impacts on phosphate removal due to hydraulic retention time within 

the RSSCs. 

 

The results of pH impact on phosphate concentration indicate some differences under the amended 

acidic and alkaline conditions. Data from Group 14 experiments are displayed to demonstrate the 

degree of difference noted in ambient pH water (blue), acidic water (red), and alkaline water 

(green) effluent samples (Figure 4.1). 

 

 
Figure 4.1 Effluent phosphate concentrations from Group 14 experiments conducted at 5 and 25°C, 15 and 30 rpm 

flow rate, and under ambient (blue), acidic (red), and alkaline (green) water quality conditions. 

 

Through visual comparison of the three pH conditions, it can be seen that phosphate removal was 

least effective (effluent concentration was highest) in those columns through with acid-amended 

water was used. There is generally no difference between the ambient and alkaline results. These 

results seem to indicate that acidic conditions minimally inhibit the treatment process for removal 

of orthophosphate from a complex water source. The difference in final effluent concentration 

between the ambient and acidic conditions was consistently within a range of 0.1 to 0.3 mg/L (or 
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approximately 5-10%). Within sampling and instrumental errors, it is likely that acidic conditions 

will have an inhibitory effect on SSF performance for the removal of orthophosphate. 

 

This outcome is likely, in part, due to the ideal conditions under which a schmutzdecke forms. 

Different microorganisms have their own ideal environmental conditions for growth (H2O-1B, 

2017) and those naturally contained within the Wascana Lake water are primarily acclimated to 

alkaline conditions. Additionally, higher pH values tend to result in formation of insoluble 

phosphate species. A recent study noted the importance of maintaining both slightly alkaline 

conditions as well as organic matter content (such as humic acids) to maintain phosphate ions in 

solution (CeroziBda et al., 2016). 

 

In reviewing the impact of temperature on amount of phosphate removal achieved through the 

preliminary experiments, it was noted that the 25°C condition was favourable to RSSCT operated 

at 5°C (Figure 4.2). 

 

 
Figure 4.2 Average effluent concentration of orthophosphate at 25 and 5°C for preliminary experiments. 

 

The likely reason is again due to microbial activity and schmutzdecke formation in the RSSC. 

Colder conditions inhibit the growth and maintenance of microorganisms, thus lowering 
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microorganisms' activity and metabolism (Gottinger et al., 2011). Juhna et al. (2006) noted that 

low temperatures had minimal impact on organics removal. On average, about 65% of the 

orthophosphates were removed by the RSSC operating at water stored at 25°C versus 63.5% for 

water stored at 5°C, in the preliminary experiments. 

 

The impact of flow rate on phosphate removal was evaluated at two flow rates: 30 rpm (correlating 

to 2.586 L/h) and 15 rpm (1.285 L/h). A graphical representation of effluent phosphate 

concentrations from Group 14 experiments show some difference in performance (Figure 4.3). 

 

 
Figure 4.3 Effluent phosphate concentrations from Group 14 experiments conducted at 5 and 25°C, ambient, acidic, 

and alkaline pH conditions, and under 30 (blue) and 15 (red) rpm flow rates. 

 

A slight improvement in performance was noted at the higher flow rate. Because the RSSC are 

closed to the external environment, it is possible that the higher filtration rate was more successful 

because the slow sand filtration systems were receiving more and more timely contributions of 

necessary nutrients and oxygen to support phosphate removal. However, the difference was 

generally quite minimal. In either case, selection of a stable condition is necessary to ensure 

healthy microbial growth and metabolism that is sustainable under the delivery system (and rate) 

selected for introducing adequate supplies of suitable nutrients and oxygen to the slow sand filter 

(SSWM, 2017).  
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4.1.2 Iron Removal 

The method of discussion and analysis for the iron concentration is as same as the method for 

orthophosphate concentration. Across the 16 groups of preliminary experiments, the impacts of 

initial pH, temperature, and flow rate were assessed per iron concentration in the effluent.  

 

The results for analysis of iron concentrations in RSSC effluents appear to indicate that alkaline 

conditions inhibit iron removal, while ambient and acidic conditions result in improved removal 

performance (Figure 4.4). 

 

 
Figure 4.4 Effluent iron concentrations from Group 15 preliminary experiments conducted at 5 and 25°C, 15 and 30 

rpm flow rate, and under ambient (blue), acidic (red), and alkaline (green) water quality conditions. 

 

Generally speaking, acidic conditions produced the most significant iron removal as evidenced by 

concentrations of iron in the RSSC effluent samples. The water solubility of iron compounds 

increases at lower pH values (Metzger, 2005). Thus, under more acidic water conditions, more 

iron was dissolved and available for removal via the filtration sand in the RSSCs. This result was 

expected due to the chemistry and speciation of iron in water at various pH values. In this case, it 
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is unlikely that microbial activity or response was as significant as was chemistry in the final 

effluent concentrations of iron. 

 

Like pH, temperature also appeared to significantly impact the concentration of iron in the RSSC 

effluent samples (Figure 4.5). Here, the lower water temperature of 25°C seemed to produce 

effluents with lower concentrations of iron.  

 

 
Figure 4.5 Average effluent concentration of iron at 25 and 5°C for preliminary experiments. 

 

The average results displayed in the graph indicate that the lower temperature has a positive impact 

on iron removal performance. Some caution is advised in interpreting these results, however, since 

the low concentration of iron in the effluent samples was very close to the instrumental detection 

limit of the SmartChem, meaning that it is possible that the instrumental error is significant. Further 

analyses were conducted at room temperature and using higher initial concentrations of iron in the 

full-scale experiments to better elucidate these findings. The difference in effluent concentrations 

at 5 and 25°C was between 0.01 and 0.02 mg/L in each instance. Thus, these results indicate that 

there is no need to adjust temperature especially for iron removal. 
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In evaluation of the impacts of flow rate on iron removal, it was noted that relatively good 

performance was achieved at both 30 and 15 rpm, with the lower filtration rate providing a slight 

advantage (Figure 4.6). 

 

 
Figure 4.6 Effluent iron concentrations from Group 15 experiments conducted at 5 and 25°C, ambient, acidic, and 

alkaline pH conditions, and under 30 (blue) and 15 (red) rpm flow rates. 

 

By considering the potential for instrumental error, it can generally be concluded that the ability 

of the RSSC sand filters to remove iron under the filtration rate 30 and 15 rpm is nearly the same. 

It is possible that the slower filtration rate permits improved microbial treatment activities due to 

the longer hydraulic retention time (SSWM, 2017). It appears, however, that further contact time 

is required to achieve optimal results. 

 

4.1.3 Water Quality Impacts on Phosphate Removal 

In the preliminary experiments, known concentrations of nitrate and humic were added to the 

inflow water and impacts on phosphate and iron removal effectiveness evaluated. As noted in 

Table 3.2, only ambient humic acids were present in preliminary experiments 1 through 4 and only 

naturally-occurring nitrate was present in experiments 1 and 5 through 7. The interactions of these 

parameters with each other can be used to define conditions for the full-scale experiments. 

 

By reviewing the effluent concentration of phosphate in experiments 2-4, it may be noted that 

difference in outflow concentration is approximately equal to the difference in inflow 
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concentration (Figure 4.7). In preliminary experiment #2, 1 mg/L orthophosphate was added to the 

naturally-occurring phosphate in the water. In experiment #3, this was 2.5 mg/L; experiment #4 

received an additional 5 mg/L. 

 

 
Figure 4.7 Average phosphate concentration of experiments 2 (red), 3 (blue), and 4 (green) 

 

The difference between effluent concentrations of phosphate in experiments 2 and 3 and between 

experiments 3 and 4 were 1.4 and 1.2 mg/L, respectively. Thus, a negligible difference between 

added phosphate and effluent phosphate concentration was noted in the presence of elevate nitrate 

concentrations, holding all other water quality factors constant. 

 

In experiments 5-7, the concentrations of phosphate and nitrate were held static under ambient 

conditions, while humic acids and iron were added to the inflow water. The graphical 

representation of phosphate concentrations of those three experiments indicates higher impact on 

the fate of phosphate than was noted in the previous examples in which only naturally-occurring 

humic acids and iron were present (Figure 4.8). 
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Figure 4.8 Average phosphate concentration of experiments 5 (red), 6 (blue), and 7 (green) 

 

Here, the results indicate that the addition of humic acids and/or iron (the two impacts cannot be 

separated in this case) at the middle concentrations has the most impact on phosphate removal 

efficacy and that under all conditions examined phosphate uptake appeared to be higher than within 

the presence of additional humic acids and iron. 

 

Further deductions about the efficacy and interactions of water quality parameters for iron removal 

cannot be made since the accuracy of concentration data was inadequate.  

 

The full-scale experiments were designed to eliminate the errors and concerns raised in the 

preliminary experiments, as well as to further study the trends observed in the results of 

preliminary experiments. It is the full-scale experiments on which the research objectives and 

assumptions are tested. 
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4.2 Full-Scale Experiments 

The full-scale experimental design included 12 sets of triplicate RSSCT experiments and use the 

same method as the preliminary experiments. The condition and additive for each RSSC are 

showed in Table 3.3. The water quality are changed by adding additive when operate the 

experiment. The interactions of those four components need to be considered by analyzing the 

results and data of the full-scale experiment. The results of those 12 experiments are simulating 

realistic SSF plant design and assessed for removal efficiency under different concentration of 

additive (phosphate, nitrate, humic acids and iron) of the SSF as time (0-18h) goes on. The full-

scale experimental design overcome some shortcomings in the preliminary experiments like the 

low iron concentration and unreliable nitrate data. 

 

The discussion and analyze of the performance about SSF are focus on comparing the average 

concentration changing from time 0 to 18 h. The interactions of four additive can be compared 

from the experiment with same condition. For example, experiments A and B have same 

concentration of phosphate, nitrate and humic acids, they can be used to analyze the interactions 

of iron and other three components.  

 

4.2.1 Phosphate Fate 

The performance of SSF in phosphate removal were assessed by orthophosphate concentration 

analyzing in the effluent from all 12 full-scale experiments. The conditions for those 12 experiment 

are shown in Table 3.3.The concentration of phosphate in raw water is almost 0 mg/L (per 

analytical results of raw sample water tested at the Provincial Laboratory). There is no surface 

water quality guideline for phosphate in Saskatchewan (Provincial Laboratory). 

 

During the four time intervals between 0 and 18 hours, the changes in phosphate concentration 

reflect the performance of the SSF (lower concentration means better performance). The full set 

of outcomes for trends in phosphate concentrations are shown in Figure 4.8, including both average 

concentration and standard deviations for the triplicate columns across the 18-hour experiments. 

The data for blank (BC) and control (CC) columns are also provided (Figure 4.8). 
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Figure 4.9 Average phosphate concentrations of 12 triplicate experiments and blank and control columns with 

standard deviation. 

 

From the graph, it can be readily noted that the concentration of phosphate fluctuates significantly 

across the experiments, with some columns (D, CC1, BC1) demonstrating particularly large 
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changes in [PO4]. Taken on the whole, the average concentration of phosphate is not different at 

the start and end of the experiments, regardless of operating conditions. The performance and 

removal efficiency in different periods are showed by change in concentration and slope of the 

line across the 4 time intervals. In this case, a positive number indicates concentration decrease 

(i.e., removal of the compound from solution). The average concentration changes for the triplicate 

experiments (from A-L) were -0.042 ± 0.06 mg/L from the starting concentration to 6 h; -0.004 ± 

0.07 mg/L between 6 and 12 h and 0.019 ± 0.1 mg/L in the final time interval to 18 h. 

 

From the chart, some experiments’ concentrations were increasing from initial to 6 h. It is possible 

that some loss occurred during this time that resulted in slight experimental errors in some 

experiments. The concentration of phosphate in the time 0 sample has slight reduction under cold 

storage. The experiments conducted by Fellman et al. (2008) studied the effect of cold storage for 

water sample preservation. These experiments were mainly focus on comparing the concentration 

of DOC, phosphate and nitrogen under the low temperature and room temperature. The results 

shows preserve samples in cold storage causes significant decrease in DOC and total phosphate, 

not significant decrease in nitrogen (Fellman, et al., 2008). 

 

The experiments are operated continuously for 18 h, which means that the presence and minimal 

growth of microorganism swill affect the phosphate concentration from start to finish. The data 

collected from the control and blank columns can be used to compare the difference between the 

intended treatment method with sand and that for gravel or no media, respectively. In the control 

columns, the average change in concentration across the experiment was -0.056 mg/L and the 

average slope was -0.0031 mg/(L·h). In the blank columns, these were -0.127 mg/L and -0.007 

mg/(L·h), respectively. 

 

Since SSF relies heavily on biofilms to treat the water, increasing biological activity and 

opportunities for microorganism colonization of the sand-filled and control columns would 

improve the microbial conditions for phosphate uptake. The changes in [PO4] and the slope of the 

time series data increased from 0 to 18 h, indicating that minor improvements with time of both 

treatment performance and removal efficiency.  
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The interactions of phosphate with the three variables (nitrate, iron, and humic acids) can be further 

analyzed by graphically and statistically comparing those experiments operated under the same 

conditions. The time 0 samples were collected and stored at 4°C through completion of the 18 h 

operation time (Fellman et al., 2008).  

 

In experiments G and H, the phosphate, iron, humic acids concentrations were held constant while 

nitrate was changed. The performance of the RSSCs and interactions of nitrate and phosphate can 

be analyzed by the change in the graph (Figure 4.10). 

 

 
Figure 4.10. Average phosphate concentration of experiments G (red) and H (green). 

 

In experiment G and H, the concentration of nitrate was varied to evaluate the impact of no added 

nitrate (G) versus the addition of 5 mg/L nitrate (H) on the fate of nitrate in Wascana Lake water. 

The initial [PO4] are nearly identical for the two triplicate experiments (0.461 and 0.459 mg/L). 

However, there are differences in the following three time intervals, with lower concentrations of 

phosphate noted in experiment H. During the 18 h operation of the experiments, the average 

change in [PO4] was -0.044 mg/L in experiment G and -0.024 mg/L in experiment H. The slopes 

of the lines produced by graphing the averaged triplicate data from those two experiments are -

0.0024 mg/(L·h) and -0.0013 mg/(L·h). The nearly twice as steep slope in the data from experiment 

G indicates that there may have been a negative impact on phosphate uptake due to the added 
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presence of nitrate. The synthetic nitrate added to the Wascana Lake water resulted in a [NO3] 

more than 1000% higher than ambient. Thus, the observed slope difference may be associated with 

microbial enriched under higher concentrations of nutrients (Kotlash et al., 1998) and loss under 

cold preservation (Fellman et al., 2008). 

 

These results are interesting for application to potable and waste water treatment processes 

employing SSF, since it is clear that biological activity in the schmutzdecke (top 0.5-2 cm) of the 

filter (Logsdon et al., 2002) is essential for effective and efficient removal of phosphate from raw 

water. SSF relies heavily on biofilms to treat the water (Logsdon et al., 2002). From these results 

that isolate nitrate interactions on phosphate removal, it must be noted that nitrate is one key factor 

that can improve biological activity (Gottinger et al., 2011). The results further show that, under 

the conditions and concentrations evaluated here, nitrate potentially has a slight influence on 

phosphate fate. 

 

In experiments K and L, the only variable was iron concentration with all other water quality and 

experimental conditions held constant. The performance of those two experiments and interactions 

of iron and phosphate are graphed to provide a visual perspective on the [PO4] in those experiments 

(Figure 4.11).  
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Figure 4.11 Average phosphate concentrations in experiments K (red) and L (green). 

 

In the graph, the average [PO4] concentrations in experiments K and L are almost identical at each 

time interval. In both cases, the concentration of phosphate increased slightly between the starting 

point and 6 h mark. This may be due to loss under cold preservation (Fellman et al., 2008) and 

microbial activities during the operation time. From the 6-18 h intervals, there is a clear trend 

toward small, but discernable, phosphate uptake in the experimental columns. From peak 

concentrations of 0.348 and 0.345 mg/L in K and L, respectively, the final concentrations were 

recorded at values nearer the 0.3 mg/L concentration (Figure 4.11). The slopes of the lines from 6 

to 18 h were 0.0046 and 0.0033 mg/(L·h). Those results mean that the iron has no measurable 

effect on phosphate removal or uptake efficiency. 

 

Comparing the change in concentration and slope of plotted data from experiments G and L, with 

those for the control and blank columns, the removal efficiency is approximately 0.05and 0.12 

mg/L higher, respectively. These results again highlight that only a small quantity of phosphate 

was removed during SSF treatment in the 18-hour experiments. Phosphorus is an essential nutrient 

element that is used by all living organisms for growth and energy transport (Worsfold et al., 2016). 

Both dissolved inorganic and organic phosphate can easily utilized by primary producers like the 
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microorganism and alga in the water (Worsfold et al., 2016). Francko (1986) reported that ferric 

iron - dissolved humic material complexes can sequester orthophosphate into a form that can be 

made available to plankton via an abiotic process under light irradiation.  

 

The performance of SSF depends heavily on the schmutzdecke and associated biological activity 

(Gottinger et al. 2011). In surface water, the ambient water quality conditions may easily change 

due to natural and/or anthropogenic influence. Fortunately, biomass populations are consistently 

dynamic and respond promptly to changes in their environment (Duncan, 1988). The biological 

activity can be effected by the environmental factors including pH, temperature, presence of 

bioavailable nutrients, filtration rate and the organic material concentrations which can improve 

biological processes and microbial growth (Gottinger et al., 2011; Haarhoff et al., 1991). Further 

investigation about the influence of iron concentration on the bioavailability or sorption 

characteristics of phosphate would be required to more completely understand the general lack of 

impact on iron concentration on the fate of phosphate in the RSSCTs.   

 

To isolate the impacts of humic acids concentrations on [PO4], a comparison of experiments C and 

G was conducted (Figure 4.12). Since fresh inflow water was collected and prepared for the two 

experiments on separate days, it is most likely that the difference in phosphate concentration of 

the raw water reflects differences in the environmental water quality due to changes in natural 

flows in the Lake. Here, the starting [PO4] differed significantly, so the change in concentration at 

each time interval was compared, rather than difference in final concentration for the two 

experiments. 
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Figure 4.12 Average phosphate concentrations in experiments C (red) and G (green). 

 

 

As with the other experiments, an overall increase in [PO4] is visible in each instance. This is likely 

due to the loss of phosphate in cold preservation that cause the initial concentration lower than the 

operation concentration (Fellman et al., 2008). The microbial and alga activities during the 

operation time which may cause the concentration increasing. The concentration in blank and 

control experiment also increasing which can support the change in those two lines. The 

concentration change and slope of the plotted data between initial and final concentrations in 

experiment C were -0.05 mg/L and -0.0027 mg/(L·h), and 0.04 mg/L and -0.0022 mg/(L·h) in 

experiment G. These results demonstrate that the presence of a higher humic acids concentration 

in experiment G had minimal impact on overall phosphate removal in the RSSCTs. At each time 

interval, there are orders of magnitude difference in change from 6 to 12 h, particularly considering 

the very small standard deviations noted across these triplicate experimental data. Between 6 and 

12 h, the change in [PO4] was an increase of 0.002 mg/L in experiment C, while that in G was 

0.022 mg/L, 10-fold higher. However, the overall impact on total [PO4] was extremely small and 

statistically insignificant in both cases. The results indicate that humic acids, under the conditions 

assessed, have minimal impact on phosphate uptake and transport. 
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In addition to earlier notes about SSF biological activity (Gottinger et al., 2011) and complexes of 

ferric-dissolved humic acids (Francko, 1986), the results from experiments C and G are also 

associated with added iron so the humic acids added into the samples may affect the concentration 

of phosphate (Francko, 1986). Abiotic interaction between dissolved humic material (principal 

component of DOC) phosphorus-containing molecules could lead to decreased availability of 

phosphate; utilization of dissolved humic material as a carbon source by some planktonic microbes 

could affect competition for phosphate between autotrophs and heterotrophs (Jones, 1990). 

However, in these instances, the addition of humic acids to the already high background levels 

(>20 mg/L) did not result in a measurable effect on phosphate concentration. The change and slope 

of the lines connecting the time-series results lines are similar indicating that the added humic 

acids had almost no effect on phosphate removal. Whether this is due to proportional concentration 

or the composition of the added commercial humic acids was not possible to determine. 

 

4.2.2 Nitrate Fate 

The time-series of nitrate concentrations was analyzed for all 12 full-scale experiments (Table 3.3) 

using a similar approach to that for phosphate. During the different periods from time 0h to 18h, 

the different nitrate concentration reflect the performance of the SSF in nitrate removal (Lower 

concentration means better performance). All the concentration and the standard deviation from 

time 0h to 18 h are showed in the Figure 4.13 including the data of blank and control columns. 
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Figure 4.13 Average nitrate concentrations in 12 experiments, as well as blank and control columns, and standard 

deviation. 

 

The concentration of nitrate in raw Wascana Lake water samples was less than 0.5 mg/L, well 

below the Saskatchewan Guideline for safe drinking water of nitrate of 45 mg/L (Saskatchewan 

Environment, 2006). From Figure 4.13, it may be noted that the concentration of nitrate did not 

fluctuate significantly across the 18-hour experimental time frame. The average change for 

experiments A-L under different periods are -0.045 ± 0.025 mg/L (0-6 h), 0.048 ± 0.03 mg/L (6-

12 h) and 0.049 ± 0.03 mg/L (12-18 h).  
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The concentration in initial samples is slightly lower than that at 6 h, but not as significant as the 

observations for phosphate. And experiments were operated continuously for 18 h, which means 

that the presence and minimal growth of microorganisms will also affect the nitrate concentration 

from start to finish. The slope and change of the lines shows the removal efficiency has slight 

increase between 6 to 12 h and then becomes stable after 6 h. The average reduction from initial 

to final is only 0.052 ± 0.09 mg/L. The raw water contains less than 0.02 mg/L nitrate so only 

control-2 and blank-2 to which 5 mg/L nitrate was added are useful for comparison (i.e., there 

were no contributions or accumulation of nitrate noted in the results for either controls or blanks).  

 

The average change from 0 to 18 h in the control-2 column was -0.1 mg/L and the average slope 

was -0.005 mg/(L·h). The numbers for blank-2 column results were identical, but positive, at 0.1 

mg/L and 0.005 mg/(L·h). However, there was significant deviation in the blank column results 

with standard deviation about 4 times higher than that calculated across the 12 triplicate 

experiments. The slope and concentration changes noted in the 12 experiments can be compared 

with those in the control and blank columns to reduce errors associated with wall effects of the 

columns and the sand versus gravel media. All of the results indicate that the equipment used had 

no obvious effect on the recorded nitrate concentrations.  

 

In analyzing the potential impact of phosphate on nitrate uptake in the RSSCTs, experiments J (no 

added phosphate) and K (2.5 mg/L added phosphate) were chosen. The fate of nitrate in those two 

experiments is plotted in Figure 4.14.  

 



 

51 
 

 
Figure 4.14 Average nitrate concentrations in experiments J (red) and K (green). 

 

 

The graph clearly shows a difference in initial concentrations, with those at the other 3 time 

intervals much more closely aligned. It may be that the concentration of nitrate in experiment K 

increased because of nutrient accumulation which can provide a suitable and stable conditions for 

the growth of microorganism to form the schmutzdecke. The sand bed needs time to form 

schmutzdecke. In SSF, maximum treatment efficiency is realized when the filter is fully mature 

and acclimatized with a steady state population of biomass. A steady state is achieved when 

equilibrium exists between the microorganism populations and the availability of nutrients under 

the ambient water quality conditions (Haarhoff et al., 1991). There is also likely a loss in 

preservation that may have created problems in the analysis.   

 

There were experimental errors and loss in preservation from initial to 6 h. By statistical analysis 

of the data from the 7 experiments whose nitrate concentration was higher than 0.02 mg/L, it was 

noted that 43% of the experiments were reducing from initial to 6 h about the nitrate concentrations, 

but 86% of experiments reducing from initial to the end. This is why initial concentrations 

increasing in experiment J and K. The calculations for change in concentration and slope in control 

and blank columns indicated that the experimental error might be ± 0.1 mg/L. A larger reduction 
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in nitrate was observed, meaning that the results are more appropriately associated with uptake 

mechanisms (physical, chemical, biological) in the experiments. 

 

The change in concentration and slope of plotted time-series data for experiment J include a slight 

increase from 0 to 6 h, and then a decreasing trend with 0.16 mg/L and 0.027 mg/(L·h) from 6-12 

h and 0.24 mg/L and 0.04 mg/(L·h) between 12 and18 h. In experiment K, the same trends were 

noted with concentration change and slope from 6-12 and 12-18 h recorded at 0.17 mg/L and 0.028 

mg/(L·h), and 0.16 mg/L and 0.027 mg/(L·h). 

 

The changes in concentration across the 4 time intervals are not measurably different. And the 

slight increases in concentrations for both experiments J and K between 0 to 6 h were considered 

within acceptable tolerance in relation to the results of the blank column samples. After 6 h, the 

concentration changes and slopes of the plotted data from experiments J and K demonstrate similar 

removal efficiency to each other, indicating that phosphate has no measurable effect on nitrate 

removal. In sewage treatment plants, with high concentration of nutrients, microbial conditions are 

enriched (Kotlash et al., 1998). Since phosphorus can accumulate in even small amounts of 

biofilms in RSSCs, and this phosphorous improves microbial growth, it is possible that higher 

phosphate concentrations in the water could result in improvements in nitrate removal (Logsdon 

et al. 2002; Van et al., 1990). 

 

In experiments K and L, the concentration of iron was varied to evaluate the impact of no added 

iron (K) versus 0.5 mg/L of added iron (L) on the fate of nitrate in Wascana Lake water. The results 

indicate similar trends in the [NO3] across the 18-hour experimental time period (Figure 4.15). 
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Figure 4.15 Average nitrate concentrations in experiments K (red) and L (green). 

 

 

Once again it may be noted that the initial [NO3] differs between the two samples in experiments 

K and L. And again, the concentration of nitrate increased from the initial amount to a higher 

[NO3] at the 6 h interval. In each experiment, the [NO3] then declined to interval 12 h and 18 h, 

following similar patterns of fate and apparent uptake as noted in earlier experiments. The slopes 

of the two lines between 6 and 18 h are also similar, with slopes of 0.028 and 0.031 mg/(L·h). 

Based on both visual and graphical analysis of the fate of nitrate and change in [NO3] over the 

course of the experiments, it can be determined that iron had no measurable impact on the success 

or hindrance of nitrate removal in these experiments. 

 

The shape of the time-series results lines may be due to biological reaction and chemical 

interactions in the minimally formed SSF schmutzdecke between the sand, column materials, 

nitrate, iron. Looking at the results for the blank column, it may be noted that there is little change 

in nitrate concentration from start to finish, thus column materials and wall effects are likely 

minimal. The control column results further indicate that iron is not impacting nitrate under these 

conditions.  
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The water quality in experiments D and H are the same with the exception of humic acids 

concentrations, with 0 humic acids added to experiment D and 5 mg/L added in experiment H. The 

plot of [NO3] over time for these two experiments shows differences in pattern but similarity in 

starting and ending concentrations of the [NO3] (Figure 4.16). 

 

 
Figure 4.16 Average nitrate concentration of experiment D (red) and H (green). 

 

 

The [NO3] is quite similar at the start of these experiments with significantly different slopes and 

patterns of change in concentration over time. The reasons which may cause the different slope 

are the loss in preservation and microbial activities in the samples during the long operation time. 

The standard deviation of experiment D and H from initial to end has no statistically different 

(only 3% different in standard deviation) which means the humic acids have no measurable effect 

in nitrate removal for long operation time. In experiment D, a relatively large decrease in the 

concentration was noted from 0 to 6 h. From that point, however, the concentration of nitrate in 

the effluent remained statistically stable. In experiment H, the concentration was initially stable, 

with the most significant decrease in concentration noted between 6 and 12 hours. The average 

reduction in [NO3] calculated for both experiments over the full experimental period was 0.1 mg/L. 

Thus, this minimal reduction was deemed to be not statistically significant and the interpretation 
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of the data meaning that humic acids appears to have minimal to no measurable effect on nitrate 

fate in  both experiments D and H. This result indicates that, under the experimental conditions 

and time frame, the addition of humic acids had no statistically significant impact on nitrate 

concentration. It is possible, however, that humic acids inhibit nitrate removal over a short-term 

exposure, such as that tested here. There is a well-established chemical affinity of nitrate to the 

complex mixture of humic acids. Klučáková (2009) did experiments and found that the nitrates 

are adsorbed mainly by solid humic particles and a small amount is bonded to dissolved humic 

macromolecules or aggregates. This means the dissolve humic acids which added into the 

experiment H may have interaction with the nitrate in samples and effect the nitrate removal. One 

example of how nitrate and humic acids interact is related to the enhanced rate of photoinduced 

nitrate conversion in the presence of humic acids versus that in the absence of humic acids (Bems 

et al., 1999). In these experiments, attenuation of nitrate rather than uptake or microbial 

metabolism of the inorganic nutrient may have been an important removal mechanism. 

 

4.2.3 Humic Acids Fate 

The performance of SSF via RSSCT experiments focusing on humic acids removal and impacts 

on humic acids removal was assessed by analyzing the effluent from all 12 full-scale experiments 

(Table 3.3). From 0 to 18 h, the changes in humic acids concentrations reflect the uptake or fate of 

humic acids in the RSSCs. All time-series concentrations and associated standard deviations from 

time 0 to 18 h are displayed in Figure 4.17. 
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Figure 4.17 Average humic acids concentration in the 12 experiments, as well as blank and control columns, 

including standard deviation. 
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The average concentration of humic acids in raw Wascana Lake water was 22.4 mg/L. There is no 

formal guideline for permissible humic acids concentration in Saskatchewan (Saskatchewan 

Environment, 2006). However, the organic compounds that comprise humic acids are often 

associated with colour, odour, and taste of water that can be offensive to consumers (Hem et al., 

2001). Furthermore, humic acids are a serious concern in potable water production systems, more 

commonly reported as dissolved organic carbon (DOC), due to interactions with chlorine and other 

chemical disinfectants whereby dangerous byproducts (aka disinfection byproducts, DBPs) can be 

formed (Gang et al., 2003).  

 

In Figure 4.17, it may be noted that humic acids concentrations fluctuated throughout the 

experiments, but minimal removal occurred. The humic acids concentration change of blank and 

control columns were -0.05 mg/L and -1.3 mg/L. Those results and the shape of the lines in the 

graph indicate that the concentration of humic acids fluctuated but can be considered stable 

statistically.  

 

Storage of samples at refrigerator temperatures has been shown to result in potentially significant 

loss of DOC (Fellman et al., 2008). Giesy et al. (1978) conducted experiments using samples from 

a single location to present evidence to suggest that even freezing water samples with high DOC 

concentrations can result in a loss of [DOC] (Giesy et al., 1978). More recently, Spencer et al. 

(2007) found that [DOC] concentrations in surface water samples decreased by as much as 10% 

under freezing (Spencer et al., 2007). 

 

Removal of humic acids in potable water sources is essential for safeguarding human health (Van 

et al., 1982). The optimal concentration of DOCs in water prior to disinfection is less than 10 mg/L 

to reduce the hazards associated with DBPs in consumed water (Van et al., 1982). 

In experiments B and C, the same water quality conditions existed with the exception of phosphate. 

The performance of those two experiments as associated with interactions of humic acids and 

phosphate is seen in Figure 4.18. 
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Figure 4.18 Average humic acids concentration in experiments B (red) and C (green). 

 

 

In both experiments, the humic acids concentrations increase from the start of the experiments to 

the end. The sample containing higher phosphate has lower humic acids concentrations across the 

experiment. The reasons may be due to both loss in cold preservation and the interactions of humic 

acids, iron and phosphate. Both experiments B and C contain iron, and Francko (1986) reported 

that ferric iron - dissolved humic material complexes can sequester orthophosphate.  

 

There are also other abiotic interactions between dissolved humic material and free orthophosphate 

and also involving iron (Jones et al., 1988). The difference between initial and final concentrations 

in experiment B was an increase of 0.76 mg/L, while that for experiment C was 0.73 mg/L, 

statistically the same. The slopes of those two experiments from 0 to 18 h are -0.042 mg/(L·h) and 

-0.041 mg/(L·h), which are also statistically the same. For these experiments, there is no 

discernable or statistically relevant difference or impact of phosphate in the removal efficiency on 

the fate of humic acids with a long operation in Wascana Lake water which are showed by the 

similar change and slopes in the graph. However, the interactions of humic acids, iron and 

phosphate will reduce the concentration of humic acids. 
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In experiments G (no added nitrate) and H (5 mg/L added nitrate), the concentration of nitrate was 

varied to examine the impact of nitrate on humic acids fate and uptake in the RSSCs (Figure 4.19). 

Despite significantly different initial concentrations, the final average concentrations of humic 

acids in the effluent at the 18 h interval were identical. 

 
Figure 4.19 Average humic acids concentrations in experiments G (red) and H (green). 

 

 

In the graph, the concentrations of the two experiments fluctuate across the experimental period. 

The initial concentration is different, with experiment H starting with a slightly higher [humic 

acids] (0.6 mg/L) than experiment G.  

 

From the 6-hour time interval to finish of the 18-hour experiment, the average change in 

concentration of humic acids in experiments G and H were -0.034 and 0.01 mg/L and the slopes 

of the plotted data were statistically the same. Here, the results point to no statistical impact of 

nitrate on humic acids removal.  
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The conditions for experiments K (no added iron) and L (0.5 mg/L added iron) are identical with 

the exception of the iron additions. The performance of those two experiments and interactions of 

humic acids and iron are showed by the change of the lines in the graph. 

 
Figure 4.20 Average humic acids concentrations in experiments K (red) and L (green). 

 

In the graph, the initial concentration is significantly different in experiment K than experiment L, 

likely due to both loss in preservation and abiotic interactions between dissolved humic material, 

orthophosphate and iron (Jones et al., 1988).  Experiment K contains no added iron likely resulting 

in the slightly higher humic acids concentration. The average concentration changes for 

experiment K and L from 6 to 18 h are 0.1 and 0.5 mg/L, the slopes of the plotted results are 0.008 

and 0.04 mg/(L·h). The results suggest that the presence of additional iron can slightly improve 

humic acids removal with the interaction with phosphate. However, considering the large standard 

deviation achieved from the blank and control columns, the removal efficiency is not significant. 

 

4.2.4 Iron Fate 

The performance of SSF in iron removal were assessed by iron concentration analyzing in the 

effluent from all 12 full-scale experiments (Table 3.3). Across the four-interval time series from 0 

to 18 h, the removal rates and influences on iron concentrations were assessed (with lower 

concentrations indicating better RSSCT performance). The data presented represent the average 
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triplicate results and associated standard deviations across the experimental period, including 

blank and control columns (Figure 4.21). 

 
Figure 4.21 Average iron concentrations across the 12 experiments, including blank and control columns, and with 

standard deviations. 
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The concentration of iron in raw water was less than 0.025 mg/L, which is 10 times below the 

Saskatchewan Drinking Water Quality Guideline of 0.3 mg/L (Saskatchewan Environment, 2006). 

In this graph, the average concentrations are significantly declining between 0 and 18 h. The results 

for the blank and control columns indicate [Fe] reduction and slopes of 0.04 and 0.003 mg/L and 

0.002 and 0.0002 mg/(L·h), respectively. The 12 experiments experienced higher reduction in [Fe] 

compared to the blank and control columns, indicating that uptake and other mechanisms were at 

play than column-effects.  

 

Experiment B (no added phosphate) and C (1 mg/L added phosphate) were evaluated to examine 

the interactions of iron and phosphate as graphed from the data collected from the triplicate RSSCs 

(Figure 4.22). 

 
Figure 4.22 Average iron concentrations in experiments B (red) and C (green). 

 

 

In the graph, the overall reduction in iron is visible from initial to the end which means the SSF 

has good performance in iron removal.  The different change and slopes of experiments can show 

the effect of phosphate which is added into the samples. From initial to 6 h, both of the experiment 

B and C reduction is visible with [Fe] reductions of 0.124 and 0.093 mg/L, respectively. The 

removal efficiency increasing with the form of schmutzdecke at beginning of the operation. The 
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experiment B concentration may due to the loss in preservation, experimental errors and abiotic 

interactions. Abiotic interactions may slower the form of stable schmutzdecke which may cause 

the performance slight lower.  

 

The concentration change and slopes after 12 h are the same in experiment B and C which means 

the performance after stable operation of those two experiment is almost the same. The average 

reduction from initial to the end is 0.094 mg/L in experiment B and 0.117 mg/L in experiment C. 

Those results indicate no significantly different outcomes, with a slightly improved performance 

under the conditions of experiment C. This is likely because of abiotic interactions between 

dissolved humic material, orthophosphate and iron (Jones et al., 1988), even though the conditions 

in both experiment B and C include no added humic acids and low phosphate concentrations. 

Considering the standard deviations from control and blank columns, the performance and removal 

efficiency in stable operation conditions produced no measurable differences, indicating that the 

phosphate had no significant impact on iron removal. 

 

Experiments C (no added nitrate) and D (5 mg/L added nitrate) were operated under the same 

experimental conditions with the exception of nitrate concentration (Figure 4.23). The time series 

data for those two experiments were plotted to elucidate whether or not, and how much, the 

presence of added nitrate impacted the fate and uptake efficiency and interactions of iron and 

nitrate are showed by the change of the lines in the graph in the triplicate RSSCs. 
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Figure 4.23 Average iron concentrations across experiments C (red) and D (green). 

 

From the graph, it can be seen that the concentrations from time 0 to time 18 are declining quite 

steadily in both experiments C and D, with similar plot shape. The total reduction in concentrations 

were 0.117 and 0.13 mg/L for experiments C and D, respectively. In operation, the largest 

reduction and slope occurred in the first 6 h, with increasing stability with time. The concentration 

changes experienced in experiments C and D from start to 6 h are 0.093 and 0.084 mg/L, which 

are almost the same and within experimental and analytical precision. From 6 – 18 h, the ongoing 

reduction of the assessed iron concentration is higher in experiment D, to which 5 mg/L nitrate 

was added. This may be due to the interaction of ferrous iron and nitrate. Biologically, ferrous iron 

can be oxidized to ferric iron) with nitrite or nitrate as electron acceptor at neutral pH (Philips, 

2003). This microbial ferrous iron-dependent nitrate reduction may be widespread among all sorts 

of nitrate reducer (Straub et al., 1996; Nielsen et., 1998).   

 

The iron analysis method used with the SmartChem analyzer tested for the presence of ferrous iron 

which means the ferric iron is not detected with the analytical method applied. The interaction of 

ferrous iron and nitrate may appear from 6 to 12 h, resulting in lower concentrations of detected 

ferrous iron in experiment D. Adding the data from control and blank columns, the concentration 
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reduction and slopes of plotted analytical results indicated that the presence of nitrate results in 

slight, but relevant, improvement in ferrous iron removal.  

 

The conditions for experiments D and H are the same, with the exception of additional humic 

acids. Here, 0 humic acids were added experiment D, and 5 mg/L to experiment H. The time series 

data for those two experiments were plotted to elucidate whether or not, and how much, the 

presence of added humic acids impacted the fate and uptake efficiency of iron in the triplicate 

RSSCs (Figure 4.24). 

 
Figure 4.24 Average iron concentrations in experiments D (red) and H (green). 

 

 

As with the other experiments, the concentrations from time 0 to time 18 demonstrate overall 

reduction in concentration. Considering experimental and analytical precision, the 2 triplicate 

experiments began under nearly identical iron concentration conditions. While the slopes of the 

plotted data differ, the general trend toward reduction in total iron concentration (as measured with 

the SmartChem method), holds true in both instances.  
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As noted previously, the reduction in experiment D tends to stablize from 12 to 18 h. The changes 

in concentration and slopes from experiment H are visibly different from 6 to 18 h, with a slight 

increase in iron concentration between 6 and 12 h, followed by significant decline between 12 and 

18 h. This may due to formation and structure of a schmutzdecke in the sand bed as well as abiotic 

interactions between dissolved humic material and free orthophosphate. These interactions 

apparently also involve iron, as noted prior (Jones et al., 1988).  

 

The results from the Blank-2 column, which also included additions of iron, phosphate and humic 

acids, produced similar trends in results as those in experiment H. Extrapolating with extended 

operation time beyond the 18 h point may have resulted in experiment H slightly outperforming 

experiment D associated with the interactions of iron, humic acids and phosphate. All those results 

show that the presence of added humic acids can slightly improve the iron removal efficiency with 

phosphate.  

 

 

4.3 From RSSCT to Full-Scale SSF 

The final objective of this research was to provide context for the up-scaling of these results to the 

full-scale slow sand filtration-based water treatment plant for agriculturally-influenced water 

sources. 

 

4.3.1 Scaling Up 

SSF systems are suitable for small communities, particularly those in which highly skilled labour 

is challenging to find, raw water quality meets basic criteria for SSF operation, and limited funds 

are available to build and operate a potable water treatment plant.  

 

In the spring of 2005, an 11.4 m³/d SSF plant was constructed and implemented in a southeastern 

Saskatchewan community with fewer than 50 people (Gottinger et al., 2011). Similar research by 

Wegelin (1996) in several countries, both developing and developed noted similar sizing for 

roughing filters and SSF modules. Considering both sets of published information, a full-scale 

system for a community of approximately 250 people would likely require the design and 

implementation of a 50m³/d SSF plant.  
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From data collected in the full-scale experiment, differences in operation can be noted from a 

municipal plant, including covered column design and differences between pumped and gravity-

fed water flows. The experiments were designed to only consider the SSF module of a water 

treatment plant, with pre-treatment filtration employed as a replacement for the expected impacts 

of a roughing filter that would be included in the full plant design. In realistic full-scale system, 

the calculated flow rate may range from 0.3 L/h to 0.4 L/h. Using a superficial area of the column 

of about 0.05 m2 (0.1252 x π), further calculations for scaling up to total superficial area is possible. 

Thus, for a 50 m³/d SSF bed, the total superficial area is about 290 m2 (100 m³/d x 0.2 m2/(0.36 

L/h x 24 h/d)).  

 

Specifically, one significant benefit of having used the RSSCs in these experiments is that they are 

directly scalable to larger treatment column designs. Thus, the trends and outcomes noted in this 

research are good predictors of expected flow regimes and uptake patterns of the water quality 

parameters evaluated. The less complex design principles and operation of SSF further support the 

scale-up from the lab-scale experimental model to a realistic SSF plant size without adding the 

challenges of design errors which can results in added risks and costs in less certain scale-up 

models. Sadiq (2004) constructed a scale-up model using lab- and pilot-scale experiments. The 

comparison of the experimental data with three pilot-scale slow sand filters plants allowed for 

fuzzy rule-based modeling. The risks and performance were analyzed by using this method and 

the results were very close to the monitoring data from realistic SSF plants. The lab experiments 

effectively evaluated and predicted the performance of SSF and can help SSF plants achieve 

optimal removal efficiency (Sadiq. 2004).  

 

4.3.2 Economics 

The total costs for an SSF plant can be divided into three parts: (1) building costs, (2) operation 

costs and (3) labour costs. Each comes with a significant range of possibilities and factors that 

must be considered prior to construction and operation. For the purposes of this study, only 

estimates can be provided as the full-scale SSF plant is purely theoretical in this case. Much of the 

original data is only available in USD, therefore all estimates are based on 2017 CAD conversion 

rates. 
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Brikke et al. (2003) provided information to support calculation of the cost to build an SSF plant. 

The estimate in 2003 ranged between $125-375/m2. Use the average prices, the designed SSF plant 

is 300 m2 which needs about $75,000.  

 

The price of filter sand used in these experiments was $13/bag of 22.6 kg, meaning that this higher 

price boundary for filter sand is approximately $0.60 per kg. To fully stock three SSF beds, a total 

of between 50-75 t of sand would be required at a cost of between $35,000 and $52,500.  

 

Considering the additional tools and equipment for the plant and supplying all initial materials is 

likely to be at least $110,000 to $150,000. The additional cost of building a physical facility to 

house to SSF plant and all associated equipment and analytical requirements is significantly higher 

and based on market value of construction. 

 

The operating costs are primarily associated with electricity and heating (in winter), regular water 

analysis required by regulation, sand consumption and maintenance, chemical additions and other 

such factors. On a monthly basis, it is likely that these costs will range between $3000-7500 

depending on the time of year and stage of operation. 

 

Regarding labour costs for operating the SSF plant, the case in (Gottinger et al. 2011) can be used 

as example. In that case, a 11.4 m³/d SSF plant was installed in southeastern Saskatchewan, 

requiring the operator to conduct 15-minute interval checks on chlorine and turbidity levels; 

monthly filter cleaning; and regular maintenance and water quality checks. For most communities, 

the position is full-time; in many smaller communities the position is considered part-time. Labour 

costs were calculated on a combination of Statistics Canada (2017) data for average hourly wages 

in SK in 2016-17 resulting in a range of $20/h to $30/h and SK CUPE Locals whose collective 

agreement includes certified water treatment operators resulting in a full-time range of $4000 to 

$5000 per month. Thus, a part-time salary (<940 h/yr) would require an investment of 

approximately $20,000 to $28,000 and full-time would amount to between $48,000 and $60,000 

per year. 
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Therefore, the total annual costs of owning and operating an SSF water treatment plant sum to 

between $56,000 for a small plant with high quality raw water inflows and only part-time operator 

services required to as much as $150,000 for a medium-sized plant with more challenging raw 

water quality and full-time operator services required. 

 

DeCarolis et al. (2007) conducted a survey and research to analyze factors pertinent to existing 

municipal wastewater treatment plants employing membrane bioreactor facilities designed to treat 

wastewater. For conventional system, the construction cost was estimated to be between $8 and 

10 million for a water treatment plant with 3600 m³/d capacity (including allowance for the 

estimated 10% of daily production loss). The cost for operation and maintenance was estimated at 

$3.5 to 5 million. Scaling down to a plant size of 50 m³/d using a linear method results in 

construction costs of approximately $110,000 to $140,000 and maintenance of $45,000-65,000. 

Based on this elementary analysis, the capital expenses are much higher than an SSF plant, while 

operating and maintenance are more comparable. However, linear scaling is rarely an appropriate 

method for such analyses since capital expenditures and equipment remain very expensive for 

scaled down conventional plant designs, and can even be more expensive when normalized for 

capacity, especially for equipment such as pumps. 
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5 CONCLUSIONS 

 

This research mainly analyze and discuss the performance of SSF under different environmental 

factors and additive which can be applied in small community and rural area. The experiments in 

this research are divide into two parts: preliminary experiments and full-scale experiments. The 

mainly effect of environment factors (pH, temperature and flow rate) are tested in preliminary 

experiments; the mainly effect of additive (phosphate, nitrate, iron and humic acids) are tested in 

full-scale experiments. The data about the performance of SSF experiments in the lab can help 

build effective SSF plant and improve the filtration efficiency and effluent water quality in the 

SSF. Through discussing and analyzing the data from the preliminary and full-scale experiments, 

the results show the performance are effected by different environment factors and additive.  

 

Through data analysis, the following conclusions were drawn from the research and experiments:  

(1) 25°C results in better performance than 5°C which is more suitable for microbial growth 

in schmutzdecke; 

(2) the acidic condition can inhibit microbial growth and lower the performance;  

(3) the alkalescence and neutral condition have the same performance;  

(4) lower filtration rate improves the performance of SSF by increasing the hydraulic retention 

time;  

(5) higher nitrate and phosphate concentration which can help biofilm development and 

microbial growth at the start of SSF operation but that the additions should not continue 

past the first period of schmutzdecke establishment; 

(6) the interaction of iron and phosphate and humic acids effect the removal efficiency of those 

components; 

(7) the interaction of nitrate and ferrous iron effect the removal efficiency of nitrate and ferrous 

iron; and  

(8) SSF needs long time to form schmutzdecke.  

 

This research shows the advantage and disadvantage of the SSF, how to design a simple SSF 

plant, the factors which will affect the performance of SSF and the performance of SSF in 
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nitrate, phosphate, iron and humic acids removal. Those discussion, analyzing and results can 

help design and build SSF plant as the reference.  

 

5.1 Recommendations 

The findings of this research provide a basis for additional project. Specific recommendations for 

reducing experimental errors and improve accuracy of the data in future research are as follows:  

(1) To ensure more significant removal rates that are a result of biological activity, the RSSCs 

should be filled and a raw water source recirculated through the columns for a minimum of 5 days 

prior to experiments;  

(2) The additive of nitrate and phosphate in full-scale experimentsis much lower than the standard 

which make the removal performance not obvious, increasing the nitrate and phosphate 

concentration of the samples can make the results more obvious;  

(3) There is loss in preservation which cause experimental errors, test samples immediately to 

reduce errors;  

(4) Collect all experimental samples at same time same place which can reduce errors.  

 

For future projects which use this research as basis, there are some recommendations:  

(1) Examine the performance and removal efficiency of various ratios of sands; 

(2) Examine the performance and removal efficiency of various columns which have different 

materials like iron, glass and beton; 

(3) Examine the schmutzdecke form time by various additives; 

(4) Develop a mathematical model that more accurately predicts the removal efficiency of 

phosphate, iron, nitrate and humic acids.  
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Appendix A: Additional Results from Preliminary Experiments 

 

16 experiments of phosphate concentration in preliminary experiment (mg/L) 

Group1 SampleID Concentration Group2 SampleID Concentration 

 25300 2.883667   25300 3.001 

 2530-1 3.018667   2530-1 3.465333 

 25301 2.857333   25301 3.025667 

 25300E 2.871   25300E 1.397 

 25150 2.809333   25150 3.124667 

 2515-1 2.994   2515-1 3.517667 

 25151 2.709   25151 3.002 

 25150E 2.779   25150E 1.47 

 05300 2.738   05300 2.922667 

 0530-1 2.855667   0530-1 3.258667 

 05301 2.633667   05301 3.016 

 05300E 2.545   05300E 1.432 

 05150 3.031333   05150 2.986667 

 0515-1 3.273   0515-1 3.247 

 05151 2.944667   05151 2.970333 

 05150E 2.535   05150E 
1.496 

 

 
Group3 SampleID Concentration Group4 SampleID Concentration 

 25300 4.573333   25300 5.875 

 2530-1 4.994333   2530-1 6.182333 

 25301 4.534   25301 5.821333 

 25300E 2.693   25300E 3.474 

 25150 4.471   25150 5.814333 

 2515-1 4.723   2515-1 6.084333 

 25151 4.262   25151 5.684 

 25150E 2.613   25150E 3.903 

 05300 4.490667   05300 5.842 

 0530-1 4.775333   0530-1 6.147333 

 05301 4.477333   05301 5.929667 

 05300E 2.459   05300E 3.436 

 05150 4.619   05150 5.654333 

 0515-1 4.950667   0515-1 6.025 

 05151 4.542   05151 5.640667 

 05150E 3.617   05150E 3.895 
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Group5 

SampleID Concentration 

 

 
Group6 SampleID Concentration 

 25300 3.078667   25300 3.000333 

 2530-1 3.383667   2530-1 3.131333 

 25301 3.071667   25301 3.026667 

 25300E 3.114   25300E 2.733 

 25150 3.039   25150 2.953333 

 2515-1 3.234   2515-1 3.451 

 25151 3.027   25151 2.907333 

 25150E 2.984   25150E 2.685 

 05300 3.160333   05300 3.365333 

 0530-1 3.436333   0530-1 3.655667 

 05301 3.175667   05301 3.284667 

 05300E 3.127   05300E 3.394 

 05150 3.172667   05150 3.363 

 0515-1 3.428   0515-1 3.684 

 05151 3.112   05151 3.323333 

 05150E 3.043   05150E 3.318 
 

Group7 SampleID Concentration Group8 SampleID Concentration 

 25300 3.437   25300 1.732333 

 2530-1 3.707   2530-1 1.853667 

 25301 3.425667   25301 1.730667 

 25300E 3.36   25300E 1.705 

 25150 3.349667   25150 1.700333 

 2515-1 3.659333   2515-1 1.848 

 25151 3.376   25151 1.670667 

 25150E 3.273   25150E 1.601 

 05300 3.699333   05300 1.771333 

 0530-1 3.819   0530-1 1.903 

 05301 3.587333   05301 1.715667 

 05300E 3.491   05300E 1.733 

 05150 3.637   05150 1.756667 

 0515-1 3.830667   0515-1 1.901333 

 05151 3.548   05151 1.682667 

 05150E 3.411   05150E 1.687 
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Group9 SampleID Concentration Group10 SampleID Concentration 

 25300 1.533667   25300 1.721 

 2530-1 1.762333   2530-1 1.729 

 25301 1.565   25301 1.692333 

 25300E 1.461   25300E 1.562 

 25150 1.559667   25150 1.683 

 2515-1 1.781   2515-1 1.716 

 25151 1.521667   25151 1.627 

 25150E 1.438   25150E 1.509 

 05300 1.548   05300 1.677 

 0530-1 1.175667   0530-1 1.698333 

 05301 -0.00367   05301 1.652 

 05300E -0.007   05300E 1.536 

 05150 -0.00367   05150 1.655 

 0515-1 -0.00533   0515-1 1.719 

 05151 -0.002   05151 1.614333 

 05150E -0.002   05150E 1.489 
 

 

Group11 SampleID Concentration Group12 SampleID Concentration 

 25300 1.881   25300 1.965 

 2530-1 1.954   2530-1 2.073 

 25301 1.827   25301 1.922333 

 25300E 1.817   25300E 1.662 

 25150 1.862   25150 2.019 

 2515-1 1.919667   2515-1 2.14 

 25151 1.779333   25151 1.961 

 25150E 1.665   25150E 1.852 

 05300 1.900667   05300 2.049333 

 0530-1 1.985667   0530-1 2.130333 

 05301 1.860667   05301 2.053667 

 05300E 1.784   05300E 1.85 

 05150 1.867   05150 2.060667 

 0515-1 1.97   0515-1 2.145 

 05151 1.809333   05151 2.043 

 05150E 1.762   05150E 1.844 
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Group13 SampleID Concentration Group14 SampleID Concentration 

 25300 2.312667   25300 2.059333 

 2530-1 2.424   2530-1 2.396 

 25301 2.225333   25301 2.087667 

 25300E 1.892   25300E 1.968 

 25150 2.265   25150 2.268667 

 2515-1 2.414   2515-1 2.538 

 25151 2.185   25151 2.176333 

 25150E 1.946   25150E 1.895 

 05300 2.333   05300 2.245667 

 0530-1 2.409667   0530-1 2.583333 

 05301 2.278   05301 2.219667 

 05300E 1.96   05300E 1.848 

 05150 2.327333   05150 2.456 

 0515-1 2.410333   0515-1 2.753333 

 05151 2.267   05151 2.399333 

 05150E 1.992   05150E 2.046 
 

Group15 SampleID Concentration Group16 SampleID Concentration 

 25300 2.558333   25300 2.523667 

 2530-1 3.095333   2530-1 2.724 

 25301 2.464667   25301 2.477 

 25300E 1.965   25300E 1.79 

 25150 2.546   25150 2.651667 

 2515-1 2.810333   2515-1 2.865667 

 25151 2.458667   25151 2.628 

 25150E 2.08   25150E 2.121 

 05300 2.589   05300 2.674 

 0530-1 2.758333   0530-1 2.932667 

 05301 2.529333   05301 2.794667 

 05300E 2.153   05300E 2.12 

 05150 2.634667   05150 2.739 

 0515-1 2.879   0515-1 2.938 

 05151 2.506667   05151 2.771 

 05150E 2.071   05150E 2.239 
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14-16 experiments of iron concentration in preliminary experiment (mg/L) 

Group14 SampleID Concentration Group15 SampleID Concentration 

 25300 0.003333   25300 0.05 

 2530-1 0   2530-1 0.03 

 25301 0.013333   25301 0.063333 

 25300E 0   25300E 0.04 

 25150 0   25150 0.033333 

 2515-1 0   2515-1 0.023333 

 25151 0   25151 0.05 

 25150E 0   25150E 0.07 

 05300 0   05300 0.016667 

 0530-1 0   0530-1 0.01 

 05301 0   05301 0.03 

 05300E 0   05300E 0.02 

 05150 0   05150 0.02 

 0515-1 0   0515-1 0.013333 

 05151 0   05151 0.033333 

 05150E 0   05150E 0.02 

 

Group16 SampleID Concentration 

 25300 0.063333 

 2530-1 0.05 

 25301 0.06 

 25300E 0.07 

 25150 0.06 

 2515-1 0.053333 

 25151 0.05 

 25150E 0.07 

 05300 0.03 

 0530-1 0.016667 

 05301 0.063333 

 05300E 0.04 

 05150 0.026667 

 0515-1 0.01 

 05151 0.073333 

 05150E 0.05 
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Appendix B: Additional Results from Full-Scale Experiments 

12 Average concentrations of iron, phosphate, nitrate and humic acids in Full-Scale 

experiments, blank and control experiments (mg/L) 

P No 0 6 12 18 

mg/L A 0.641 0.673 0.746 0.727 

 B 0.685 0.717 0.688 0.763 

 C 0.746 0.781 0.779 0.805 

 D 0.753 0.65 0.93 0.719 

 E 0.222 0.33 0.26 0.234 

 F 0.252 0.314 0.275 0.249 

 G 0.461 0.527 0.502 0.505 

 H 0.459 0.516 0.488 0.483 

 I 0.301 0.371 0.333 0.313 

 J 0.265 0.293 0.281 0.27 

 K 0.284 0.348 0.308 0.293 

 L 0.293 0.345 0.31 0.306 

 BC1 0.662 0.52 0.993 0.757 

 CC1 0.656 0.485 0.713 0.607 

 BC2 0.696 0.775 0.883 0.855 

 CC2 0.677 0.786 0.82 0.838 

 Raw <0.02    

 

Fe No 0 6 12 18  

mg/L A 0.013 0 0.027 0.01  

 B 0.307 0.183 0.22 0.213  

 C 0.32 0.227 0.21 0.203  

 D 0.307 0.223 0.18 0.177  

 E 0.013 0.007 0.027 0.013  

 F 0.253 0.223 0.233 0.217  

 G 0.253 0.24 0.2 0.197  

 H 0.283 0.223 0.24 0.2  

 I 0.007 0.01 0.02 0.013  

 J 0.007 0.01 0.01 0  

 K 0.007 0.02 0.017 0.013  

 L 0.467 0.41 0.41 0.363  

 BC1 0.02 0.01 0.01 0.01  

 CC1 0.03 0.01 0.05 0.01  

 BC2 0.31 0.21 0.23 0.22  
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 CC2 0.31 0.24 0.32 0.27  

 Raw <0.02     

 

N No 0 6 12 18 

mg/L A <0.02 <0.02 <0.02 <0.02 

 B <0.02 <0.02 <0.02 <0.02 

 C 0.4 0.367 0.333 0.4 

 D 5.3 5.167 5.167 5.2 

 E <0.02 <0.02 <0.02 <0.02 

 F <0.02 <0.02 <0.02 <0.02 

 G 0.467 0.4 0.433 0.4 

 H 5.267 5.3 5.2 5.167 

 I <0.02 <0.02 <0.02 <0.02 

 J 9.867 9.933 9.767 9.533 

 K 9.633 9.9 9.733 9.567 

 L 9.233 9.633 9.5 9.267 

 BC1 <0.02 <0.02 <0.02 <0.02 

 CC1 <0.02 <0.02 <0.02 <0.02 

 BC2 5.2 5.4 5.1 5.1 

 CC2 5.2 5.2 5.3 5.3 

 Raw <0.02    

 

HA No 0 6 12 18 

mg/L A 21.633 22.533 23.833 23.733 

 B 22.267 22.3 22.867 23.033 

 C 21.333 21.6 21.467 22.067 

 D 21.933 21.6 21.733 21.9 

 E 22.433 22.267 21.967 22.067 

 F 22.2 21.933 22.167 22.267 

 G 22.4 22.633 22.333 22.667 

 H 23 22.567 22.433 22.667 

 I 23.5 23.067 22.867 22.933 

 J 23.233 22.833 23.033 23.167 

 K 23.1 22.867 22.833 22.767 

 L 22.467 22.8 22.533 22.3 

 BC1 22.3 23.7 22.2 22 

 CC1 21.1 23.4 21.3 22.4 

 BC2 22.2 23.2 21.6 22.4 

 CC2 22.1 23.9 23.5 23.4 

 Raw 22.367    

 


