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This thesis is an investigation on water reuse in the fresh-cut fruits and vegetable industry.  Fresh 

water is used intensively in washing, cutting/peeling processes and disinfecting fruits and 

vegetables, as a result washwater with heavy solids is generated.  Effective removal of solids is 

needed to allow for water reuse.  Thus dissolved air flotation (DAF) and centrifuge with coagulation 

and flocculation process were explored for solid removal capabilities; some settling analysis was 

also conducted.   

 

Bench scale studies show DAF and centrifuge produce waters of similar quality (Turbidity).  DAF 

is able to produce waters with higher UV transmittance and can work better with membrane 

filtration and UV disinfection.  While centrifuge showed higher reduction in pathogen levels, it can 

be cost effective and compact in design.  Membrane filtration feasibility showed that high quality 

waters (low turbidity) can be produced, but were unable to remove pathogens.  Collimated beam 

results show UV disinfection can further be used to completely eliminate pathogens and allow for 

water reuse. This allows the processors to reduce their water foot-print, increase sustainability of 

their operations, and meet the increasing demand for fresh-cut fruits and vegetables. 
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Chapter 1: Introduction 

Fresh water is a scarce resource making up less than three percent of all water on earth and 

consists of groundwater, rivers, and freshwater lakes which are interconnected via the 

hydrological cycle.  Any adverse change in the quantity and quality of water from these sources 

can have a direct impact on water available for human use.  Water quantity is of particular 

concern, as water shortage is being experienced in many parts of the world.  Quantity and quality 

are so interconnected and one cannot mention one parameter without talking about the other.  

Due to degrading water sources, population growth and sporadic long term changes in climate, 

fresh water has become a scarce and limited resource.  Furthermore, the disposal of untreated 

wastewaters into water bodies is a major contributor to water pollution.  The resulting 

degradation of water quality impacts the aquatic environment, directly impacting human health.   

 

Dilution of wastewaters into freshwater is a common practice among many developing countries.  

One extreme example of this is the Ganga River in India, which is highly polluted with 

anthropogenic sources.  However, this avenue of wastewater management is being depleted or 

has been in some parts of the world as both quality and quantity are exhausted.  Singapore and 

Namibia have limited supplies of freshwater and have started to augment their drinking water by 

adding highly treated wastewater to meet demand (Lemonick, 2013).  It is technically feasible to 

convert wastewater to drinking water, but is not preferred due to public perception and is not 

implemented until absolutely needed. An example is Flanders, Belgium where wastewater is 

treated using membrane filtration followed by reverse osmosis to achieve drinking water 

standards, but to avoid public issues it is infiltrated into the ground for a 30 day aging period 

before extracting and using for drinking water (Houtte, 2008).  This is a novel approach and can 
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be considered as indirect reuse.  However, as water shortages increase direct recycling will be 

required.       

 

Water reuse or water reclamation is an effective solution to meet the demands of a growing 

world and overcome the challenges associated with water and wastewater management.  Due to 

the presence of disease bearing pathogens in wastewater, extreme caution is required to ensure 

the reclaimed water is safe and meets regulatory water standards.  Water reuse often consists of 

treating wastewater and then using this treated water for non-potable or potable use.  Although 

potable water reuse has been more recent.  Water reuse has been widely practiced for irrigation 

systems in agricultural applications, for example, water reuse from domestic wastewater.  

However, applications are limited where wastewater is reused for drinking water for human 

consumption due to concern for human health (disease outbreaks) and long term health effects.  

Some industries have also implemented water reuse however it can only be economical in 

industries with heavy water consumption. One industry to target is the food and beverage 

industry.  PEPSICO, a large food processor, has effectively treated and reused their wastewater.  

As a result PEPSICO was able to reduce fresh water demand by up to 70% (PennWell, 2013; 

Siemens, 2012; USEPA, 2012).   

 

The following thesis explores the potential for water reuse in food industry.  The foundation of 

the problem is laid out in this section.  Current and feasible options are identified in the 

Literature Review followed by the evaluation method for these options as listed in the 

Methodology.  Collected data and analysis is presented in Results and Discussion.  Key findings 

are outlined in the Conclusion section.  Supporting documents are contained in the Appendices.  
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1.1 Problem Statement 

Food and beverage industry uses water extensively for cleaning, processing and sanitizing 

(USEPA, 2012; Watersmart Guidebook, 2012).  A major part of the food sector is the fresh-cut 

fruits and vegetables (FCFV) industry in Ontario.  A large quantity of washwater is generated 

from the cleaning, processing and packaging of FCFV.  Management of solid and liquid waste 

requires adequate disposal methods as governed by provincial and federal regulations.  Thus, the 

use of reclaimed washwater for process water can provide a plausible solution to reduce the 

demand for fresh water.   

 

Advances in the field of wastewater treatment have led to the development of systems for 

washwater treatment and reuse.  The wastewater from FCFV is more commonly referred to as 

washwater as it does not contain mixture of contaminants commonly found in domestic 

wastewater such as feces and urine.  Also, in order to stay consistent with terminology used by 

Ontario Ministry of Agriculture & Food and Ministry of Rural Affairs (OMAF & MRA), 

provincial regulatory body, the term „washwater‟ will be used from here on when referring to 

wastewater generated from FCFV (Shortt, R., personal communication, June 13, 2013).    

However, due to the complex nature of water chemistry involved in treatment of washwater, 

identification of effective systems to use in a washwater treatment train can easily be overlooked.  

Attempted washwater reuse in Ontario in FCFV industry has been unsuccessful (Zytner, 2011; 

OMAF, personal communication, 2011).  Further investigation into treatment train employed by 

FCFV processors revealed the root of the problem was the ineffective treatment of particulate 

matter in washwater.  This was especially evident in cases where particulate matter caused the 

membrane filters to clog, making the treatment train inoperable.  
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The problem is highly evident with food processors processing vegetables requiring high degree 

of preparation (peeling, polishing, in addition to washing and rinsing) as they generate 

washwater with high levels of solids.  In addition, the washwater is mainly composed of organic 

matter which often requires high levels of oxygen demand to degrade and can be a significant 

problem to receiving water bodies if not treated.  These high levels of particulate matter in 

washwater and the implemented washwater treatment train are often inappropriately assessed, 

leading to failure for washwater reuse.  Biological oxygen demand (BOD) levels and nutrient 

loading is also a major concern as these can hamper treatment, and require treatment to meet 

effluent disposal limits set by regulation in cases where washwater reuse is not plausible (MOE, 

2012).    

 

In addition, continuously stringent regulations are imposing pressure on processors to reduce and 

control waste using modern waste management methods and techniques.  These increased 

controls in this area are due to the potential adverse impact on the local land and water course.  

Land application of liquid and solids waste from FCFV needs to meet Non-agricultural source 

material (NASM) regulation restrictions as outlined in the Nutrient Management Act.  The 

Province of Ontario has sought an aggressive strategy to improve and maintain agricultural land 

and water bodies to ensure it viability for decades to come (MOE, 2012).   

 

One objective of this strategy is to mitigate nutrient loading on agricultural land, streams and 

surrounding water course.  Existing methods for solid and liquid waste management in the FCFV 

industry need to meet new standards as they contribute to nutrient loading.  Thus revisions to the 

Nutrient Management Act in 2011 led to new rules and guidelines for management of 
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wastewater coming from FCFV processors (OMAFRA, 2012), a major concern, especially for 

rural processors such as farm operations.  Complicating the issue further, rural processors unlike 

urban processors do not have access to city wastewater sewer systems.  Thus, rural processors 

need cost effective technologies to manage the waste onsite.   

 

The large quantity of fresh water used in FCFV processing industry is also problematic.  The 

availability of fresh water is declining while the demands for FCFV products are increasing.  In 

addition to increasing demand for water, the cost of water and wastewater charges are increasing 

significantly for urban processors.  Rural processors often experience water shortages during dry 

periods, and this is a major problem as processors cannot operate without this vital input resource 

(OMAF, 2011).  Ontario has a thriving economy for Agri-food products produced by FCFV 

processors for both domestic use and export, and requires efficient use of input resources, 

primarily being water (Ontario Ministry of Research and Innovation, 2011).   

 

Key issues surrounding FCFV processors such as increased water demand, stringent regulation 

for waste management, and lack of resources available to address these issues require further 

attention.  Thus, investigation and research is needed to determine alternative methods for waste 

management and water resource management, water reuse being a potential solution.  Economic 

benefits can result from reduced fresh water usage and the use of concentrated solids as a by-

product for anaerobic digestion or other applications.  These are some of the many challenges 

faced by FCFV processors in Ontario and will only be amplified if not addressed adequately.  

 



 

6 

 

1.2 Study Objective 

In light of the problems identified and the limited research in the field of water reuse in the fresh-

cut processing of vegetables and fruits, an in depth understanding is necessary.  The primary 

objective of this research study was to propose a water treatment system that can safely and 

successfully produce clean water for washing by developing processes to treat the washwater.   

 

Preliminary information gathered from the industrial partners and the literature shows suspended 

and dissolved organic matter can be of particular concern for the filtration units.  The main 

objective has been divided into sub-objectives to aid in finding a solution for the main problem.  

Completion of these objectives will result in a proposed design of washwater treatment train that 

effectively remove solids and disease bearing pathogens and allow for reuse of the washwater.  

The various sub-objectives are as follows: 

 

1. Characterization of Washwater: 

Sample the industrial partners operations to establish a baseline of water quality parameters 

for washwater.  Parameters include solid fractions, nutrient analysis (TKN, ammonium-N, 

nitrate, total phosphorus and total potassium), pH, BOD, solids, C:N ratio, salts (sodium and 

boron), SAR index, specific heavy metals and microbial quality. 

 

2. Identification and Evaluation of solid removal technologies:  

Technologies considered for solid removal from washwater include coagulation and 

flocculation applied with settling, flotation, centrifuge, and membrane technology using 

turbidity and particle size analysis. 
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3. Identification and Evaluation of Disinfection Process: 

Evaluation of different disinfection processes was conducted for various disinfectants 

effective for food applications.  UV, ozone and chlorine disinfectants are researched through 

literature to determine which method was able to provide the best quality of potable water 

from washwater that can be used for recycling.  Evaluation of UV disinfection was 

conducted using bench scale tests and provides indication of microorganism inactivation in 

terms of log reduction.  

 

1.3 Scope of Study 

In order to meet the listed objectives, the study focused on the analyzing washwater from two 

industrial partners.  The industrial partners process fresh-cut vegetables and fruits.  The first one 

only processed carrots while the second processed carrots, mixed vegetables and fruits. The 

washwater samples were used to quantify water quality parameters and to evaluate solid removal 

technologies.  The use of two industrial partners assisted in developing a treatment system that 

was generalized for the FCFV industry, yet agile in handling washwater from many different 

FCFV applications.   

 

In addition to providing technically feasible treatment trains, the research also considered 

economics, environmental and some social factors for water reuse.  In order to assess economics 

of the study, the cost of technology and operating chemical costs were assessed. 

  

Solid removal is a necessary part of washwater management whether it is to be reused or 

disposed of into the environment.  Discharge of washwater into the environment via streams and 
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rivers requires meeting of regulations and guidelines.  Effluent washwaters often requires some 

form of pre-treatment to meet disposal standards. Additional technologies like constructed 

wetlands can help in meeting these standards.  Appropriate regulations and standards are used to 

assess the quality of treated washwaters. 

 

The prime concern is to provide and determine a plausible solution for FCFV processors that 

considers using pre-existing technology, especially in rural areas.  Conventional technology such 

as settling, dissolved air flotation (DAF), and centrifuge has not yet been successfully applied in 

managing washwater generated by FCFV processors but is widely available.  FCFV processors 

will be able to consider water reuse options based on the results of this study conduct.    

 

 

 

 

  



 

9 

 

Chapter 2: Literature Review 

This section will look at existing research within the FCFV industry, which is further divided 

into different parts.  A general overview of the treatment and disinfection is outlined.  Utilizing 

key findings and concepts three physio-chemical technologies were selected for further 

investigation.  Sedimentation, flotation, centrifuge, and disinfection each contain their own 

subsections literature review, principle, and theory behind the technology.  

 

2.1 Treatments  

The main challenges in water reuse are the selection of an appropriate treatment system which 

can supply water that meets the required chemical and microbiological quality (Casani et al., 

2005).  The treatment system should be capable of removing physical, chemical, and 

microbiological characteristics. In addition it should provide subsequent protection from the 

growth of pathogenic and spoilage-causing organisms (Casani et al., 2005).  Also the quality of 

food obtained from the recycled water should be equivalent to that obtained from using fresh 

water.  The selection of treatment can depend on many factors.  Considerations include safety, 

process water quality, existing standards, cost-effective criteria, capacity of the system and the 

nature of application (Casani et al., 2005).   

 

Most treatment trains consist of primary, pre-treatment, treatment, and disinfection units 

depending on the required quality of water.  Characterization of the washwater is a good starting 

point in determining which types of processes are to be employed, such as physical, chemical, 

biological or a combination of these.  The washing and processing of FCFV can results in 

varying types of washwater which can differ in concentrations of organic matter and nutrients.  
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Drum-style washers are often used in the processing of some vegetables such as carrots and 

potatoes.  However this technique results in washwater that is rich in organic compounds mainly 

due to the carbohydrates released from the tap-root (Kern et al., 2006).  Washwater with high 

solid content or organic matter can be a challenge in treating, especially washwater from peeling 

processes (Lehto et al., 2009).   

 

Some valid pre-treatment processes are coagulation and flocculation with settling, DAF, and 

centrifuge.  Each has their own advantages and disadvantages.  Due to the number of options 

available for the removal of particulate matter, the selection process can be a daunting task.  

Selection criteria can include the final use of the cleaned water, the comparative, performance of 

various technologies, the results of the pilot scale studies, type of disinfection, future water 

quality requirements, site constraints, energy and economic considerations (Asano et al., 2007).  

The practice of collecting washwater from different processes and combining them into one 

stream is a common practice among many food processors.  Separating the washwater from each 

process may allow for optimal treatment for different type of washwater (Casani et al., 2005).   

Depending on the application it can either add complexity or result in energy savings and lower 

costs regarding treatment.    

 

2.1.1 Coagulation and Flocculation Process 

Coagulation and flocculation is a widely used process in municipal water and wastewater 

treatment.  The process involves the use of chemicals such as metal salts (alum or ferric sulfate) 

and/or polyelectrolytes (polymers) which are added to wastewater to enhance the removal of 

solids.  The polyelectrolytes used can consist of anionic, cationic, or non-ionic polymers.  These 
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polymers can be used as the primary coagulant itself or coagulant aid, eliminating the need to use 

metal salts completely.  In addition to suspended solids, coagulation and flocculation can also 

improve removal of colloidal particles, which are virtually non-settleable (Gotovac, 1999).  

 

Coagulation and flocculation theory is based on the fact that particles in washwater are 

negatively charged, thus have a repulsive force or repel each other.  The force is known as van 

der Waals forces and prevents the formation of larger particles.  Employing coagulation and 

flocculation to treat washwater will aid in the neutralization of these repelling forces to increase 

the particle size and increase the removal efficacy (Bache and Gregory, 2007).  Therefore, 

clarification (sedimentation, flotation or centrifuge) will be improved by incorporating practices 

that lead to the increase of washwater particle size.  

 

In order to remove the turbidity and organics from washwater the process of coagulation and 

flocculation are employed.  The principles behind coagulation and flocculation are described, as 

these are two separate mechanisms in the particle agglomeration process.  Coagulation refers to 

the destabilization of the dispersion and congealment of particles.  This is often done by adding a 

positively charged species in needed quantities to neutralize the charge on the impurities and 

destabilize the van der Waals forces which maintain the stability.  Coagulants are defined as 

inorganic metal salts (alum and ferric chloride) but more recently synthetic polymer blends such 

as poly-aluminium chloride (polymer coagulant) have begun to take their place.  Only certain 

kind of polymer coagulants can be used to treat water for reuse applications as they can be toxic.  

Thus, a wide range of polymer coagulants are available depending on the end use of treated 

water. 
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The second step to the process is flocculation, where particles are brought together to form larger 

flocs.  This process is conventionally driven by slow mixing of water which can facilitate coming 

of particles together to form larger particle or clumps.  An alternative is to use special polymers 

known as flocculants.  These consist of long polymer chains which adhere to the coagulated 

particles and bring them together into larger aggregates.  It should be realized that coagulation 

and flocculation process can also be achieved following the addition of a homopolymer or 

copolymer instead of the conventional approach of inorganic salt followed by a polymer (Bolto, 

1995). 

 

There are many benefits of using polymers, mainly to increase the capacity of a treatment plant, 

in some cases it can be doubled as the rate of solids and water phase separation is drastically 

increased due to the formation of larger agglomerates (Bolto, 1995).  Hafez et al. (2007a), 

showed that the use of polymer resulted in low sludge volume with up to 50% reduction 

compared to that of alum.  On the contrary, high cost is a main disadvantage of using polymers.  

Therefore optimum conditions are required in order to reduce costs associated with using 

polymers for coagulation and flocculation.  As such, optimizing coagulant dose and pH, 

polyelectrolyte dose, choice of chemicals and their manner of preparation are required.  

However, some of these parameters can only be optimized after a treatment process has been 

implemented.  This is due to the fact that that lab scale testing may not be capable of addressing 

all treatment parameters accurately.   

 

The coagulation process is effective for removing high concentration of organic contaminants 

and heavy metals, as well as has some ability to remove anions (Wang et al., 2002).  The degree 
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of destabilization is dependent on the type of coagulant used.  A higher valence on the counter-

ion will result in more destabilizing effect and thus less amount of dose is required for 

coagulation (Faust and Osman, 1983).  Once the colloids have been destabilized and aggregation 

has been achieved, the particles are separated either by clarification methods or through 

filtration. 

 

Coagulant polymer can eliminate residual concentration of salts as inorganic coagulants are not 

used.  In some cases the reduction can be up to 30 % (Nilsson and Kvant, 1986).  These polymer 

species are more effective at neutralizing the negative charge on suspended particles due to their 

higher positive charge.  Other benefits include the ability of the polymer to be applied in a wider 

range of pH in comparison to alum and are more effective at lower temperatures (cold) and for 

washwater with high level of organics.   

 

2.2 Physiochemical Treatment and Membrane Filtration Feasibility 

Sedimentation, flotation, and centrifuge are the main principle technologies behind solid liquid 

separation for water and wastewater purification.  These processes, known as clarification are 

mostly used to reduce the particle concentration, or load on filtration processes.  Conventionally, 

the filters are composed of granular filters such as sand filters.  These have been replaced in most 

applications by advanced filtration techniques that are capable of delivering consistent water 

quality waters, such ultra and nano-filtration processes.  

 

Membrane systems represent a primary source of separation for the food processing industry 

(Byers et al., 1995).  The treatment of carrot washwater and washwater from other vegetables has 
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been investigated by means of membrane filtration.  As a result, Reimann (2001) has 

demonstrated the use of ultrafiltration and reverse osmosis on a pilot scale to treat vegetable and 

carrot washwater for reuse applications with in the process.  It was found that the washwater of 

high quality can be obtained that is capable of complying with German regulations made 

possible through a treatment process combining ultrafiltration and reverse osmosis (Reimann et 

al., 2001).  The reverse osmosis filtration treated waters had 5-day BOD level of 10 mg/L and 

chemical oxygen demand of 96 mg/L.  In addition, the studied system was able to achieve 5-log 

reduction for total bacteria and undetectable counts of coliform bacteria.  Pre-treatment of the 

washwater was advised to be mandatory in order for membrane filters to work (Reimann et al., 

2001).  One particular problem with application of membrane technology is the deposition of 

organic and inorganic matter on the surface of the membrane and its pores.  This phenomenon is 

commonly known as fouling or scaling.  

 

This problem was also raised by the industrial partner as they had experienced clogging in their 

membrane filtration units.  It can be solved by means of periodic backwashing the filters in 

addition to less frequent chemical cleaning.  During backwash clean water is run in the reverse 

direction through the filters and cleans off the organic matter build up.  This reduces the clogging 

and allows the filter to run more efficiently until the next backwash cycle.  The number of 

backwash cycles needed during operation depends on the dissolved and particulate matter 

present in the washwater.  The high solids content present in the washwater can result in 

immediate clogging of filters, as was the case with the one of the industrial partners, reducing 

their ability to treat and reuse water.    
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A better solution would be to reduce the solids content of the washwater stream before it makes 

it to the filters.  This allows for longer filter run cycles before backwash is required, thus 

improving the efficiency of the filters.  It has been shown that at low concentrations of organic 

matter, the concentration of organic compounds in the feed water has only a minor influence on 

the flux of membrane filtration units (Reimann et al., 2001).  It is apparent that washwater of low 

solids has a high potential for reuse by membrane technology.  However pre-treatment is 

necessary in order for the filtration units to function effectively, especially for high solids 

washwater from peeling processes. 

 

2.2.1 Sedimentation 

As mentioned above, settling can serve as an effective means of reducing the solids content for 

pre-treatment for membrane filtration.  Kern et al. (2006) indicated that a simple settling tank can 

remove coarse and particulate matter effectively for carrot washwater applications.  It was 

determined that the settling tank equipped with two aerators to improve the chemical oxygen 

demand was able to reduce the filterable solids by about 80% (Kern et al., 2006).  Hafez et al. 

(2007) was also able to accomplish a great deal of solids removal through coagulation and 

settling before the washwater was treated using membrane filtration (Hafez et al., 2007b). 

 

There are many different types of settling tanks with various configurations for coagulation and 

flocculation design.  The most frequently used tanks are rectangular and circular in shape.  Some 

of the uncommon ones are multi-story tanks, inclined (plate and tube) settlers, solids contact 

clarifiers, and floc blanket clarifier.  A major drawback to settling is the footprint required for 

conventional rectangular settlers.  The area required for settling can be substantial to treat small 
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flows, especially for rectangular flow tanks.  However this can be overcome by inclined plate 

settlers (Gregory and Edzwald, 2011).  The plate settlers increase the area available for settling 

thus increasing the discrete settling of particles.  

 

Some key factors influencing sedimentation efficiency are surface loading, shape and size of the 

tank, and flow arrangements.  Surface loading is expressed as the flow rate per unit of surface 

area, where surface area is where settling is allowed to happen.  Surface loading has an effect on 

all settling processes.  Settled water quality decreases with an increase in loading rate (Gregory 

and Edzwald, 2011).  The shape and size can be a constrained by the area available for 

construction and process application.  Factors that affect sedimentation efficiency are taken into 

consideration and thus designed using ratios, such as length to width.  Large sized tanks can 

easily be influenced by external environmental factors, such as wind inducted circulation which 

can interfere with settling efficiency.  Inlet and outlet flow are very important in sedimentation.  

Flow into the tank must be uniformly distributed over the cross section of a tank.  The inlet and 

outlet baffles or submerged weirs must be designed to minimize flow disturbance in the tank 

(Gregory and Edzwald, 2011). These factors need to be considered in more detail when 

designing a sedimentation process for a certain application and geography (hot vs. cold climate).   

 

2.2.2 Centrifuge  

Centrifuges have been used for many decades in the wastewater industry.  They are mainly used 

for dewatering and thickening sludge.  Due to increased efficiency and economical design, 

centrifuges are being used for multiple applications.  Centrifuge is a process in which solid and 

liquid separation is conducted by rotating the liquid at high speeds to increase the centripetal 
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forces on the sludge (Crittenden et al., 2005).  The two main types of centrifuges are solid-bowl 

and basket bowl.  The solid bowl centrifuge is considered to be the best available centrifuge that 

is very flexible for the type of waste input it can handle (Weber, 1972).  The main parts of a 

centrifuge are the rotating bowl and conveyor, responsible for providing a settling surface and 

discharging the solids, respectively.  Other parts of a centrifuge include drive shaft, axial thrust 

bearings, motor to drive the shaft and the bowl, casing for safety, and frame for support and 

alignment (Cheremisinoff, 2002).  See Figure 2-1 for a visual representation of the solid bowl 

centrifuge. 

  

The main principle behind the centrifuge is the difference in densities of various materials.  The 

solids versus the liquids in the waste stream will position themselves according within the 

rotating bowl.  The solids retain close to the walls of the rotating bowl and the liquid is 

suspended above the solids.  High centrifugal forces results in the formation of solid cake layer 

built up on the outer centrifugal wall, while the liquid portion escaped to the one side.  These 

solids are transported to the discharge ports using a helical screw or scroll that operates with 

slightly lower rotation speed than the main centrifuge bowl.  The solids must be removed with 

care as they have the potential to mix within the liquid stream as it leaves the rotating bowl.   

 

Centrifuges are considered compact settling basins.  The settling rate of a particle in a settling 

basin is governed by acceleration of gravity (g).  Whereas in centrifuges it is rω
2
 where r is the 

distance of the particle from the axis of rotation and ω is the rotational speed (Weber, 1972).  

The speed of modern solid/liquid centrifuges is in the rage of 1500 to 4000 times that of g in 

settling.  The use of chemicals such as polymers coagulants can increase the removal 
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efficiencies.  It has been reported that the solids recovery without and with chemicals is 85-90 % 

and greater than 95 %, respectively (Weber, 1972).  Some important correlations are summarized 

below in Table 2-1.  It shows the effects of an increase in variables such as bowl speed and the 

corresponding effect on solids removal.   

 

 

Figure 2-1: Centrifuge Types (Adapted from Crittenden et al., 2005) 

 

Table 2-1: Various centrifugal parameter effects (Crittenden et al., 2005) 

Variable Effect of increase in variable on percent 

solids recovery 

Machine Variables  

Bowl speed Increase 

Pool depth Increase 

Scrolling speed Decrease 

Process Variables  

Feed rate Decrease 

Feed concentration Decrease 

Temperature Increase 
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2.2.3 Flotation 

As in sedimentation there are also many different types of flotation processes.  Flotation is a 

process in which very fine bubbles are created that can attach to the solid particles in suspension 

and make them buoyant to drive them to the surface of the water.  Air is the main agent of use 

for flotation.  Flotation can be achieved by means of dispersing air into the washwater, applying 

a vacuum to water or dissolving air into pressurized water and then releasing the pressure 

(Armenante, 1997).   

 

It is mainly used in application where the material to be removed has lower density in 

comparison to the water, such as removal of oils, fats, grease, and fibers, known as natural 

floatation.  However induced flotation is also widely practiced, where the density of the particle 

is higher than the liquid and is artificially reduced to induce its floatation.  Sedimentation is not 

good at removing low density material that may not be easily settlable.  The most commonly 

used method is DAF.   

 

The most efficient method for producing bubbles of optimum size is to first dissolve air into 

water under pressure and then reduce the pressure of the solution by releasing it into open tank 

containing washwater.  Micro-bubbles are formed as the pressured air/water mixture is released 

(Gregory and Edzwald, 2011).  These bubbles are usually in the range of 30 to 120 µm 

(Armenante, 1997).  The washwater stream is part of the treated water that is recycled from 

DAF.  See Figure 2-2  for a process flow diagram of a DAF unit incorporated into a treatment 

system.  This study will explore the pressure flotation DAF systems.  
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Figure 2-2: DAF process schematic and tank sections (Adopted from Gregory and Edzwald, 2011) 

 

Coagulation and flocculation principles can also be used for DAF as they serve to destabilize 

particles present in the washwater and most importantly to convert dissolved organic matter into 

particles (Gregory and Edzwald, 2011).  Optimum coagulation conditions are necessary for 

efficient removal of particles as was the case in sedimentation.  Polymers can also equalize any 

flow shearing forces brought about by overly vigorous contacting of the bubbles with the 

particles.   

 

DAF tank has two main sections, the contact zone and the separation zone, see Figure 2-2.  The 

contact zone is responsible for introducing the washwater into the DAF tank and allows the 

bubbles to make contact with the particles present in the washwater.  Bubbles will attach to the 

floc particles and cause them to rise to the surface.  In the separation zone, the bubbles that do 

not attach to the floc particles may rise to the surface of the DAF unit.  This layer of particles at 

the surface is known as the float layer which is mechanically removed by scrapers at the surface 
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of the water.  The clarified water is extracted from the bottom of the tank.  Some key parameters 

to control are the air/solids ratios, air saturation criteria, recycle flow quality and quantity.   

 

Recent advances in DAF have allowed for increased loading rates, commonly known as high-

rate DAF.  In the last decade, many high rate DAF systems are available with capacities to 

handle loading rates of 15 to 30 m/h and greater (Gregory and Edzwald, 2011).  However these 

systems can be complex in design as they often are combined with plate or tube settlers in the 

separation zone.  In addition, DAF units have a lower foot print as required for sedimentation.  

Also it has been shown that DAF systems can function at low temperatures (4
o
C) without any 

decrease in performance (Gregory and Edzwald, 2011).  However, DAF tanks may need to be 

covered as they require protection from rain, wind, and winter weather.  Rain and wind can cause 

the breakage of floated solids.  This can be prevented by housing the DAF unit inside a building.  

Induced flotation processes often require the use of coagulation and flocculation aids.  DAF units 

can reduce significant amount of solids and aid in membrane filtration.  

 

2.3 Disinfection 

The final step in treatment is reuse but adequate disinfection is needed.  Widely known, 

disinfection is a critical step in the processing of FCFV production as it can affect the quality, 

safety and the shelf life of the end product (Gil et al., 2009).  Chlorine is one of the most widely 

used chemicals in the fresh-cut industry to sanitize the product (Casani et al., 2005).  The use of 

chlorine as a disinfectant for water has been demonstrated to be effective in reducing bacterial 

and microorganism counts to a safe level for human consumption.  Due to its wide use, it is 

easily accessible at an inexpensive price relative to other methods of disinfection.   
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However, efforts have been made to deviate away from this conventional method of disinfection 

due to the significant concerns arising from the formation of by-products from chlorine 

disinfection.  The formation of carcinogen halogenated disinfection by-products are a result of 

chlorine reacting with natural organic matter contained in the washwater (Olmez and 

Kretzschmar, 2009).  These recently discovered hazardous chemicals have brought greater 

attention to reassessing its use in the food industry.  Also chlorine disinfection can be hindered 

by BOD.  The BOD in washwater can exert a chlorine demand since chlorine is an oxidizer (Kitt 

and Gross, 2004).  Thus chlorine may be used to oxidize the organic matter that exerts the BOD.  

The handling of chlorine requires very stringent safety procedures as it has the ability to form 

chlorine gas, which is extremely dangerous to human health, potentially resulting in death.   

 

One great advantage of chlorine is its ability for residual monitoring.  The practice of residual 

chlorine is well-established and very important in water treatment systems and public water 

distribution.  Residual chlorine levels are important in assuring the public consumer has safe 

water to drink.  It helps to maintain a disinfectant level that does not allow the regrowth of 

bacteria as the water travel through public water distributions system.  This practice has also 

been carried through to the FCFV industry as the product sanitization and consumer health is of 

key importance.  Due to the health and environmental problems associated with chlorine use it 

has even been banned in some parts of Europe in the production of organic produce.  Potential 

replacement candidates for chlorine are ozone, UV, organic acids, paracetic acid and hydrogen 

peroxide, electrolysed oxidizing water, and advanced oxidation processes (Gil et al., 2009; 

Olmez and Kretzschmar, 2009).  
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The specified water treatment methods listed have various drawback and advantages.  Ozone and 

chlorine operate by different mechanisms when disinfecting water and hence can act 

synergistically.  The use of ozone as a primary disinfection method is responsible for bacteria 

cell wall disintegration, known as lysis.  Chorine on the other hand has enzyme groups which 

attack the DNA membrane of the cell, which results in the destruction of the microorganisms.  

This is due to the chlorine residual in the aqueous solution, which diffuses through the cell wall 

of the microorganisms, thus ensuring disinfection.  This combination can reduce the overall 

chlorine levels.  Ozone has been recognized as safe for the treatment of drinking water and direct 

food applications (Khadre et al., 2001).  Its advantages include its great capacity for biocidal 

activity at short contact time and by-products are equivalent to normal oxidation products.  It is 

effective against many yeast, bacteria, and molds at low concentrations such as 1 to 5 ppm for an 

exposure time of 1 to 5 minutes (Olmez and Kretzschmar, 2009).    

 

Disadvantages of ozone include short half-life, lack of residual monitoring, and can be toxic to 

humans if inhaled.  Ozone is known to cause corrosion. To avoid this problem, the ozone 

concentration must be maintained between 1 and 3 ppm (Brown et al., 1992; Pascual et al., 

2007).  Similar to UV, it does not create any by-products and non pH dependant making it 

desirable for water reuse and recycling processes.  

 

Organic acids which mainly include citric, lactic and acetic acid have good bactericidal activity 

and are known to be Generally Recognized as Safe (GRAS).  They lower the pH in the 

environment thus leading to disinfection.  However, it may result in a strong vinegar odour and 

noticeable discolouration (Olmez and Kretzschmar, 2009).  The antimicrobial activity of organic 
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acids is highly dependent on organic acid used, which can vary widely.  The exposure times 

needed are usually high, between 5 to 15 minutes.    

 

Hydrogen peroxide, also known as hydrogen dioxide (H2O2) is a strong oxidizing agent.  It 

requires high concentrations and long contact times, however is simple to use and is low in cost.  

In some cases it is known to cause browning of the product, where an anti-browning agent might 

be required.  Hydrogen peroxide‟s ability to dissolve in water and oxygen makes it non-toxic.   

 

Peracetic acid, also known as peroxyacetic acid is a mixture of acetic acid and hydrogen 

peroxide (Dell‟Erbaa et al., 2007).  It is an effective disinfectant at low concentration and short 

contact times in comparison to chlorine disinfection.  In addition, it is considered safe as it does 

not result in any disinfection by-products other than acetic acid, water and oxygen (Dell‟Erbaa et 

al., 2007).  It is highly corrosive to equipment.  When tested on tap water it was less effective 

than chlorine in reducing pathogens.  The efficiency of chlorine is highly affected by the 

presence of organic matter in water whereas this is not a problem for peracetic acids.  Chemicals 

methods of cleaning and sanitizing product surfaces widely consist of using mechanical washing 

in combination with sanitizers followed by a final rinse using potable water.  Extensive 

comparison between potential treatment options and their benefits and drawback is summarized 

by Gil et al., (2009).   

 

A widely used disinfection techniques is electrolyzed oxidizing water or more commonly known 

as ORP (Oxidation Reduction Potential).  ORP has shown to have a strong bactericidal effect and 

is considered to be an important disinfection tool for sanitizing process water in minimally 
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processed vegetable industry (Ongeng et al., 2006).  ORP systems work on the principle of 

anodic oxidation and consist of an electrolysis cell with positive and negative electrodes (Gil et 

al., 2009; Suslow, 2004).   

 

Direct low voltage current is passed across the electrodes to generate potent oxidizing agents 

derived from oxygen and free chlorine.  Oxygen and chlorine react to form free oxidants such as 

hypochlorous acid (HOCl) and hypochlorite ion (OCl
-
) (Gil et al., 2009; Suslow, 2004).  These 

oxidizing chemicals pull electrons for the cell membrane causing it be become destabilized and 

leaky resulting in a rapid death of pathogen (Suslow, 2004).  In comparison to other disinfection 

methods, this method not only offers direct disinfection but also generates a residual capacity.  

 

A key advantage of ORP is that it allows for accurate monitoring and recording of disinfection 

procedures.  Many fresh-cut processors now use sensors to determine the ORP level of their 

water systems.  ORP is measured in millivolts (mV) and has increasingly become a primary 

method to standardizing water disinfection parameters in fresh-cut industry.  Instead of 

measuring or monitoring dose, ORP allows one to monitor the activity, since ORP reflects the 

antimicrobial potential of the water, irrespective of water quality (Suslow, 2004).   

 

Advances in computing and communication systems can now allow for easy monitoring and 

tracking of process variability over time, for example seasonal variations in water.  Automated 

systems can adjust the dose of chlorine as needed to compensate the changes in water quality.  

Alert systems can warn the operator of any failures in system or any change in ORP levels, 

within minutes.  Research has indicated an ORP of 650 – 700 mV, spoilage and pathogenic 
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bacteria (E. coli O157:H7 or Salmonella species) are killed within a contact time of 30 seconds 

or less (Suslow, 2004).    

 

pH plays an important role in maintaining ORP levels.  HOCl and OCl
-
 are at equilibrium in 

water at pH 7.5, however lowering the pH increases HOCl ion concentrations thus resulting in 

overall increase in the ORP level.  Caution is needed when manually adjusting pH and ORP 

levels.  ORP level can fluctuate as much as 25 mV, thus ORP systems operate in a certain range 

rather than at a fixed value.  

 

Every system has some disadvantages, and ORP‟s main disadvantages lies with its operation.  

Problems related to equipment maintenance, calibration, and cross checking of sensors.  Sensors 

can build up organics and other matter impeding accurate reading of ORP and pH levels.  Over 

injection of disinfectants at times can result in the sensors to temporarily become saturated.  

After which point it require several minutes to come back to equilibrium levels with its 

surrounding.  This can hinder the recording of ORP levels which are used to monitor the 

sanitizing process.  One thing to note, there is no linear relationship between the increase in 

concentration of free chlorine and ORP level (mV).  

 

Advanced Oxidation Process represents the latest sanitizing methods for the FCFV industry, 

where two or more oxidants are used simultaneously to produce a powerful disinfectant (Selma 

et al., 2008).  A leading example of this is the use of UV and hydrogen peroxide (H2O2) for the 

disinfection of fresh produce (Hadjok et al., 2008).  Hadjok et al., (2008), also demonstrated in 
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his study that the use of UV and H2O2 results in a greater reduction of pathogens in comparison 

to 300 mg/l chlorine for certain vegetable products.  

 

The above comparison of various disinfection and sanitizing methods indicates that there are 

many way of achieving disinfection for application of water reuse.  However each has its 

advantages and disadvantages, after all, no system is perfect once it has been implemented even 

though it might be designed as a superior system.  Literature regarding the use of sanitizers and 

disinfection methods has established that washing with water or with disinfectant reduces the 

natural microbial populations on the surface of the produce by only 2 to 3 log units (Gil et al., 

2009).   

 

UV disinfection is able to achieve satisfactory bacteriological quality of water in application 

where water is re-circulated as process water, but has no effect on surfaces of the machinery or 

the product itself (Gil et al., 2009).  UV is a promising technology, but its antimicrobial 

efficiency is highly influenced by washwater composition and soluble matter within the 

reclaimed water (Gil et al., 2009).  The effective and economical UV is highly dependent on pre-

treatment and membrane treatment.  Due to this reason, the use of secondary disinfection system 

is required to ensure residual levels of disinfectant are maintained within the system.  The theory 

and principles behind UV disinfection are further explored in the following section. 

 

2.3.1 Ultraviolet Disinfection  

UV radiation is a naturally occurring phenomenon hidden within sunlight rays.  Wavelength of 

UV radiation falls between the visible light spectrum at 700-400 nm and X-rays at 100-0.1 nm. 
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The discovery of UV light as a strong germicidal led to the creation of artificial UV radiation or 

light through low-pressure mercury lamps (Parrotta and Bekdash, 1998).  The UV radiation at 

approximately 254 nm is absorbed by two main components of the pathogenic cell, 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) (Parrotta and Bekdash, 1998).  The 

DNA and RNA of the bacteria are attacked directly by using radiation at the specified 

wavelength.  This radiation initiates a photochemical reaction that destroys the genetic 

information contained in DNA, damaging their nucleic acid (Wright et al., 2006).  Waterborne 

pathogens are inactivated and prevented from replicating and causing infection.  Viruses such as 

bacteriophages can be protected by the bacterium, thus it is important to take this into 

consideration when designing for various dosages.   

 

UV has emerged as a great alternative to chlorination.  UV disinfection of water is a chemical 

free process, safe and easy to use (Parrotta and Bekdash, 1998).  It has been used for many years 

in the treatment of domestic wastewater and household water.  In addition, it has been 

implemented in many industrial areas such as food (Parrotta and Bekdash, 1998).  It is highly 

effective in short duration distribution systems where residual chlorine may not be required.   

 

It is highly unlikely, but cells damaged by UV light can repair and reactivate themselves through 

the process of enzyme activity (Parrotta and Bekdash, 1998).  This can also occur in chemical 

disinfection and is known as reactivation. Microorganisms require enzymes to achieve 

reactivation.  Although viruses lack their own enzymes, they can still repair themselves if present 

within the host cell.  Viruses and protozoa will not survive outside of the host cell.  The shielding 

effect can hinder disinfection and thus UV disinfection may not be sufficient by itself.  
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Since UV operates in a different manner compared with chemical disinfection and filtration, it is 

often seen as a valuable tool for multi-barrier approach practiced in water treatment.  Multi-

barrier approach is achieved by integrating multiple treatment units, thus reduces the probability 

that a contaminant will reach the potable water supply.  The multi-barrier approach is necessary 

where certain pathogens are known to be resistant to chemical disinfection, particularly 

Cryptosporidium and Mycobacterium.  Whereas, UV disinfection is found to be very effective in 

inactivating these chemical resistant pathogens and can do so at relatively low dosages (Wright 

et al., 2006).  

 

An advantage of UV over chlorine is the fast disinfection contact times, which are usually in 

seconds compared to minutes in chlorine (Wright et al., 2006).  Additionally, negligible 

disinfection by-products are produced through the use of UV disinfection (Wright et al., 2006).  

Its main advantage is that it produces no residual toxicity.  Disadvantages include the use of 

mercury in lamp production which affects final disposal, slow start up times as warm up may be 

required, high power consumption, and lamp replacements (Wurtele et al., 2011). 

 

Just like peracetic acid, UV disinfection is highly dependent on turbidity, thus requiring filtration 

to remove suspended solids and absorbing compounds (Gil et al., 2009).  Its antimicrobial 

efficacy is affected by the type of product and soluble solids content in washwater.  Its 

application for water reuse is achievable as it maintains adequate bacteriological quality with no 

effect on the product or machinery surfaces (EHEDG, 2007).  Combining UV light with 

hydrogen peroxide is an advanced oxidation technology proven to be effective at removing 
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pesticides and taste-and-odour compounds (Wright et al., 2006).  Hydrogen peroxide is injected 

upstream of the UV reactor to allow adequate mixing and contact with water.  The peroxide is 

converted to hydroxyl radicals as it makes contact with the UV light.  The radicals in tern react 

and destroy the micro-contaminants present in the water (Wright et al., 2006).  

 

2.3.1.1  Principals 

The amount of UV energy delivered to the water by a UV lamp (UV reactor/generator) is 

measured as UV dose with units of milliJoules per square centimetre (mJ/cm
2
).  UV dose is the 

product of intensity (mW/cm
2
) and time (seconds) (Wright et al., 2006).  UV intensity can also 

be referred to as irradiance or fluence rate (Bolton, 2000).  UV dose can also be calculated from 

the product of volume averaged fluence rate and reactor retention time in seconds; this is similar 

to the concept of chemical disinfection, where concentration multiplied by time will yield the CT 

value.   

 

The UV dose-response is a measure of log inactivation as a function of UV dose (Wright et al., 

2006).  The UV dose response of pathogens can be measured using a laboratory collimated-beam 

apparatus.  Two practical fundamentals involved for effective disinfection of water require 

adequate production of UV light with the specified germicidal properties and delivery (or 

transmission) of that light to pathogens (USEPA, 2003).  One is required to understand the 

limitation present at the laboratory scale testing which need to be accounted for when designing 

full scale systems.    
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2.3.1.2  Design 

UV disinfection systems (reactor) for water treatment are designed in a similar fashion and all 

contain the same essential components, mercury arc lamp held in a quartz sleeve, UV sensors, 

programmable logic controller (PLC).  The UV systems are either closed or open-channel 

system.  The closed system maintains pressure and prevents recontamination.  This is done 

through, 1) contact unit, UV lamps enclosed in quartz sleeve are situated in the water, or 2) non-

contact unit, UV lamps transmit energy through a poly (tetra fluroethylene) (PTFE) pipe through 

which the water flows.  The system is housed in a closed vessel with inlet and outlet for raw 

water and disinfected water, respectively.  These closed systems are highly preferred as they 

provide higher sanitary protection for water and minimal worker exposure to UV radiation, 

compact and modular design, reduces the need to buy and store treatment chemicals (Parrotta 

and Bekdash, 1998).   

   

There are four common types of mercury lamp, the main component of the UV system 1) low 

pressure (LP), 2) nona-malgam low pressure, high output (LPHO), 3) amalgam LPHO, 4) 

medium pressure (MP) (Wright et al., 2006).  The main purpose of the UV sensors is to measure 

and monitor the delivered dosages from the lamp.  The PLC system is used to control the 

operation of the system, checking parameters such as flow, UV intensity, lamp on/off status, and 

water UV transmittance (UVT) at 254 nm to ensure the system is working as designed (Wright et 

al., 2006).  The LP lamps are 85 W and emit UV light either at 254 nm, whereas MP lamps draw 

about 7,500 W of energy but can emit light in a broad spectrum of wavelengths around 254 nm.    
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Capital, operation costs are competitive to other disinfection techniques such as ozone (Wright et 

al., 2006).  Capital cost will consist of the UV reactor, power supply, inlet and outlet piping, 

instrumentation.  Commercial plants often require custom designed and engineered systems 

which can drive up the capital cost as compared to off the self-units for comparatively low flows 

(Wright et al., 2006).  The capital cost is based on application for UV system, which can range 

from treatment of domestic wastewater to treatment of washwater for process reuse.  Selma et al. 

(2008) was able to demonstrate the capacity of UV disinfection for washwater disinfection and 

reuse and concluded as an appropriate treatment for carrot washwater.  Operation and 

maintenance costs are very minimal, less than $ 100 per year (Parrotta and Bekdash, 1998).  The 

UV unit purchased by the industrial partner was in the range of $ 10,000 CDN.    

 

In order for the system to operate effectively proper maintenance is required.  An important part 

of maintenance is regular cleaning of the UV system.  Before cleaning can be done, the system is 

brought offline.  The cleaning of the UV systems can be achieved using strong chemicals such as 

acid, but the system needs to be shut down before cleaning can happen.  The frequency of this 

type of cleaning will depend on water quality parameters such as pH, temperature, iron 

concentration, hardness, and alkalinity (Wright et al., 2006).  Calcium, organic material, silt, and 

iron are commonly found to collect on the sleeve surfaces.  However, online cleaning can also be 

achieved using automatic wipers to remove scum off the lamp sleeve and sensor-port windows 

(Wright et al., 2006).  

 

Infrequent maintenance is usually required to replace the lamps as expected life for LP lamps 

and MP is 12,000 hours and 5,000 hours, respectively (Wright et al., 2006).  The systems are 
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designed to operate 24 hours a day as demonstrated in the water treatment industry.  Hardness 

and high levels of dissolved iron in wastewater often need adequate treatment can make the UV 

system easy to maintain (Parrotta and Bekdash, 1998).  Service times can range from 20 minutes 

to 2 hours (Parrotta and Bekdash, 1998).  

 

To assure the system is working effectively, treated water samples should be analyzed by either 

onsite lab equipment or external laboratory.  In order to provide safe and effective treatment the 

UV system should encompass the following key components (1) the main chamber should be 

built out of non-corroding and UV radiation resistance material, i.e., Stainless steel (2) UV lamp 

must be secured within a quartz sleeve (3) self-cleaning mechanisms or mechanical wipers (4) 

monitoring of UV intensity delivered and alarm system (5) emergency shut off switch for UV 

system and lamp over heat (Parrotta and Bekdash, 1998).   
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Chapter 3: Literature Review Implications 

Literature review has revealed many FCFV industries consist of intensive processes which led to 

the generation of washwater containing very high levels of organic particulate and dissolved 

matter (Lehto et al., 2009).  These organic constituents are highly soluble in water and generate 

washwater with very high BOD levels (Lehto et al., 2009; Kern et al., 2006; Hafez et al., 2007b).  

Investigation into water reuse applications concluded that the removal of solids is of key 

importance and requires further investigation.  

 

Conventional and existing technology has not been successfully applied to washwater treatment.  

Washwater treatment trains employing screen filtration, membrane filtration followed by 

disinfection via UV and ozone were not successful as in the case of the industrial partner, mainly 

due to inadequate removal of particulate matter.   

 

The key technologies which have not been studied in terms of FCFV industry include 

coagulation and flocculation with dissolved air floatation and centrifuge, which are analyzed in 

this study.  Simple methods such as settling with coagulation and flocculation are also 

highlighted.  Lab scale assessment of these technologies will aid in determining operating 

parameters for implementation of full scale washwater treatment systems.  The research in this 

study will also explore the use of UV disinfection to disinfect the reclaimed washwater.  This is 

due to the simple fact that the treatment is chemical free in addition to other benefits.  In 

addition, comparative analysis of these technologies can be more effective when done based on 

lab scale testing rather than literature data. 
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Besides assessment of technologies the main idea is to generalize the solution.  This will allow 

the implementation of optimal methods (settling, DAF, or centrifuge) to reduce solids and allow 

for water reuse at other FCFV locations.  Other FCFV processors who process different 

vegetables and fruits can benefit tremendously from the current study so that they can improve 

their water reuse, reducing the time to implementation.  
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Chapter 4: Regulations  

Regulations surrounding water reuse in the FCFV industry have not yet been established 

explicitly, that is, there is no one single formal document.  A recent publication by EPA titled 

2012 Guidelines to Water Reuse is a good resource to understand water reuse and management 

(USEPA, 2012).  It is quite extensive in detail and describes the various water reuse regulations, 

technologies, and case studies within U.S.A. and other parts of the world.  The report sheds light 

on industrial reuse applications involving vegetable processing wastewaters.  However, it fails to 

list water quality criteria requirements significant to FCFV industry.   

 

Successful implementation of industrial water reuse has been demonstrated by Frito-Lay 

(division of PEPSICO) in their potato chip plant in Casa Grande, Arizona.  The Process Water 

Recovery Treatment Plant was designed to meet EPA primary and secondary drinking water 

standards (USEPA, 2012).  The actual waters produced from the recovery treatment plant were 

of higher quality than the local water supply.  Similarly, Ontario drinking water standards will be 

used to assess the quality of treated water from the various treatment stages considered in this 

study.   

 

Literature shows research conducted on water reuse in FCFV industry often sets water quality 

criteria based on state or national drinking water standards.  Water quality standards consist of 

microbiological, chemical, radionuclide, and physical parameters.  Important water quality limits 

and criteria for Ontario drinking water standards may also apply, which can be adopted from 

Ontario Drinking Water Standards - Objectives and Guidelines Manual (MOE, 2003).    
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Organizations that have implemented water reuse often go above and beyond what is required by 

drinking water standards.  Incorporating advanced and tertiary treatments such as membrane 

biological reactors, reverse osmosis filtration, ozone and UV disinfection can eliminate dissolved 

constituents and pathogens to achieve water of highest quality.  Due to concern for human health 

from water borne pathogens making contact with FCFV and ultimately the consumer, extreme 

caution is required to practice water reuse in the fresh-cut industry.  
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Chapter 5: Case Study  

The research consists of working with two FCFV processing facilities.  One is located in rural 

Ontario and the second in an urban city within Greater Toronto Area of Ontario and is referred to 

as Industrial Partner 1 (IP1) and 2 (IP2), respectively.  The other main difference is that IP1 

produces washwater rich in organic matter and highly turbid in comparison to IP2.  Each facility 

faces their own challenges in meeting the required discharge limits for their washwater.  The 

rural processors compared to urban do not have access to municipal wastewater treatment plants, 

thus face stringent effluent discharge limits.   

 

In addition, there are many other similarities and differences between the rural (farm) and urban 

(city) context.  The industrial partners will aid in defining the problem and potential solutions for 

water reuse in rural and urban context.  Assessing the treatment facilities of these industrial 

partners can open up avenues for process improvements leading to more socially acceptable and 

easier water reuse. 

   

5.1 Industrial Partner 1  

IP1 is a fresh-cut carrots processor.  The facility operates for five months a year from July to 

November.  During its operation period the facility accepts carrots from many growers coming 

from different regions of Ontario.  Due to the variably of the product received from growers, the 

facility can encounter various type of soils in their washwater stream.  The soil attached to the 

raw product is a function of rain prior to harvesting.  If the product is harvested after a rainfall, 

the carrots will have high amount of dirt/soil attached to them.  
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The hours of operation can vary depending on the amount of raw carrots that need to be 

processed.  Unexpected maintenance and breakdowns can lead to increased hours of operation 

per week.   The facility‟s main source of fresh water is groundwater that is pumped out of a well 

onsite.  Various stages of the washing and packaging process require the use of either raw well 

water or ORP water.  ORP water is well water treated with chlorine and citric acid.  The ORP 

water is set to oxidize at 550 to 750 mV and the pH is set to 6.5.   

 

The waste stream from each process is combined into one and directed into the wastewater 

treatment (WWT) room as shown in Figure 5-1.  It also outlines the general process flow 

diagram for single vegetable processing facilities.  The amount of fresh water used for the 

washing process is about 110,000 litres of water per day.  Approximately 30% of the product is 

discarded due to processing.  There is some water reuse taking place in initial stages of the 

processing.  Part of the return flow from packaging processes is feed into the initial stage of 

washing.  

 

Operations consist of washing, cutting, coarse and fine sanding (peeling), disinfection and 

cooling the product for packaging.  Prior to washing, carrots go through a shaker where most of 

the dry soil attached to the product is removed.  No water is used for this process.  The first stage 

of the carrot washing process uses a drum style washer with spray nozzles to remove the attached 

dirt, rock and debris.  Before peeling takes place the carrots are cut or sliced.  The next two 

stages peel the carrots using abrasive sanders.  These processes make use of ORP water.  These 

two stages use the most amount of water as noted by the industrial partner.  Finally the product is 

sent for packaging.   
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Figure 5-1: Process Flow Diagram 
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The major issues outlined by the processor are disposal of washwater and the concern for 

availability of well water.  Disposal of washwater is to be managed under the guidelines dictated 

in the Nutrient Management Act, 2002 and O. Reg. 267/03.  The act provides, “management of 

materials containing nutrients in ways that will enhance protection of the natural environment, 

and provide a sustainable future for agricultural operations and rural development” (OMAF, 

2013a).  The act outlines the requirement and procedure necessary to apply waste from FCFV 

processors to agricultural land and is defined as Non-agricultural source material (NASM).  

Furthermore, the waste generated from FCFV is classified as „Category 1: Unprocessed plant 

material (e.g. vegetable culls)‟ (OMAF, 2013b).   

 

The main nutrients required to be managed are phosphorous and nitrogen and must be applied to 

land using appropriate nutrient application rate.  Sampling and analysis is not required if the 

application rate is less than 20 tonne per hectare per year (OMAF, 2013a).  However available 

farmland for managing FCFV waste is becoming limited as the waste generated increases due to 

increased demand for product.  This may require hauling the waste offsite for disposal or 

reducing phosphorous and nitrogen loads to allow for larger quantities of washwater to be land 

applied.   

 

The increased costs are burdensome for rural processors as it can potentially hinder their 

competitiveness to processors across the border.  Therefore in either case, implementation of 

washwater treatment system can allow for waste to be concentrated while effectively lowering 

phosphorous and nitrogen levels.   Not to mention the potential for water reuse.   
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In an attempt to reuse their washwater the industrial partner implemented a train of processes to 

treat the washwater.  The goal of the treatment was to produce clean water equivalent to portable 

water quality.  The treatment process consisted of solid-liquid separators, filtration, and 

disinfection units.   

 

The combined waste stream entering the WTR made use of a screw press solid/liquid separator, 

using a mesh size of 200 µm followed by a shaker solid/liquid separator consisting of 100 µm 

filtration mesh size.  These two processes were later replaced by a slow rotating mesh filter of   

200 µm.  The next step in the process used micro filtration and ultra-filtration units followed by a 

UV and ozone treatment to disinfect the water.  However, the industrial partner was not able to 

accomplish the task of reusing the washwater.  The main cause of this was the clogging of the 

micro filtration due to high solids content in the waste stream.  The high solids are due to the 

peeling of carrots.  This resulted in the immediate clogging of the micro filtration units, thus 

continuous water reuse was not accomplished and considerable amounts of money was spent on 

the project without any successful results.  Thus the need for research and hence this study was 

initiated.  

 

5.2 Industrial Partner 2 

IP2 is a large scale processor of many different fruits and vegetables, such as iceberg lettuce, 

broccoli, carrots, green peppers, celery, and apple.  The product comes from out of state, most of 

it from California, thus some partial washing has been done on the farm.  This eliminates the 

presence of excessive soil in IP2‟s washwater.  In addition, the facility works with processor to 
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reduce the risk of E. coli contamination by discarding or not picking vegetables within a certain 

distance of animal droppings (fecal matter).  

 

The facility operates all year around for 24 hours a day and 7 days a week.  However daily 

maintenance requires downtime between production crew shift change and annual maintenances 

do require plant shutdowns.  The facility‟s main source of fresh water is the water provided by 

the city.  The process water is disinfected using chlorine with citric acid before use and the pH is 

balanced at 7 with a temperature range of 0 to 7
o
C.  The concentration of chlorine used is 100 

mg/L.  The facility uses 94,000 to 120,000 litres of water per day.  The facility produces about 

1.4 to 1.8 million kilograms of solids waste per week, which translates into eight tractor trailer 

loads per week.   

 

Similar to the IP1, operations consist of washing, cutting, peeling, disinfection and cooling the 

product for packaging.  The many types of vegetable and fruits are processed on different 

production lines, consisting of different machinery.  This all takes place in the main production 

room of the building in addition to packaging of the product.  The room is also refrigerated to 

allow for cooler conditions to exist, providing for longer shelf life of the produce.  The 

washwater from the various machines is combined into one stream and directed to the 

wastewater treatment room.  Solids are separated from the washwater using a gravity mesh 

screen.  The reminder of the washwater is discharged to the city sewers.  The solids are trucked 

out as animal feed.  
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The major issues outlined by the processor were to further reduce BOD levels and handling of 

solid waste.  Possible risk of BOD surcharges can translate into significant amount of cost to the 

company, thus reduction in BOD levels can result in cost savings.  The handling of solids waste 

is a major concern, especially during winter, as the solid waste is susceptible to freezing while 

being transported. Freezing can cause water expansion which damages the truck in the form of 

cracks and leaks.  The processor has expressed interest in a composting facility to allow for 

onsite handling of solid waste.  The processor is also interested in assessing their washwater for 

reuse applications.  This will allow them reduce their dependence on city water and eliminate 

any effluent discharge fees that may occur.  
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Chapter 6: Methodology   

The layout of the methodology for the study is illustrated in Figure 6-1.  The methodology for 

this research is divided into three parts, with Figure 6-1 showing Tasks 1 through 8.  The first 

part, characterization of water quality (1), will study the different types of washwater 

encountered in FCFV industry.  Focus will be on identifying the important parameters that 

require measurement for treatment and water reuse.   

 

The second part, evaluation of solid removal technologies will analyze the effectiveness of 

settling, DAF and centrifuge washwater pre-treatment technologies (2 & 3). The washwater 

clarified using DAF and centrifuge is measured for turbidity and transmittance.  The analysis up 

to this point addresses solid removal using coagulation and flocculation process. 

 

Selected assessment of membrane filtration is conducted as they help to further reduce soluble 

matter and bacteria in reclaimed washwater (4 & 5).  The effluent from DAF and centrifuge is 

filtered through 2 µm sized and then with 0.2 µm sized filter papers, the clarified waters are then 

analyzed for turbidity and transmittance.   

 

The final part, evaluation of disinfection process (6 & 7), will make use of mathematical 

relationship to determine the range of UV dosage times required for collimated beam test 

apparatus.  Microbiological testing is conducted at stage (3), (5) and (7).  This chapter will 

establish how the experiments were designed, what data is to be collected, and how it will be 

presented.   
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Figure 6-1: Methodology Process Flow Diagram 
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6.1 Characterization of Water Quality 

The washwater and treated waters will be characterized for physical, chemical and biological 

parameters.  The testing procedures used were obtained from the Standard Methods for 

Examination of Water & Wastewater (Clesceri, 1998).  This is the standard reference for water 

quality tests for physical, chemical and biological characterization.  The following table 

describes the various stages of the process where the washwater was collected and corresponding 

acronym used.  Each industrial partner‟s facility was assessed at different levels of the 

production process in addition to final effluent.   

 

Table 6-1: Sampling Acronyms 

Industrial 

Partner 
Stage Description 

W.W. Sample 

ID 

IP1 

Primary Wash IP1Primary 

Peelers (coarse) IP1Peel 

Peelers (fine) IP1Polish 

Combined Streams 

after 200 µm rotating screen filter 
IP1F 

IP2 

Carrot Peeler IP2C  

Combined Streams (carrot and other vegetables) 

Washwater Effluent to City Sewers 
IP2F 

  

 

6.1.1 Physical Characteristics 

Physical characteristics are very important in assessing the quality of any water.  They are good 

indicators of cleanliness of water, as we expect the clean water to be clear, odourless and 

colourless.  Common analysis techniques measure parameters corresponding to turbidity, solids, 

color (observed) and temperature.  The chart below summarizes the tests, their units, and the test 

method used, all from Standard Methods.  
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Table 6-2: Physical parameters tested 

Test Abbreviation/[units] Test Machine/Method 

Hydrogen Ion 

Concentration 
pH 

Fisher Scientific 

accumet 

Temperature [
o
C] 

Thermometer, pH 

with temperature 

probe 

Turbidity [NTU] 

Turbidmeter 

Micro 1000  

Turbidity meter 

Transmittance  

at 254 nm 
[%] 

Spectrophotometer 

Genesys 10S UV-VIS 

 

Colour 
Yellow hues, light 

brown, grey, black 
Qualitative Test 

Solids   

Total  TS [mg/l] 

Evaporation/Mass 

Balance 

Suspended SS [mg/l] 

Dissolved DS [mg/l] 

Volatile VS [mg/l] 

Particle Size Analysis 
Particle Size 

Distribution Curves 

Particle Size Analyzer 

Mastersizer 2000 – 

Hydro 2000MU (A) 

 

 

The first noticeable feature of any water is its clarity or Turbidity (NTU), Nephelometric 

Turbidity Unit.  This is measured by determining light scattered through a sample using a 

standard light source with the visible light spectrum wavelength (Tchobanoglous and Schroeder, 

1987).   

 

A turbidity meter measures the light scattered from the suspended solids in the water instead of 

the percentage of light absorbed (Cosman, 2013).  The dirtier or darker the washwater the less 

light is transmitted through it and hence the higher the turbidity measurement.  On the contrary, 

clean water allows all or greater amount of light to pass through resulting in lower turbidity 

reading, e.g., tap water has a turbidity of 0.02 NTU.  The washwater was not diluted when the 
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turbidity was over 1000 NTU.  The main reason for doing this was due to the fact that turbidity 

at these high levels is considered to be more of a qualitative indicator than quantitative.    

 

A spectrophotometer is used to measure the transmittance at a wavelength of 254 nm which is 

also used for UV disinfection analysis.  This can be used to evaluate the required UV dosage 

with a collimated beam test or practical application.  Temperature is important as it affects 

number of water quality parameters and design of treatment process.  Known correlations to 

temperature increase are listed in the table below.  Although pH is a chemical characteristic, it is 

often reported along with temperature as they are correlated.  

 

Table 6-3: Factors affected by Temperature increase  

1 Increase in Chemical and Biological reaction rates  

2 Increase in Mineral solubility  

3 Decrease in gas solubility 

 

 

Most contaminants in waters are in the form of solids, unless in the form of dissolved gases.  

Solids are classified by their size and mass, chemical characteristics and size distribution. The 

macro and micro solids contained in washwater are classified in terms of settleable, suspended, 

colloidal or dissolved.   

 

Solids are categorized into two groups, suspended solids (including settleable solids) and 

dissolved solids (including colloidal solids).  The two are distinguished using a membrane filter 

with a nominal pore size of 2 µm.  Any material passing through the filter is considered 

dissolved and the retained material is labelled as suspended solids.  The test is somewhat 

arbitrary as it depends on the pore size of the filter used.  The nominal pore size can varying 
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from 0.45 µm to 2 µm have been used for this test, thus making it difficult to compare SS values 

reported in literature (Asano et al., 2007).  More suspended solids can be retained on a smaller 

pore size, thus it is important to note the pore size of filters used for SS.  See Figure A1 and A2 

of Appendix A for categorization of various particles and microorganism based on size. 

 

Total solids are the sum of dissolved and suspended solids.  Suspended solids and total solids 

were determined directly.  Using these two parameters, dissolved solids were determined 

indirectly by subtracting suspended solids from total solids.  The total solid and suspended solids 

content in washwater is regarded as the residue upon evaporation at 103 to 105°C (Clesceri, 

1998).   Solids are also characterized as non-volatile (fixed) or volatile.  Volatile solids are solids 

which volatilize at a temperature of 550 
o
C and are considered to be organic.  Thus the test can 

serve as an estimate of inorganic/organic fraction.   

 

6.1.1.1 Particle Size Analysis  

In addition to basic analysis of solids, particle size distribution analysis was also conducted. This 

was done by using an electronic particle size analyzer.  To understand the variation in solid size, 

non-destructive measurements of particle size and particle size distribution is a common practice 

(Asano et al., 2007).  However this method cannot be used to determine the source or type of 

particle, such as distinguishing between a cyst or similar size silt particle (Asano et al., 2007). 

 

The particles are counted by first diluting the washwater sample and then passing the diluted 

sample through a calibrated orifice or past laser beam.  This study makes use of the Malvern‟s 

Mastersizer 2000 – Hydro 2000MU (A) particle size analyzer which uses the principle of laser 
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light scattering.  This method uses the base model which assumes the particles are hard and 

spherical shape.  Particles pass by a laser beam, reducing the intensity of the laser due to light 

scattering.  This reduction in intensity is correlated to the diameter of the particle.  Particle 

counts are usually counted in size ranges, called channels or bins. 

 

The reporting of results will make use of the volume fraction corresponding to each particle size 

range.  The particle size distribution plot is represented by particle volume on the y-axis 

(arithmetic scale) and the diameter on x-axis (logarithmic scale).  In addition to size distribution 

other reporting parameters are also listed as follows: Volume weighted mean (D [4,3]), Surface 

weighted mean (D [3,2]), and Median values of d (v,0.1), d (v,0.5), and d (v,0.9). 

 

The mean is equivalent to that of average concept.  When using the laser diffraction technique 

the results are reported on a volume basis thus producing mean diameter on volume basis (D 

[4,3]).  The analyzer software can also convert the mean to surface area distribution and can be 

defined as surface weighted mean, (D [3,2]).  The span is the difference between the mean 

particle size at the 90th percentile minus the mean particle size at the 10th percentile divided by 

the mean particle size at the 50th percentile.  This value gives a relative span of the sizes of the 

particles in the sample.  Uniformity within the washwater is indicated by the uniformity 

coefficient.  Highly uniform particles will have a large proportion of similarly sized particles and 

the closer the value to one.  The specific surface area is defined as the total surface area of 

material per unit of mass measured in square meter per gram, [m
2
/g].  
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The volume median diameter, d (v,0.5) is the diameter where 50% of the distribution is above 

and 50% is below.  Similarly, d (v,0.9), represents 90% of the volume distribution is below this 

value and d (v,0.1), 10% of the volume distribution is below this value.  Simply put d (v,0.1) 

means 10% of the particles in the distribution are smaller than this diameter.  Both mean and 

median are reported however the latter is used more frequently.  

 

6.1.2 Chemical Characteristics 

The chemical characteristics of washwater can include pH, dissolved oxygen, oxygen demand, 

nutrients and toxic materials.  These are divided into two separate categories, organic and 

inorganic constituents, which are listed in Table 6-4 below.  Some of these parameters are more 

important than others and are discussed in more detail.  pH is an indication of the hydrogen ion 

concentration present in the washwater.  Hydrogen ion concentration affects chemical reactions, 

equilibrium relationships, and function of biological systems (Tchobanoglous and Schroeder, 

1987).  pH, carbon to nitrogen ratio and other parameters alike can affect chemical and 

biological treatment processes.  Since these tests were done using an external lab, it is important 

to know at what pH they were conducted.  

 

The amount of organic matter in the washwater can vary from one FCFV processors to another.  

Most organic compounds are made up of combinations of carbon, oxygen, hydrogen, 

phosphorus, nitrogen and sulphur.  Organic matter comes from both natural and anthropogenic 

sources.  Natural sources of organic matter that are present in washwater are in the form of 

carbohydrates.  Carbohydrates are the main matter of plant tissue.   
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Table 6-4: Analyzed Chemical Characteristics 

Type Test Abbreviation 

Inorganic 

Constituents 

Macro-element panel (Test method: TOXI-024): 

Calcium, Magnesium, Potassium, Phosphorus, 

Sodium, Sulphur, Iron  

Ca+2, Mg+2, K+, P, Na, 

S, Fe+2  

Heavy Metal panel (Test method: MID-160): 

Arsenic, Cadmium, Chromium, Cobalt, Copper, 

Lead, Molybdenum, Nickel, Selenium, Zinc, 

Mercury 

As+3, Cd+2, 

Cr+6,+3,Co+2, Cu+2, 

Pb+2, Mo+1, Ni+1, Se, 

Zn+2, Hg+2 

Dissolved Elements:  

Boron 

Calcium 

Copper 

Iron 

Potassium 

Magnesium 

Manganese 

Molybdenum 

Sodium 

Phosphorus 

Zinc 

B, Ca+2,Cu+2,Fe+2, K, 

Mg+2, Mn+2, Mo+1, Na, 

P, Zn+2  

Nitrites  NO-2 

Nitrates NO-3 

Total Kjeldahl nitrogen TKN 

Ammonium NH+4 

Sodium Adsorption Ratio  

Total Carbon  

Total Nitrogen  

Organic 

Constituents 
Five-day carbonaceous biochemical oxygen demand BOD 

 

 

The nutrient cycle is defined as the utilization of nutrients such as phosphorus (P), nitrogen (N) 

and potassium (K) by microorganisms and other chemical processes to convert elements in the 

natural environment.  Thus it is important to address possible side-effects of excessive nutrients 

levels in treated washwater.  Since these elements are food source to plants, excessive vegetative 

growth and extended season and longer time to maturity.  N and P can promote aquatic species to 
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grow excessively (eutrophication).  In addition N can leech into groundwater and cause 

groundwater pollution.  

 

Organic matter present in washwater requires oxygen for degradation.  This is measured by the 

conducting a five day BOD test.  The BOD test will be conducted on the final effluent washwater 

from IP1, IP2 and treated waters.  Removing solids with physio-chemical treatments also allows 

for some reduction in BOD levels.  BOD testing was done according to Method 5210 

Biochemical Oxygen Demand (BOD) from Standard Methods for Examination of Water & 

Wastewater (Clesceri, 1998).     

 

6.1.3 Microbiological Characteristics 

The biological characteristics of any water are directly linked to the concentration of living 

microorganisms with-in the water and its impact on water quality and ultimately human health.  

The major concern to human health is from disease outbreak and rapid transmission by 

pathogenic bacteria in water.  The potential for disease to spread is based on the concentration of 

microorganisms within the water.  This concentration is measured using one of the two 

enumeration techniques, bacterial count using a solid medium or using a liquid medium.  The 

tests were conducted on the raw waters, clarified waters from DAF and centrifuge, after 

employing membrane filtration and UV disinfection analysis.  Some microbiological testing was 

also conducted by external lab to assess e.coli and coliform levels.   

 

E.coli testing using membrane filtration was conducted.  The procedure is a single-step and uses 

the Modified mTEC Agar as developed by USEPA.  The Agar is a selective culture media used 
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to detect and enumerate thermo-tolerant Escherichia coli in waters.  The modified median 

contains 5-bromo-6-chloro-3-indolyl-β-Dglucuronide cromogen and converted to glucuronic 

acid by E. coli strains which then produce the enzyme β-D-glucuronidase to form red or magenta 

coloured colonies (USEPA, 2002).  The test can enable one to identify E. coli within 24 hours.  

 

The following steps outline a basic procedure derived from Method 9222 B - Standard Total 

Coliform Membrane Filter Procedure with the modified procedure for mTEC Agar.    

 

1. Collect and prepare water samples. 

2. Prepare the Modified mTEC Agar as needed based on number of samples to be tested.  

3. Filter desired amount of water volume through 0.45 µm sized membrane filter with grid 

lines for enumeration of bacteria colonies. 

4. Aseptically remove membrane filter from the filtration unit and roll it into inoculate plate 

containing Modified mTEC Agar to avoid the formation of any bubbles between the filter 

paper the agar surface. 

5. Invert plate and incubate for 2 hours at 35 ± 0.5°C to revive the injured cells. 

6. After 2-hours of incubation at 35 ± 0.5°C, transfer the plates to a plastic bag, seal the bag, 

and place it onto a rack in a 44.5 ± 0.2°C water bath for approximately 24 hours. 

7. After 24 hour incubation, remove plates from water bath, count and record the number of 

red or magenta colonies using a magnification glass or microscope.  

8. Calculate and report the number of e.coli colonies per 100 mL of sample. 
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6.2 Bench Scale Testing 

Bench scale tests are conducted to approximate treatment efficiencies and to determine working 

parameters.  Bench scale tests were done to simulate settling, DAF and centrifuge treatment 

processes.  In addition to determining how well the physical processes work, evaluation of 

chemical use (inorganic and polymers coagulants) was also conducted.  This was done in 

combination with the treatment processes to achieve physio-chemical synergy.   

 

The main water quality indicator used to compare the treatment methods is turbidity.  Turbidity 

has been accepted as a good indicator to measure water quality.  The input to the experiments 

which is the washwater must be as consistent as possible when conducting the experiments.  This 

will lead to improved accuracy and precision in results.   

 

6.2.1 Coagulation and Flocculation Process  

The two main coagulants tested with settling were Aluminum Sulphate (Al2(SO4)3⋅14H2O) or 

more commonly known as Alum and Ferric Chloride (FeCl3⋅6H2O) or FeCl for short.  These are 

the two most commonly used coagulants in the water and wastewater industry.  Due to their 

heavy use they are inexpensive and can be effective if properly optimized for a washwater 

treatment process.  The stock solutions prepared had a concentration of 100,000 mg/L for both 

Alum and Ferric Chloride.  See Appendix 10.2 for further information.  

 

Food grade polymers were used with DAF and centrifuge, acquired from Nalco Canada.  The 

polymers consisted of two coagulants and one flocculant aid, which are said to be certified by 

Canadian Food Inspection Agency (CFIA) to be used for food grade products.  This claim has 
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not yet been confirmed with CFIA.  Coagulant # 1 and # 2 are both cationic, concentrated at 50% 

and 30%, respectively.  The flocculant is concentrated at 42% active polymer that is cationic and 

has a very high molecular weight.  These samples were further diluted to make lower 

concentrations that were easy to work with. Coagulant # 1, # 2 and flocculant were diluted to 

make 0.5% (5000 mg/L), 0.3% (3000 mg/L), and 0.42% (4200 mg/L), respectively, see 

Appendix 10.2.  

 

In addition, coagulant # 3 (cationic) was also tested for some parts of the experiment. 

Poly(diallyldimethylammonium chloride) solution obtained from Sigma-Aldrich had a linear 

formula of (C8H16ClN)n with an average molecular weight of 400,000 to 500,000 (high molecular 

weight) with a concentration of 20%.  This was diluted to make 0.2% (2,000 ppm), see Appendix 

10.2.  

   

6.2.2 Settling 

Sedimentation basins are one of the simplest and effective treatment methods for removing 

suspended solids.  It is assessed using a Jar Test or a similar lab setup.  Various dosages of 

coagulants are tested which mimics the conditions found for the sedimentation process at a 

treatment plant.   

 

The first step of the Jar test involves adding coagulant to washwater and mixing it rapidly to 

completely dissolve the coagulant in the washwater.  Then the washwater is mixed for longer 

period of time but at a slower speed to mimic the flocculation basin conditions and thus allowing 

for the formation of floc particles to group together.  Finally, the mixer is stopped and matter is 
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allowed to settle out, as it would in the sedimentation basin.  The turbidity of the clarified water 

is compared with raw washwater to determine the efficiencies of various coagulants.  

 

The procedure used for the Jar Test include fast stir time of one minute at 100 rpm, slow stir for 

15 minutes at 30 rpm and settling for 20 minutes.  The test was performed using a Jar Test 

Apparatus, consisting of Phipps & Bird Stirrer, Model 7790-400.  The washwater used for Jar 

Test was obtained from IP1.  The washwater had been taken after the shaker solid/liquid 

separator with 100 µm filtration screen.  Tests were conducted on washwater that was at 10
o
C at 

a stabilized pH of approximately 4 and adjusted pH of 7.  Thus pH was adjusted for some tests 

while others were tested without pH adjustment. 

 

6.2.3 Centrifuge 

Literature review and communication with centrifuge suppliers led to the following methodology 

to assess the performance of centrifuge.  This was done using a small scale lab centrifuges, the 

Brand Beckman GS-6R Centrifuge (Gh-3.7 Horizontal Rotor), see Figure 6-2.  The machine is 

able to produce speeds up to 3500 rpm or 1801 x g.  These results can be good approximation of 

low speed solid/liquid separation centrifuge for washwater applications.    Washwater was run 

through the centrifuge for a certain amount of time at a speed of 3500 rpm.  Centrifuge test will 

separate the solids from liquid.  The liquid portion will be extracted and analyzed.  The 

centrifuge bottles and vials used consisted of 250 ml bottles with screw tops and 15 mL, 

respectively.  
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Figure 6-2: Lab Centrifuge 

 

Centrifuge Procedure 

1. Acquire needed supplies and equipment for the test.  

2. Check and prepare centrifuge for testing by turning the machine on and set temperature to 

10
o
C and speed to 3500 rpm.  

3. Measure 300 mL of washwater and add to 1 L beaker.  Measure temperature, pH and 

Turbidity.  Place beaker on a magnetic stir, set speed to approximately 700 rpm, and start 

stirring.  Make desired pH changes by adding the necessary amount of acid or base, if 

needed.  Add desired volume of coagulant and flocculant chemicals.  Each solution is 

mixed for 1 minute before the next solution is added, ex. If base, coagulant #1 and floc. is 

added, it would require 3 minutes for mixing and additional 2 to 3 minutes to collect raw 

solution in pipette and pour into washwater, with a total of 6 minutes.   

4. Record pH and temperature as the chemicals are being added in addition to the volume of 

chemicals added.  Note down the concentrations used in testing. 

5. Add desired washwater to bottles.  Make sure to add equal mass or volume to each bottle 

to avoid shaking of centrifuge. 

6. Centrifuge the bottles for desired amount of time. 
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7. Once the cycle is complete, remove bottles carefully to avoid any disturbance of the 

solids.  

8. Extract the supernatant using a pipette.  Measure and record the temperature, pH and 

turbidity. 

9. Retain sample for further processing to PSA, SS, Transmittance, etc.   

 

6.2.4 Dissolved Air Flotation  

DAF apparatus was constructed to evaluate the feasibility of DAF unit for the treatment of 

vegetable washwater.  The experiments will be carried out using a lab scale DAF apparatus 

constructed in a similar fashion to the setup in Figure 6-3.  This type of set up is similar to those 

employed in many experiments for DAF (Sincero and Sincero, 2002; Edzwald and Wingler, 

1990).  The apparatus will consist of three main components, compressor, pressure tank, and 

flotation cylinder.  See Appendix 10.4 for illustration of the DAF experiment.  

 

 

Figure 6-3: Dissolved Air Flotation Apparatus  
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The compressor serves the purpose of providing the pressure vessel with air required to 

pressurize the contents of the pressure vessel.  The flotation cylinder was used to release the 

contents of the pressure vessel after adjusted washwater had been added.  Figure 6-4 below 

shows the input and output functions of each component and their operating parameters. 

 

 

 

 

 

 

 

 

 

                                   

                         

 

 

      

 

 

 

 

 

 Figure 6-4: DAF Apparatus Setup Parameters 
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The compressor was operated on a 120 V power outlet and was capable of producing a 

maximum pressure of 100 psi, other specifications are listed in Appendix E.  The experiment 

was designed to operate at 70 psi, thus the maximum pressures of the compressor will not be 

reached.  The selected pressure of 70 psi was based on literature findings (Gregory & Edzwald, 

2011).  The pressure vessel has a volume of 900 mL and was constructed out of strong PVC pipe 

with ends caped off with PVC pieces, fastened with three long carriage steel bolts and wing nuts, 

see Appendix E.   

 

To ensure no pressure leaks take place, the bottom end piece was glued to the PVC pipe.  The 

top will not be glued as it will be accessed to pour water into the pressure vessel and will be 

secured using the long carriage bolts.  A pressure gauge was attached to indicate pressure and it 

will have two ball valves, one for air in and the other for air and water out.  A quarter inch PVC 

tubing connects the pressure vessel to the graduated cylinder.  The volume of this tube is 35 mL 

and was accounted for as an additional volume to washwater already present in the graduated 

cylinder.  A volume marker was added on the inside of the pressure vessel to indicate volume 

level. 

 

A graduated cylinder will be used as a flotation tank.  The graduated cylinder was altered to 

contain an entrance at the side near the bottom of the cylinder.  A clear plastic hose will transport 

the pressurized washwater from pressure vessel to the bottom of the flotation tank.  The flotation 

tank will contain raw adjusted washwater.  Once pressurized water air mixture makes contact 

with the adjusted washwater in the flotation tank, bubbles will form and float the suspended and 

dissolved matter to the top of the flotation cylinder.  The middle of the flotation tank will contain 



 

63 

 

the treated washwater which will be extracted using a pipette and then measured for turbidity.  

The step by step procedure is listed below. 

 

DAF Procedure  

1. Acquire needed supplies and equipment for the test.  Setup procedure such that the times 

for pressure vessel and chemical mixing and preparation align.  Mixing may take up to 6 

minutes and pressure vessel is pressurized for 10 minutes.  

2. Measure approximately 600 mL of cold tap water and pour in to the pressure vessel. 

Open bottom valve to allow water to pass through the tube to remove air bubbles.  

Dispose excess water until water reaches the 540 ml volume marker, indicated by a red 

line on the inside of the pressure vessel and then close the valve.  

3. Close the pressure vessel by attaching the top and securing it the wing nuts.  

4. Attach compressor hose and pressurize the vessel to 70 psi and let it sit for 10 minutes. 

5. Measure 400 mL of washwater and add to 1 L beaker. Measure temperature, pH and 

Turbidity.  Place beaker on a magnetic stirrer, set speed to approximately 700 rpm, and 

start stirring.  Make desired pH changes by adding the necessary amount of acid or base.  

Add desired volume of coagulant and flocculant chemicals.  Each solution is mixed for 1 

minute before the next solution is added, for ex. if base, coagulant #1 and floc are added, 

it would require 3 minutes for mixing and additional 2 to 3 minutes to collect raw 

solution in pipette and pour into washwater, with a total of 6 minutes.   

6. Record pH and temperature as the chemicals are being added in addition to the volume of 

chemicals added.  Note the concentrations used. 



 

64 

 

7. Add washwater to graduate cylinder, record volume level. Ex. 400ml, therefore add 200 

ml (50% recycle) to get to 600 ml. 

8. Add desired volume of pressurized water from pressure vessel by opening the bottom 

valve in a controlled manner, 1 mL/second.  Close valve when desired level of volume 

reached, ex. 645 ml.   

9. Let the floatation process commence for 10 minutes and during this time record any 

observations on floatation behaviour such as rise rate. 

10. After 10 minutes has passed, record the final volume, mL of float produced at the top of 

the cylinder, level of settled solids. 

11. Carefully collect the desired volume of clarified water by using pipette, while making 

sure not to entrain any floated particles. Also record temperature, pH and Turbidity. 

12. Retain sample for further processing to PSA, SS, Transmittance, etc.   

 

6.2.5 Membrane Feasibility  

Pre-treatment process is effective at removing solids, but membrane filtration is still required to 

further improve the quality of water and by removing remaining dissolved solids and bacteria.  

The clarified washwater from DAF and centrifuge stages will be filtered using various size filters 

to simulate Microfiltration (MF) and Ultrafiltration (UF) membrane filtration units.   

 

The typical pore size for MF and UF are >50 nm and 2 to 50 nm, respectively.  Similarly, typical 

operating range for MF and UF is 0.008 to 2.0 µm and 0.005 to 0.2 µm, respectively. The water 

from this process will be used for the assessment of UV disinfection treatment. Only optimized 

treated water from DAF and centrifuge were processed for membrane feasibility. 
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Membrane Procedure 

1. Prepare 150 mL samples from DAF and centrifuge and measure turbidity and 

transmittance. 

2. Setup filtration station in accordance to standard filtration guidelines for suspended 

solids. 

3. Take clarified water and filter through Whatman 934-AH Glass Microfiber Filters 

(nominal size of 2.0 µm) and measure turbidity and transmittance. 

4. Take the filter water from Step 3 and filter through MicroSep Cellulosic Filters (nominal 

size of 0.2 µm and measure turbidity and transmittance. 

5. Process water for further testing such as UV disinfection.  

 

6.2.6 UV Disinfection 

UV disinfection is a widely accepted method for inactivating waterborne pathogens in both 

wastewater and water treatment industry.  Dose-response data collected using a laboratory 

collimated beam apparatus is commonly used to determine the UV dose required for a full-scale 

UV systems.  This is measured by UV intensity (mW/cm
2
) and exposure time (s).  However, due 

to the lack of established standard technique much of the previous research has deficiencies in 

comparability, mainly being the UV dose, an important parameter (Bolton and Linden, 2003).  

Thus, one must ensure the experiment is carried out in a standardized manner.  The important 

parameters to be considered and required for a bench scale collimated beam apparatus are 

outlined. 
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There are numerous factors that can affect the outcome of the collimated beam test. These 

consist of laboratory settings, UV lamp type and output, column dimensions, shutter type and 

operation, intensity measurement, petri dish specifications, mixing condition, sample volume and 

depth of the liquid, microbial organism preparation and testing, and water quality (Kuo et al., 

2003).  Uncertainties are accounted for by fixing parameters, such as path length for the petri 

dish and with correction factor, such as reflection factor.  The collimated beam apparatus was 

designed by Trojan Technologies.  A typical setup of a collimated beam apparatus is illustrated 

in Figure 6-5, below.  

 

 

Figure 6-5: Standard collimated beam apparatus (Adopted from Kuo et al., 2003) 

 

UV irradiation of samples was conducted using the above apparatus with the methods described 

by Bolton and Linden, (2003).  The apparatus was provided by Trojan Technologies of London, 

Ontario.  The apparatus consisted of a low pressure UV lamp with a peak radiation at 254 nm.  
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The samples were placed in a 10 mL beaker leading to a height of 1.6 cm with a magnetic stirrer 

for mixing while under irradiation.  The UV intensity was measured using a radiometer, 

indicative of incident intensity (Io) or irradiance at the surface.  The radiometer is placed at the 

same distance as the small beaker from the UV lamp to measure UV intensity.   Correction 

factors are needed in order to correct for and obtain the necessary UV irradiance, E‟avg, 

(mW/cm
2
) through the water sample.  

 

The four correction factors used to correct for low pressure UV lamps are reflection, petri, water 

and the divergence factor.  The reflection factor accounts for the refraction index when light 

travels from air to water.  The reflection factor is (1-R) = 0.975 and has been widely accepted as 

the standard (Bolton and Linden, 2003).  It indicates the fraction of light that enters the water.  

The irradiance is non-uniform over the surface area of the liquid contained in the beaker 

(sometimes petri dish) and the petri factor is used to correct for this.  A petri factor of 0.9 (90%) 

or greater is to be expected from a properly designed setup.   

 

The water factor accounts for the loss of irradiance as it travel through the water and is defined 

below in Equation (1).  This equation is derived using principles of Beer-Lamber Law (Bolton, 

2000).  The divergence factor accounts for height of the UV light source above the sample and is 

defined in Equation (4). 

              
       

          
                                      (1) 

     (
 

 
   ⁄

)                                          (2) 

Where: α = absorbance for a 1 cm path length, a.u./cm (base 10) 

    = vertical path length of the water in the beaker (petri dish), cm 

T = transmittance, % 
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                                      (3) 

Where: L = distance from the lamp centerline to liquid surface, cm  

    = vertical path length of the water in the beaker (petri dish), cm 

 

Once these four factors are corrected for one can determine E‟avg given by the equation below. 

 

                                                                                   (4) 

Where: E0 = radiometer meter reading at the center of the surface sample, mW/cm
2
 

 

Finally, the UV dose (mJ/cm
2
) can be calculated by multiplying E‟avg (mW/cm

2
) with exposure 

time (s).  The discussed parameters are mainly related to the function and procedure of the 

collimated beam test apparatus.  Another main part of the test is the selection of target 

organisms.  E. coli was selected as the target organism and application of dosages ranging from 

10 to 20 mJ/cm
2
 results in elimination of pathogens (Chevrefils and Caron, 2006).  The 

disinfection UV doses required for E.coli have been listed in literature and can help determine 

the log inactivation achieved at various UV doses. The primary parameters needed to be 

addressed through collimated beam test apparatus are time and irradiation required to reduce or 

eliminate E.coli in reclaimed washwater.  

 

6.2.7 Other Factors 

Cost is considered in terms of initial investment cost, operating costs, and other costs associated 

with the water treatment and reuse.  Initial costs can include capital cost to set up the treatment 

system, a substantial part of total cost of implementation.  Operating costs will include costs 

mainly associated with chemical dosing.  Management of waste disposal can sometimes be of a 

significant cost to the processors of FCFV.  This can come in the form of effluent discharge rates 
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which are incurred when releasing industrial washwater into the city sewer system or into the 

environment. 

   

6.3 Sample Collection 

Samples were collected in five gallons plastic containers with screw top.  The containers were 

washed with soap, rinsed multiple times with deionized water and dried overnight before 

sampling day.  Samples were stored and refrigerated at 4
o
C.  Testing was conducted based on the 

guidelines set in Standard Methods for Examination of Water & Wastewater (Clesceri, 1998).  

Some tests required the samples to be processed within 24 hours after collection, e.g., BOD, 

Solids and Chemical Analysis as described in Section 4.1.2.  Testing for centrifuge and DAF was 

done multiple times with stored water to determine optimized dosages, which were confirmed on 

fresh washwater over the course of sampling from IP1 and IP2.  Similar procedures were applied 

to UV disinfection and Microbiological Analysis. 

 

To account for data accuracy and precision multiple samples were taken during the study period 

with same time being 10 AM.  Sample time was set to reduce variability in water quality 

parameters such as solids.  In addition, samples were collected under normal operating condition 

after checking with the operator.  Sampled water for water quality analysis and treatment 

feasibility experiments consisted of using multiple replicates.  Characterization data such as 

solids levels was sampled three times during the study period with two or more replicates used 

for each sample tested, see Appendix B.1.  Pre-treatment evaluation was conducted using an 

optimization curve approach.  The optimization curve is created by varying chemical dosage (x-

axis) and finding the resulting turbidity (y-axis).  The graph helps to identify optimum chemical 
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dosage by converging to lowest turbidity measurement.  The trend is easily identified in an 

optimization curve, thus misrepresentation of results is minimized.   

 

The focus of the study was on pre-treatment therefore more samples were collected to optimize 

the chemical dosages.  Emphasis was put on using fresh sampled washwaters for confirming the 

optimized dosages.  Filtration feasibility and UV disinfection was determined using lower 

number of samples due to sampling period constraints.  It is certain that the tests done in this 

study show reliable turbidity measurements for pre-treatment evaluation.  Detailed information is 

available for the data collected in Appendix B.  

 

Filtration feasibility was also measured with UV absorbance in addition to turbidity in order to 

measure solids reduction and to model for UV exposure times.  UV disinfection dosages were 

measured for e.coli in duplicates, using two different dilution factors.  The UV disinfection 

dosages determined may need further investigation at pilot scale level treatment testing.  The 

washwater generated has great variability in solids including soil types attached to the product.  

This variability can only be addressed on a pilot scale treatment and helps to ensure the identified 

UV disinfection dosages are sufficient for industrial partners.  The data was utilized effectively 

considering the breadth of the study and limited access to facility due to seasonal operations.   

 

Due to the nature of the project, changes in washwater chemistry over the course of sampling 

were expected.  Both industrial partners faced varying degrees of change in their washwaters. 

IP1 processed one vegetable thus their changes in washwater primarily due to soil contained on 

the root vegetable.  Harvesting after rain periods leads to more soil being attached to the root 
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vegetable in comparison to harvesting from dry soil.  Sampling conducted for IP1 contained 

periods where the washwater samples contained heavy levels of soil, particularly in summer of 

2013, due to heavy rain falls.  IP2 on the other hand only has very minor changes.  The following 

table and figure indicate information on washwater sample collection and testing.   

 

Table 6-5: Sampling and Analysis 

Sample Site Collection Date Test Date Test Conducted 

IP1 

26-Oct-11 26-Oct-11 
SS, TS, DS 

 01-Nov-11 

 9-Dec-11 Jar Test 

 13-Dec-11 Titration Curve (Base) 

 14-Dec-11 Jar Test 

 22-Dec-11 SS, TS, DS, VS, FS 

 4-Jan-12 

Jar Test  7-Jan-12 

 10-Jan-12 

30-Jul-12 30-Jul-12 DAF, Centrifuge 

 31-Jul-12 DAF 

 9-Aug-12 DAF 

 13-Aug-12  DAF  

 20-Aug-12 Centrifuge 

25-Oct-12 25-Oct-12 DAF 

12-Nov-12 12-Nov-12 DAF 

22-Nov-12 16-Jan-13 Centrifuge 

 17-Jan-13 SS, TS, DS, VS, FS 

 19-Mar-13 DAF 

 20-Mar-13 Particle Size Analysis 

 7-Apr-13 Particle Size Analysis 

 27-Jun-13 
DAF, Centrifuge, Membrane Filtration, 

Transmittance  

 29-Jun-13 Particle Size Analysis 

16-Jul-13 16-Jul-13 
DAF, Centrifuge, Membrane Filtration, 

Transmittance, BOD 

1-Aug-13 1-Aug-13 
DAF, Centrifuge, Membrane Filtration, 

Transmittance, BOD 

 11-Aug-13 UV Disinfection and Microbial Testing 

 19-Aug-13 
DAF, Centrifuge, Membrane Filtration, 

Transmittance 

 21-Aug-13 UV Disinfection and Microbial Testing 

 27-Aug-13 UV Disinfection and Microbial Testing 
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IP2 

 

12-Jun-12 14-Jun-12 Centrifuge 

 25-Jun-12 SS, TS, DS 

 26-Jun-12 Centrifuge 

 24-Jul-12 DAF 

 27-Jul-12 DAF 

 28-Jul-12 DAF 

 31-Jul-12 DAF 

 1-Aug-12 DAF 

 20-Mar-13 Transmittance 

10-Apr-13 10-Apr-13 DAF, Centrifuge 

 15-Apr-13 BOD 

 7-May-13 SS, TS, DS, VS, FS 

3-Jul-13 3-Jul-13 
DAF, Centrifuge, Membrane Filtration, 

Transmittance, BOD, Particle Size Analysis 

 3-Jul-13 Clarified water SS 
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Chapter 7: Results and Discussion  

7.1 Characterization of Washwater and treated waters  

7.1.1 pH and Temperature 

The washwater collected from IP1 and IP2 was characterized for physical, chemical and 

biological parameters.  The washwater collected from IP1 was generated from the processing of 

carrots whereas IP2‟s is composed from different vegetables and fruits such as iceberg lettuce, 

broccoli, carrots, green peppers, celery and apple. The washwater was collected at different 

stages at each facility.   

  

Onsite parameters such as pH and temperature were measured at the various sampling points as 

listed in Figure 7-1.  Appendix B contains the details on pH, temperature, standard deviation, 

maximum and minimum and the number of samples.   

 

Review of the various temperatures shows that the washwater at IP1 is 10
o
C and 5

o
C at IP2.  The 

difference is the direct result of building refrigeration.  The building used to process the FCFV at 

IP1 is not refrigerated whereas IP2 uses central refrigeration for its production room to allow for 

colder environment and better storage conditions of the produce.  This temperature variation 

needs to be considered when designing the wastewater treatment system for rural versus urban 

processors.  

 

The final effluent from the carrot processor, IP1F has a pH of 7.13.  The final effluent from the 

mixed vegetable processor, IP2V has a pH of 7.34.  It should be noted that the IP2F washwater 

has a higher deviation of ± 0.35 vs. ± 0.21 for IP1F.  This is to be expected as the IP2‟s day to 
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day process is variable in terms of which vegetables and fruits are being processed.  IP1 has a 

lower pH deviation as expected due to the processing of only one type of vegetable, carrots.   

 

 

Figure 7-1: pH at sample site, IP1 at 10
o
C and IP2 at 5

o
C 

   

IP1 processes can be simplified into two sections, washing to remove soil/dirt and processing of 

carrots.  See Figure 5-1 and  

Table 6-1 for more details of the sampling points.  The water which removes soil/dirt is indicated 

by IP1Primary and has a pH of 7.3.  The peeling of carrots consists of coarse (IP1Peel) and fine 

(IP1Polish) peelers with a pH of 6.7 and 6.9, respectively.  The carrots processed at IP2 have a 

similar pH of 6.7.  It can be seen that peeling stages of carrot processing are mostly free of 

soils/dirt having a pH of 6.7, with pH rising to 7.3.  The introductions of soil/dirt from the initial 
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wash stage at IP1 leads to an increase in pH of the final effluent (IP1F).  The soil can raise pH as 

it can contain varying amounts of calcium carbonate which affects the alkalinity that is closely 

related to pH.  The soil levels on the carrot can vary, for example, harvesting after a rainfall 

event results in more soil being attached to the carrot.  This can affect the pH of IP1Primary and 

subsequently results in the corresponding change in the pH of the final effluent at IP1.   

 

 

Figure 7-2: pH degradation during sample storage at 4
o
C 

 

The pH values reported in Figure 7-1 and Appendix B.1 are representative of washwater that has 

not been given enough time to react and stabilize. That is, the samples were analyzed 

immediately.  While the sample is in refrigeration and storage the organic matter in washwater is 

still degrading, thus modifies the water chemistry and resulting in different final pH of the 

washwaters.  Figure 7-2 shows pH degradation of washwater over time under refrigeration at 
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4
o
C.  The final pH of the effluent at IP1 and IP2 are 3.87 and 3.82, respectively.  Monitoring the 

pH over time showed that it takes 9 days for the pH to stabilize, after which point it remains 

constant at these levels.  This was significantly different when looking at the pH degradation at 

room temperature of 22
o
C.  At room temperature the washwater pH for both industrial partners 

was stabilized within approximately 24 hours. It is expected that the time for pH stabilization can 

further reduced during warmer temperature, especially for IP1.      

 

7.1.2 Neutralization 

Figure 7-3 shows the results of titration curves for IP1F to assess the amount of base needed for 

neutralization of washwater.  Samples at two different volumes were assessed, 200 mL and 1 L.  

The study was interested in knowing the volume of NaOH (1 M) required to neutralize 

washwater to 7 pH.  The data points were plotted and the volume required to reach pH of 7 

noted.  For 200 mL of IP1F washwater (3.81 pH at 13.7
o
C) required 6 mL of NaOH to bring the 

pH to 7, while for 1 L of IP1F washwater (3.78 pH at 11.7
o
C) required 31 mL of NaOH to bring 

the pH to 7.16.   

 

The amount of base needed in both tests compared favourably, with 3% (V/V) NaOH base 

needed to neutralize IP1F washwater to 7 pH.  The two separate volumes were assessed to study 

the scale up volume proportion required, and check whether the same percentage of base was 

needed for all volumes, which was confirmed.  Similarly, IP2F required a 0.5 to 0.75 % NaOH to 

neutralize pH to 7.  The use of sodium bicarbonate (NaCHO3) base was also tested for IP1F, 

where a 5% by volume would neutralize the washwater (7 pH).  NaCHO3 may be a better fit to 

be used when washwater is disposed to natural systems such as streams and rivers.  This is 
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because NaHCO3offers better buffering capacity, meaning it is highly resist to changes in pH.  

This will allow to ensure species and other invertebrates are not affected by shifting pH.  The 

data points for the two curves were applied with a second order polynomial to determine any 

relationships which exist and their fit.  The two second order polynomial equations are included 

in Figure 7-3.   

 

 

Figure 7-3: Titration Curves for IP1F at 200 mL and 1 L 

 

The data points show a good fit as indicated by R
2
 of 97% or greater for both curves.  The 200 

mL curve produced relationship defined by quadratic equation as, y = 0.1265x
2
 - 0.1987x + 

3.9459 and 1000 mL as y = 0.0043x
2
 - 0.0193x + 3.7801, where y represents mL of NaOH (1 

[M]) needed to get to pH as represented by variable x.  A linear relationship was applied to the 
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titration curve as the rate of change of pH is much more rapid closer to the neutralization point 

(equivalence point).  These correlations can be used to determine the volume of NaOH (1 M) 

required to achieve various pH levels.  This is a good approximation to the volumes and 

concentrations needed for full scale implementation at IP1.   

 

7.1.3 Particulate Matter (Solids) 

 

Figure 7-4 shows Total Solids (TS), Suspended Solids (SS) and Dissolved Solids (DS) for the 

different washwaters.  It is evident that peeling via coarse and fine grading produces the most 

amounts of TS, SS, and DS in comparison to IP1Primary, IP1F and IP2F.  It should be noted that 

the percentage of SS and DS in peeling streams (IP1Peel, IP1Polish, IP2C) is distributed evenly, 

approximately 50 % SS and 50% DS.   
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Figure 7-4: Solid levels for different sample points at IP1 and IP2 

The IP1Primary stream consists of soil/dirt removal and contains more SS versus DS. The final 

effluents of the two facilities show that DS are greater than SS, with average values of 67 and 33 

%, respectively.  It was very surprising to see that both IP1F and IP2F had the same percentages 

of DS and SS.  This may be explained by the fact both industrial partner employ primary 

treatment via using mesh screen, which can help to reduce suspended solids. 

  

The DS are much harder to remove as they are embedded within the water matrix and can only 

be removed by using chemical aid with physical treatment.  Thus physical treatment alone is not 

sufficient to remove DS and can contribute to the clogging of membrane filtration and inhibit 

disinfection processes in a water treatment system.   

 

 

Figure 7-5: Organic vs. Inorganic fraction 
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Figure 7-5 shows volatile (VS) and fixed solids (FS) for different washwaters.  The results show 

that the peeling processes (IP1Peel and IP1Polish) produce a very high percentage of volatile 

solids, approximately 85%.  This is to be expected as these sample points generate a large 

portion of volatile organics.  The remaining fraction consists of fixed solids such as 

sand/silt/clay.  More fixed solids are detected in the IP1Peel in comparison to IP1Polish, which 

coincides with the facility operations as the peeling process would have removed most of the 

sand/silt/clay, leaving very little to remove at the IP1Polish stage.   

 

The final streams from the industrial partners (IP1F and IP2F) show similar levels of FS and VS, 

36 and 64 % (IP1F) and 38 and 62 % (IP2F), respectively.  This is to be expected based on SS 

and DS results presented in the previous pages.  When comparing IP1F and IP2F, the FS in TS 

were approximately the same at 38% but FS in SS decrease dramatically for IP2F, while IP1F 

remains at similar levels.  This again shows that IP1F TS contain a significant amount of 

soils/dirt/clay that was distributed evenly between SS and DS fractions.  

 

The testing of SS was also conducted on clarified washwaters from the DAF and centrifuge on 

two separate instances.  Both, DAF and centrifuge treatments were capable of reducing the SS 

levels, with average values of 222 ± 21 mg/L (91 % reduction in SS from original levels) and 

184 ± 76 mg/L (92 % reduction), respectively.  The difference in SS reduction between the two 

technologies is not significant.  This conclusion was also derived when comparing turbidity 

measurement between DAF and centrifuge, discussed later.  
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Table 7-1 shows Turbidity, UV Transmittance measured at 254 nm wavelength, and observed 

colour. The UV Transmittance was not collected for all samples as this was not needed, as these 

samples will not be used for UV disinfection analysis.  This can be used to make qualitative and 

some quantitative assessment of sample points at IP1 and IP2.  The washwater from IP1 is 

opaque and no light can pass through as indicate by very high turbidity reading and virtually no 

transmittance reading.  IP2 washwater is semi-transparent and can have transmittance as high as 

13 %.  

 

Table 7-1: Turbidity, UV Transmittance, and Colour 

WW Sample 

ID 

Turbidity 

(NTU) 

UV 

Transmittance 

(%) 

Colour 

IP1Peel >1000 - Bright orange 

IP1Polish >1000 - Bright orange 

IP1F 800 - 1000 <0.01 Orange brown 

IP2F 104 - 220 13 - 5 
Semi-transparent 

with green hue 

IP2C >1000 - Bright orange 

   

 

7.1.4 Particle Size Analysis 

The particle size analysis was conducted to determine the various particles sizes and their 

distribution within the washwater.  Table B1-6 of Appendix lists important parameters of the 

washwater in terms of particle size as conducted by the particle size analysis and is presented in 

Figure 7-6 and Figure 7-8.  These distributions are presented for raw samples as well as clarified 

samples from centrifuge and DAF.   
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Analyzing Figure 7-6 shows the mean diameter particle size of IP1F and IP2F are 116 and 451 

µm, respectively.  One important factor to note is that the DAF produced smaller mean diameter 

particles in comparison to the centrifuge from IPIF.  Clarified washwater from IP1F had a mean 

diameter size of 76 and 508 µm after DAF and centrifuge, respectively.   

 

 

Figure 7-6: Mean Particle Size 

 

Similarly, IP2F had a mean diameter size of 213 and 509 µm after DAF and centrifuge, 

respectively.  In both cases the DAF had a lower mean diameter in the treated water.  It was 

unusual to see that the mean diameter of solids increased when the washwater was treated with 

the centrifuge.  This is due to centrifuge not being able to remove large particles which may have 

very low density that are not affected by the high centripetal forces.  The distribution of the 

particles is shown in Figure 7-8.  The tail end of the particle size distribution curve for centrifuge 

clarified waters has a large peak leading to the cause of large mean diameter particle size.    
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Figure 7-7 highlights the median at two different percentiles, one at 90
th

 and the other at 50
th

.  

This figure can be used along with the distribution graphs in Figure 7-8 to better understand the 

washwater as some of the distributions are multimodal or consist of multiple peaks.  When 

analyzing the median both for 90
th

 and 50
th

 percentile, it follows the similar trend where the DAF 

produces effluent with particles that are smaller than those of raw conditions.  Also, the 

centrifuge produces medians greater than those of raw conditions.  From the prospective of 

removing particulate and dissolved matter, DAF certainly is capable of producing waters with 

smaller size particles.   

 

 

Figure 7-7: Median - 90
th

 and 50
th

 percentile 

 

Furthermore, IP1F particles are more uniformly distributed in comparison to the IP2 as shown in 

Figure 7-8.  This is due to the fact that IP1 has more soil/sand in their washwaters in comparison 

to IP2.  Other characteristics of washwater clarified with centrifuge shows a peak that is closer to 
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the 1000 µm range for both IP1F and IP2F.  Washwater clarified with DAF shows a peak that is 

closer to the 100 µm range for both IP1F and IP2F.  Understanding particles size and their 

distribution can allow on better understand solids removal.  

 

 Figure 7-8: Particle Size Distribution, top to bottom, A, B, C 
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7.1.5 Chemical Characterization 

Chemical characteristics were analyzed through an external lab, University of Guelph – Lab 

Services.  A total of five samples were submitted for analysis.  These consisted of two IP1F, 

IP1F after DAF and IP1F after centrifuge to assess the removal of chemical constituents.  One of 

the IP1F samples dated 13-Jul-16 represented washwater with very heavy levels of soil.  In 

addition IP2F sample was also submitted to assess raw conditions.   

 

All the analyses listed in Table 6-4 except for BOD were conducted by Lab Services and the 

results are listed in Table B1-7 of Appendix.  The key finding from this table showed that all 

elements in the Heavy Metal panel test were measured to be below the method detection limit for 

all submitted samples.  This indicates negligible effects of any toxicity from metal 

contamination, an important consideration when considering washwaters for water reuse. 

 

Washwater collected on 13-Jul-16 was sampled at time of harvest after heavy rainfall, thus worst 

case scenario (very high soil levels) and the second sample (1-Aug-13) is based on normal 

operations.  Comparing the two cases showed some water quality parameters doubled such as 

calcium and Total Kjeldahl Nitrogen (TKN).  Nitrate and nitrite were five times higher and 

Ammonium was nine times higher.  This was to be expected due the higher levels of soils in 13-

Jul-16 collected washwater.  Most other parameters were within similar ranges in comparison.  

Assessing IP1F with IP2F showed most parameters to be comparable, except for Nitrate and 

Nitrite which were significantly higher in IP2F.    
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IP1F was treated with centrifuge and DAF and sent for chemical analysis as well.  The results 

were used to determine the removal efficiencies between the two treatments given the same raw 

washwaters.  DAF was able to reduce to a greater degree the dissolved elements versus the 

centrifuge.  Comparison between DAF and centrifuge showed that DAF is also better at reducing 

nutrients (Nitrogen, Phosphorus and Potassium) and BOD.  This was to be expected as the DAF 

made use of polymers as coagulating agent and flocculation aid.  However this might have 

resulted in an increase of the Sodium Adsorption Ratio (SAR) and dissolved sodium 

concentrations were doubled.   

 

The SAR index relates to indicating impurities in water which can affect plant growth and soil 

characteristics, such as permeability and salinity.  Salinity can reduce the water available for crop 

due to sodium‟s uptake of water and can causes clay soils to disperse.  SAR represents any 

permeability problems based on specified ratio formula of Na, Ca, and Mg.  The SAR values for 

all samples were below three, which indicates that there is no threat to applying the treated water 

for irrigation purposes and can be supplied to wetlands for further removal of contaminants 

(Tchobanoglous and Schroeder, 1987).    

 

Five day BOD analysis was conducted on IP1F and IP2F along with clarified waters from 

centrifuge and DAF.  Generalizing the results listed in Table 7-2 shows DAF is able to reduce 

BOD levels 51 and 39 % for IP2F and IP1F, respectively.  BOD reduction for centrifuged 

samples showed removal efficiency of 18 and 10%, respectively for IP2F and IP1F.  It is evident 

that DAF is able to remove more BOD in comparison to the centrifuge.  This is due to its ability 

to not only remove solids but also add dissolved oxygen to the water.  Centrifuge only removed 
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solids but does not add any oxygen to the washwater.  The recycle water for DAF is also high in 

oxygen levels as it is pressurized.  This water can easily transfer oxygen with the washwater 

when it comes in contact with it in the flotation chamber.  The oxygen transfer rate is much 

higher in colder water, leading to even further reduction in BOD.     

  

Table 7-2: BOD Reduction 

Sample  

Average 

BOD 

(mg/L) 

BOD 

Reduction (%) 

IP2F 1,830 NT  

IP2FCent 1,510 18% 

IP2FDAF 900 51% 

      

IP1F 3,760 NT 

IP1FCent 3,380 10% 

IP1FDAF 2,300 39% 

    NT - not tested 

 

7.1.6 Microbial Characteristics 

A combination of coliform and E.coli testing was conducted on raw and clarified samples.  

Washwater clarified from DAF, centrifuge and membrane filtered waters were assessed for 

coliform and E.coli.  The washwater from DAF and centrifuge were positive for coliform as 

expected.  This was confirmed using Presence/Absence Coliform Test.  Physical treatments are 

not capable of removing bacteria to safe levels for human consumption thus additional treatment 

for disinfection is required.  However they do help to reduce pathogen levels. Thus, additional 

testing was done to determine the level of pathogen reduction by physical treatments for soil 

removal, DAF and centrifuge.   
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Analysing the results in Figure 7-9 indicate levels of e.coli and coliform are in similar ranges for 

the two industrial partners.  Pathogen levels of washwaters from FCFV industry had coliform 

and E.coli levels ranging between log 5 to 7 and log 2 to 4, respectively.  Results for coliform 

levels in treated water from DAF and centrifuge show removal efficiency of 55 and 93 %, 

respectively.  However, same level of removal efficiency was measured for E.coli at 99 %.  This 

suggests centrifuge is capable of producing higher pathogen reduction in comparison to DAF for 

washwaters with heavy solids, i.e., IP1F.  

 

 

Figure 7-9: Pathogen Reduction (e.coli and coliform) 

 

Additional E.coli testing was conducted in the School of Engineering laboratory using mTEC 

Modified Agar.  The samples tested consisted of various scenarios, such as level of E.coli at 

various treatment stages of physiochemical, membrane and disinfection treatment.  However due 

to a lab error the species assessed in E.coli testing were in fact Klebsiella bacteria which belongs 

to the family of Entrobacteriaceae and are also included in the coliform bacteria.  About 80 % of 
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all Klebsiella from feces are positive in fecal coliform test (Clesceri, 1998).  Thus suggesting that 

even though they are not E.coli, bacteria still exists in the tested sample and the water is not 

considered to have achieved adequate disinfection for potable use.  The objective is to eliminate 

the bacteria, thus the presence of any Klebsiella indicates pathogen contamination, although the 

level of contamination cannot be accurately measured.  Klebsiella can also result in false positive 

test for the presence of fecal coliforms, however are still considered a family of coliforms 

(Warren et al., 2009).  Literature is not clear about the relationship between E.coli and 

Klebsiella.  But the test remains valid to test positive or negative for coliform.  Meaning, if the 

test comes out as positive for Klebsiella the treated water is still not free of pathogens and will 

require additional treatment or increased UV treatment exposure times.   

 

7.2 Pre-treatment 

7.2.1 Settling 

A series of Jar Tests were conducted to understand the effects of Alum (Aluminum Sulphate - 

Al2(SO4)3⋅14H2O) and FeCl (Ferric Chloride - FeCl3⋅6H2O).  The washwater from IP1 was 

analyzed at early stages of the research.  Jar Test results are depicted in Figure 7-10 (Dosage vs. 

Removal Efficiency).  Jar Tests were conducted at pH 7 and pH 4.  The dosages applied range 

from 500 to 10,000 mg/L, although this was not the case for all Jar Tests.  It is evident that the 

both Alum and FeCl performed better at lower pH of 4 in comparison to pH 7.  The initial 

turbidity of IP1F was 1000 NTU.  

 

Alum and FeCl at pH 4 showed similar behaviour.  However, Alum was able to achieve removal 

efficiency of 86% (138 NTU) vs. 81% (188 NTU) for FeCl at only 500 mg/L.  Removal 
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efficiency of 90% (76 NTU) or greater was achieved by a dosage of 2,000 mg/L for both Alum 

and FeCl.  The optimum dosages for both Alum and FeCl were achieved at 4,000 mg/L (~95%, 

50 NTU) after which point no further removal efficiency was achieved.  Alum and FeCl at pH 7 

also showed similar behaviour but showed poor removal efficiency at a minimum dosage of 

1,000 mg/L, not greater than 18% (820 NTU).  The optimum dosage was achieved at 5,000 mg/L 

(~95%, 50 NTU).    

 

 

Figure 7-10: Jar Test removal efficiency (Turbidity), Alum vs. FeCl for IP1F 

 

The removal efficiency at pH 4 was similar for both Alum and FeCl and similar scenario at pH 7.  

However, Alum was more stable as the removal efficiency did not deteriorate after the optimum 

dosage as seen in Figure 7-10.  In addition, Alum had a better pH stabilization as seen in Figure 
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7-11.  Alum at both pH 4 and 7 had lower observed slope in comparison to FeCl.  The sludge 

settled for all conditions was equivalent to 150 to 250 mL in 1 L beaker for 2000 and 5000 mg/L, 

respectively.  It was observed that 20 minutes of settling without any chemical aid can reduce the 

turbidity approximately 70% (335 NTU) with 100 mL of settled sludge.  Simple settling can be 

highly effective in reducing solids and maybe the most economical solution for rural processors, 

due to the available footprint.  

 

 

Figure 7-11: Jar Test finial pH 

 

These results can be used for implementation of settling basins or other technologies employing 

settling theory, e.g., inclined plate lamella separator. In comparison to conventional settling 

basins, these are compact in size with a small foot print and settle out more solids due the 

increased settling area provided by the plates.   
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Based on the Jar Test results it is advised to use an equalization tank to stabilize the pH before 

performing any pre-treatment with coagulation and flocculation principles when using either 

Alum or FeCl.  The pH will stabilize to 4 pH and can be advantage in terms of reducing cost as 

500 mg/L dosage to achieve removal efficiency of 80% or greater.  In order to reduce pH to 4, 

two options are available.  One, increasing temperature of washwater and the second is to use 

acid.  During the summer months hot temperature can be utilized to increase washwater 

temperature and during the winter month acid can be used by rural processors.   

 

In addition to pH, alkalinity plays an important role in effective reaction chemistry between 

coagulants and the washwater.  Alkalinity was not measured in this study.  However since 

coagulation was more efficient at low pH may suggest that it also holds high alkalinity, allowing 

for higher levels of available alkalinity to be consumed during coagulation process when using 

metal coagulants.  Commonly pH and alkalinity are related but IP1F washwater suggests 

otherwise.  Alkalinity can also be attributed to presence of soil which can increase alkalinity.  

 

Based on the optimum dosage and turbidity removal efficiency for Alum and FeCl, the required 

dosage of 4,000 mg/L (4 pH) and 5,000 mg/L (7 pH) is very high, which may not be feasible for 

practical application.  In comparison to industrial application these inorganic coagulant dosages 

were extremely high and thus advise the exploration of polymer based coagulants.  Polymer 

based coagulants also produce less sludge (Hafez et al., 2007a, Nilsson and Kvant, 1986).  Using 

high dosages can lead to high residuals of alum in treated water.  In a similar research, spinach 

vegetable washwater treated with alum for water reuse application produced residual alum levels 

in excessive (Warriner, K., personal communication, 2012).  Due to these reasons inorganic 
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coagulants were not recommended for water reuse.  Further testing considered evaluation of 

dissolved air floatation and centrifuge with polymer based coagulants. 

  

7.2.2 Centrifuge 

Centrifuge testing was carried out using the procedures listed in the methodology section.  The 

methodology includes the use of coagulation and flocculation process to enhance the removal 

efficiency of solids.  However some testing was conducted without the addition of any polymers 

and is presented in Figure 7-12.  The centrifuge was set to 3, 5, 7 and 10 minute cycles and the 

corresponding removal efficiencies are listed in Appendix B.3 Centrifuge Data.  The lab 

centrifuge machine took about 1.33 minutes to achieve the set speed of 3,500 rpm.  This should 

be taken into consideration when designing for pilot and full scale application.     

 

 

Figure 7-12: Removal efficiencies for 3, 5, 7 and 10 minutes without polymer addition 
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A couple of trends emerge when analyzing Figure 7-12.  Centrifuge time of 3 minutes for IP1F, 

IP1Polish, IP1Peel resulted in removal efficiencies of 95% (44 NTU), 86% (138 NTU), 85% 

(191 NTU), respectively.  This goes to show that washwater with higher total solids content 

needs more time to achieve additional removal efficiency.  Centrifuging longer than 3 minutes 

did not indicate any further significant reduction in removal efficiency for IP1.  The difference 

between 3 to 10 minutes of centrifuging had removal efficiency gain of 3%, 5% and 6% for 

IP1F, IP1Polish, IP1Peel, respectively.    

 

The washwater from IP2 did not show similar trends as IP1 washwater.  This may be due to the 

fact that IP2 washwater is low in solids and has minimal soil content, as it is removed off site 

before any processing can happen at IP2.  IP1‟s operation consists of both removing soil and 

processing the vegetable.  Centrifuging for 3 minute leads to removal efficiency of 69% (53 

NTU) and 58% (424 NTU) for IP2F and IP2C, respectively.  In this case, centrifuging for more 

than 3 minutes did lead to further significant reduction in removal efficiency.  The difference 

between 3 to 10 minutes of centrifuging had removal efficiency gains of 24% and 28% for IP2F 

and IP2C, respectively.   

 

Polymers were applied to IP2C and IP2F to get an idea of feasible dosages and optimum 

coagulants types.  The centrifuge was operated for 7 minutes based from the results obtained in 

Figure 7-12.  The focus was on IP2C as these results can be applied to IP1‟s washwater.  Figure 

7-13 shows the behaviour of the three different polymer coagulants used for IP2C.  It was clear 

that coagulant 3 was the optimum coagulant with removal efficiency 98% (7 NTU) with 80 mg/L 
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dosage.  However since this is not approved by Canadian Food Inspection Agency it is not 

feasible to use unless the washwater is to be discharged.   

 

The optimum dosage for Coagulants 1 and 2 were 200 mg/L with removal efficiency of 95% (55 

NTU) and 120 mg/L with removal efficiency of 88% (121 NTU).  During the study the supplier 

of these polymer coagulants indicated Coagulant 2 was discontinued, thus should not be used for 

further assessment or testing.  Therefore coagulant 1 presented itself as a viable option for water 

reuse.  IP2F was also tested for limited dosages and results show that coagulant 1 is most feasible 

with removal efficiency of 98% (3 NTU) achieved with 50 mg/L dosage.  Coagulants 1, 2 and 3 

had increasing valance charge explaining the need for less dosing in addition to varying stock 

concentration among the coagulants.  

 

Figure 7-13 shows the results for pH 7 when the testing was done on the day of which samples 

were collected.  Tests were also done on stabilized (pH 4) washwater that was adjusted to pH 7 

with NaOH (1 M) to assess whether the dosages would remain the same.  This was confirmed as 

there were insignificant changes to dosages, indicating that use of base to adjust pH would not 

interfere in determining the dosages of stored washwater.  Coagulant 1 (NALCO 8187) was 

again the optimum polymer for use with IP2C and IP2F when the pH was adjusted to pH 7.  The 

dosages were 200 mg/L at removal efficiency of 95% (54 NTU) and 50 mg/L at removal 

efficiency of 98% (4 NTU) for IP2C and IP2F, respectively.  
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Figure 7-13: Optimum polymer coagulant selection 

 

Building upon from the results obtained above, IP1F washwater was centrifuged for 3 and 7 

minutes at set dosage of 167 mg/L using Coagulant 1.  Figure 7-14 depicts the results.  Adding 

coagulant agents did not contribute significantly to increasing the removal efficiency since the 

removal efficiency gain was less than 3 %.  The removal efficiency without coagulant was 95 

(44 NTU) and 97 (18 NTU) % and with coagulant it was 97 (25 NTU) and 98 (18 NTU) % for 3 

and 7 minute centrifuge time, respectively.  This may show the use of coagulant is not needed.  

Accordingly, the implementation of centrifuge does not necessarily require the use of coagulants 

given adequate time is given for pH stabilization, thus excessive costs associated with using 

coagulants to increase removal efficiency may not be required. 
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Figure 7-14: IP1F centrifuge results for coagulant 1 at fixed dosage of 167 mg/L  

 

The removal efficiency was reduced significantly when excessive soils levels were noticed in 

washwater due to harvest of product after rainfall.  Removal efficiencies under these conditions 

were no more than 70 % (303 NTU) with 170 mg/L of coagulant 1.  The efficiencies did not 

improve much at 76 % (229 NTU) even with the increased dosage of 300 mg/L.  The centrifuge 

did not seem to operate as effectively as it did under normal conditions. 

    

7.2.3 Dissolved Air Flotation 

DAF analysis consisted of determining the optimum dosage for Coagulant 1 for the different 

washwaters, effects of recycle rate on flotation capability, and effects of retention time of water 

in pressure vessel on solid removal.  Majority of the analysis was done using Coagulant 1 as it 

has been shown to be the optimum coagulant to use with washwater generated from fresh-cut 

fruits and vegetables processes in earlier centrifuge testing.   
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Before the optimum dosages were determined it was important to figure out the optimum recycle 

rate and retention time to use.  Recycle rate refers to the amount of clarified water that is 

pressurized and reintroduced to the floatation tank after being pressured in the pressure vessel, 

e.g., 50% refers to 200 mL going to 400 mL volume.  The retention time refers to the amount of 

time in minutes the clarified water is pressurized in the pressure vessel.  Determining these 

factors required fixing the dosage level at set point of 125 mg/L for Coagulant 1.   

 

Figure 7-15 shows the removal efficiency at different retention times and recycle rates.  Three 

different retention times were used, 3 minutes or less, 5 to 7 minutes, and 10 minutes and greater.  

Also three different recycle rates were used, 23 to 28 (1), 34 to 39 (2), and 46 to 49 (3) percent.  

Analyzing the results indicated no relationship between the different retention times.  The 

removal efficiencies were very similar, e.g., for recycle rate between 34 to 39 % the removal 

efficiencies were 84, 80, and 81 % for 3, 5 to 7, and 10 minutes, respectively.  In addition, for 

recycle rate (1) and (3) the trends were opposite, again suggesting that there is no relationship 

between the retention time and removal efficiency.  Thus any time for retention time between 3 

and 10 minute can be used for all DAF tests conducted beyond this point.  However a time of 10 

minutes for retention time was used to allow for better coordination and logistic of the test, e.g., 

pressure vessel can be set to pressurize for 10 minutes while the washwater is being adjusted 

with chemicals.  In practice it is advised to use short retention times as they would allow for 

faster throughput or flow through the system as a result being able to treat more water.  
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Figure 7-15: Effects of Retention Time on removal efficiency in DAF, IP2C 

 

Another parameter which required investigation was the effects of recycle rate on settled matter 

or flotation matter.  Figure 7-16 was produced using the data in Table B4-1 of Appendix.  Data 

points at different recycle rate were plotted against corresponding settled matter.  The settled 

matter decreased as the recycle rate increased, indicating an optimum point resides at 

approximately 50%.  A linear trend line was plotted over the data points.  The equation is shown 

in Figure 7-16 and had a good fit with R
2
 of 90%.  Recycle rate of approximately 50% was used 

for all DAF testing.  



 

101 

 

   

Figure 7-16: Effects of recycle rate on flotation for DAF, IP2C 

 

After establishing the optimum recycle rate and retention time the washwater from the IP1 and 

IP2 were tested using the DAF apparatus to find optimum dosages and corresponding removal 

efficiency.  IP1F washwater results are presented in Figure 7-17, optimum dosages for coagulant 

1 and flocculant and Table B4-2 listing all 16 tests.  This table shows many results including 

unsuccessful tests due to either too low or excessive dosages.   

 

Successful tests achieving removal efficiency of 90 % and greater are presented in the Figure 

7-17.  Tests 10 to 13 were conducted in year 2012 whereas Tests 14-16 were conducted in 2013.  

The use of both Coagulant 1 (NALCO 8187) and flocculant (NALCO 71307) are required in 

order to facilitate flotation and achieve superior removal efficiency ranging from 92 to 98 %.  

Optimizing coagulation and flocculation process using two polymers can be complex.  Various 

combinations of Coagulant 1 and flocculant dosages were applied to get the corresponding 

removal efficiency.  IP1F (normal operations) was able to achieve 97 % removal efficiency 



 

102 

 

(28NTU) using 150 mg/L of coagulant 1 and 126 mg/L of flocculant.  Whereas IP1F, 13-Jul-16 

(heavy soil) collected washwater was able to achieve 97 % removal efficiency (30NTU) using 

263 mg/L of coagulant 1 and 189 mg/L of flocculant.  

 

 

Figure 7-17: IP1F DAF optimum Dosages and removal efficiency for normal operations (Tests 10-

13) and heavy soil operations (Tests 14-16) 

 

The change in pH was insignificant, and this is expected as polymer based coagulants don‟t have 

much effect on pH.  The average initial pH during the testing of IP1F was 6.87 and the final pH 

was 7.01, with a difference of only 0.14.  The float and settled matter is also listed in Table B4-2, 

where maximum float was 100 mL and settled matter at 50 mL, which can be expected under a 

removal efficiency of 98%.  It is important to realize that not all matter can be floated as the IP1F 

washwater contains soils/sand particles which do not float.  Therefore a percentage of total solids 

will float, the organic material (peels), hence the float layer, while the rest (sand/soil/dirt) will 

sink.   
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The problem with excess soil leading to higher dosages can be seen in tests 14 to 16 of Figure 

7-17.  The operator of IP1 facility had specified the washwater for tests 14 to 16 can be 

considered worst case scenario as they had never encountered this high levels of soil.  Due to 

heavy rainfall the soil in the washwater was highly excessive in comparison to last season, 2012, 

thus resulting in almost doubling of the dosage. 

 

The primary concern was to evaluate the IP1F washwater.  However some testing was also done 

on IP2F, IP2C, IP1Peel, and IP1Polish.  The key findings are summarized in Table 7-3.  IP2C 

and IP1Peel washwater was filtered through 75 µm sieve before analysis.  Preliminary tests 

showed DAF was not able handle IP2C and IP1Peel without any filtration to remove the larger 

particles and solids.  In order for DAF to work, the washwater had to be passed through the 

sieve.  IP1Polish showed very good removal efficiency with minimal coagulant and flocculant 

dosages.  In addition, all solids of IP1Polish floated with the DAF, with a floated sludge of 300 

mL, this was only observed in peeling washwater streams which have negligible soil levels.  This 

test further supports the finding that washwaters containing soils/dirt will have some matter that 

will float and some that will settle to the bottom.  On the other hand washwaters strictly from 

IP1Peel, IP1Polish, IP2C contains mostly organics which may completely float.  Also soil/dirt 

present in washwater requires higher dosages of coagulant and flocculant.  DAF unit has the 

ability to act as settling basins when worst cases of heavy amounts of soil/dirt are encountered in 

the washwater.  

 

Since IP2C, IP1Peel and IP1Polish are very similar in their washwater chemistry they should 

have similar removal efficiency given similar dosages.  It is evident that Coagulant 1 alone is not 
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sufficient and the use of flocculant is required for DAF.  Removal efficiency can be improved for 

IP2C and IP1Peel with the use of a flocculant aid.  IP2F can achieve a removal efficiency of 95% 

with dosages listed in Table 7-3.  In addition, some measurements of the flotation rate were 

determined.  Flotation rate of 0.09 to 0.14 m/min were measured when testing IP1F.  Similar 

rates were also noticed for IP2F and other sample points.    

 

Table 7-3: Removal efficiency and equivalent optimum dosages 

Type  
Removal Efficiency (%) 

/ Turbidity NTU 

Coagulant 

Dosage  

(mg/L) 

Flocculant 

Dosage  

(mg/L) 

IP2F 95/9 38 32 

IP2C 88/104 163 0 

IP1Peel 43/570 163 0 

IP1Polish 93/70 63 53 

 

The DAF results discussed above were compared with the centrifuge results and it can be seen 

that the centrifuge is able to produce treated water with lower turbidity reading. The optimized 

dosages produced the following results.  IP1F centrifuged waters produced turbidity of 25 versus 

28 NTU for DAF.  The difference between two turbidity values is not significant to explicitly say 

one technology is better than the other.  Similar results were also noticed for SS, where DAF and 

centrifuge clarified water were measured to be 222 and 184, respectively.    Thus, it can be taken 

that both technologies are comparable in terms of solid removal efficiency as measured by 

turbidity meter.  Similarly, IP2F centrifuged water had a turbidity of 3 versus 9 NTU for DAF.  

Turbidity of 3 NTU may be capable of meeting Ontario drinking water standards which are listed 

at 5 NTU.  However the normal turbidity standard for treatment is 0.02 NTU which is considered 

potable standard.  The above compared analysis in no way indicative of water reuse capability, it 

merely means that one of the many objectives needed for water quality requirement may be 
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achieved with either DAF or centrifuge with corresponding chemical dosing.  It is surprising to 

see the potential capabilities for both centrifuge and DAF to achieve such low turbidity levels 

only with physiochemical treatment methods.  

 

In both cases centrifuge performed better.  These findings indicate that if water reuse is practiced 

right after physiochemical treatment, centrifuge technology should be selected on the basis of 

higher turbidity reduction capabilities.  However if the goal is to further reduce solids than DAF 

should be selected as it helps to reduce dissolved solids having a favourable impact on 

membrane filtration operations; assessed in the next section.   

 

7.3 Membrane Treatment Feasibility  

Using optimized dosages for DAF and centrifuge analysis as outlined in the above sections, the 

clarified water was further studied for membrane feasibility.  The basis of these testing was to 

understand further removal of solids via membrane filtration and measure the water for turbidity 

and transmittance.  It will also help to see how membrane filtration is affected when DAF or 

centrifuge are used as pre-treatment.  Transmittance can then be used to derive required UV 

dosages needed to disinfect clarified waters using principle described in earlier sections of this 

report.   

 

Samples were prepared for IP1F and IP2F.  Four sets of tests were conducted for IP1F and one 

set for IP2F as shown in Table 7-4.  The washwater was treated for DAF and centrifuge 

treatment then passed through filters (2.0 µm followed by 0.2 µm) producing the results below.  

See Appendix B.5 for additional details on turbidity and transmittance.  
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It was evident in some results that transmittance and turbidity did not exhibit any correlations.  

Case M7 and M8 had similar turbidity levels but the transmittance differed, 0.5 versus 4.5 given 

same dosage.  Similar results are also seen in case M4 versus M3.  However it should be noted 

that higher transmittance was produced from washwaters that had been sitting in the refrigerator 

versus fresh sampled washwater.  In addition the washwaters collected on July 16 and August 1, 

2013 was observed to have very high levels of soils, which is also the reason for increased 

dosages.   

Table 7-4: Membrane Filtration (2 µm followed by 0.2 µm) 

 

 

Comparing DAF (Case # M1, M3, and M4) with centrifuge (Case # M5, M7, and M8) it is easy 

to see that DAF is able to produce higher quality waters after filtration.  DAF is able to produce 

waters measuring turbidity as low as 2 NTU (15 % T) compared to 4 NTU (5 % T) for centrifuge 

filtered water.  When comparing transmittance it was easier to see that DAF is more effective at 

Case # Date Dosage (coag/floc) 

Transmittance/

Turbidity after 

2.0 and 0.2 µm 

filtration 

 IP1F (<0.01 %/ 1000 NTU)   

 DAF   

M1 27-Jun-13 150/105 16.9/2 

M2 16-Jul-13 150/116 – no filtration 1.6/46 

M3 1-Aug-13 263/189 5.6/0.28 

M4 19-Aug-13 263/189 14.7/2.06 

 Centrifuge   

M5 27-Jun-13 172 8.17/3.97 

M6 16-Jul-13 170 –  no filtration ~0.01/303 

M7 1-Aug-13 300 0.5/3.82 

M8 19-Aug-13 300 4.5/3.82 

    

 IP2F (12.9%/103 NTU)   

M9 DAF – 3-Jul-13 38/32 68.6/0.02 

M10 Cent – 3-Jul-13 50 55.8/0.04 
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removing particles which absorb UV.  This is to be expected since DAF used two polymers and 

thus was capable of removing more dissolved matter as indicated by the UV transmittance.    

IP2F was able to achieve very good removal efficiencies using both DAF and centrifuge, 0.02 

(69 % T) versus 0.04 NTU (56 % T), respectively.  These filtered water turbidity levels can 

easily be compared to potable water quality listed at 0.02 NTU (measured turbidity of potable tap 

water at consumption point).  The results showed water reuse can easily be implemented by 

FCFV processors with low solids (TS = 1629; SS = 530 mg/L).   

     

As mentioned before, physiochemical treatment assessment revealed that centrifuge achieved 

similar turbidity reduction in comparison to DAF.  However it was not able to remove the 

dissolved solids as discovered after completing the above analysis.  This was noticed by higher 

transmittance reading for DAF treated waters compared to centrifuge.  This was the case for all 

scenarios (listed in Table 5-1 of Appendix B.5), except for samples tested on July 16 and August 

1, 2013.  As mentioned before due to heavy loads of soil the centrifuge performed poorly.  

Results are also presented for centrifuge applied to IP1F without any coagulation and 

flocculation, see Appendix B.5. 

 

At times, loading on filter paper and filtration speed were visually observed.  It was noticeable to 

see that samples from centrifuge took longer to filter and had more matter present on the surface 

in comparison to DAF.  This indicates that the membrane flux rate (loading rate) might be high 

from centrifuged water, requiring frequent cleaning cycles.  The membrane flux rate is defined as 

the mass or volume that passes through the membrane surface (L/m
2 

hr).  The flux rate can easily 

be calculated upon knowing the filtration surface area.  Based on filtration observations the flux 
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rate for DAF clarified water will be higher in comparison to Centrifuged clarified waters.  Also 

centrifuge samples were observed to have light orange colour associated with it.  This was 

carried through to the filtration process where filter papers were also observed to have an orange 

colour associated with it.   

 

The results presented in previous sections showed that both DAF and centrifuge were able to 

achieve adequate removal efficiency for IP1F and IP2F.  However when the clarified washwaters 

were filtered through 2.0 and 0.2 µm sized filters, DAF was able to achieve better removal 

efficiencies.  This outcome is also confirmed when transmittance is analyzed.  DAF was able to 

produce better cumulative transmittance removal efficiencies for both IP1F and IP2F and thus 

indicating better removal of dissolved solids.  The significance of this outcome can be utilized 

when determining if the clarified washwater is to be reused after membrane treatment or before 

and the required UV dosing.   

 

7.4 UV Disinfection  

Pathogen reduction is important and necessary part of washwater treatment and UV disinfection 

technology presents the best method to reduce and eliminate pathogen levels.  Reduction in 

pathogen levels has been discussed in section 7.1.6 Microbial Characteristics.  UV was applied 

to certain cases listed in Table 7-5.  The tests done in this table allow one to understand if UV 

treatment alone after physiochemical treatment would suffice to achieve complete disinfection.   

Also to understand what levels of pathogen can be removed by filtration and what dosage would 

be required after filtration to remove all pathogens.  
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Samples were assessed using the transmittance measured in earlier analysis.  Using the principles 

described in Section 6.2.6 UV Disinfection, the dosages needed were first determined using 

mathematical principles listed in Equation (4).  Sample calculations are listed in Appendix C.2 

and were used to derive treatment/exposure times for various dosages listed in Appendix B.6 and 

the results are summarized in Table 7-5.  The table shows type of treatment applied, 

transmittance and turbidity, whether UV treatment was applied and finally the pathogen levels in 

log units along with applied dosage.  

 

Table 7-5 builds upon section 7.1.6  Microbial Characteristics.  Looking at case # U1-4 and U1-5, 

DAF vs. centrifuge, it is evident that centrifuge is once again better at removing pathogens in 

comparison to DAF.  In this case the Klebsiella in DAF is detected at dilution factor 0.0001 

where for centrifuge it is at 0.1.  Similar results are seen when analyzing the peel washwater 

between DAF and centrifuge as seen in case # U2-7 and U2-10 and the Klebsiella levels were 

log 4.44 to 3.85, respectively.  Taking into accounts the results presented in Figure 7-9 and in 

Table 7-5 show centrifuge has higher removal efficiency of pathogen in comparison to DAF.  

Also note that U1 is a worst case scenario where as U2 and U3 are somewhat closer to normal 

operations.   

 

Other cases above conclude that membrane filtration is not sufficient by itself to eliminate 

pathogen levels to safe levels as seen in case # U2-4 through U2-12 with the exception of U2-1 

to U2-3.  The results do not seem to be correct as all samples were negative for Klebsiella, even 

though it is known that DAF cannot remove all pathogens as seen in Figure 7-9.  Therefore the 

remaining results show that membrane filtration may not be sufficient to eliminate pathogens.  
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Secondly, U2 and U3 samples are closer in water quality parameter to those expected in normal 

operation, which are better than the worst case scenario of U1 samples.       

 

Table 7-5: Pathogen levels at different levels of treatment for IP1 

Case Treatment  
Transmittance/ 

Turbidity 

UV 

Treatment 

Results - Klebsiella log levels 

(dosage, mJ/cm^2) 

U1-1 DAF 2/30  3.78(10), 4.10(20) 

U1-2 DAF,2.0-0.2µm 
5.6/0.28  

No Klebsiella (10, 20) 

U1-3 Cent,2.0-0.2µm 0.5/3.82  No Klebsiella (10, 20) 

U1-4 DAF 2/40.6  5.88 (D.F. = 0.0001) 

U1-5 CENT 0.001/303  Growth detected in D.F. =0.1 

     

U2-1 DAF 7.1/13  No Klebsiella 

U2-2 DAF,2.0µm 13.7/3.09  No Klebsiella 

U2-3 DAF,2.0-0.2µm 14.7/2.06  No Klebsiella 

U2-4 Cent 2.8/9.38  3.18 

U2-5 Cent,2.0µm 3.1/7.06  2.60 

U2-6 Cent,2.0-0.2µm 4.5/3.82  1.90 

U2-7 DAF-Peel 0.014/166  4.44 

U2-8 DAF,2.0µm-Peel 0.6/22  3.50 

U2-9 
DAF,2.0-0.2µm-

Peel 

1.9/2.36  
2.51 

U2-10 Cent-Peel 0.001/575  3.85 

U2-11 Cent,2.0µm-Peel 0.003/81  3.18 

U2-12 Cent,2.0-0.2µm-Peel 0.013/7  1.76 

     

U3-1 DAF 7.1/13  No EC (30, 40) 

U3-2 DAF,2.0µm 13.7/3.09  No EC (10, 20) 

U3-3 Cent 2.8/9.38  No EC (10, 20) 

U3-4 Cent,2.0µm  3.1/7.06  No EC (10, 20) 

U3-5 DAF-Peel 0.014/166  No EC (10, 20) 

U3-6 DAF,2.0µm-Peel 0.6/22  No EC (10, 20) 
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The next step is to add UV treatment to achieve further disinfection and to reduce levels of 

pathogens to drinking water standards.  As seen in case # U1-2 and U1-3 applying UV 

disinfection to washwater filtered through 2.0 µm and then 0.2 µm led to clean water without any 

colonies forming.  This goes to show that 10 mJ/cm
2
 should suffice as an adequate dosage to 

provide disinfection of E.coli when membrane technology is employed.   

 

Some testing was also conducted on washwaters directly taken from DAF and centrifuged 

without any or limited filtration (only filtered through 2 µm paper filter).  Case # U3-1, U3-3 and 

U3-5 show that is it possible to employ UV treatment right after pre-treatment (DAF or 

centrifuge).  This would mean that membrane filtration is not necessary if UV disinfection is 

employed after physiochemical treatment and required disinfection is achieved.   

   

The wide range of soil levels expected will not easily be handled by the UV system and can 

hinder disinfection process.  There is no way to control the consistency of clarified washwater 

from DAF or centrifuge without using some sort of filtration process (membrane filtration or 

simple sand/activated carbon filtration).  This would primarily apply to processors expecting 

heavy levels of soil such as in IP1 but would not be problematic for urban processors who 

receive product with very little soil and is consistently clean upon arrival to the facility.   

 

The DAF clarified waters required low UV light exposure time compared to the centrifuged 

samples.  On average double the amount of exposure was needed for centrifuge clarified 

samples, see Appendix B.6.  This is because DAF is able to produce water with high 

transmittance.  The low exposure time can allow more flow throughput through the system 
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making it faster to disinfect waters.  The exposure time may play a role in the design of the 

system.   

 

It is very important to keep the parameter consistent at each point throughout the treatment train.  

In this case, the required consistency would assure that the UV system disinfects the water and 

no additional contact times are needed.  Washwater with low solids (IP2) have a much higher 

rate of success for water reuse upon implementing physiochemical treatments (DAF or 

centrifuge) with UV disinfection.  Washwater with high solids with variable soil levels (IP1) 

would require additional filtration that can be provided by membrane filtration.  The use of DAF 

is suggested where ever membrane filtration is part of the treatment train.  Also membrane 

filtration would secure consistent quality of water supplied to UV disinfection system to generate 

safe and potable water for direct water reuse.  In conclusion it is evident that membrane filtration 

alone is not sufficient in eliminating pathogens, however do help to reduce this levels, in addition 

to further removal of solids.  

 

7.5 Economic Analysis 

7.5.1 Cost & Benefit  

Cost and benefit analysis is an important part of any engineering project.  This section outlines 

the costs associated in employing technologies for pre-treatment of washwater and rough cost of 

additional treatment units to achieve water reuse, e.g., membrane filtration and disinfection units.  

The benefits can include reduced water consumption and disposal costs, BOD and TSS 

surcharges if and when they apply.  At times it is often difficult to put a cost on the environment. 
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Water taking and disposing in an urban setting is quite different in comparison to rural setting.  

The use and disposal of water in urban setting is indicated by water rates and wastewater 

discharge rates.  Whereas rural settling such as farms have water permits which are far less 

costly versus urban areas.  This is due to the fact that urban areas have municipal water and 

wastewater treatment facilities to service industry‟s needs.  Thus costs to operate these treatment 

facilities are levied onto the users of the system, which consist of the general public and industry.   

The industry user are charged per cubic meter of water used and disposed of, e.g., 0.97 $/m
3
 for 

water taking and 0.79 $/m
3
 for wastewater rate (Region of Peel, 2003).  In addition to these 

normal charges, industry users often pay surcharges for having excessive BOD and TSS in their 

wastewater stream.  This cost is approximately 0.62 and 0.60 $/kg for BOD and TSS, 

respectively (City of Toronto, 2013).  Water taking and wastewater disposal rates increase 7 to 9 

% on an annual basis depending on municipality (Region of Peel, 2003; City of Toronto, 2013).   

 

Rural areas (farmers) obtain their water form groundwater wells.  The amount of water uptake is 

based on water taking permits governed by Ministry of Environment (MOE).  MOE sets permits 

for 10 year limit with a cost of $ 3,000 and allow for water uptake of 50,000 L/day or more 

(MOE, 2013).  The management of waste product, liquid and solids are governed by three 

different Acts/Regulations, the Nutrient Management Act, Environmental Protection Act and/or 

the Ontario Water Resources Act.  It can be very challenging to determine requirements for 

waste management and disposal, such as discharge limits for BOD, TSS, nitrogen and 

phosphorus.   
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Many rural processors are farm based and need to manage waste onsite, e.g., land application via 

NASM.  However, NASM alone is not sufficient to address the solid waste management thus 

additional technologies are needed.  Compositing and/or anaerobic digestion of vegetable waste 

are potential solutions to address concentrated solids that are to be generated form washwater 

treatment and reuse.  Parallel research is currently being conducted on IP1 solid waste to address 

the feasibility for either compositing or anaerobic digestion.   

 

Availability of fresh water is a major concern for rural processors as dry periods can hamper 

water uptake hindering or even stopping processing of vegetables at times.  The cost savings for 

rural processors are difficult to highlight, however the long term viability of available water 

resource is more important and cannot be quantified monetarily to compare with benefits 

associated via water reuse.  One innovative benefit highlighted at Frito-Lay Casa Grande plant 

was freeing up of the land that was used for land application of washwater.  The land was then 

utilized as a solar farm equipped with photovoltaic and Sterling dish technology capable of 

generating great deals of electrical energy (USEPA, 2012).  This electrical energy generated can 

be used to provide power for water treatment systems.   

 

It should be noted that the use of equipment in treatment systems were based on pre-treatment of 

solids and disinfection to achieve water reuse.  However, they have not been tested at full scale, 

thus may require additional equipment which can increase the listed costs.  An optimal treatment 

train can consist of (1) screening using mesh screen, (2) pre-treatment technology (settling, DAF, 

centrifuge) and (3) Disinfection as seen below.  At the moment both industrial partner employ 

primary treatment by using 200 µm mesh screens.   IP1 uses a slow rotating screen to filter out 
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the initial heavy load of solids caused by soil and peels.  IP2 has a gravity screen to filter to filter 

out their large chunks of solids.   

 

 

 

In summary the benefits provided by washwater treatment can have a positive outcome on the 

environment.  The release of treated waters into streams and water course can contribute to 

improving the overall water quality.  The treated waters would have minimal levels of 

contaminants compared to the background levels for streams or rivers.  Although the treatment 

system can be costly, the net benefit on environment can be positive.   

 

Investigation into life-cycle analysis can aid in determining the net benefit to the natural 

environment and society.  The benefits can include improvements in the water course, lakes, and 

recreational water bodies.  In addition, the water biodiversity will improve enticing birds and 

other animals to sustain life.  Some points to consider for life-cycle analysis include background 

water quality parameters, number of treatment units need to be put into operation, site 

geography, site location, volume of treated waters released, cost of implementation, and etc.  

These will help to sum the net benefit which is the amount of clean water introduced into the 

system, which can then be evaluated against the net costs.  Detailed analysis is required and 

should be considered for future studies.  

Primary 

Screening 

(mesh screens) 

Pre-treatment 

(coagulation and 

flocculation with 

Settling or DAF or 

Centrifuge) 

Disinfection     

(UV Irradiation) 
Reuse 

Application 
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7.5.2 Chemical Costs  

The primary costs investigated consist of chemical operating costs.  Figure 7-18 shows various 

costs and corresponding turbidity removal efficiencies for settling for IP1F.  Chemical costs were 

derived using the optimum dosage values identified for each treatment and then multiplying it by 

the cost per kilogram of material, i.e., coagulant, flocculant, NaOH, etc.  Refer to Appendix B.7 

Cost Analysis for additional details.  The costs include pH adjustment required along with alum 

and range from $ 2.64 (94% removal efficiency) to $ 0.96 (86% removal efficiency) per cubic 

meter of treated washwater.   

 

 

Figure 7-18: Settling Chemical Cost using Alum - IP1F 

 

Figure 7-19 shows various costs and corresponding removal efficiencies for DAF and centrifuge 

for IP1F.  The costs include pH adjustment along with the combined cost of Coagulant 1 and 

flocculant and range from $ 3.12 (98% removal efficiency) to 1.72 (97% removal efficiency) per 
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cubic meter of treated washwater for DAF.  For a 97 % removal efficiency the cost of chemicals 

is 1.74 $/m
3
 of treated washwater for centrifuge.  It should be noted that both settling and 

centrifuge can operate without the need of any coagulation and flocculation, in which case the 

only cost will be the pH adjustment equivalent 0.72 $/m
3
 of treated washwater and the time 

required for adequate settling.  However this may not work at all when soil levels are very high 

in the washwater.  In addition this scenario will not be able to remove the dissolved particles 

which can be problematic for membrane treatment and hinder UV disinfection process.    

 

 

Figure 7-19: DAF and Centrifuge Chemical Costs 

 

The costs outlined above pertain to normal operations, however worst case scenarios also exist.  

Where heavy levels of soil are expected and observed as a result of harvesting the product after 

heavy rainfall or during wet season.  The dosages were adjusted to compensate for the increase 

in observed soil and also led to increase in chemical cost.  As a result the costs increased from 

3.12 to 4.59 $/m
3
 for DAF and from 1.74 to 2.56 $/m

3
 for centrifuge.  The heavy soil increased 
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costs by 33 % in comparison to normal operations.  Figure 7-20 shows the chemical costs 

associated to achieve the removal efficiencies listed in Table 7-8 under normal operations which 

include base for pH adjustment for all three technologies, and coagulant & flocculant aid 

chemicals for IP1F and IP2F.        

 

 

Figure 7-20: Chemical Costs  

 

Figure 7-21 shows the annual chemical costs associated with using each technology.  IP1 only 

operates for 5 months a year while IP2 operates year around, however IP1 still has higher costs 

due to the high level of solids in their washwater.  See Appendix B.7 for compete details on cost 

analysis.   
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Figure 7-21: Annual Chemical Costs 

 

7.5.3 Capital Costs  

In addition to operating chemical costs, capital costs are of significant importance.  Wastewater 

treatment equipment such as DAF and centrifuge are customized for certain application.  Cost 

estimates were obtained from local suppliers/engineering firms.  The cost of DAF unit consisting 

of inline pipe mixtures and dewatering centrifuge costs approximately $ 150, 000 and does not 

include coagulant or flocculant mixing tanks (H2Flow Equipment Inc).  The cost of centrifuge is 

approximately $ 200,000 and does not contain any chemical mixing equipment (Vector Process 

Equipment Inc).   

 

Treatment train can consist of equipment listed in Table 7-6 along with corresponding costs.  

Primary treatment can be done using rotating mesh screen costing $ 125,000 that can be effective 

at removing solids as in the case of IP1 and IP2 has similar mesh screening system.  This cost is 

not included in the table below but should be considered in other applications to pre-treat 
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washwaters for DAF or centrifuge.  Once the solids are removed membrane filtration treatment 

can be applied followed by disinfection with UV and finally storage or use.  Cost estimate for 

UV disinfection unit and holding tank were obtained from IP1.   

 

Analyzing the costs shows water reuse can be achieved in the FCFV industry with capital 

investment of approximately $ 300,000 and 350,000 with DAF or centrifuge, respectively.  To 

achieve higher quality water with membranes the costs will increase by additional $ 150,000. 

There is about $ 50,000 difference in the cost of the technologies, centrifuge being more 

expensive.  Centrifuge needing only one type of polymer whereas DAF uses two types increase 

operating costs for DAF.  Treatment technologies discussed here indicate centrifuge had the 

lowest cost of chemical dosing thus low operating costs in comparison to DAF and settling.  

Thus centrifuge may present itself as a viable option.  In conclusion, it is evident that the total 

cost of technologies alone is not sufficient to make a decision on which treatment technology 

should be selected.  

 

Table 7-6: Estimate of Capital and Chemical Operating Costs 

 
IP1 (High Solids) IP1 (Low Solids) 

  DAF Centrifuge DAF Centrifuge 

Capital Costs         

Primary Treatment  125,000 125,000 

Pre-treatment  150,000 200,000 150,000 200,000 

Disinfection (UV) 10,000 

Holding Tanks for Storage 20,000 

Total Capital 305,000 355,000 305,000 355,000 

Chemical Cost 52,000 29,000 34,000 21,000 

Total Capital with Membrane 

filtration (Improved water quality) 
455,000 505,000 455,000 505,000 
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Most engineering projects require heavy capital investment.  Detailed economics analysis is 

often conducted before proceeding to implement the project.  Since the water treatment system is 

equipment, it is considered as an asset on the balance sheet of an organization.  Assets such as 

equipment start to loss value as soon as they are purchased.  The loss in value is considered 

depreciation and is due to the wear and tear of the equipment during its useful life cycle.  

Depreciation is considered a form of operating expense and is adjusted for accordingly on an 

income statement where the overall result is reduction in the income being taxed.   

 

The benefits associated from water reuse can lead to reduction in fresh water used as process 

water, thus reducing the cost to obtain this resource.  The total cost of water resource both for 

obtaining it and disposing it is $ 1.76/m
3 

in urban areas.  Thus it can be assumed that every cubic 

meter of water put back into the process would be considered to save the facility $ 1.76.  

Similarly, the costs associated with obtaining water for process in rural setting can be considered 

to get an idea of monitory savings.  Detailed analysis was not formulated on the cost/benefit 

structure as this was not the goal of the study. 

 

7.6 Application and Design 

Application and design are highly correlated to each other.  This study focused on treatment of 

washwater from FCFV industry and reuse as process water.  Treatment systems should be 

designed to meet drinking water standards for primary and secondary treatment as applied to the 

Pepsico/Frito-Lay Company, Casa Grande, Arizona (USEPA, 2012).  Research is suggestive of 

high degree of potential for water reuse in the FCFV industry.  Water reuse was previously not 

possible due to the heavy solids loading on membrane filtration as indicated by the industrial 
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partner 1.  The physiochemical treatment methods (DAF and centrifuge) explored are capable of 

achieving >95 % turbidity reduction.  The filtration feasibility showing membrane filtration 

produces high quality waters able to meet drinking water standards. The results can be used for 

implementation of full scale projects.  Similar applications and implemented systems have 

known to work with great success as in the case of Pepsico/Frito-Lay Company Casa Grande. 

 

Other examples include treatment of municipal wastewater to high standards usually achieved 

through territory and advanced treatment methods in a reclamation treatment plant.  Then this 

treated water is released into the upstream of the river where the drinking water treatment plant is 

located.  In essence this is known as blending of the waters before it is picked back up by local 

water treatment plant(s). 

 

This form of direct potable water reuse encompasses multiple barrier approach to human health 

and safety since there are three tiers of safety, (1) after wastewater treatment, (2) after advanced 

treatment at reclamation plants, (3) while blending with river flow and allowing for natural 

attenuation, (4) after drinking water treatment, and finally use before the cycle repeats again.   

 

Other less intensive non-potable water reuse applications are wetlands treatment, ground water 

recharge, stream augmentation to name a few (USEPA, 2012).  There are many sub categories 

under water reuse and have been defined in Water Reuse text by Asano et al., (2007).  The 

design is heavily based on the purpose of water reuse and application.  In cases where water 

reuse is designed for human consumption it is usually intensively treated and monitored. 
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As mentioned earlier, the results of the Jar Test can be used to design simple settling basins or 

applied to lamella plate settler.  Lamella plate settlers have emerged as a compact design with a 

smaller foot print in comparison to conventional settling basins.  The optimum dosage for Alum 

from Jar Test can be used to achieve further removal efficiencies.        

 

Parameter such as the settled matter depth, rotation speed, chemical dosing and turbidity of 

clarified water can be used for scaling up centrifuge for full scale applications.  It should be 

noted that DAF optimum operation depends on many factors.  Proper pH, coagulation, and 

flocculation adjustments are compulsory with particular attention on floc sizes needed to induce 

floatation.  Other parameters required are recycle rate, DAF operating pressure, and washwater 

flow rate and temperature.  The calculated solids loading rate of 5.2 kg/m
2
/hr (1.1 lbs/ft

2
/hr) was 

in acceptable range of operations (Ross et al., 2000).  See Appendix C.3 for solids loading rate 

calculation.  Centrifuge is dependent on fewer parameters such as washwater flow rate with 

proper pH and coagulation adjustments, thus making it much easier for the operator to control in 

comparison to DAF.  However DAF is capable of reducing higher levels of BOD and dissolved 

matter which offer great value in achieving membrane filtration and should not be overlooked.   

 

One key point to note is that when employing centrifuge, no other dewatering equipment is 

necessary.  However using a DAF will require additional dewaters equipment such as a 

centrifuge.  Each has their own disadvantages and advantages as listed in Table 7-7.  Settling 

being the most cost-effective as it has been practiced widely in many industries, but not 

recommended due to high dosing requirement for inorganic coagulants.    
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Table 7-8 shows some important finding and expected removal efficiency given normal 

operating condition at IP1 and IP2 facilities.  IP1‟s operations can have great deal of issues when 

heavy soil/dirt is encountered in their product which carries over through to their final washwater 

effluent.  This case represents the worst case scenario and may require additional investigation.   

 

It is conclusive that water reuse can be achieved in FCFV industry.  The quality of water attained 

depends on application and number of treatment units needed in treatment train.  The final step 

in water reuse is to introduce the treated waters into the process waters.  This is done by 

augmenting (mixing) the treated water with source waters for process water.  The percentage of 

augmentation is dependent on water quality of treated water.  Up to 70% of the process water can 

be augmented with reclaimed water (Siemens, 2012).   

 

Based on literature and current findings it is suggested that less than 50 % of the process water 

should be used for augmentation in FCFV industry.  This is due to the fact that nutrient levels are 

still high after physiochemical treatment that will require high percentage of dilution.  This 

should be investigated in details and was not covered in this study.  Research is needed into how 

much water can be augmented based on treatment option applied, i.e., only physiochemical or 

combined with membrane.  The use of membrane filtration can increase this level significantly 

as the case in Frito-Lay.  

 

Build-up of contaminants in water reuse systems can reduce the number of cycles for a given 

volume of fresh water.  This study deals with water reuse in food processing sector thus build-up 

of contaminants differ in comparison to water reuse in other industries.  Contaminants of concern 
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include organics such as pesticide, emerging constituents (N-nitrosdimethylamine, 17β-Estradiol, 

and Alkyphenols ethoxylates), heavy metals, and viruses (Asano et al., 2007).  Investigation into 

build-up of these contaminants should be considered in future studies as they can have an 

adverse effect on human health.  
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Table 7-7: Highlighted Advantages and Disadvantages 

Cost Rank 

1 = Low  

3 = High 
Technology Advantage Disadvantage 

1 

 

 

 

 

 

 

 

3 

 

 

Settling  

 

In ground 

rectangular settling 

basin 

(High Footprint)  

 

Or  

 

Lamella Plate 

Settlers 

(Low Footprint)  

 

Can operate without  

coagulants 

 

Simple operations 

Cost increases when using 

coagulants, mixing tanks and 

mixers  

 

Only able to remove particulate 

matter unless coagulants are used 

 

Requires additional dewatering 

equipment for settled matter 

2 

 

DAF 

 

Able to remove 

dissolved solids and 

better for membrane 

filtration 

 

Able to handle worst 

case scenario 

 

High BOD and nutrient 

removal (N, P & K)  

 

High turbidity reduction 

High UVT 

 

Requires coagulants and 

flocculant aid and optimum 

operation – requires floc polymer 

to achieve flotation   

 

Requires additional dewatering 

equipment for floated matter 

(centrifuge) 

 

High SAR  

 

Poor performance under worst 

case scenario 

  

3 

 

Centrifuge 

 

 

Can operate without 

coagulants  

 

Low SAR 

 

High turbidity reduction 

Low UVT 

Unable to remove dissolved 

solids 

 

Poor performance under worst 

case scenario 

 

Low BOD and nutrient removal 

(N, P & K) 
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Table 7-8: Dosing and Removal Efficiencies 

Technology  Findings Parameters & Removal Efficiency 

Settling  

(IP1F) 

 

Alum was superior in 

comparison to FeCl 

 

 

Settling without coagulants 

 

 

500 mg/L (~86% removal efficiency) at pH 4 

4,000 mg/L (~95% removal efficiency) at pH 4 

to 7 

 

70% removal efficiency  

 

 

 

Centrifuge 

 

 

 

Coagulant 1 sufficient to 

remove solids, poor removal 

of dissolved solids 

 

IP1F     

167 mg/L (~97% removal efficiency)  

at pH 4 to 7 

 

IP1F (13-Jul-16 - very heavy soil) 

300 mg/L (~99% removal efficiency)  

at pH 4 to 7 

 

 

IP2F 

50 mg/L (~98% removal efficiency)    

at pH 4 to 7 

 

DAF 

 

Coagulant 1 and Flocculant 

sufficient to remove solids, 

good removal of dissolved 

solids 

 

 

IP1F                                                    

150 mg/L Coagulant 1 

126 mg/L Flocculant 

 (~97% removal efficiency) at pH 4 to 7 

 

IP1F (13-Jul-16 – very heavy soil) 

263 mg/L Coagulant 1 

189 mg/L Flocculant 

 (~99% removal efficiency) at pH 4 to 7 

 

 

 

IP2F                                                      

38 mg/L Coagulant 1 

32 mg/L Flocculant 

 (~95% removal efficiency) at pH 4 to 7 
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Chapter 8: Conclusion  

Intense use of potable water in FCFV industry leads to equivalent volumes of washwater that is 

heavy in organics and solids matter.  Some form of treatment is required on site to reduce the 

heavy loads of solids that are in form of particulate and dissolved matter.  FCFV processors are 

located in rural and urban areas and face similar problems, however need custom solutions based 

on geographical setting (rural vs. urban).  FCFV processors located in urban areas have access to 

municipal wastewater treatment systems thus require less treatment before disposal to city sewer.  

Rural processors are burdened with taking on full treatment of washwater as they do not have 

access to a local wastewater treatment plant.  Thus treatment is a daunting task and is managed 

through the land application after some level of treatment of washwater.   

 

Regulations for washwater effluent limits for rural processors are much more stringent in 

comparison to urban processors and are in dire need of more effective treatment options.  

Conventional options for washwater disposal and management such as land application have 

been exhausted.  This is primarily due to increased demand for food products, thus requiring 

more land to process the increasing volumes of washwater.  The availability of land is limited 

and continual further use of this conventional treatment form may compete with land required for 

crop and agriculture.  In addition, the availability of freshwater is becoming scarce due to 

warmer climate leading to drier condition periods.  During which time pumping of water from 

the ground is limited.  There is great risk to FCFV processors in case groundwater is limited for 

process use.  Securing safe and sustainable water resources has led FCFV processors, especially 

in rural setting to seek water reuse solutions. 
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One solution to manage both the washwater and water resources in FCFV industry is water 

reuse.  However, research in water reuse and effective methods of treatment are limited.  

Successful implementation of water reuse applications in FCFV industry are rare and have not 

yet been achieved in Ontario as the case with industrial partner.  The treatment option 

implemented failed due to clogging of membrane filtration from the heavy loads of particulate 

and dissolved matter present in washwater.  Investigation into the problem combined with the 

lack of knowledge in literature led to defining objectives for the study.   

 

The main goal of this study was to assess the potential for water reuse in FCFV industry.  The 

three primary objectives of this study were; one to define and characterize washwater quality 

parameters which were critical to drafting treatment options for successful and safe water reuse.  

The second objective was to make use of physicochemical treatment methods (conventional 

settling, DAF and centrifuge) to effectively remove particulate and dissolved matter.  Less focus 

was placed on studying conventional settling in comparison to DAF and centrifuge as this has 

been widely addressed in literature.  Finally the third objective was to assess disinfection using 

UV technology via colliminated beam laboratory testing.   

 

Characterization of washwaters from two different industrial partners was used to distinguish 

between washwater with high solids (IP1F) in comparison to washwater with low solids (IP2F).  

The pH was relatively the same for both IP1F and IP2F at approximately 7 when measured on 

site and stabilizes to a pH 4.  Comparing the temperature of washwater at IP1 of 10
o
C to the 5

o
C 

at IP2, was the direct result of building refrigeration where processing takes place.   
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Solid levels and particle size of the washwater are heavily dependent on the type of vegetable or 

fruit being processed.  It was evident, that vegetables requiring heavy processing will produce 

solid with high levels of suspended particulate matter and BOD, as in the case of IP1.  IP1 has 

high suspended solids at 2,375 ± 799 mg/L and 5-day BOD of 3,760 mg/L.  Whereas IP2 

produces low levels of particulate matter in their washwater as the vegetables and fruits 

processing is less intense at 530 ± 128 mg/L of suspended solids and 5-day BOD at 1,830 mg/L.  

The level of DS and SS are about 67 and 33 %, respectively for the final effluent washwater at 

both facilities.  In addition, the FS and VS are around 37 and 63 %, respectively.  Turbidity and 

transmittance of the washwater can range from 1000 to 220 NTU and <0.01 to 5 %.  Pathogen 

levels in washwater can range from log 5 to 7 for coliform and log 2 to 4 for e.coli.  Chemical 

analysis revealed that heavy loading of nutrients present in washwaters.  Elements of concern are 

N, P, TKN.    

 

The remaining objectives addressed how physicochemical methods performed and their 

efficiency, their effects on membrane filtration and UV disinfection to achieve water reuse.  

Settling with coagulation and flocculation was not found to be effective at solid removal.  High 

dosages of alum and ferric chloride should not be used due to problems with residual levels in 

treated waters.   Comparison between DAF and centrifuge showed that DAF is better at 

removing particulate and dissolved solids, nutrients (Nitrogen, Phosphorus and Potassium), BOD 

and produces higher quality water (UV transmittance).   

 

However, SAR and Sodium levels for DAF were doubled from raw washwater conditions but 

were not much of a problem in centrifuge treated waters.  The high efficiency of the DAF is 
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attributed to the use of both coagulant for destabilization and flocculant aid for improved 

agglomeration of particles.  Centrifuge is still capable of reducing a significant amount of solids 

(>95 % reduction in turbidity) and results showed is capable of removing higher levels of 

pathogens from washwater versus DAF.  Another advantage of centrifuge was that it was able to 

achieve similar efficiencies to DAF with the use of only one polymer, coagulant 1.   

 

Selection of physiochemical technology is highly dependent on water reuse application, whether 

it is potable direct (direct recycle for augmentation to fresh waters for washing and processing of 

FCFV) or non-potable (disposal to wetlands, ground water recharge or irrigation).  Based on 

study results non-potable application should make use of a centrifuge technology as it produces 

water that is low in SAR, Sodium and Potassium which can pose toxicity to crops and plants.  

However BOD and pathogen levels will require additional treatment to reduce levels to meet 

limits.  Direct potable water reuse applications, such as the one considered in this study should 

make use of DAF technology due to its ability to reduce dissolved solids thus making it more 

suitable to be used with membrane filtration. 

 

Assessing physicochemical technology (DAF or centrifuge) along with membrane filtration 

(filter papers) revealed that DAF effluent worked better with membrane filtration.  DAF effluent 

filtered using filtration paper produced waters measuring turbidity as low as 2 NTU (15 % T) 

compared to 4 NTU (5 % T) for centrifuge filtered water.  When comparing transmittance it was 

easier to see that DAF is more effective at removing particles which absorb UV.  IP2F was able 

to achieve very good removal efficiencies using both DAF and centrifuge, 0.02 (69 % T) versus 

0.04 NTU (56 % T), respectively using 2.0 and 0.2 µm size filters.  DAF and membrane 
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technology complement each other.  The use of membrane filtration can lead to high quality 

waters that are consistently easy to disinfect with UV systems and contain very low levels of 

dissolved matter.  This can also allow for higher percent of augmentation into the fresh water 

used for process water.       

 

UV disinfection can be achieved with or without employing membrane filtration, however 

treatment trains must be utilized correctly to achieve safe and bacteria free waters.  When 

membrane filtration units (2.0 and 0.2 µm) are part of the treatment train a dosage of 10 mJ/cm
2
 

is sufficient to eliminate all pathogens.  Employing UV without membrane filtration has also 

been shown to be sufficient to achieve water free of e.coli.   

 

Economic analysis showed that the DAF is less expensive when compared to centrifuge, 

however the operating chemical costs are higher.  Assessing the two technologies showed that 

DAF requires strict control of parameter to operate effectively, whereas centrifuge required less 

of these parameters thus making it easy to operate.   

 

The selection of treatment units in a treatment train highly depend on treated water quality 

requirements and percent of augmentation to fresh water.  If the goal is to achieve highest 

possible water quality then DAF should be used as pre-treatment with membrane filtration.  On 

the other hand if the goal is be cost effective, the use of centrifuge is highly recommended.  This 

may also be a better option for rural processors as less labour and technical expertise would be 

required for operation of technology.  In addition, long term sustainability and consumer safety 

should be considered paramount.  However, it should be noted that centrifuge will only work 
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when there are significant amount of solids matter in the washwater as in IP1F.  Mixed vegetable 

such as IP2F may not work with centrifuge as there would low levels of solids which are more 

effective to be removed using a DAF unit.  Thus proper balance between treatment units and 

costs is determined based on geography and intensity of processing.   

 

In conclusion, the research was able to make a contribution to application of water reuse in 

FCFV industry.  This information now can be used for implementation of water reuse systems 

capable of treating washwater and allowing for the reduction of process water as well.  The 

closed loop approach to water management is extremely important to the long term sustainability 

of FCFV industry and reduces the adverse effect on the environment posed through current 

methods of washwater disposal.  
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Chapter 9: Recommendations 

Based on the study findings and engineering analysis conducted on physiochemical solid 

removal technologies, both technologies were capable of effectively reducing solids to allow for 

water reuse.  However there were some insights which should be considered in further research 

and are discussed as follows.   

 

Operations which are intense in cutting, peeling, and polishing such as IP1 should consider 

separating the primary/initial washing stage washwater from cutting, peeling, and polishing stage 

washwater.  Soil water can easily be settled out to remove sand, dirt and some soil particles, thus 

reducing the total solids loading going into the conveyance channel.  The washwater from 

cutting, peeling, and polishing stages is rich in organic matter which may be easier to treat if 

majority of soil particles are removed before washwater starts to mix in the conveyance channel 

leading to treatment room.  

 

Design of washwater treatment method/technologies in rural facilities should consider loading 

rate (high vs. low solids) and facility operating schedule (12 vs. 24 hours).  Operations that have 

low solids can take advantage of shallow (2 feet) sloped settling tanks which can be cleaned at 

the end of the day with a front loading tractor, this may not be feasible with high solids 

washwater.  Also operations that run for 12 hours can take advantage of the time (overnight) to 

treat washwater.  An example of this can be the use of settling tank where washwater can settle 

overnight and the clarified waters can disposed before start of each operating day.   
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It is recommended that both technologies be assessed at pilot scale based on geography and 

solids level (high vs. low solids) before they are implemented at full scale.  For carrot producer 

centrifuge may suffice in producing water of adequate quality but DAF can ensure that the water 

is of high purity to allow for water reuse.  DAF should be considered over centrifuge, if cost, 

simplicity, and complicated technical knowledge of the system are not an issue to the operator.   
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Appendix A: Supporting Charts and Figures  

 

 

Figure A1: Particles and their sizes in water and wastewater (Tchobanoglous and Schroeder, 1987) 
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Figure A2: Wastewater constituents and their size range (Asano et al., 2007). 
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Appendix B: Results 

B.1 Characterization Data 

 

Table B1-1: pH and Temperature at Sample Site 

W.W. Sample ID pH [Temp, 
o
C]* N 

IP1Primary 7.31 ± 0.27; 7.12 – 7.5 [10] 2 

IP1Peel 6.71 ± 0.10; 6.55 – 6.8 [10] 5 

IP1Polish 6.87 ± 0.19; 6.67 – 7.1 [10] 5 

IP1F 7.13 ± 0.21; 6.85 – 7.4  [10] 6 

IP2F 7.34 ± 0.35; 7 – 7.7 [5] 3 

IP2C 6.69 ± 0.02; 6.67 – 6.7 [5] 3 

*Estimates standard deviation based on a sample – reported as value ± stdev; 

min - max 

 

 

 

 

Table B1-2: pH degradation of IP1 and IP2 effluent 

IP1F 

Date Age (Days) pH Temp (
o
C) 

12-Jun-12 0 6.67 12 

14-Jun-12 2 5.91 9 

20-Jun-12 8 4.03 12.2 

21-Jun-12 9 3.92 9.4 

25-Jun-12 13 3.87 9 

IP2F 

12-Jun-12 0 7.33 11 

14-Jun-12 2 7 6 

21-Jun-12 9 4.02 7.7 

25-Jun-12 13 3.82 6.6 
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Table B1-3: Titration Curve Data for IP1F for 200 mL and 1 L 

NOTE: 200 mL of Washwater  

Burette Reading (mL) 
Cumulative Added 

NaOH (mL) 
pH Temperature (

o
C) 

8 0 3.81 13.7 

9.8 1.8 4.26   

11.9 3.9 5.16   

13.3 5.3 6.25   

13.7 5.7 6.7 15.4 

13.9 5.9 7   

14.5 6.5 8.4 16 

0 0 7.84 17 

0 0 7.74 17.5 

NOTE: 1 L of Washwater  

14.5 0 3.78 11.7 

41.9 27.4 6.49 12.3 

44.1 29.6 6.97 12.4 

45 30.5 7.16 12.6 

45.9 31.4 7.44 12.8 

0 0 7.27 13.6 

0 0 7.2 14 

 

 

Table B1-4: Solid levels for different sample points at IP1 and IP2 

  TS SS DS N 

IP1Primary 4,703 3,136 1,566 2 

IP1Peel 17,054 9,252 7,802 11 

IP1Polish 8,781 4,279 4,502 7 

IP1F 7,137 2,375 4,762 16 

IP2F 1,629 530 1,099 9 

IP2C 9,496 4,723 4,773 3 

Standard Deviation (+/-) 

IP1Primary 1,618 1,784 578 2 

IP1Peel 5,564 6,050 2,231 11 

IP1Polish 1,448 1,782 1,315 7 

IP1F 1,673 799 1,155 16 

IP2F 444 128 329 9 

IP2C 1,673 799 1,155 3 
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Table B1-5: Inorganic vs. organic fraction 

  VS - TS FS - TS VS - SS FS - SS N 

IP1Peel 18,216 3,824 13,583 794 5 

IP1Polish 8,248 1,256 5,266 63 5 

IP1F 4,398 2,445 1,988 738 10 

IP2F 1,218 732 540 74 5 

Standard Deviation (+/-) 

IP1Peel 1,414 666 3,630 333 5 

IP1Polish 143 326 288 32 5 

IP1F 613 579 468 150 10 

IP2F 131 135 23 22 5 
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Table B1-6: Particle size analysis 
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Table B1-6: Particle size analysis (con’t) 
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Table B1-6: Particle size analysis (con’t) 
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 Table B1-7: Chemical Analysis Results 

 

Date: 13-Apr-11 13-Jul-16 1-Aug-13 1-Aug-13 1-Aug-13

Wash Water
IP2F

IP1F (worst 

case)
IP1F IP1FDAF IP1FCent

Test Value Units Method Detection Limits (MDL)

Calcium 43 160 61 28 27

Magnesium <MDL 51 41 24 31

Phosphorus <MDL 39 42 9.2 23

Potassium 110 510 400 230 370

Sodium 62 39 40 72 37

Sulfur 13 26 17 18 13

Iron <MDL 68 24 <MDL <MDL

Coliform 4.30E+06 7.40E+05 6.00E+06 2.70E+06 4.00E+05 cfu/100mL

E. coli 2.40E+02 1.50E+03 4.00E+03 5.00E+00 5.00E+00 cfu/100mL

Log(Coliform) 6.63 5.87 6.78 6.43 5.60

log(E. coli) 2.38 3.18 3.60 0.70 0.70

Arsenic

Cadmium

Chromium

Cobalt

Copper

Lead

Molybdenum

Nickel

Selenium

Zinc

Mercury

Boron 0.3 0.17 0.096 0.15

Calcium 66 37 25 24

Copper 0.0076 0.071 0.1 0.067

Iron 1.2 3.4 0.095 0.54

Potassium 540 400 230 390

Magnesium 25 31 21 28

Manganese 0.026 0.91 0.063 0.22

Molybdenum <0.010 <0.010 <0.010 <0.010

Sodium 36 35 66 32

Phosphorus 8.29 24 28 7.3 20

Zinc 98 0.097 0.04 0.072

pH 5.2 4.7 4.7 6.6 6.3

Nitrate - NO3-N 0.151 0.063 0.017 0.008 0.057

Nitrite - NO2-N 0.924 0.501 0.169 0.031 0.069

Total Kjeldahl Nitrogen 49.58 109.86 44.52 13.35 22.48

Ammonium NH4-N 5.61 9.28 1.23 1.68 1.16

Sodium Adsorption Ratio 2.09 0.96 1.03 2.35 1.05

Total Carbon 41.1 30.1 36.7 38.3 37.5

Nitrogen 1.72 1.11 0.61

Dissolved Elements 

% dry

mg/L

mg/L

ug/g

Calcium - 7 ppm

Potassium - 37 ppm

Magnesium - 15 ppm

Sodium - 20 ppm

Phosphorus - 17 ppm

Sulphur - 8 ppm

Macro-element panel (Test method: TOXI-024)

Wash/Irrigation- E Coli & Coli 100ml (Test method: MID-160)

Heavy Metal Panel (Test method: TOXI-024)

ug/g

Arsenic 0.35 ug/g

Cadmium 0.2 ug/g

Chromium 1.1 ug/g

Cobalt 0.4 ug/g

Copper 0.6 ug/g

Lead 2.5 ug/g

Molybdenum 0.7 ug/g

Nickel 1.0 ug/g

Selenium 0.1 ug/g

Zinc 2.3 ug/g                                    

Mercury 0.035 ug/g

<MDL <MDL <MDL <MDL <MDL
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B.2 Settling Data – Jar Test 

 

 

Figure B2-1: Jar Test for IP1F 
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Table B2-2: Jar Test Data for IP1F 

Initial 

Turbidity = 

1000 NTU 

Coagulant 

Dosage (mg/L) 
500 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 

Alum pH = 4 

Turbidity 

(NTU) 
138 104 68   56   60 63   68 70 

% Removal  86% 90% 93%   94%   94% 94%   93% 93% 

Finished pH 3.67 3.55 3.37   3.17   3.1 3.04   2.95 2.94 

Alum pH = 7 

Turbidity 

(NTU) 
  876 487 299   61   36 33     

% Removal    12% 51% 70%   94%   96% 97%     

pH   6.79 6.3 5.96   5.31   4.61 4.42     

FeCl pH = 4 

Turbidity 

(NTU) 
188 189 76   37   79         

% Removal  81% 81% 92%   96%   92%         

Finished pH 3.48 3.42 2.91   2.16   1.86         

FeCl pH = 7 

Turbidity 

(NTU) 
  820 513 425 212 53   120       

% Removal    18% 49% 58% 79% 95%   88%       

Finished pH   6.36 5.53 5.1 4.39 3.85   2.75       
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B.3 Centrifuge Data 

Table B3-1: Centrifuge results without coagulant agents for IP1 

IP1 Centrifuge Testing in 15 mL vial (Filled to 14 mL; 3 vials for each time test) -  

WW Type 

IP1F                                                     

(Initial SS = 2,503 mg/L; 800 

NTU) 

IP1Polish                                             

(Initial SS = 5,300 mg/L; 1000 

NTU) 

IP1Peel                                               

(Initial SS = 18,400 mg/L; 800 

NTU) 

Set Time (minutes) 3 5 7 10 3 5 7 10 3 5 7 10 

Final Turbidity 

(NTU)  
44 37 27 18 138 133 98 90 191 193 137 133 

Settled Solids (mL) 0.5 0.3 
0.2-

0.25 
0.2 - 2-2.5 2-2.6 2-2.2 - 

4.5-

5.5 

4.5-

5.5 

4.5-

5.5 

Turbidity Reduction 

(%) 
95% 95% 97% 98% 86% 87% 90% 91% 81% 81% 86% 87% 

 

 

Table B3-2: Centrifuge results without coagulant agents for IP2 

IP2 Centrifuge Testing in 250 mL bottle                                                                          

(Filled to 150 mL; 1 bottle for each time test) 

WW Type IP2C (>1000 NTU) IP2F (170 NTU) 

Set Time (minutes) 3 5 7 10 3 5 7 10 

Final Turbidity 

(NTU) 
424 222 153 137 53 25 15 11 

Turbidity Reduction 

(%) 
58% 78% 85% 86% 69% 85% 91% 94% 
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Table B3-3: Centrifuge results with coagulant agents for IP2 at pH 7 

IP2C (1000 NTU) ) (250 mL bottle filled to 150 mL; 1 bottle for 

each time test) - June 14, 2012 

Coagulant 
Dosage 

(mg/L) 

Turbidity 

(NTU)  

Removal Efficiency 

(%) 

1 

50 376 62 

150 89 91 

200 55 95 

250 60 94 

300 76 92 

2 

30 395 61 

90 315 69 

120 121 88 

150 132 87 

180 150 85 

3 

20 222 78 

40 117 88 

80 19 98 

100 7 99 

IP2F (170 NTU) - June 14, 2012 

1 
50 3 98 

100 6 96 

2 30 40 76 

3 20 47 73 

 

 

Table B3-4: Centrifuge results with coagulation and flocculation for IP2 for                                    

pH adjusted from 4 to 7 

IP2C adjusted from pH 4 (1000 NTU) (250 mL bottle filled to 150 

mL; 1 bottle for each time test) - June 26, 2012 

Coagulant Dosage (mg/L) 
Turbidity 

(NTU)  

Removal 

Efficiency 

(%) 

1 

50 274 73 

100 145 86 

200 54 95 

300 65 94 

IP2F adjusted from pH 4 (170 NTU) 

1 
50 4 98 

100 7 96 
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Table B3-5: Centrifuge results for IP1F for pH adjusted from 4 to 7 

IP1F Centrifuge Testing                             

(1000 NTU) (15 mL vial filled to 13 mL; 3 

vials for each time test) 

Set Time (minutes) 3 7 

Final Turbidity 

(NTU)  
25 18 

Settled Solids (mL) 0.5 0.5 

Turbidity 

Reduction (%) 
97 98 

Coagulant 1 

Dosage (mg/L) 
167 167 

 

 

B.4 DAF Testing Data 

Table B4-1: Effects of recycle rate and retention time on solids removal 

IP2C (Filtered through 75 µm sieve; 1000 NTU; Fixed dosage at 125 mg/L, Coagulant 1) 

- July 27,2012 

Test  

Retention 

Time 

(Minutes) 

Washwater 

+ Chemical 

Aid (mL) 

Recycle Rate 
Final 

Turbidity 

(NTU) 

Turbidity 

Reduction 

(%) 

Settled 

Matter 

(mL) 
Volume  

(mL) 
% 

1.1 3 420 115 27 219 78 100 

1.2 5--7 420 95 23 199 80 150 

1.3 10 420 105 25 100 90 150 

2.1 3 420 165 39 164 84 60 

2.2 5--7 420 145 35 198 80 65 

2.3 10 420 144 34 188 81 75 

3.1 3 420 195 46 174 83 50 

3.2 5--7 420 194 46 225 78 40 

3.3 10 420 204 49 256 74 20 
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Table B4-2: IP1F DAF refined results 

 

 

 

 

 

Date 

Collected
Test Date Analyzed

Temperature 

(
o
C)

Initial pH

Coagulant  

Dosage 

(mg/L)

Flocculant 

Dosage 

(mg/L) 

Final 

Turbidity 

(NTU)

Removal 

Efficiency 

(%)

Final 

pH

Float 

Matter 

(mL)

Settled 

Matter 

(mL)

RR (%)

25-Oct-12 1 25-Oct-12 14 6.98 63 53 1000 0 - 0 40 49

25-Oct-12 2 25-Oct-12 14 6.99 88 74 1000 0 7.08 0 50 46

25-Oct-12 3 25-Oct-12 15 6.97 125 53 1000 0 7.08 0 50 46

25-Oct-12 4 25-Oct-12 16 7.05 163 0 1000 0 7.24 0 80 49

25-Oct-12 5 25-Oct-12 14 6.97 250 0 1000 0 - 0 100 49

12-Jun-12 6 31-Jul-12 10 6.67 163 0 900 10 6.77 0 60 41

12-Nov-12 7 12-Nov-12 14 6.82 100 84 379 62 7.17 0 40 43

12-Nov-12 8 12-Nov-12 12 6.97 125 105 115 89 6.76 15 40 44

22-Nov-12 9 22-Nov-12 10 7.02 150 84 110 89 - 70 10 42

22-Nov-12 10 22-Nov-12 14 7.05 150 53 62 94 6.94 40 50 42

12-Nov-12 11 12-Nov-12 13 6.9 150 126 28.1 97 7.17 40 50 46

25-Oct-12 12 25-Oct-12 14 6.88 125 105 16.9 98 7.29 100 50 49

22-Nov-12 13 22-Nov-12 10 6.97 150 126 16.3 98 7.23 70 10 44

1-Aug-13 14 1-Aug-13 16 6.56 200 147 78 92 6.8 0 70 48

1-Aug-13 15 1-Aug-13 16 6.56 250 189 47.6 95 6.8 80 0 58

1-Aug-13 16 1-Aug-13 16 6.56 263 189 30.8 97 6.8 100 0 48

Max 16 7.05 263 189 1000 98.37 7.29 100 100 58

Min 9.7 6.56 63 0 16 0 6.76 0 0 41

Average 14 6.87 7.01 47

Stand Dev 0.18 2.83
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Table B4-3: DAF results for IP2F, IP2C, IP1Peel and IP1Polish 

 

Test Type  
Date 

Analyzed 

Temperature 

(oC) 

Initial 

pH 

Adjusted pH 

after 

Base/Polymer 

Addition 

Coagulant 

Dosage  

(mg/L) 

Flocculant 

Dosage  

(mg/L) 

Initial 

Turbidity  

Final 

Turbidity  

Removal 

Efficiency 

Final 

pH 

Float 

Matter 

(mL) 

Settled 

Matter 

(mL) 

RR 

(%) 

Rise Rate 

(m/min) 

1 IP2F 1-Aug-12 10.1 3.83 7.15 50   145 21.4 85% 7.14 0 20 43   

2 IP2F 1-Aug-12 14.4 3.9 7.24 25   145 55 62% 7.41 10 10 42   

3 IP2F 1-Aug-12 14.4 3.9 7.13 25   145 41 72% 7.44 8 10 38   

4 IP2F 19-Mar-13 8 4   38 21 170 4 98% 7.2     40   

5 IP2F 19-Mar-13 12 4   38 32 170 9 95% 6.8 15     0.09-0.1 

6 IP2F 10-Apr-13 19 6.91 6.86 38 21 104 12 88% 7.23 30     0.13-0.16 

                                

7 IP2C 28-Jul-12 16.2 3.63 6.8 188   900 95 89% 7.18 10 90 45   

8 IP2C 28-Jul-12 16.2 3.63 6.84 163   900 104 88% 7.15 20 50 45   

9 IP2C 28-Jul-12 16.2 3.62 6.81 163   900 72 92% 7.12 45 10 45 0.12 

                                

10 IP1Peel 25-Oct-12 16 6.55 6.45 163   1000 658 34% 6.62 50   38   

11 IP1Peel 25-Oct-12 17 6.59 6.6 63 53 1000 675 33% 6.66 20 0 40   

12 IP1Peel 25-Oct-12 15 6.5 6.48 163   1000 1000 0% 6.81 0   30   

13 IP1Peel 25-Oct-12 17 6.54 6.98 163   1000 625 38% 7.19 60   38 0.06 

14 IP1Peel 25-Oct-12 18 6.53 6.49 163   1000 570 43% 6.89 60   45 0.06 

15 IP1Peel 25-Oct-12 16 6.55 6.43 163   1000 587 41% 6.85 50   46 0.1 

16 IP1Peel 25-Oct-12 18 6.58 6.99 163   1000 620 38% 7.24 50   49 0.07 

                

17 IP1Polish 25-Oct-12 14 6.76 6.62 163   1000 1000 0%     150 49   

18 IP1Polish 25-Oct-12 12 6.78 6.67 125   1000 1000 0% 7.13   140 51   

19 IP1Polish 25-Oct-12 12 6.8 6.76 63 53 1000 69.7 93% 7.12 100 150 32   

20 IP1Polish 12-Nov-12 13 6.8   125 105 1000 12.1 99% 6.81 300 0 46   

21 IP1Polish 12-Nov-12 13 6.8 6.7 100 84 1000 45.4 95% 7.08 40 50 50   

22 IP1Polish 22-Nov-12 13 6.73   125 105 1000 10.2 99% 7.13 30   38   
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B.5 Membrane Treatment Feasibility  

 

Table B5-1: Membrane Filtration Analysis for IP1F and IP2F 

 

 

 

 

TEST
Date 

Collected
Date Analyzed Type Transmittiance (%)

Turbidity 

(NTU)

Turbidity Reduction - 

Removal Efficiency 

(%)

Transmittance 

Increase (%)

Cumulative 

Turbidity 

Reduction (%)

Cumulative 

Transmittance 

Increase (%)

1.1 22-Nov-12 27-Jun-13 IP1F 0.01 1079

1.2 22-Nov-12 27-Jun-13 IP1FDAF(150/105) 5 19.5 98.19 99.80 98.19 99.8

1.3 22-Nov-12 27-Jun-13 IP1FDAF(150/105) - 2.0 13.103 4.28 78.05 61.84 99.60 99.92

1.4 22-Nov-12 27-Jun-13 IP1FDAF(150/105) - 0.2 16.9 2.15 49.77 22.47 99.80 99.94

2.1 22-Nov-12 27-Jun-13 IP1FDAF(150/116) 6 17.8 98 99.83 98.35 99.83

2.2 22-Nov-12 27-Jun-13 IP1FDAF(150/116) - 2.0 13.364 2.49 86 55.10 99.77 99.93

2.3 22-Nov-12 27-Jun-13 IP1FDAF(150/116) - 0.2 14.58 1.79 28 8.34 99.83 99.93

3.1 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG 0.506 73.5 93 98.02 93.19 98.02

3.2 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG - 2.0 2.837 20.9 72 82.16 98.06 99.65

3.3 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG - 0.2 5.567 7.19 66 49.04 99.33 99.82

4.1 22-Nov-12 27-Jun-13 IP1FCent(172) 3.09 14.1 99 99.68 98.69 99.68

4.2 22-Nov-12 27-Jun-13 IP1FCent(172) - 2.0 4.838 8.63 39 36.13 99.20 99.79

4.3 22-Nov-12 27-Jun-13 IP1FCent(172) - 0.2 8.171 3.97 54 40.79 99.63 99.88

5.1 3-Jul-12 3-Jul-12 IP2F - Veg 12.9 103

5.2 3-Jul-12 3-Jul-12 IP2FDAF(38/32) 44.8 10.1 90 71.21 90.19 71.21

5.3 3-Jul-12 3-Jul-12 IP2FDAF(38/32)- 2.0 64.8 0.54 95 30.86 99.48 80.09

5.4 3-Jul-12 3-Jul-12 IP2FDAF(38/32)- 0.2 68.6 0.02 96 5.54 99.98 81.20

5.2 3-Jul-12 3-Jul-12 IP2FCent(50) 39.7 5.74 94 67.51 94.43 67.51

5.3 3-Jul-12 3-Jul-12 IP2FCent(50) - 2.0 48.5 1.81 68 18.14 98.24 73.40

5.4 3-Jul-12 3-Jul-12 IP2FCent(50) - 0.2 55.8 0.04 98 13.08 99.96 76.88

6.1 16-Jul-12 16-Jul-12 IP1F - a lot of soil 0.001 1000

6.2 16-Jul-12 16-Jul-12 IP1FDAF(150/116) 1.6 46 95 99.94

6.3 16-Jul-12 16-Jul-12 IP1FDAF(175/137) 2 40.6 96 99.95

6.4 16-Jul-12 16-Jul-12 IP1FDAF(175/137) 1.7 39 96 99.94

6.5 16-Jul-12 16-Jul-12 IP1FCent (150) 0.001 327 67 0.00

6.6 16-Jul-12 16-Jul-12 IP1FCent (170) 0.001 303 70 0.00

7.1 1-Aug-13 1-Aug-13 IP1F 0.001 962

7.2 1-Aug-13 1-Aug-13 IP1FDAF Mix 2 35 96.36 99.95 96.36 99.95

7.3 1-Aug-13 1-Aug-13 IP1FDAF Mix - 2.0 5.9 6.28 82.06 66.10 99.35 99.98

7.4 1-Aug-13 1-Aug-13 IP1FDAF Mix - 0.2 7.4 0.16 97.45 20.27 99.98 99.99

7.5 1-Aug-13 1-Aug-13 IP1FDAF(200/147) 0.4 78 92 99.75 91.89 99.75

7.6 1-Aug-13 1-Aug-13 IP1FDAF(200/147) - 2.0 3.1 3.2 96 87.10 99.67 99.97

7.7 1-Aug-13 1-Aug-13 IP1FDAF(200/147) - 0.2 3.2 0.89 72 3.13 99.91 99.97

7.8 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 2 25.4 97 99.95 97.36 99.95

7.9 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 - 2.0 4.9 1.2 95 59.18 99.88 99.98

8 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 - 0.2 5.5 0.36 70 10.91 99.96 99.98

8.1 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3 1.9 30.8 97 99.95 96.80 99.95

8.2 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3 - 2.0 4.9 2.81 91 61.22 99.71 99.98

8.3 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3- 0.2 5.6 0.28 90 12.50 99.97 99.98

8.7 1-Aug-13 1-Aug-13 IP1FCent(300) 0.001 229 76 0.00 76.20 0.00

8.8 1-Aug-13 1-Aug-13 IP1FCent(300) - 2.0 0 105 54 - 89.09 -

8.9 1-Aug-13 1-Aug-13 IP1FCent(300) - 0.2 0.5 3.82 96 100.00 99.60 99.80

9 1-Aug-13 1-Aug-13 IP1FDAF(250/189) # 1 1.9 47.6 95 99.95 95.05 99.95

9.1 1-Aug-13 19-Aug-13 IP1F 0.001 1044

9.2 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 7.1 13.3 98.73 99.99 98.73 99.99

9.3 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 - 2.0 13.7 3.09 76.77 48.18 99.70 99.99

9.4 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 - 0.2 14.7 2.06 33.33 6.80 99.80 99.99

9.5 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 7.6 40.1 96 99.99 96.16 99.99

9.6 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 - 2.0 10.6 16.6 59 28.30 98.41 99.99

9.7 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 - 0.2 22.1 0.47 97 52.04 99.95 100.00

9.8 1-Aug-13 19-Aug-13 IP1FCent(300) 2.8 9.38 99 99.96 99.10 99.96

9.9 1-Aug-13 19-Aug-13 IP1FCent(300) - 2.0 3.1 7.06 25 9.68 99.32 99.97

10 1-Aug-13 19-Aug-13 IP1FCent(300) - 0.2 4.5 3.82 46 31.11 99.63 99.98

10.1 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG 0.027 80 92 96.26 92.34 96.26

10.2 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG - 2.0 0.30 22.2 72 91.09 97.87 99.67

10.3 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG - 0.2 1.10 5.23 76 72.73 99.50 99.91

10.4 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2 0.014 166 84 93.08 84.10 93.08

10.5 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2 - 2.0 0.6 22 87 97.59 97.89 99.83

10.6 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2- 0.2 1.9 2.36 89 68.42 99.77 99.95

10.7 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) 0.0010 575 45 0.00 44.92 0.00

10.8 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) - 2.0 0.0026 81 86 60.92 92.24 60.92

10.9 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) - 0.2 0.013 7 91 80.90 99.33 92.54
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Table B5-1: Membrane Filtration Analysis for IP1F and IP2F (con’t) 

 

 

 

 

TEST
Date 

Collected
Date Analyzed Type Transmittiance (%)

Turbidity 

(NTU)

Turbidity Reduction - 

Removal Efficiency 

(%)

Transmittance 

Increase (%)

Cumulative 

Turbidity 

Reduction (%)

Cumulative 

Transmittance 

Increase (%)

1.1 22-Nov-12 27-Jun-13 IP1F 0.01 1079

1.2 22-Nov-12 27-Jun-13 IP1FDAF(150/105) 5 19.5 98.19 99.80 98.19 99.8

1.3 22-Nov-12 27-Jun-13 IP1FDAF(150/105) - 2.0 13.103 4.28 78.05 61.84 99.60 99.92

1.4 22-Nov-12 27-Jun-13 IP1FDAF(150/105) - 0.2 16.9 2.15 49.77 22.47 99.80 99.94

2.1 22-Nov-12 27-Jun-13 IP1FDAF(150/116) 6 17.8 98 99.83 98.35 99.83

2.2 22-Nov-12 27-Jun-13 IP1FDAF(150/116) - 2.0 13.364 2.49 86 55.10 99.77 99.93

2.3 22-Nov-12 27-Jun-13 IP1FDAF(150/116) - 0.2 14.58 1.79 28 8.34 99.83 99.93

3.1 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG 0.506 73.5 93 98.02 93.19 98.02

3.2 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG - 2.0 2.837 20.9 72 82.16 98.06 99.65

3.3 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG - 0.2 5.567 7.19 66 49.04 99.33 99.82

4.1 22-Nov-12 27-Jun-13 IP1FCent(172) 3.09 14.1 99 99.68 98.69 99.68

4.2 22-Nov-12 27-Jun-13 IP1FCent(172) - 2.0 4.838 8.63 39 36.13 99.20 99.79

4.3 22-Nov-12 27-Jun-13 IP1FCent(172) - 0.2 8.171 3.97 54 40.79 99.63 99.88

5.1 3-Jul-12 3-Jul-12 IP2F - Veg 12.9 103

5.2 3-Jul-12 3-Jul-12 IP2FDAF(38/32) 44.8 10.1 90 71.21 90.19 71.21

5.3 3-Jul-12 3-Jul-12 IP2FDAF(38/32)- 2.0 64.8 0.54 95 30.86 99.48 80.09

5.4 3-Jul-12 3-Jul-12 IP2FDAF(38/32)- 0.2 68.6 0.02 96 5.54 99.98 81.20

5.2 3-Jul-12 3-Jul-12 IP2FCent(50) 39.7 5.74 94 67.51 94.43 67.51

5.3 3-Jul-12 3-Jul-12 IP2FCent(50) - 2.0 48.5 1.81 68 18.14 98.24 73.40

5.4 3-Jul-12 3-Jul-12 IP2FCent(50) - 0.2 55.8 0.04 98 13.08 99.96 76.88

6.1 16-Jul-12 16-Jul-12 IP1F - a lot of soil 0.001 1000

6.2 16-Jul-12 16-Jul-12 IP1FDAF(150/116) 1.6 46 95 99.94

6.3 16-Jul-12 16-Jul-12 IP1FDAF(175/137) 2 40.6 96 99.95

6.4 16-Jul-12 16-Jul-12 IP1FDAF(175/137) 1.7 39 96 99.94

6.5 16-Jul-12 16-Jul-12 IP1FCent (150) 0.001 327 67 0.00

6.6 16-Jul-12 16-Jul-12 IP1FCent (170) 0.001 303 70 0.00

7.1 1-Aug-13 1-Aug-13 IP1F 0.001 962

7.2 1-Aug-13 1-Aug-13 IP1FDAF Mix 2 35 96.36 99.95 96.36 99.95

7.3 1-Aug-13 1-Aug-13 IP1FDAF Mix - 2.0 5.9 6.28 82.06 66.10 99.35 99.98

7.4 1-Aug-13 1-Aug-13 IP1FDAF Mix - 0.2 7.4 0.16 97.45 20.27 99.98 99.99

7.5 1-Aug-13 1-Aug-13 IP1FDAF(200/147) 0.4 78 92 99.75 91.89 99.75

7.6 1-Aug-13 1-Aug-13 IP1FDAF(200/147) - 2.0 3.1 3.2 96 87.10 99.67 99.97

7.7 1-Aug-13 1-Aug-13 IP1FDAF(200/147) - 0.2 3.2 0.89 72 3.13 99.91 99.97

7.8 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 2 25.4 97 99.95 97.36 99.95

7.9 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 - 2.0 4.9 1.2 95 59.18 99.88 99.98

8 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 - 0.2 5.5 0.36 70 10.91 99.96 99.98

8.1 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3 1.9 30.8 97 99.95 96.80 99.95

8.2 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3 - 2.0 4.9 2.81 91 61.22 99.71 99.98

8.3 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3- 0.2 5.6 0.28 90 12.50 99.97 99.98

8.7 1-Aug-13 1-Aug-13 IP1FCent(300) 0.001 229 76 0.00 76.20 0.00

8.8 1-Aug-13 1-Aug-13 IP1FCent(300) - 2.0 0 105 54 - 89.09 -

8.9 1-Aug-13 1-Aug-13 IP1FCent(300) - 0.2 0.5 3.82 96 100.00 99.60 99.80

9 1-Aug-13 1-Aug-13 IP1FDAF(250/189) # 1 1.9 47.6 95 99.95 95.05 99.95

9.1 1-Aug-13 19-Aug-13 IP1F 0.001 1044

9.2 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 7.1 13.3 98.73 99.99 98.73 99.99

9.3 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 - 2.0 13.7 3.09 76.77 48.18 99.70 99.99

9.4 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 - 0.2 14.7 2.06 33.33 6.80 99.80 99.99

9.5 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 7.6 40.1 96 99.99 96.16 99.99

9.6 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 - 2.0 10.6 16.6 59 28.30 98.41 99.99

9.7 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 - 0.2 22.1 0.47 97 52.04 99.95 100.00

9.8 1-Aug-13 19-Aug-13 IP1FCent(300) 2.8 9.38 99 99.96 99.10 99.96

9.9 1-Aug-13 19-Aug-13 IP1FCent(300) - 2.0 3.1 7.06 25 9.68 99.32 99.97

10 1-Aug-13 19-Aug-13 IP1FCent(300) - 0.2 4.5 3.82 46 31.11 99.63 99.98

10.1 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG 0.027 80 92 96.26 92.34 96.26

10.2 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG - 2.0 0.30 22.2 72 91.09 97.87 99.67

10.3 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG - 0.2 1.10 5.23 76 72.73 99.50 99.91

10.4 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2 0.014 166 84 93.08 84.10 93.08

10.5 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2 - 2.0 0.6 22 87 97.59 97.89 99.83

10.6 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2- 0.2 1.9 2.36 89 68.42 99.77 99.95

10.7 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) 0.0010 575 45 0.00 44.92 0.00

10.8 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) - 2.0 0.0026 81 86 60.92 92.24 60.92

10.9 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) - 0.2 0.013 7 91 80.90 99.33 92.54
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Table B5-1: Membrane Filtration Analysis for IP1F and IP2F (con’t) 

 

 

 

TEST
Date 

Collected
Date Analyzed Type Transmittiance (%)

Turbidity 

(NTU)

Turbidity Reduction - 

Removal Efficiency 

(%)

Transmittance 

Increase (%)

Cumulative 

Turbidity 

Reduction (%)

Cumulative 

Transmittance 

Increase (%)

1.1 22-Nov-12 27-Jun-13 IP1F 0.01 1079

1.2 22-Nov-12 27-Jun-13 IP1FDAF(150/105) 5 19.5 98.19 99.80 98.19 99.8

1.3 22-Nov-12 27-Jun-13 IP1FDAF(150/105) - 2.0 13.103 4.28 78.05 61.84 99.60 99.92

1.4 22-Nov-12 27-Jun-13 IP1FDAF(150/105) - 0.2 16.9 2.15 49.77 22.47 99.80 99.94

2.1 22-Nov-12 27-Jun-13 IP1FDAF(150/116) 6 17.8 98 99.83 98.35 99.83

2.2 22-Nov-12 27-Jun-13 IP1FDAF(150/116) - 2.0 13.364 2.49 86 55.10 99.77 99.93

2.3 22-Nov-12 27-Jun-13 IP1FDAF(150/116) - 0.2 14.58 1.79 28 8.34 99.83 99.93

3.1 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG 0.506 73.5 93 98.02 93.19 98.02

3.2 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG - 2.0 2.837 20.9 72 82.16 98.06 99.65

3.3 22-Nov-12 27-Jun-13 IP1FCent-NOCOAG - 0.2 5.567 7.19 66 49.04 99.33 99.82

4.1 22-Nov-12 27-Jun-13 IP1FCent(172) 3.09 14.1 99 99.68 98.69 99.68

4.2 22-Nov-12 27-Jun-13 IP1FCent(172) - 2.0 4.838 8.63 39 36.13 99.20 99.79

4.3 22-Nov-12 27-Jun-13 IP1FCent(172) - 0.2 8.171 3.97 54 40.79 99.63 99.88

5.1 3-Jul-12 3-Jul-12 IP2F - Veg 12.9 103

5.2 3-Jul-12 3-Jul-12 IP2FDAF(38/32) 44.8 10.1 90 71.21 90.19 71.21

5.3 3-Jul-12 3-Jul-12 IP2FDAF(38/32)- 2.0 64.8 0.54 95 30.86 99.48 80.09

5.4 3-Jul-12 3-Jul-12 IP2FDAF(38/32)- 0.2 68.6 0.02 96 5.54 99.98 81.20

5.2 3-Jul-12 3-Jul-12 IP2FCent(50) 39.7 5.74 94 67.51 94.43 67.51

5.3 3-Jul-12 3-Jul-12 IP2FCent(50) - 2.0 48.5 1.81 68 18.14 98.24 73.40

5.4 3-Jul-12 3-Jul-12 IP2FCent(50) - 0.2 55.8 0.04 98 13.08 99.96 76.88

6.1 16-Jul-12 16-Jul-12 IP1F - a lot of soil 0.001 1000

6.2 16-Jul-12 16-Jul-12 IP1FDAF(150/116) 1.6 46 95 99.94

6.3 16-Jul-12 16-Jul-12 IP1FDAF(175/137) 2 40.6 96 99.95

6.4 16-Jul-12 16-Jul-12 IP1FDAF(175/137) 1.7 39 96 99.94

6.5 16-Jul-12 16-Jul-12 IP1FCent (150) 0.001 327 67 0.00

6.6 16-Jul-12 16-Jul-12 IP1FCent (170) 0.001 303 70 0.00

7.1 1-Aug-13 1-Aug-13 IP1F 0.001 962

7.2 1-Aug-13 1-Aug-13 IP1FDAF Mix 2 35 96.36 99.95 96.36 99.95

7.3 1-Aug-13 1-Aug-13 IP1FDAF Mix - 2.0 5.9 6.28 82.06 66.10 99.35 99.98

7.4 1-Aug-13 1-Aug-13 IP1FDAF Mix - 0.2 7.4 0.16 97.45 20.27 99.98 99.99

7.5 1-Aug-13 1-Aug-13 IP1FDAF(200/147) 0.4 78 92 99.75 91.89 99.75

7.6 1-Aug-13 1-Aug-13 IP1FDAF(200/147) - 2.0 3.1 3.2 96 87.10 99.67 99.97

7.7 1-Aug-13 1-Aug-13 IP1FDAF(200/147) - 0.2 3.2 0.89 72 3.13 99.91 99.97

7.8 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 2 25.4 97 99.95 97.36 99.95

7.9 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 - 2.0 4.9 1.2 95 59.18 99.88 99.98

8 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 2 - 0.2 5.5 0.36 70 10.91 99.96 99.98

8.1 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3 1.9 30.8 97 99.95 96.80 99.95

8.2 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3 - 2.0 4.9 2.81 91 61.22 99.71 99.98

8.3 1-Aug-13 1-Aug-13 IP1FDAF(263/189) # 3- 0.2 5.6 0.28 90 12.50 99.97 99.98

8.7 1-Aug-13 1-Aug-13 IP1FCent(300) 0.001 229 76 0.00 76.20 0.00

8.8 1-Aug-13 1-Aug-13 IP1FCent(300) - 2.0 0 105 54 - 89.09 -

8.9 1-Aug-13 1-Aug-13 IP1FCent(300) - 0.2 0.5 3.82 96 100.00 99.60 99.80

9 1-Aug-13 1-Aug-13 IP1FDAF(250/189) # 1 1.9 47.6 95 99.95 95.05 99.95

9.1 1-Aug-13 19-Aug-13 IP1F 0.001 1044

9.2 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 7.1 13.3 98.73 99.99 98.73 99.99

9.3 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 - 2.0 13.7 3.09 76.77 48.18 99.70 99.99

9.4 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 1 - 0.2 14.7 2.06 33.33 6.80 99.80 99.99

9.5 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 7.6 40.1 96 99.99 96.16 99.99

9.6 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 - 2.0 10.6 16.6 59 28.30 98.41 99.99

9.7 1-Aug-13 19-Aug-13 IP1FDAF(263/189) # 2 - 0.2 22.1 0.47 97 52.04 99.95 100.00

9.8 1-Aug-13 19-Aug-13 IP1FCent(300) 2.8 9.38 99 99.96 99.10 99.96

9.9 1-Aug-13 19-Aug-13 IP1FCent(300) - 2.0 3.1 7.06 25 9.68 99.32 99.97

10 1-Aug-13 19-Aug-13 IP1FCent(300) - 0.2 4.5 3.82 46 31.11 99.63 99.98

10.1 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG 0.027 80 92 96.26 92.34 96.26

10.2 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG - 2.0 0.30 22.2 72 91.09 97.87 99.67

10.3 1-Aug-13 19-Aug-13 IP1FCent-NOCOAG - 0.2 1.10 5.23 76 72.73 99.50 99.91

10.4 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2 0.014 166 84 93.08 84.10 93.08

10.5 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2 - 2.0 0.6 22 87 97.59 97.89 99.83

10.6 1-Aug-13 19-Aug-13 IP1FDAFPeel75(250/126) # 2- 0.2 1.9 2.36 89 68.42 99.77 99.95

10.7 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) 0.0010 575 45 0.00 44.92 0.00

10.8 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) - 2.0 0.0026 81 86 60.92 92.24 60.92

10.9 1-Aug-13 19-Aug-13 IP1PeelCentrifuge (300) - 0.2 0.013 7 91 80.90 99.33 92.54
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B.6 Microbiological Testing and UV Disinfection for IP1 

Table B6-1: Testing 1 

 

 

  

 

Sample ID DOSE

UV 

Exposure 

Time

D.F.

Volume 

Diluted   

(mL)

Total 

Volume 

Filtered

No of colonies per 

plate
cfu/100 mL

1 DAF-10-1 10 5:38 1 5 5 306 6,120       

2 DAF-10-2 10 5:38 0.1 5 into 45 5 30 6,000       

3 DAF-20-1 20 11:16 1 5 5 402 8,040       

4 DAF-20-2 20 11:16 0.1 5 into 45 5 63 12,600     

5 D-10-1 10 3:48 1 5
5

No EC Colony 

Observed

6 D-10-2 10 3:48 0.1 5 into 45
5

No EC Colony 

Observed

7 D-20-1 20 7:36 1 5
5

No EC Colony 

Observed

8 D-20-2 20 7:36 0.1 5 into 45
5

No EC Colony 

Observed

9 C-10-1 10 7:37 1 5
5

No EC Colony 

Observed

10 C-10-2 10 7:37 0.1 5 into 45
5

No EC Colony 

Observed

11 C-20-1 20 15:14 1 5
5

No EC Colony 

Observed

12 C-20-2 20 15:14 0.1 5 into 45
5

No EC Colony 

Observed

13 DAF-10
-1

- 1 0 - 0.1
10 into 

90
100

Densed closely 

packed colonies

14 DAF-10
-2

-2 0 - 0.01 1 into 99 100
Densed closely 

packed colonies

15 DAF-10
-3

-3 0 - 0.001 0.1 into 100 755 755,000   

15 CENT-10
-1

- 1 0 - 0.1
10 into 

90
100

Growth not clear 

due to high solids

16 CENT-10
-2

-2 0 - 0.01 1 into 99 100
No growth 

Observed

17 CENT-10
-3

-3 0 - 0.001
0.1 into 

99.9
100

No growth 

Observed

DATE: August 11, 2013

DAF Clarified 

Effluent

CENT Clarified 

Effluent

E.coli Testing Sheet/Samples

DAF Clarified 

Effluent

DAF Clarified - 0.2 

um filter Effluent

Cent Clarified - 0.2 

um filter Effluent
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Table B6-2: Testing 2 

 

 

 

 

Plate# Sample ID DOSE

UV 

Exposure 

Time

D.F.
Volume 

Diluted   (mL)

Total 

Volume 

Filtered

No of colonies 

per plate
cfu/100 mL

MI-1 IP1FDAF 1 0 - 0.001 0.1 into 99.9 100

No EC 

colonies 

Observed

MI-2 IP1FDAF 1 0 - 0.001 0.1 into 99.9 100

No EC 

colonies 

Observed

MI-3 IP1FDAF 2.0 um 2 0 - 1 5 5

No EC 

colonies 

Observed

MI-4 IP1FDAF 2.0 um 2 0 - 0.1 5 into 45 5

No EC 

colonies 

Observed

MI-5 IP1FDAF 0.2 um 3 0 - 1 5 5

No EC 

colonies 

Observed

MI-6 IP1FDAF 0.2 um 3 0 - 0.1 5 into 45 5

No EC 

colonies 

Observed

MI-7 IP1FCent 4 0 - 0.001 0.1 into 99.9 100 1 1,000       

MI-8 IP1FCent 4 0 - 0.001 0.1 into 99.9 100 2 2,000       

MI-9 IP1FCent 2.0 um 5 0 - 1 5 5 30 600          

MI-10 IP1FCent 2.0 um 5 0 - 0.1 5 into 45 5 1 200          

MI-11 IP1FCent 0.2 um 6 0 - 1 5 5 4 80            

MI-12 IP1FCent 0.2 um 6 0 - 0.1 5 into 45 5

No EC 

colonies 

Observed

MI-13 IP1PeelDAF 7 0 - 0.001 0.1 into 99.9 100 27 27,000     

MI-14 IP1PeelDAF 7 0 - 0.001 0.1 into 99.9 100 28 28,000     

MI-15 IP1PeelDAF 2.0 um 8 0 - 1 5 5 87 1,740       

MI-16 IP1PeelDAF 2.0 um 8 0 - 0.1 5 into 45 5 23 4,600       

MI-17 IP1PeelDAF 0.2 um 9 0 - 1 5 5 16 320          

MI-18 IP1PeelDAF 0.2 um 9 0 - 0.1 5 into 45 5

No EC 

colonies 

Observed

MI-19 IP1PeelCent 10 0 - 0.001 0.1 into 99.9 100

No EC 

colonies 

Observed

MI-20 IP1PeelCent 10 0 - 0.001 0.1 into 99.9 100 7 7,000       

MI-21 IP1PeelCent 2.0 um 11 0 - 1 5 5 75 1,500       

MI-22 IP1PeelCent 2.0 um 11 0 - 0.1 5 into 45 5 No Test

MI-23 IP1PeelCent 0.2 um 12 0 - 1 5 5 18 360          

MI-24 IP1PeelCent 0.2 um 12 0 - 0.1 5 into 45 5 4 80            

IP1_Peel 

CENT

CENT -> 2.0 um           

CENT -> 2.0 -> 0.2 

um

IP1F

CENT

CENT -> 2.0 um           

CENT -> 2.0 -> 0.2 

um

IP1_Peel - 75 um

DAF 

DAF -> 2.0 um           

DAF -> 2.0 -> 0.2 

um

DATE: August 21, 2013

E.coli Testing Sheet/Samples

IP1F

DAF 

DAF -> 2.0 um           

DAF -> 2.0 -> 0.2 

um
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Table B6-3: Testing 3 

 

 

Sample ID                          

(Name on vials)
DOSE Trans (%) Abs.

UV Exposure 

Time

UV Exposure 

Time (min:sec)
D.F.

Volume 

Diluted   

(mL)

Total 

Volume 

Filtered

Procedure
No of colonies per 

plate

1 IP1FDAF   
1
     30  30 7.1 1.14874 712 11:52 1 5 5 New No EC colonies

2 5 Old No EC colonies

3 5 New No EC colonies

4 IP1FDAF-40   
3    40 7.1 1.14874 936 15:36 1 5 5 New No EC colonies

5 5 Old No EC colonies

6 5 New No EC colonies

7 IP1FDAF-10   
5    10 12 0.92082 188 03:08 1 5 5 New No EC colonies

8 5 Old No EC colonies

9 5 New No EC colonies

10 IP1FDAF-20   
7 20 12 0.92082 375 06:15 1 5 5 New No EC colonies

11 5 Old No EC colonies

12 5 New No EC colonies

No EC colonies

13 IP1FCent-10   
9 10 2.8 1.55284 316 05:16 1 5 5 New No EC colonies

14 5 Old No EC colonies

15 5 New No EC colonies

16 IP1FCent-20   
11 20 2.8 1.55284 633 10:33 1 5 5 New No EC colonies

17 5 Old No EC colonies

18 5 New No EC colonies

19 IP1FCent-10   
13 

  (2.0) 10 2.9 1.5376 313 05:13 1 5 5 New No EC colonies

20 5 Old No EC colonies

21 5 New No EC colonies

22 IP1FCent-20   
13 

  (2.0) 20 2.9 1.5376 626 10:26 1 5 5 New No EC colonies

23 5 Old No EC colonies

24 5 New No EC colonies

No EC colonies

25 IP1PeelDAF-10   
17 

  (2.0) 10 0.6 2.22185 453 07:33 1 5 5 New No EC colonies

26 5 Old No EC colonies

27 5 New No EC colonies

28 IP1PeelDAF-20   
17 

  (2.0) 20 0.6 2.22185 905 15:05 1 5 5 New No EC colonies

29 5 Old No EC colonies

30 5 New No EC colonies
IP1PeelDAF-20   

18 
  (2.0)

07:33 0.1 5 into 45

5 into 450.115:059052.221850.620

2.22185 453

IP1FCent-20   
14 

  (2.0) 20 2.9 1.5376 626

CENT -> 2.0 um            

(W UV)

IP1PeelDAF-10   
18 

  (2.0) 10 0.6

313 05:13 0.1 5 into 45

10:26 0.1 5 into 45

IP1FCent-10   
14 

  (2.0) 10 2.9 1.5376

0.1 5 into 45

IP1FCent-20   
12 20 2.8 1.55284 633 10:33 0.1

1.55284

5 into 45

DAF -> 2.0 um            

(W UV)

IP1FCent-10   
10 10 2.8

CENT

188 03:08 0.1 5 into 45

IP1FDAF-20   
8 20 12 0.92082 375 06:15 0.1 5 into 45

IP1_Peel
DAF -> 2.0 um            

(W UV)

5 into 45IP1FDAF   
2
     30  30 7.1

IP1F

316 05:16

11:52 0.1

DAF 

IP1FDAF-40   
4    40

DATE: August 27, 2013

E.coli Testing Sheet/Samples

IP1F

1.14874 712

7.1 1.14874 936 15:36 0.1 5 into 45

IP1FDAF-10   
6 10 12 0.92082
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B.7 Cost Analysis 

Table B6-1: Chemical Cost for Various Removal Efficiencies 
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Table B6-2: Annual Chemical Costs 

 

 

Sample Calculations: Settling – 4 – Alum – 94% 

Coagulant cost per volume of washwater = dosage x cost per kg of chemical 

Coagulant cost ($/L) = Dosage (mg/L) x (g/1000 mg) x (kg/1000 g) x Alum cost ($/kg) 

                                  = 4000 mg/L x (g/1000 mg) x (kg/1000 g) x 0.48 $/kg   

         Coagulant cost = 0.00192 $/L = 1.92 $/m
3
 

Total chemical cost = coagulant cost + NaOH cost 

                                 = 1.92 + 0.72       

                                 = 2.64 $ /m
3
 

          

Base 

(NaOH)
Alum Coagulant 1 Flocculant Operating Cost

Settling (No C&F) 0.72 0.72 79 11,867

Settling 0.72 1.92 2.64 290 43,547

DAF 0.72 0.92 1.48 3.12 343 51,484

Centrifuge 0.72 1.02 1.74 192 28,730

DAF - Worst Case 0.72 1.65 2.22 4.59 505 75,722

Centrifuge - Worst Case 0.72 1.84 2.56 282 42,227

DAF 0.17 0.23 0.38 0.78 94 14,098

Centrifuge 0.17 0.31 0.48 58 8,640

IP2F                                     

(Year around Operation)
120

Volume 

(m3/day)

110

IP1F                                                    

(5 Month Operation)

Operating 

Chemical Cost 

per day           

($)

Operating 

Chemical 

Cost per year 

($)($/m
3
) of treated water
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B.8 Washwater Observed Colour 

 

 

Figure B7-1: IP1Primary 

 

 

Figure B7-2:IP1_Sanding (Coarse and Fine) 
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Figure B7-3: IP1F 

 

 

Figure B7-4: IP2F 
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Appendix C: Calculations 

C.1 Solution Preparation  

Table C1-1: Solution Concentrations 

# 
Name/Chemical 

Formula 

Molar Mass 

(g/mole) 

Product used 

(g or ml) per 

volume (L) 

Concentration 

[M] and 

[mg/L] 

Cost 

 

1 

Sodium Hydroxide 

NaOH 

(Caustic Soda) 

40.00 

40 g per 1 

litre of D.I. 

water 

1; 40,000 

$0.58/kg at 50% 

(Flochem, 

Guelph) 

2 
Sodium Bicarbonate 

NaHCO2 
84.01 84.01g/1 litre 1; 84,010 

$0.53/kg at 8% 

(Flochem, 

Guelph) 

3 
Hydrochloric Acid      

HCl 

36.5 

(1.18 SG) 

441.65 g/L 

 
4.03; 124,767  

4 
Aluminum Sulphate 

Al2(SO4)3⋅14H2O 
594.34 100 g/L 

29.72; 

100,000 

$0.48/L at 48% 

(Flochem, 

Guelph) 

5 
Ferric Chloride 

FeCl3⋅6H2O 
270.30 100 g/L 13.51;100,000  

6 
Coagulant # 1 

(NALCO 8187) 
  5,000 [mg/L] 6.12 $/kg 

7 
Coagulant # 2 

(NALCO 8134) 
  3,000 [mg/L] N/A 

8 
Coagulant # 3 

(SIGMA-ALDRICH) 
  2,000 [mg/L] N/A 

9 
Flocculant 

(NALCO 71307) 
  4,200 [mg/L] 11.77 $/kg 

 

3. Hydrochloric Acid – HCL  

Volume of stock solution = 225 mL = V1 

Normality = 12.1 N 

1 M HCl = 1 N HCl therefore 12.1 N HCl = 12.1 M HCl 

Find concentration in % by V/V 

Molarity = Mass/Molar Mass 

Mass = (Molarity)*(Molar Mass ) 
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Mass = (12.1 mole/L)*(36.5g/mole) = 441.65 g/L 

Conc. in % = (Mass/S.G.)/1000 

Conc. in % = (441.65g/L)/(1.18g/ml * 1000ml/L) = 0.3743 or 37.43%  

Conc. in ppm =  37.43% *10,000 = 374,300 ppm  

V2 = 675 ml  

Concentration of diluted sample = ? = C2 

C2 = V1C1/V2  = (225 mL)(12.1 M)/(675 mL) 

       = 4.03 M or 124,767 ppm 

 

4. Aluminum Sulphate (Al2(SO4)3⋅14H2O)  

Mass of stock solution = 20,000 mg 

Volume of deionized water = 0.2 L 

Concentration of stock solution = 20,000 mg / 0.2 L = 100,000 mg/L 

Desired concentration needed for Jar Test = 2000 mg/L = C2V2 

C1V1 = C2V2 

(100,000 mg/L)V1 = 2000 mg/L 

V1 = (2000 mg/L) / (100,000 mg/L) 

V1 = 0.02 L or 20 mL  

Therefore add 20 mL of alum solution (100,000 mg/L) to a 1000 mL of washwater to get a 

dosage of 2000 mg/L 

NOTE: Ferric Chloride (FeCl3⋅6H2O) was prepared in similar manner to Aluminum 

Sulphate  
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6. Coagulant # 1 (NALCO #8187) 

Concentration = 50% => 50% x 10,000 = 500,000 ppm = C1 

Volume of stock solution = 1 mL = V1 

Volume of water = 100 mL = V2 

Concentration of diluted sample = ? = C2 

C2 = V1C1/V2  = (1 mL)(500,000)/(100 mL) 

       = 5,000 ppm 

 

7. Coagulant # 2 (NALCO#8134) 

Concentration = 30% => 30% x 10,000 = 300,000 ppm = C1 

Volume of stock solution = 1 mL = V1 

Volume of water = 100 mL = V2 

Concentration of diluted sample = ? = C2 

C2 = V1C1/V2  = (1 mL)(300,000)/(100 mL) 

       = 3,000 ppm 

 

8. Coagulant # 3 (SIGMA-ALDRICH) 

http://www.sigmaaldrich.com/catalog/product/aldrich/409030?lang=en&region=CA 

Concentration = 20% => 20% x 10,000 = 200,000 ppm = C1 

Volume of stock solution = 1 mL = V1 

Volume of water = 100 mL = V2 

Concentration of diluted sample = ? = C2 

C2 = V1C1/V2  = (1 mL)(200,000)/(100 mL)   = 2,000 ppm 
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9. Flocculant (NALCO #71307) 

Concentration = 42% => 42% x =10,000 = 420,000 ppm = C1 

Volume of stock solution = 1 mL = V1 

Volume of water = 100 mL = V2 

Concentration of diluted sample = ? = C2 

C2 = V1C1/V2  = (1 mL)(420,000)/(100 mL) 

       = 4,200 ppm 

 

C.2 UV Disinfection 

Fixed Parameters:  

Petri Factor = 1  

Reflection Factor = 0.975 (Bolton and Linden, 2003)   

Center Irradiance = 0.194 mW/cm
2
 – Irradiance measured by sensor 

Path length = 1.6 cm – Depth of water sample in 10 mL beaker 

Distance tube to solution = 35 cm  

Abs 254 nm (base -10) = Variable, depended on clarified and filtered washwater  

Delivered Dose = 10 (mJ/cm^2) for 5 log reduction of E.coli  

Sample UV Dosage calculation for clarified washwater at 5% Transmittance: 

 

     (
 

 
   ⁄

) (2) 
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     (
 

 
   ⁄

) (2.1) 

        1/cm (2.2) 

              
       

          
 (2) 

              
                  

                      
 (3.1) 

              0.206905967 (1.2) 

                   
 

     
 (3) 

                   
     

              
 (3.1) 

                                (3.2) 

E0 = Center Irradiance x Water Factor (5) 
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E0 = 0.194 mW/cm2 x 0.206905967 (5.1) 

E0 = 0.040139758 mW/cm2 (5.1) 

                                                                         (4) 

       0.040139758 x 0.975 x 0.20690597 x 0.956284153 
 

(4.1) 

       0.037425389 mW/cm2 (4.2) 

Delivered Dose (mJ/cm^2) = Time (s) x       (6) 

Time (s) = Delivered Dose (mJ/cm^2) /       (6.1) 

Time (s) = 10 (mJ/cm
2
) / 0.037425389 mW/cm2 (6.2) 

Time (s) = 267 seconds or 4:27 minutes (6.2) 
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C.3 Operating Parameters  

DAF - Solids Loading Rate (SLR) 

Flow = 120 m
3
/8-hour 

Suspended solids = 2,375 mg/L 

Surface Area = (Length)*(Width) = (3.7 m)*(1.9 m) = 7.0 m
2
 

SLR = (Flow*Suspended solids)/(Surface Area*Time) 

        = ((120 m
3
*1000 L/m

3
*2,375 mg/L)/1,000,000  mg/kg)/(7.0 m

2
* 8 hours) 

        = (285 kg)/(56 m
2
/hr) 

        = 5.1 kg/m
2
/ hr       or      1.0 lbs/ft2/hr 

 

DAF - Hydraulic Loading Rate (HLR) 

HLR = Total Flow/Surface Area 

         = (120 m
3
/day)/(7.0 m

2
)  = 17.1 m/day or 2.1 m/hr 

 

HLR = 66 usgpm / 75.3 ft
2 

 = 0.9 gpm/ft
2 
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Appendix D: Proposed Technologies - Specification Sheet  

Table D1: Centrifuge Specification and Price 

Parameter Dimension Unit(s) 

Feed Capacity 60 – 120;    

15 – 30 

usgpm; m
3
/hr 

Make and Model FLOTTWEG DECANTER – C3E4 

Material Duplex stainless steel, 1.4571 (AISI 316 Ti), 

Length  2.98 m 

Width 0.94 m 

Height 0.9 m 

Gross Weight 1735 kg 

Motor for bowl drive 25; 18.5 hp; kW 

Motor for scroll drive  

FLOTTWEG SIMP-DRIVE® 

5; 4 hp; kW 

Total Power Demand 22.5 kW 

Cost 200,000 $ 

Quote obtained from Vector Process Equipment Inc., Mississauga, Ontario 

 

 

Table D2: DAF Equipment Specification and Price 

Parameter Dimension Unit(s) 

Peak Flow 70;16 Usgpm; m
3
/hr 

Length  3.65 m 

Width 1.9 m 

Height 1.9 m 

Weight 850 kg 

Wet weight 5000 kg 

Skimmer Motor + Recirculation Pump 0.34 + 5.4 = 

5.7; 4.25 

hp; kW 

DAF Cost + Inline mixer 50,000 $ 

Dewatering Equipment – Centrifuge – 

dewater to 4% upon optimum conditions 

100,000 $ 

Total cost of system 150,000 $ 

Quote obtained from H2Flow Equipment Inc., Concord, Ontario 

NOTE: System doesn‟t include polymer addition systems.   
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Appendix E: Lab Setup 

Table E1: Air Compressor Specifications 

Parameter Value and Units 

Air Flow 0.6 CFM @ 90 PSI 

1.0 CFM @ 40 PSI 

Air Tank Capacity 1 Gallon 

Engine 1/3 HP 

Max. Air Pressure 100 PSI 

Pump Style Single Cylinder 

Compressor Style Oil Free 

Air Outlet 1/4” – 18 NPT Female Thread 

Volts 120V ~ 60Hz 

Fuse 3A 

 

 

 

Figure E2: DAF Apparatus, left to right, compressor, floatation cylinder, pressure tank 
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Figure E3: Pressure tank for DAF Apparatus 

 

 

Figure E4: Flotation Cylinder, 1 L modified graduated cylinder 
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