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 The current project aimed to develop a continuous wash water recycling system 

for leafy green processing to maintain water quality and to enhance the 

microbiological quality of the product. The parameters were used to formulate a spent 

wash water solution to be applied in developing the water-recycling unit. The recycling 

unit consisted of an initial coagulation step followed by filtration and a tertiary 

ultraviolet disinfection step. Laboratory trials optimized the coagulation step for solids 

removal using different coagulating agents under a range of conditions. Sodium 

aluminate was selected as the superior coagulating agent for incorporation into a 

commercial water-recycling system. Within a commercial process, the water-recycling 

system could achieve >67% solids removal with a 2 log CFU reduction of endogenous 

bacterial counts with residual aluminum levels from the coagulating agent below 

regulatory levels. The water-recycling unit offers an efficient approach for more 

efficient use of water in fresh produce processing. 
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Chapter I – Introduction  

1.1 Aims or purpose of the study 

There is increasing pressure on water resources along with greater emphasis on environmental 

sustainability. Collectively, both trends have placed an emphasis on the increasing use of water 

along with stringent standards for the quality of wastewater being released into the environment. 

The current thesis describes research directed towards developing a continuous water-recycling 

system for leafy green processing. The system enabled the quality of wash water to be 

maintained and negated the need to recharge wash tanks, thereby achieving a significant 

reduction in water use.  

1.2 Research hypothesis 

The hypothesis of the study was that a continuous water recycling unit based on coagulation-

filtration and UV treatment could enhance the microbiological quality of wash water through 

maintaining low organic matter and microbial loading within the wash tank.  

1.3 Research objectives 

1. To characterize the spent water derived from a commercial leafy green wash process 

over a typical processing period. 

2. Through applying the Jar Test, identify the relative performance of coagulating agents 

to support organic content removal from spent wash water.  

3. To construct, validate and verify the performance of a continuous water recycling unit 

within a commercial processing plant.  
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Chapter II – Literature Review 

The bagged salad market has an annual growth of 1.7% per year and has an estimated value of 

over $2 billion within North America alone (Warriner, 2009). Although convenient, bagged 

salads have been linked to numerous food-borne illness outbreaks due to being contaminated 

with virulent pathogens such as Escherichia coli O157:H7. The original source of contamination 

is typically the primary production stage, with post-harvest washing being responsible for 

disseminating pathogens between batches. As a consequence, there has been a re-evaluation of 

the post-harvest washing process, not as a decontamination step, but as a potential cross-

contamination point. Therefore, the main objective of post-harvest washing is to maintain the 

wash water quality in terms of low organic content along with reduced microbial counts.  

The following introduction to the research will provide an overview of human pathogens 

associated with fresh produce and then consider various aspects of water testing and recycling 

technologies.  

2.1 Food-borne illness outbreaks linked to fresh produce 

Since the late 1980s when bagged salad became part of the retail market, demand has increased 

every year (Odumeru et al., 2007). It is estimated that 6 million bags of fresh-cut produce are 

sold daily in North America (Bowen et al, 2006). This is largely due to the known health benefits 

from the consumption of fresh produce. However, this growth in consumption of fresh produce 

has been linked to the increased incidence of food-borne illnesses (Warriner, 2009). Over the 

past two decades, there has been a rapid increase in outbreaks of food-borne illnesses and other 

cases that are due to fresh produce. Estimates show that fresh produce accounts for about 20 

million illnesses in the US, which is about 24% of illness outbreaks (Farber, Crichton & Snyder, 
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2014), with an estimated cost of $38.6 billion every year. In the 1970s, fresh produce rarely 

earned recognition as a major cause of outbreaks and cases of illnesses in the US. It only 

accounted for 0.7% of the outbreaks and 1% of cases of illness. However, the numbers of cases 

increased in the 1990s and fresh produce now accounts for about 6% and 12% of them. Between 

1990 and 2003, there was a further increase and estimates for the US show that now fresh 

produce is responsible for 16% of outbreaks and 30% of total cases. Some estimates also indicate 

that between 1990 and 2005, fresh produce accounted for about 13% of all outbreaks of illnesses 

and 21% of the cases in the US. Using a more recent interval from 1998 to 2007, estimates show 

that fresh produce accounts for about 14.8% of the outbreaks and 22.8% of all cases of food-

borne illnesses that occurred in the US. This translates to 26,470 food-related diseases caused by 

fresh-cut leafy greens alone (Olaimat & Holley, 2012) (Figure 1.1). 

According to an analysis of data on outbreaks in the US for the period between 1988 and 

2008, on average, there are between 6.3 and 13.2 illness outbreaks caused by fresh produce per 

year. In recent times, leafy greens contribute to a third of the outbreaks. Reports indicate that in 

Canada, fresh produce accounted for 15 outbreaks between 1991 and 2000. There were about 

1360 cases due to food-borne illness in that period (Farber, Crichton & Snyder, 2014).  
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Figure 1.1: Food-borne illness outbreaks linked to fresh produce from 1998 to 2007 

(Olaimat and Holley, 2012). 

 

A report by the CDC in 2010 actually confirmed that fresh produce is the number one 

cause of all food-related disease in the US (Jerngklinchan & Saitanu, 2013). Of these, lettuce, 

sprouts and spinach were noted to be the worse carriers of disease-causing organisms (Khalil et 

al., 2010). One of the largest outbreaks reported was linked with Californian fresh-cut spinach 

contaminated with E. coli O157:H7, which resulted in over 200 confirmed cases and three deaths 

(Khalil et al., 2010).  

Microorganisms associated with this trend of outbreaks include viruses, protozoa and 

bacteria. The viruses include hepatitis A virus and norovirus while the protozoa include 

Cyclospora cayetanensis and Cryptosporidium parvum. The bacteria associated with such 

outbreaks include Aeromonas (A.) hydrophila, Salmonella (S.) spp., Bacillus (B.) cereus, E. coli 

O157:H7, Clostridium (Cl.) spp., Listeria (L.) monocytogenes, Shigella (Sh.) spp., Yersinia (Y.) 
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enterocolitica, Campylobacter (C.) spp. And Vibrio (V.) cholera (Farber, Crichton & Snyder, 

2014). 

Notably, Salmonella and E. coli O157:H7 have been consistent causes of large outbreaks 

of food-borne illness that have a link to fresh produce. Due to better epidemiological methods 

and detection in the US, there have been more connections of viruses to causes of illness 

outbreaks due to produce. Between 1973 and 1997, 20% of the outbreaks had a link to viruses, 

which increased to about 51% in the period between 1998 and 2007. In the latter period, 

Salmonella and E. coli O157:H7 accounted for 7% and 17% of the outbreaks due to produce, 

respectively. A review of food poisoning outbreaks due to single items of fresh produce in the 

US for the period between 1990 and 2004 indicates that the most common bacterial agents were 

E. coli O157:H7 and S. enterica. Of the outbreaks due to leafy vegetables, seed sprouts and 

fruits, S. enterica accounted for about 30%, 60% and 76%, respectively. E. coli O157:H7, 

however, accounted for 48%, 40% and 19%, respectively. Other results indicate that Salmonella 

spp. And E. coli O157:H7 strains were a major cause of outbreaks due to contaminated fresh 

produce (Farber, Crichton & Snyder, 2014). 

Among all the vessels that cause E. coli illness outbreaks, fresh produce was the second most 

common for the period from 2000 to 2004. Observations show a link between E. coli O157 

outbreaks and lettuce, alfalfa sprouts, radish, apple cider and other mixed salads. Einstein, 

Jacobsohn & Goldman (2013) emphasized that food-related diseases affect people from all parts 

of the world. In 1996, Japan recorded over 12,000 cases of E. coli O157:H7 with 12 deaths. That 

is the largest outbreak on record and was due to consumption of raw radish sprouts. Another 

outbreak occurred in the US and Canada in 2006 due to spinach contaminated by E. coli 

O157:H7. There were 199 cases and three deaths reported over 26 states. Hospitalization was 
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required for 51% of cases while 16% experienced acute renal failure. In 2010, five US states 

experienced an outbreak of infections of human E. coli O145. The main cause of the outbreak 

was shredded romaine lettuce. There were 33 cases, 26 of which were confirmed while seven 

were probable cases. In May 2011, Germany experienced a large outbreak due to E. coli 

O104:H4, which had contaminated fenugreek seed sprouts. It affected visitors from about 14 

European countries and seven from North America. Of the seven North Americans affected by 

the outbreak, one died. Out of the 3911 cases, 47 resulted in death while 777 patients developed 

haemolytic Uremic syndrome. France experienced a similar outbreak a month later in Bordeaux, 

which caused 16 illnesses. The cause for the Bordeaux outbreak was fenugreek sprouts 

contaminated with E. coli O104:H4. There was still another lethal outbreak in 2011, caused by 

cantaloupe contaminated with L. monocytogenes. The distribution included 28 states in the US. 

It led to 146 illnesses, 30 deaths (20.5%) and one miscarriage (Olaimat & Holley, 2012). 

Although most food-borne illness due to Salmonella are usually connected to poultry, 

recent cases indicate that fresh produce is also a major vessel (Farber, Crichton & Snyder, 2014). 

In 2008, there was a big outbreak of salmonellosis in 43 states in the US and Canada. The 

outbreak caused 1442 illnesses, which all had a link to the consumption of hot peppers. There 

was also another outbreak of salmonellosis in late 2010 and early 2011. That affected 26 US 

states and there were 140 cases. The cause of the outbreak was alfalfa or spicy sprouts from a 

multistate restaurant chain. Food-borne illness outbreaks consistently occur courtesy of fresh 

produce such as cantaloupes, lettuce, tomatoes, seed sprouts and green salad. Several pathogen–

produce combinations frequently occur in outbreaks. Such combinations include E. coli 

O157:H7 and leafy green vegetables; Salmonella and cantaloupes, sprouts or tomatoes; hepatitis 

A with green onions; and Cyclospora and raspberries. To reduce the increasing effect of 
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contaminated produce on food-borne illness, a deeper understanding of the reasons for the 

increase is important, which may lead to the development of measures to combat such effects 

(Olaimat & Holley, 2012). Table 2.1 gives an overview of the outbreaks linked to fresh produce 

from 2005 to 2011. 

Table 2.1: Outbreaks linked to fresh produce from 2005 to 2011 (Olaimat, 2012). 

Location Year Pathogen Produce Number of 

deaths 

References 

Canada 2005 Salmonella Mung bean 

sprouts 

592 Rohekar et al., 2008 

USA 2005 Salmonella Tomatoes 459 CDC, 2007 

USA 2006 E. coli O157:H7 Spinach 199 (3) CDC, 2006b 

Australia 2006 Salmonella Alfalfa sprouts 125 Compton et al., 2008 

USA, Canada 2006 Salmonella Fruit salad 41 Landry et al., 2007 

USA 2006 Salmonella Tomatoes 183 CDC, 2006a 

USA 2006 E. coli O157:H7 Lettuce 81 FDA, 2007 

Australia 2006 Salmonella Cantaloupe 115 Munnoch et al., 2008 

USA 2006 E. coli O157:H7 Spinach 22 Grant et al., 2006 

Europe 2007 Salmonella Baby spinach 354 Denny et al., 2007 

North America, 

Europe 

2007 Salmonella Basil 51 Pezzoli et al., 2007 

Australia, 

Europe 

2007 Shigella sonnei Baby carrots 230 Lewis et al., 2007 

Europe 2007 Salmonella Alfalfa sprouts 45 Emberland et al., 

2007 

USA, Canada 2008 Salmonella Peppers 1442 (2) CDC, 2008b ; Mody 

et al., 2011 

http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib211
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib45
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib44
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib61
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib158
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib43
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib92
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib180
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib111
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib70
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib202
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib164
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib77
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib77
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib47
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib175
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib175
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2.2 Sources of contamination 

It has been recognized that fresh produce can be contaminated from a variety of sources at any 

stage along the farm-to-the food chain (Battilani, 2009; Olemz, 2008). Sources of contamination 

for fresh vegetables are in two broad categories: pre-harvest and post-harvest contamination 

(Szabo, Scurrah & Burrows, 2000). At the pre-harvest stage, some recognized sources of 

USA, Canada 2008 E. coli O157:H7 Lettuce 134 Warriner & Namvar, 

2010 

UK 2008 Salmonella Basil 32 Elviss et al., 2009 

USA 2008 Salmonella Cantaloupe 51 CDC, 2008a 

USA, Canada 2008 Salmonella Peanut butter 714 (9) CDC, 2009b 

USA 2009 Salmonella Alfalfa sprouts 235 CDC, 2009a 

USA 2010 E. coli O145 Lettuce 26 CDC, 2010a 

USA 2010 Salmonella Alfalfa sprouts 44 CDC, 2010b 

USA 2010 L. monocytogenes Fresh-cut produce 

(celery) 

10 (5) FDA, 2010 

USA 2011 Salmonella Alfalfa and mixed 

sprouts 

140 CDC, 2011b 

USA 2011 Salmonella Cantaloupe 20 CDC, 2011c 

USA 2011 Salmonella Papaya 106 CDC, 2011d 

Europe 2011 E. coli O104:H4 Vegetable sprouts 3911 (47) ECDC, 2011; EFSA, 

2011 

USA 2011 L. monocytogenes Cantaloupe 146 (31) CDC, 2011e 

USA 2011 E. coli O157:H7 Strawberries 15 (1) FDA, 2011 

USA 2011 E. coli O157:H7 Lettuce 60 CDC, 2011a 

http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib266
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib266
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib76
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib46
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib49
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib48
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib50
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib51
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib95
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib53
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib54
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib55
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib85
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib86
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib86
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib56
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib96
http://www.sciencedirect.com/science/article/pii/S0740002012000986#bib52
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contamination of fresh produce include “soil, dust, irrigation water used, fecal matter, 

reconstituted fungicides, and insecticides, inadequately composted manure, insects, animals and 

human handling” (Olaimat & Holley, 2012). On the other hand, post-harvest contamination may 

be due to human handling, harvesting equipment, processing equipment, rinsing water, insects, 

ice, dust, transport containers and transport vehicles (Farber, Crichton & Snyder, 2014). 

Soil is the most natural environment for a variety of human pathogens. Such pathogens 

include Cl. Botulinum, Cl. Perfringens, L. monocytogenes, Aeromonas and B. cereus. However, 

the addition of animal waste to soil greatly boosts the presence of these pathogens. Reports show 

that the survival period for Salmonella and E. coli O157:H7 in soil is about 7 to 25 weeks. That 

depends on the type of soil, its moisture level, temperature and the source of contamination. L. 

monocytogenes, E. coli O157, Salmonella and C. jejuni can survive in soil up to a maximum of 

between 45 and 100 days. Evidence from accumulated work shows that such pathogens have a 

longer survival period under some conditions, such as moist clay-based soils, lower temperatures 

and manure. Fecal matter may naturally comprise between 102 and 105 colony forming units 

(CFU)/g of E. coli whereas the Salmonella spp. Composition is between 102 and 107 CFU/g 

(Olaimat & Holley, 2012). The main sources of E. coli O157:H7 and Salmonella are sewage and 

manure from ruminants. The gastrointestinal microflora of pigs, cattle and poultry is the main 

source of C. jejuni while nature, in terms of soil and decaying matter, form the main source of L. 

monocytogenes, which commonly contaminates vegetables, especially root crops (Farber, 

Crichton & Snyder, 2014).  

For irrigation, the main factors affecting the microbial safety of produce are the quality of 

irrigation water and the irrigation system used. The riskiest irrigation methods are flood and 

spray irrigation, as contaminated water may be directly deposited onto the edible leaves of 
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produce (Farber, Crichton & Snyder, 2014). There have been studies to determine the effect of 

irrigation methods on the presence of E. coli O157. The results show that 90% of lettuce plants 

that were spray irrigated with water that contained 7 log CFU/mL of E. coli O157 became 

contaminated. However, only 19% were contaminated with the same concentration of E. coli 

O157 used for the surface irrigation. Due to the limited availability and cost of potable water in 

some regions, non-potable water of uncertain quality is re-used for irrigation. That may 

aggravate produce contamination. According to WHO/FAO, the upper limit of fecal coliforms in 

wastewater used for irrigation of fresh produce should be 1000 CFU or MPN/100 mL. Studies 

show that there has been extensive use of poor quality water for agriculture. In Western Canada, 

E. coli O157:H7 and Salmonella were isolated from 1.7% and 10.3% of samples of irrigation 

canal and river water, respectively (Olaimat & Holley, 2012). 

Pathogens may survive for a long time in treated water from different sources. Results of 

studies show that E. coli O157:H7 can survive in municipal water that has been filtered and 

autoclaved for up to 91 days at 8°C or 49 days at 25°C. E. coli O157:H7 can survive for up to 65 

days at 15°C in filtered and autoclaved farm water. The survival period for Salmonella in sterile 

municipal water or river water is 45 days at 23°C.  

According to some studies, reconstituted pesticides may be potential sources of L. 

monocytogenes, E. coli O157:H7, Shigella and Salmonella. Out of ten commercial pesticides 

tested and reconstituted in sterile water to the recommended concentrations, two of them could 

still support the survival and growth of inoculated Pseudomonas, E. coli and Salmonella. 

Pesticides were reconstituted in different types of agricultural water, such as from a dam, bore or 

river, to examine the survival and growth of microorganisms that are naturally present. When 

stored at 30°C for 48 h, the growth of bacterial species that were present naturally was found for 
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nine pesticides. Studies on the ability of different pathogens to survive in commercial 

horticultural pesticide solutions showed that both E. coli O157:H7 and Salmonella were able to 

survive the exposures to which they were subjected. After 24 h, there was a 0.2 and 1.7 log 

CFU/mL decrease in average levels of Salmonella Heidelberg and E. coli O157:H7, respectively, 

in seven solutions. The findings also indicated that E. coli and Salmonella survived for more than 

45 h and fewer than 15 days respectively, on tomato leaves that had been sprayed in fungicide 

contaminated by these organisms. Salmonella survived best compared to E. coli O157:H7, L. 

monocytogenes or Shigella flexneri in the pesticides in the study (Olaimat & Holley, 2012). 

Harvesting and processing also have an effect on the microbiological safety of fresh 

produce (Farber, Crichton & Snyder, 2014). The two activities include actions such as human 

and mechanical contact, cutting, slicing and immersion in water, which apart from having the 

potential to contaminate produce with pathogens, also enhances bacterial growth. The personal 

hygiene of farm workers is very important in the transfer of pathogenic bacteria to fresh produce. 

Coliforms have been isolated from fresh produce at different phases of the production process. 

They are often used as an indication of both human and animal fecal contamination, and their 

presence on produce may be unclear. Infected workers handling produce are the main source of 

food-borne illness and Shigella viruses. 

The distribution process may also have an influence on the safety of fresh produce. The 

conditions under which distribution takes place may facilitate or prevent cross-contamination of 

fresh produce. The right storage temperature may limit the chances of bacteria multiplying while 

an improper temperature may lead to the development of food-borne illness. Although cold 

temperatures limit the growth of most human pathogens, L. monocytogenes is still able to grow 

on a variety of vegetables under temperatures that maintain the quality of the product. 
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Most often, fresh produce should be stored at temperatures below 5°C to reduce the rate 

at which spoilage and pathogenic organisms multiply. Evidence shows that some critical 

pathogens may survive for long periods in environments where food grows (Farber, Crichton & 

Snyder, 2014). Produce contamination is most likely when the soil in which crops grow contains 

pathogens, when untreated liquid or solid manure is used to fertilize soil, when the water used for 

irrigation or formulation of pesticides for crops is non-potable, and when workers maintain low 

standards of hygiene (Olaimat & Holley, 2012). 

2.3 Post-harvest wash and limitations  

The crop production processes that immediately follow after harvesting are regarded as post-

harvest handling. This includes the post-harvest wash (Tamminga, Beumer & Kampelmacher, 

1978). Post-harvest handling has several goals, and the post-harvest wash aims to improve 

sanitation. The post-harvest wash uses water to clean food produce (Szabo, Scurrah & Burrows, 

2000). The rapid pace of urbanization, the increasing world population, rising fertilizer prices 

and scarcity of good quality water resources are creating an overall shortage of purified water 

sources for agriculture. Because of this, many farmers use wastewater and grey water for 

agriculture. One important area where unwholesome sources of water are used is the processing 

of vegetables after harvesting.  

Abdul-Raouf, Beuchat & Ammar (2003) explained that vegetable wash water is, like any 

cleaning product, prepared with the aim of speeding the removal of dirt, wax and pesticides from 

food products, particularly vegetables. Hutin et al. (1999) also highlighted the importance of 

processing vegetables, such as spinach, before they are consumed, since there are several health 

impacts with the consumption of untreated vegetables. However, as the debate on the 

consumption of unprocessed vegetables continues, that this may lead to severe health 
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implications. As such, one is reluctant to ask about the implications of consuming vegetables that 

have been treated or processed by untreated vegetable wash water. Duncan, Doull, Miller & 

Bancroft (2006) cautioned that it is one thing to process vegetables and it is another thing to 

process them well. On the whole, however, a well-processed vegetable is one that has been 

processed with treated vegetable wash water. Carlin & Nguyen (2011) stressed that most forms 

of farm water used as a vegetable wash in its natural state have properties and particles that make 

it contaminated.  

When wash water is used in its natural state, such as raw wastewater, it is said that the 

vegetable wash water is untreated. With this understanding, most public consumer advocates 

have become concerned about the need not to raise the hopes of consumers by merely assuring 

them that the vegetables they consume have been processed with vegetable wash water (Jagger, 

2011). Rather, it is important for consumers to know the state of the vegetable wash water used 

in the processing and the health impacts that may follow. Due to the possible exposure of 

produce to contaminants during the post-harvest wash, it is largely recommended that the process 

includes sanitization of the produce (Tamminga, Beumer & Kampelmacher, 1978). 

The practice of sanitizing fresh produce under commercial operating conditions has been 

noted to be generally acceptable as a disinfection process (Janisiewicz et al., 2009). Ercolani 

(2006) noted that sanitizing fresh produce is very necessary due to the high level of exposure of 

the produce to microbial spoilage and pathogens. Mechanisms such as direct contact with 

shredders and slicing during processing expose the inner tissue of the fresh-cut produce to 

microbial contamination (Einstein, Jacobsohn & Goldman, 2013). According to Jagger (2011), 

the reason why sanitizing of fresh produce under commercial operating conditions is particularly 

important, is that when fresh produce is damaged or infected, pathogens grow inside at a very 
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high rate, which may be 1–5 fold greater than what is experienced in healthy produce. It is for 

this reason that sanitizers are constantly applied to fresh produce to reduce microbial levels. In 

the opinion of Odumeru et al. (2007), one of the best ways to apply sanitizers to fresh produce is 

by applying the sanitizers at the post-harvest washing process. This way, two goals are achieved: 

sanitization and vegetable wash.  

The WHO recommends the use of a number of sanitizers based on their minimal side or 

adverse effects on consumption. These include chlorine, peroxyacetic acid (PAA) and ozone 

(Farber, Sanders & Johnston, 2009). Szabo, Scurrah & Burrows (2000) noted that sanitizers such 

as sodium hypochlorite, sulphur dioxide and sodium bisulfate are less recommended due to 

various disadvantages. Chlorine, PAA and ozone are, however, largely recommended because 

even when they are combined with organic and inorganic nitrogen compounds, they are known 

to produce no side effect on the disinfection of the water (Callister & Agger, 2007). This 

notwithstanding, Zhuang, Beuchat & Angulo (2005) argued that chlorine will not always serve 

as an effective disinfectant unless it is used in the right proportions and in an acceptable manner. 

For example, since the antimicrobial activity of chlorine is dependent on pH, it is largely 

accepted that pH has to be regulated to levels of 6.0–7.5 to ensure efficiency. Hutin et al. (1999) 

recommended 50–200 ppm at pH < 8.0 to ensure effective sanitation. In the estimation of 

Andrews et al. (2009), when the right dosage of chlorine is used, the generation of disinfection 

by-products when it comes into contact with water constituents such as proteins and phenolics, is 

minimized. O’Mahoney et al. (2010) mentioned that when ozone is used as a sanitizer, it has 

advantages such as equipment reliability, bactericidal and virucidal efficacy, efficacy against 

protozoa, and intensiveness of operations and maintenance. PAA on the other hand is considered 

by many only to be an alternative sanitizer (Kallander et al., 2011).  
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2.4 Wastewater characteristics 

Wastewater comprises 99.9% water and 0.1% of suspended and dissolved organic and inorganic 

solids (Tang, Cheong & Zainuldin, 2004). Some wash water parameters of significance include 

total dissolved solids (TDS), electrical conductivity, temperature, colour/turbidity, hardness, 

acidity/basicity, type and concentration of anions and cations, sodium adsorption ratio, boron and 

trace metals (Teplitski et al., 2011). Table 2.2 shows an overview of general wash water 

parameters. 

Table 2.2: General water quality parameters (Osmonics, 1997). 

Quantitative water 

analysis 

Purpose Scale Normal value 

pH Relative acidic or basic 

level of solution (hydrogen 

ion concentration) 

0 to 14 with a pH of 7 as 

neutral 

Surface water: 6.5 to 8.5 

Groundwater: 6 to 8.5  

Total solids (TS) Sum of TDS and total 

suspended solids (TSS) in 

water 

Measured in weight per 

volume of water, e.g. 

mg/L 

Up to 500 mg/L (WHO, 

2003) 

Conductivity  

(ionic contamination) 

Measurement of TDS Conductivity meter, which 

measures electrical 

conductivity of water in 

S/m 

Drinking water: 

0.005 to 0.5 S/m 

(www.lenntech.com) 

Resistance (ionic 

contamination) 

Measurement of ionic 

contamination  

Resistivity meter, which 

measures the electrical 

resistivity of water in Ω/m 

(resistance is the inverse of 

conductivity) 

1.8 to 200 Ω/m 

Total bacterial count Measure of total viable 

(can proliferate) organisms 

in water 

Colony forming units 

(CFU) of organisms per 

volume of water 

100 CFU/mL 

Pyrogens Amount of substances that 

can produce a fever in 

mammals (normally 

produced by bacteria) 

Endotoxin units (EU) 

per volume of water 

Water for injection: 0.25 

EU/mL 

(USP, 1995) 

Total organic carbon A measurement of the 

organic material 

contamination present in 

water 

Measured in weight of 

dissolved oxygen per 

volume of water, e.g. 

mg/L 

0.05 mg/L 

(USEPA, 1991) 

Biochemical oxygen 

demand 

Amount of dissolved 

oxygen needed by aerobic 

microorganisms in water 

Measured in weight of 

dissolved oxygen per 

volume of water, e.g. 

mg/L 

1 mg/L 

Chemical oxygen demand  Amount of dissolved 

oxygen required to cause 

chemical oxidation of the 

organic material in water 

Measured in weight of 

dissolved oxygen per 

volume of water, e.g. 

mg/L 

10 mg/L 

http://www.lenntech.com/
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The level of volatile solids (VS) is determined as the weight loss from the remaining 

solids after the water has been ignited at 550° (Tang, Cheong & Zainuldin, 2004). Total solids 

(TS) on the other hand is the measure of all suspended, colloidal and dissolved solids in any 

sample of wastewater (Taormina, Beuchat & Slutsker, 1999). These two are important in 

approximating the fraction of solids in a sample of wastewater, through the VS/TS ratio. Total 

suspended solids (TSS) is also an important parameter of water quality. It is a measure of the dry 

weight of particles suspending in wastewater (Ukuku, 2006). Because TSS are regarded as a 

pollutant, it is important to know if they are present so as to control them to avoid deterioration 

of water quality. TDS are in water that has passed through a filter during purification processes 

such as filtration. Conductivity can be used as an indirect measure of TDS (Teplitski et al., 

2011). Turbidity is a measure of water clarity, and it is essential for producing products intended 

for human consumption or for manufacturing. It is measured using the collective optical 

properties of suspended particles and molecules. Light passing through a water sample is 

scattered and absorbed by suspended matter instead of passing through in straight lines (EPA, 

1999).  

Since turbidity is caused by suspended material including soil particles (clay, silt and 

sand), finely divided organic and inorganic matter, soluble coloured organic compounds, 

plankton, microbes and microorganisms, food processors and treatment plants usually depend on 

coagulation, flocculation and filtration to produce a satisfactory product. The clarity of the water 

is the main factor in evaluating efficacy and productivity. The particles causing turbidity can 

interfere with the treatability of water. Microorganisms can be shielded by turbidity particles and 
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escape the sanitizing effect, which reflects the importance of turbidity as a water quality 

parameter (EPA, 1999). 

2.5 Wastewater treatment and recycling 

Ukuku (2006) noted that each type of technique used in water treatment has its own advantages 

and limitations. This study summarizes how we can be sure that the treatment used for vegetable 

wash water is effective in terms of removing all particles that can cause serious harm to human 

health. The quality parameters of water are determined by the intended use of the water. There 

are three main uses: human consumption, industrial and domestic use, and environmental water 

quality. This study looks at industrial water quality, for which wastewater is very important. 

Filtration, UV radiation, coagulation and flocculation are among the common technologies 

currently being used to treat industrial wastewater (Gebrekidan et al., 2013; Ali, 2012; Jones-

Hughes et al., 2012). Figure 2.2 is a flow diagram that depicts the process.  

 

Figure 2.2: Water treatment process. 
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Activated carbon is also commonly used in the treatment of contaminated water. 

Unfortunately, the complexity of using powdered activated carbon treatment has discouraged 

many food processors from treating their own vegetable wash water (Gebrekidan et al., 2013). 

To encourage more food processors to treat their own vegetable wash water, de Kwaadsteniet et 

al. (2013) pointed out the need to design and manufacture more economically sound water 

treatment technology. 

2.5.1 Coagulation  

Coagulation is a very important and effective technique for the treatment of wash water, 

especially where wastewater is involved. Jaquette, Beuchat & Mahon (2006) noted that 

coagulation acts to purify the water. For example, coagulation is generally effective in reducing 

water turbidity. In agreement, Ercolani (2006) stressed that there are several factors that cause 

water turbidity levels to increase. If turbidity levels are high, organic and inorganic matter can be 

expected to settle in the wash water.  

Coagulation normally uses coagulants. These are the chemicals that initiate coagulation 

as a chemical process instead of a physical process (Odumeru et al., 2007). O’Brien & Lindow 

(2008) explained that a major modality by which coagulants work is through the destabilization 

of naturally occurring organic or inorganic matter, which precipitates such matter from the wash 

water. Ackers et al. (2008) explained that the selection of a particular coagulant depends on 

whether organic matter or inorganic matter is to be removed. Examples of inorganic coagulants 

are aluminum and iron salts, including aluminum sulphate, acidified aluminum sulphate, 

aluminum chloride, sodium aluminate, ferric sulphate and chlorinated ferrous (Doyle & Schoeni, 

2006). Organic coagulants include the so-called polyDADMAC (polydiallyldimethyl ammonium 
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chloride). Natural organic coagulants also double as colloidal suspension removers (Paquet, 

2013). So when colloidal suspension removal is the ultimate aim, organic coagulants are 

preferred to inorganic coagulants. The opposite is true when the major focus is on removal of 

inorganic matter. 

2.5.2 Flocculation  

Flocculation is another technique used in the treatment of vegetable wash water to ensure that the 

organic and inorganic content is suitable for commercial recycling. Flocculation has been found 

to be ideal for stabilizing coagulated material (Pao, Brown & Schneider, 2008). Kallander et al. 

(2011) opined that flocculation should be the preferred treatment technique when the ultimate 

goal is to recover water transparency that has been disrupted by suspended materials, including 

oils, clays and natural organic matter. Carlin, Nguyen-the & Abreu da Silva (2012) stated that 

flocculation is the process of forming large clusters of particles through contact and adhesion. To 

achieve this, Szabo, Scurrah & Burrows (2000) emphasized the need to mix the wash water 

gently with the right adhesives to promote aggregation and the binding of particles considered to 

be unstable. As binding takes place, large clumps form, which can be removed manually. For the 

best outcome, Swerdlow et al. (2012) advised of the need to ensure that flocculation is performed 

after coagulation. This is because the two techniques are interdependent (Notermans, Dufrenne 

& Gerrits, 2009). 

Zhao, Doyle & Besser (2013) argued that flocculation can not be considered an effective 

treatment technique unless the right mechanisms and approaches are followed. Initial turbidity, 

pH, dosage of reagents used, type of polymer used and system hydrodynamics all affect the 

efficacy of flocculation. Callister & Agger (2007) stated that the coagulation stage, temperature 

and alkalinity influence the success of flocculation. Reducing the initial turbidity of wash water 
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is necessary for improving the effectiveness of flocculation, so coagulation should be performed 

first to help in reducing turbidity to acceptable levels (O’Mahoney et al., 2010).  

Blostein (2013) noted that polymers that have been derived from natural sources are 

suitable for flocculating given that they have very excellent biodegradation characteristics. Their 

environmental impact is considered to be minimal compared to flocculants such as inorganic 

ions and synthetic polymers (Pao, Brown & Schneider, 2008). Apart from polymers, starch 

derivatives have also been noted to be ideal for flocculation. 

2.5.3 Filtration 

There are several filtration techniques; however, the need to combine methods or use single 

methods must be determined by the nature of the wash water (Paquet, 2013). Swerdlow et al. 

(2012) recommended that where farmers are forced to use wastewater or grey water because of 

the scarcity of natural water, then combined techniques should be used, which are said to be 

some of the most effective techniques. For most forms of wastewater and grey water, coagulation 

and flocculation are used to reduce or remove turbidity, but their ability to remove aggregated 

particles and residual ions is often limited (Ercolani, 2006). Doyle & Schoeni (2006) advised that 

filtration should be applied after either coagulation or flocculation, because it ensures the 

removal of aggregated particles and residual ions from the wash water (Al-Hindawi & Rished, 

2009).  

There are a number of ways in which wash water can be filtered and the selection of a 

particular filtration process is based on performance, cost, nature of filtrate and maintenance 

needed (Allen, 2005). Sand filtration is the simplest form, while complex systems with 

membrane filtration units are preferred for advanced filtration. Slow sand filtration is often ideal 
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for removing contaminants from surface water (Andrews, 2012). Farber, Sanders & Johnston 

(2009) noted that due to its ability to absorb charged organic solutions, activated carbon is often 

preferred when filtration is needed for a wide range of purposes, including wash water treatment. 

Other technologies that have been used include diatomaceous earth filtration, bag and cartridge 

filtration, microfiltration, ultrafiltration, nanofiltration and reverse osmosis (Notermans, 

Dufrenne & Gerrits, 2009). 

2.5.4 Ultraviolet radiation  

UV radiation is ideal and the preferable method for treating vegetable wash water when the aim 

is to reduce the microbial counts of the water (Wu et al., 2000). A very extensive review was 

undertaken on the need to ensure that vegetable wash water is free from any microbes or 

pathogens, due to the ability of these pathogens to be transmitted with the vegetables and later 

transferred to consumers. UV radiation is a complementary part of almost all wash water 

treatment methods. Andrews et al. (2009) explained that UV light is electromagnetic radiation 

with a wavelength from 100 nm to 400 nm. There are three bands: long wave or UV-A, which is 

from 320 to 400 nm; medium wave or UV-B, which is from 280 to 320 nm; and short wave or 

UV-C, which is from 100 to 280 nm (Tabershaw, Schmelzer & Bruyn, 2007). Pao, Brown & 

Schneider (2008) explained that wavelengths from 254 to 260 nm, which are in the range for 

UV-B, are optimum for microbial killing efficiency. For the commercial utilization of UV 

radiation in the treatment of vegetable wash water, UV-B or medium wave is the preferred 

option. 

Duncan, Doull, Miller & Bancroft (2006) noted that in reducing microbe counts, UV 

radiation has two major effects: the bactericidal effect and the bacteriostatic effect. Which is 

most important depends on the exposure time of the vegetable wash water to the UV radiation, 
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UV intensity, turbidity of vegetable wash water and the ability of the microbes to withstand UV 

radiation. Turbidity reduces the efficacy of UV radiation, so it is generally accepted that before 

UV radiation is applied as a treatment technique, other techniques that remove turbidity, such as 

coagulation and flocculation, should be applied. Doyle & Schoeni (2006) actually criticized the 

use of UV in the treatment of vegetable wash water, noting that factors such as product 

composition and soluble solid content of the water can hamper the efficacy of microbial removal. 

In agreement, Al-Hindawi & Rished (2009) lamented that certain particle suspensions can 

actually block UV light from penetrating, which prevents pathogen destruction.  

2.5.5 Optimization for recycling  

To reduce microbial contamination of fresh vegetables and fruits, these food items are cleansed 

with water and a wide range of sanitizing agents or disinfectants, such as chitosan, chlorine 

dioxide, electrolysed oxidizing water, hydrogen peroxide, organic acids and ozone among others 

in what is known as the post-harvest wash (Gil et al., 2009; Ölmez & Kretzschmar, 2009). 

Unfortunately, washing fresh vegetables and fruits achieves a minimal reduction in counts and 

more likely results in cross-contamination (Gil et al., 2009). 

Different stakeholders, including food processors, policy regulators and the consuming 

public, generally are more concerned of the need to preserve our water environment. Most 

environmentalists think it is important that focus be placed on water management to reduce the 

amount and improve the quality of wastewater prior to disposal. In general, the primary purpose 

of coagulation and flocculation is to remove solid materials from wash water. As such, this study 

will focus on observing, monitoring and understanding the main characteristics of vegetable 

wash water using multiple methods to remove the debris present in the water. Furthermore, to 

enhance the quality of wash water, this study will seek to develop an economically viable water-
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recycling technology using filtration units and UV radiation, following coagulation and 

flocculation. 

To ensure the best outcome in the treatment of vegetable wash water, it is common that 

after the initial filtration, an additional optimization process is used to make the treated water 

good enough to be recycled. This is normally done to consolidate the purification (Swerdlow et 

al., 2012). In a study by O’Brien & Lindow (2008), a jar test was noted to be the most preferred 

optimization process for filtration in the treatment of vegetable wash water. Allen (2005) 

explained that a jar test is a laboratory-based approach that simulates commercial-scale water 

treatment. The jar test is ideal for coagulation and flocculation in the current study, given that the 

aim is to find a water treatment method that can be used commercially to recycle vegetable wash 

water.  

Notermans, Dufrenne & Gerrits (2009) stressed that one of the common approaches in 

optimization is the introduction of a new dosage range of a coagulant, which requires a re-

evaluation of the changing characteristics of the water to attain optimal turbidity removal. The 

turbidity of vegetable wash water can greatly affect the efficiency of filtration (Blostein, 2013). 

In treatment plants, chemicals are added and tested in a jar test to mimic the conditions in the 

treatment plant (Duncan, Doull, Miller & Bancroft, 2006). In the opinion of Brocklehurst, 

Zaman-Wong & Lund (2007), the jar test is ideal for optimizing the concentration of a coagulant 

and pH for filtration. 
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Chapter III – Methodology 

3.1 Facility description 

The spinach processed within the study facility was usually supplied by local growers or 

imported from the United States. The amount of spinach processed each day varies depending on 

market demand, but the facility on average processes 1300 kg per hour over a 5–8 h processing 

cycle. Once the spinach is received at the facility, it is unloaded from containers onto a conveyer, 

which transports the spinach to a de-stoner unit. The spinach then passes through an inspection 

belt, where it is manually inspected, before being transported to two wash tanks, each with an 

approximate size of 4000 L (Figure 3.1). The first wash tank is used to remove soil from the 

spinach, in addition to a portion of the microbial loading. The second wash tank is designated the 

bacteriocidal wash tank and is physically separated from the first tank. Both tanks  are dosed 

every hour with 250 to 350 mL of peroxyacetic acid (PAA) (Tsunami 100, Ecolab, Minnesota, 

USA) to maintain the PAA level at 40–80 ppm. The residence time in both tanks is 

approximately 30 s depending on the line speed and spinach load. A cooling unit is attached to 

the tanks to maintain the wash water at a low temperature level, typically between 7°C and 13°C. 

The wash water in both tanks is partially replenished throughout the operation time, with 

municipal water discharged at the end of processing. After the spinach leaves the second tank, it 

is transferred by conveyer towards a de-watering unit prior to being packed, sealed and finally 

distributed.  
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Figure 3.1: Flow diagram showing spinach movement from reception point to distribution 

point. 
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3.2 Description of sample collection  

Several sampling trials were conducted during the course of the study at the food facility. 

Samples were collected at different time intervals (5 × 100 mL). Wash water samples were 

gathered in sterilized plastic bottles (Thermo Fisher) every hour from Wash Tank 1 and Wash 

Tank 2 during 6 h of processing. Different wash water parameters were tested, including 

turbidity, conductivity, pH, TDS and temperature. The turbidity was determined by measuring 

the absorbance of wash water at a wavelength of 450 nm via a SmartSpec Plus 

Spectrophotometer (Bio-Rad Laboratories, Hercules, CA). The conductivity, pH and TDS of the 

wash water were measured by an OAKTON waterproof-pH/conductivity/TDS 300 Series system 

(Thermo Fisher), while the temperature was measured with a digital thermometer (Thermo 

Fisher, Oakville, ON, Canada.). 

3.3 Solid measurements  

This section considers measurements of the solids in the wash water, including total solids and 

total suspended solids. 

3.3.1 Total solids (TS)  

Water samples (3 × 100 mL) were collected from each tank (pre-and post-) every hour over a 6-

hour period. The samples were brought back to the University of Guelph’s laboratory to be 

tested. The samples were transferred into pre-weighed aluminum dishes (weight B) and the water 

evaporated in an oven at 103ºC for at least 1 h until a constant weight was obtained. The samples 

were then taken from the oven and kept cool in a desiccator for 10 min and subsequently 

weighed (A). TS was calculated as: 

Total Solid (mg/L) = 
(B−A) × 1000

Sample Volume × 1000 (mL)
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where 

A = weight of dried residue + dish (mg), and B = weight of dish (mg). 

3.3.2  Total suspended solids (TSS) 

The same procedure was used for TSS with the exception that the sample had to pass through a 

47-mm diameter, 0.45-µm-pore-size membrane filter paper. A well-mixed 100-mL sample was 

filtered through the pre-weighed filter (weight B) using a vacuum filter flask. The sample was 

then dried in an oven at 103°C to 105°C for at least 1 h until a constant weight was obtained. The 

filter was then weighed (A), and the increase in filter weight is TSS, calculated as: 

Total Suspended Solid (g/ L) = 
(𝐴−𝐵) × 1000

Sample Volume × 1000 (mL)
 

Where 

A = weight of dried residue + dish (mg), and B = weight of dish (mg). 

3.3 Description of coagulation and flocculation 

A jar test was performed to find the optimum coagulant dose that provided the best removal of 

turbidity to be applied on a large scale; this will be described in detail under the development of 

the filtration unit section. 

3.4.1 Simulated spinach wash water samples (1, 2, and 3 g/L) 

As part of the study, simulated spinach wash water was prepared to simulate the solid content of 

the wash water under commercial conditions. Spinach was purchased from the local supermarket 

and brought back to the lab. Then 3 g of spinach were weighed and put in a blender along with 

tap water until the sample became homogeneous. The blend was filtered through a bag filter 

(A&R Belly Inc.), poured into a 3000-mL flask and left on a stirrer for 5 min.  
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3.4.2 Jar test 

Aluminum sulphate (99.98% Sigma-Aldrich, Oakville, ON, Canada) was mixed with 500 mL of 

distilled water and stirred until the aluminum sulphate was fully dissolved. The pH was adjusted 

using 0.1 M hydrochloric acid and 0.1 M sodium hydroxide. A jar test was performed on the 

prepared simulated samples mentioned above. The 3000 mL of stirred sample was distributed 

between six jars, each containing 500 mL. The six jars were put on six paddle stirrers (Lab-Line 

Instruments, Inc., Melrose Park, IL). The beakers were respectively dosed with 1, 2, 3, 4 and 5 

mL of the alum solution and one beaker was left untreated as a control. Three phases were 

implemented. The first was a fast stirring step, where the stirrer was set at 100 rpm for 1 min to 

allow the positively charged alum particles to be distributed throughout the whole sample and 

neutralize the negative charges of the particles. For the second phase, the stirring speed was 

reduced to 40 rpm for 5 min to allow the neutralized particles to aggregate and form clusters or 

bigger flocs. In the third phase, the stirrer was turned off and the samples were left to settle for 

15 min. Afterwards, 20 mL was taken in a 25 mL pipet from the top 2 cm of each beaker to be 

tested for turbidity with a turbidity meter (ColeParmer, Vernon Hills, IL). Another 1 mL was 

taken from the top of each jar and emptied into a cuvette tube and inserted into the SmartSpec 

Plus Spectrophotometer (Bio-Rad Laboratories, Hercules, CA).  
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3.5 Description of sample collection from the water-recycling unit 

A filtration unit was developed and evaluated to investigate if the laboratory findings could be 

applied under commercial conditions (Figure 3.2).  

 

Figure 3.2: Schematic diagram of the filtration unit used in this study (Liang, 2013).  

 

Based on the results of laboratory trials, a prototype water-recycling unit was installed in 

the collaborating partner’s processing plant. The unit had a peristaltic pump with 100.10 psi 
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working pressure (figure 3.2), attached to one side of the Wash Tank 1 (4000 L), which pulled 

the water from the wash tank at 200 L/min; at this rate, the entire tank can be treated in only 20 

min. The water was then transferred into a static mixer made up of 14 elements with a series of 

baffles made of metal (7.5 cm diameter, 30 cm length). As the untreated water passed through 

the static mixer (Figure 3.2), the prepared coagulant agents, such as sodium aluminate, were 

added. The treated water stream was then transferred into the suspension tank (470 L) to hold the 

wash water and allow the solids particles to settle. Then, the water was passed through three 

filters of size 5.9” × 16.3” (15 cm × 67 cm) with pore sizes of 100, 25 and 10 µm, respectively. 

Three gauges are attached to the top of the filter cartridges to monitor the pressure in the filters. 

The water was then transferred into an activated carbon unit with a 40 L/min capacity. In the 

final stage, the water was fed past 6 × 12 W UV lights (254 nm) to be disinfected prior to being 

reintroduced to the wash tank. There is a port the wash water at the end of the filtration unit 

designated for sampling. Then 2 × 500 mL samples were taken in aseptic plastic bottles 

(Thermo-Fisher) every hour during the processing, from the actual tank before treatment and 

from the port at the end of the filtration unit after the water had been treated. Collected samples 

were stored in cooling boxes during sampling visiting and transferred to 4 ℃ cool rooms at 

University of Guelph overnight to be tested the next day.  

3.6 Microbiological analysis  

Microbiological analysis was conducted on the spinach wash water samples from Wash Tank 1 

and at the inlet to the tank following passage through the water recycling unit. Total aerobic 

counts were measured by placing 0.1 mL of the sample onto a nutrient agar plate that was 

incubated at 34˚C for 24 h. Another 1 mL of sample were placed onto an aerobic plate count 
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(Health Canada MFHPB-33) and E. coli/coliform (Health Canada MFHPB-43) Petrifilms (3 M 

Canada Inc., London, ON) incubated for 48h  at 37°C. 

3.7 Statistical analysis 

All the experiments were conducted three times each in duplicate. The statistical analysis of the 

data was performed by one-way ANOVA with Tukey’s test to find the significant differences 

between the means using SPSS. Significant differences were determined at P ˂ 0.05. 
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Chapter IV – Results 

4.1 Changes in wash tank water quality throughout a typical processing period 

Baseline studies were directed towards determining wash water characteristics during a typical 

processing period during the course of spinach processing. The water was characterized in terms 

of turbidity, conductivity, pH and temperature, plus an assessment of solids content via 

measuring TS, TSS, and TDS.(Figures 4.1 to 4.8 and Table 4.1).  
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 (B) 

Figure 4.1: Changes in turbidity in the Wash Tank 1 (A) and Wash Tank 2 (B) throughout 

6 h processing in five different visits. 

 

 (A) 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 2 4 6 8

(A
U

) 
4

5
0

n
m

Processing time (h)

Turbidity

Wash Tank 2-Visit 1

Wash Tank 2-Visit 3

Wash Tank 2-Visit 4

Wash Tank 2-Visit 5

0

50

100

150

200

250

300

350

400

450

0 2 4 6 8

(μ
S/

cm
)

Processing time (h)

Conductivity

Wash Tank 1-Visit 1

Wash Tank 1-Visit 2

Wash Tank 1-Visit 3

Wash Tank 1-Visit 4

Wash Tank 1-Visit 5



  

  
  

34 

 (B) 

Figure 4.2: Changes in conductivity levels in the Wash Tank 1 (A) and Wash Tank 2  (B) 

throughout 6 h processing in five different visits. 
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 (B) 

Figure 4.3: Changes in pH levels in the Wash Tank 1 (A) and Wash Tank 2 (B) throughout 

6 h processing in five different visits. 
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 (B) 

Figure 4.4: Changes in temperature levels in the Wash Tank 1 (A) and Wash Tank 2 (B) 

throughout 6 h processing in five different visits. 
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 (B) 

Figure 4.5: Changes in TS levels in the Wash Tank 1 (A) and Wash Tank 2 (B) throughout 

6 h processing in tow different visits. 
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 (A) 

 (B) 

Figure 4.6: Changes in TSS levels in the Wash Tank 1 (A) and Wash Tank 2 (B) 

throughout 6 h processing in three different visits. 
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 (A) 

 (B)  

Figure 4.7: Changes in TDS levels in the Wash Tank 1 (A) and Wash Tank 2 (B) 

throughout 6 h processing in five different visits. 
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Table 4.1:  Demonstrate the Maximum, minimum and median values of all wash water 

parameters used in the study. 

 

Location: Parameter Minimum Median Maximum 

Wash Tank 1: turbidity 
(AU) 

0.05 0.5 0.806 

Wash Tank 2: turbidity 
(AU) 

0.02 0.261 0.761 

Wash Tank 1: 
conductivity (μS/cm) 

333 343.4 414.3 

Wash Tank 2: 
conductivity (μS/cm) 

308.2 342.5 369.67 

Wash Tank 1: pH 5.08 5.9 
 

6.76 

Wash Tank 2: pH 5.19 5.9 
 

6.94 

Wash Tank 1: 
temperature (°C) 
 

7.9  8.8 9.6 

Wash Tank 2: 
temperature (°C) 

10  
11.1 

12.38 

Wash Tank 1: TDS 
(ppm) 
 

165.4 179.2 211 

Wash Tank 2: TDS 
(ppm) 
 

149.2 170.2 195.3 

Wash Tank 1: 
TS (mg/L) 

110 356 459 

Wash Tank 2: 
TS (mg/L) 

45.3 287.5 304.3 

Wash Tank 1: 
TSS (mg/L) 

21 166.4 290 

Wash Tank 2: 
TSS (mg/L) 

42 80.9 
 

106.6 

 

 

 

 



  

  
  

41 

 Turbidity levels in both wash tanks were monitored throughout the processing activity 

(Figure 4.1). Turbidity levels were found to range from 0.05 to 0.806 in Wash Tank 1; however, 

the range of recorded data was significantly lower (P < 0.05) compared to the Wash Tank 2. The 

same trends were noticed in both tanks with the turbidity generally increasing with processing 

time (P < 0.05). There were occasions where turbidity decreased due to the sporadic introduction 

of freshwater when the water level fell below a designated limit. 

TSS and TS followed the same trend as turbidity, significantly increasing in both tanks (P 

< 0.05) over the course of the processing (Figures 4.5 and 4.6). TSS and TS levels ranged from 

21 to 290 mg/L and from 110 to 459 mg/L in Wash Tank 1.  

Conductivity served as an indirect means of measuring TDS. In Wash Tank 1, 

conductivity ranged from 333 to 414 μS/cm (Table 4.1). A stable trend was observed with no 

significant change (P > 0.05) over the course of processing, suggesting there was no 

accumulation of charged solutes within the wash tank. TDS showed similar patterns as 

conductivity and ranged from 165 to 211 ppm in the Wash Tank 1 (Table 4.1 and Figure 4.7). In 

Wash Tank 2, the TDS ranged from 149 to 195 ppm and significantly increased (P < 0.05) over 

time, explaining the rise in conductivity in the Washing Tank 2 which was due to the high TDS 

levels. 

The pH of the wash water ranged from 5.1 to 6.8 in Wash Tank 1 and 5.2 to 7.0 in Wash 

Tank 2 (Table 4.1). The same trend was observed in both tanks. From the 4th to the 5th hour, the 

pH generally increased, and it significantly fell (P < 0.05) from the 2nd to the 3rd hour (Figure 

4.3). This trend implies that the pH was static but increased with the addition of freshwater, 

which diluted the peracetic acid sanitizer. The rising trend in pH is attributed to the dilution of 
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the peracetic acid, whereas the fall was mainly because of the effect of adding the sanitizer 

(PAA).  

A cooling unit maintained the temperature of both tanks. The temperature in Wash Tank 

1 and Wash Tank 2 water ranged between 7.9°C and 9.6°C and 10°C and 12°C, respectively 

(Table 4.1). No noticeable trend was observed for both tanks (Figure 4.4).  

4.2 Outcomes with optimization of coagulation and flocculation (jar test) 

The second phase of the project was performed with the objective of selecting the most 

appropriate coagulant agent to aid in the removal of water turbidity for the water-recycling 

system. The jar test was performed by taking samples of wash water from Wash Tank 1 than 

adding the test coagulating agent along with adjusting the pH to the appropriate level and 

addition of solids in the form of lettuce homogenate.   Statistically, the solid content, the 

concentration of coagulant agents and the pH are independent variables. Turbidity is a dependent 

variable as it is always influenced by the independent variables (Bowen et al., 2006).  

4.2.1 Optimization of alum dosage on removal of turbidity 

The efficacy of alum in removing solids from the simulated spent wash water with 1 g/L spinach 

homogenate was evaluated using different concentrations of the coagulating agent (20–100 

mg/L) adjusted to a pH range of 5–7. From the results obtained, it was found that the highest 

level of turbidity removal was obtained by applying 100 mg/L alum at pH 6 (Tables 4.2 and 4.3, 

and Figure 4.8). At pH values on either side of pH 6, the turbidity removal decreased with acidic 

conditions leading to poor coagulation.  
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Table 4.2: Impact of alum as a coagulating agent for spinach on turbidity measured with a 

turbidity meter. Values with stars are the pH and concentration levels at which 

optimization was reached. 

Alum 

concentration 

(mg/L) 

1 g/L spinach 2 g/L spinach 3 g/L spinach 

pH 5 pH 6 pH 7 pH 5 pH 6 pH 7 pH 5 pH 6 pH 7 

0 15.3 15.5 15.9 21.8 23.7 25.6 30.7 15.5 31.8 

20 29.1 32.8 32.4 49.3 36.4 42.1 38.4 32.8 32.2 

40 25.8 35.0 32.1 43.7 43.1 61.7 31.8 35.3 19.6 

60 38.1 38.9 27.3 53.2 35.3 55.5 16.8 38.9 17.8 

80 35.1 28.4 23.2 57.3 50.9 45.4 18.9 28.4 18.3 

100 35.1 *13.4 18.5 58.8 27.9 *24.1 14.5 *13.3 14.9 

(* Shows statistical significance) 

 

Table 4.3: Impact of alum as coagulating agent on turbidity measured with a 

spectrophotometer at a wavelength of 450 nm. Values with stars are the pH and 

concentration levels at which optimization was reached. 

Alum 

concentration 

(mg/L) 

1 g/L spinach 2  g/L spinach 3 g/L spinach 

pH 5 pH 6 pH 7 pH 5 pH 6 pH 7 pH 5 pH 6 pH 7 

0 0.106 0.104 0.099 0.163 0.161 0.129 0.199 0.172 0.275 

20 0.132 0.126 0.097 0.226 0.160 0.123 0.216 0.134 0.164 

40 0.135 0.128 0.089 0.195 0.128 0.073 0.157 0.087 0.139 

60 0.151 0.124 0.921 0.190 0.113 0.074 0.107 0.073 0.133 

80 0.157 0.126 0.086 0.182 0.136 0.065 0.148 0.080 0.122 

100 0.156 0.048* 0.072 0.156 0.125 0.061* 0.119 0.0146* 0.099 

 (* Shows statistical significance) 
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Next, the 2 g/L spinach homogenate was studied. Using a turbidity meter to inspect the 

impact of alum on turbidity showed that higher concentrations of alum were needed to achieve 

optimization. Therefore, when the pH was adjusted to 7, the most effective degree of coagulation 

was achieved with 100 mg/L of alum. In contrast, at the more acidic pH 5, the increase of alum 

concentration had a lower impact on turbidity. With a spectrophotometer, there was the same 

conclusion for the optimum alum dose. This is because at pH 7, the lowest levels of turbidity 

were recorded. Of these, the degree of coagulation was most effective at 100 mg/L alum, but this 

clearly decreased in efficacy as concentrations were lowered. It is for this reason that the line for 

pH 7 in Figure 4.9A is seen to be falling with increasing concentration. Indeed from 20 mg/L 

alum, each time there was an increase in concentration, the residual turbidity reduced further till 

the optimum level was recorded. This shows the impact of concentration of alum on turbidity, 

especially when the pH is 7. 

The quantity of spinach was increased to 3 g/L. As shown in Table 4.2 and Figure 4.10A, 

inspecting turbidity with a turbidity meter showed that different pH levels have different impacts 

on turbidity. On the whole, as pH became acidic, higher concentrations of alum were required to 

support flocculation even though there was no optimum under the most acidic pH, which was pH 

5. The most favourable levels of turbidity were produced at pH 6. It was also at this pH that the 

most effective degree of coagulation was achieved at a concentration of 100 mg/L. Again, it is 

seen that with a spectrophotometer, exactly the same trend for the results was obtained as before. 

This is because at higher acidic pH 5, the concentration of alum needed to increase to support 

flocculation, but the optimum was not produced at this pH. 
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(A) Using a turbidity meter 

 

 

(B) Using a spectrophotometer at a wavelength of 450 nm  

Figure 4.8: Effect of pH and coagulant concentration on turbidity removal from 1 g/L of 

simulated spinach wastewater. 
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(A) Using a turbidity meter  

 

(B) Using a spectrophotometer at a wavelength of 450 nm 

Figure 4.9: Effect of pH and coagulant concentration on turbidity removal from 2 g/L of 

simulated spinach wastewater. 
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(A) Using a turbidity meter  

 

 

(B) Using a spectrophotometer at a wavelength of 450 nm 

Figure 4.10: Effect of pH and coagulant concentration on turbidity removal from 3 g/L of 

simulated spinach wastewater. 
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4.2.2 Effect of settling time on solids removal 

The settling time was examined to investigate if it has any positive impact on turbidity removal. 

The range of times inspected were 0 min to 15 min, with readings made in 5 min intervals. The 

doses of alum that gave the highest removal of turbidity in the previous trials were chosen and 

the settling time was reduced as shown in Tables 4.4 and 4.5 and Figure 4.11A&B.  

 

Table 4.4: Measuring turbidity with a turbidity meter. 

Time 

(min) 

1 g/L spinach 

pH = 6 

100 mg/L dose 

2 g/L spinach 

pH = 7 

100 mg/L dose 

3 g/L spinach 

pH = 6 

100 mg/L dose 

0 18.05 28.5 51.45 

5 41.4 41.56 46.56 

10 32.43 32.73 31.83 

15 18.63 22.9 21.03 

 

Table 4.5: Measuring turbidity with a spectrophotometer at a wavelength of 450 nm. 

 

Time 

(min) 

1 g/L spinach 

pH = 6 

100 mg/L dose 

2 g/L spinach 

pH = 7 

100 mg/L dose 

3 g/L spinach 

pH = 6 

100 mg/L dose 

0 0.113 0.159 0.351 

5 0.176 0.143 0.202 

10 0.069 0.093 0.269 

15 0.058 0.089 0.158 
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(A) Measuring turbidity with a turbidity meter  

 

(B) Measuring turbidity with a spectrophotometer 

Figure 4.11: Impact of reducing settling time on turbidity for different forms of treated 

simulated spinach wastewater.  

0

10

20

30

40

50

60

0 5 10 15 20

R
e

d
u

ct
io

n
 in

 t
u

rb
id

it
y 

(N
TU

)

Time(min)

Turbidity

1g/L-PH=6-100mg/l dose

2g/L-PH=7-100mg/l dose

3g/L-PH=6-100mg/l dose

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 5 10 15 20

R
e

d
u

ct
io

n
 in

 t
u

rb
id

it
y(

A
U

)

Time(min)

Turbidity

1g/L-PH=6-100mg/l dose

2g/L-PH=7-100mg/l dose

3g/L-PH=6-100mg/l dose



  

  
  

50 

In Tables 4.4 and 4.5, the effect of reducing settling time on turbidity is shown. It was 

seen from the table and Figure 4.11 that within the range tested, the degree of turbidity removal 

was independent of the settling time.   

4.2.3 Assessing the effect of a 125-mm Whitman filter on turbidity removal 

 

Figure 4.12: Impact of 125-mm Whitman filter on turbidity removal with 100 mg/L dose of 

alum at pH 6 used as coagulating agent.  
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turbidity was experienced at 40 min, at which the time needed for the 100 mL sample to pass 

through the filter was 60 min. 

4.2.4 Effect of different concentrations of sodium aluminate on removal of turbidity 

Table 4.6: Wash Tank 1 and Wash Tank 2 turbidity when using sodium aluminate as 

coagulating agent for spinach wastewater. 

Sodium aluminate 

concentration (mg/L) 
Wash Tank 1 (AU) 

Wash Tank 2 (AU) 

0 0.201 0.133 

40 0.113* 0.058* 

80 0.248 0.113 

120 0.213 0.157 

180 0.173 0.088 

200 0.281 0.129 

(* Shows statistical significance of the readings that were achieved) 

 

 

Figure 4.13: Effect of different concentrations of sodium aluminate on turbidity removal.  
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Sodium aluminate was added to both tanks to compare its effectiveness as a coagulation agent in 

reducing turbidity (Table 4.6). Figure 4.13 depicts the effectiveness of sodium aluminate as a 

fast-acting coagulation agent. This is because in both the Wash Tank 1 and Wash Tank 2, lower 

levels of turbidity were obtained at a low concentration of 40 mg/L. Although the optimum doses 

are lower because of the high effectiveness of sodium aluminate in neutralizing negatively 

charged particles and improving their flocculation, alum was better in removing turbidity. 

4.2.5 Effect of different chitosan concentrations on a contrasting wastewater type 

Having found the effect of various coagulants on spinach wash water for the removal of 

turbidity, a contrasting wastewater type was used, which had carrot instead of spinach. This was 

done to measure the correlation between the optimizations for spinach and carrot. As before, 

three different set-ups were presented, with pH of 5, 6 and 7, and the natural pH. For the natural 

pH, there was no adjustment of the pH of the samples to investigate if chitosan can be effective 

in factory conditions without any pH adjustment.  

The experiment used chitosan concentrations of 0 to 2.5 mg/L. As can be seen in Table 

4.7 and Figure 4.14, as the pH became less acidic at pH 6 and 7, flocculation was better 

supported because the residual turbidity was reduced significantly. This was, however, not the 

case with increased acidity at pH 5 and the natural pH. For example, the best removal of 

turbidity at pH 5 and natural pH was to 88.8 and 89.5 NTU (Table 4.7) for 1 and 2 mg/L of 

chitosan, with no significant impact on turbidity removal. On the other hand, the trend was 

totally different when the pH becomes less acidic at pH 6 and 7. As shown in figure 4.14, the 

drop in turbidity was noticeable in comparison with the more acidic pH 5 and the natural pH. In 

figure 4.14, the lines for pH 6 and pH 7 are seen to be falling in a steady manner at all 

concentration levels. However, the best removal was recorded at pH 7 with 0.5 mg/L 
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concentration to give 34.8 NTU (Table 4.7). This shows that carrot samples require less acidity 

to remove the turbidity when chitosan is introduced as the coagulation agent. This is a major 

difference from what was recorded with coagulation agents for spinach. This is because with the 

coagulation agents for spinach, the optimized turbidity was at higher pH levels of 6 and 7.  

 

Table 4.7: Turbidity when using chitosan for different pH. 

 

 

 

 

 

 

 

 

 

Jar test on carrot sample 

Chitosan dose (mg/L) pH = 5 pH = 6 pH = 7 Natural pH 

0 138.3 83.9 82.3 98.6 

0.5 91.1 45.3 34.8 90.4 

1 93 44.5 36.5 88.8 

1.5 92 42.5 38.3 94.3 

2 89.5 43.5 37.8 89.7 

2.5 95.7 43.8 38.6 89.2 
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Figure 4.14: Effect of pH and chitosan concentration on turbidity removal from a 

contrasting wastewater type (carrot). 

4.3 Impact of UV-based technology on optimization of tertiary water treatment (filtration 

unit) 

The filtration unit experiment aimed to find the effect of the two coagulants, sodium aluminate 

and alum. The optimum dosage that was best for removal of turbidity was found. A further step 

of the study was to use filtration techniques to remove organic matter from wash water. This was 

done with a filtration unit and to see if the optimum dosage in the lab can be applied at a large 

scale. This was indeed very directly linked to the third objective of the study that sought to 

identify a commercial level for reusing wash water. This part of the study was also to test the 

efficacy of the filtration unit. Below are given the detailed outcomes of the findings. 

4.3.1 Efficacy of the filtration unit with sodium aluminate (2.5%) 

Here, 2.50% of sodium aluminate was added to a 4000 L tank in a prototype water-recycling 

unit, which was installed in the collaborating partner’s processing plant (Figure 3.2). The 
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parameters inspected throughout processing time were turbidity, conductivity, pH, temperature, 

microbiological load and residual aluminum. The results are shown in Figure 4.15. 
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(C ) 

 

(D) 

Figure 4.15: Impact of the filtration unit on turbidity(A), conductivity(B), pH(C) and alum 

concentration(D). T represents the wash water before filtration and A represents the water 

after treatment with the filtration unit. The readings were made every 30 min for 4.5 h. 
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Table 4.8: Impact on E. coli, aerobic count and plate count agar before and after treatment 

in the filtration unit. 
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1 4.12 ND 4.12 4.35 3.87 0.48 4.23 ND 4.24 

1.5 0 ND ND 4.16 3.52 0.28 3.76 ND 3.76 

2 0 ND ND 4.06 3.88 0.18 3.85 ND 3.85 

2.5 0 ND ND 4.21 3.62 0.33 4.25 2.85 1.4 

3 4.45 ND 4.45 4.16 4.12 0.04 4.08 1.48 2.6 

3.5 4.43 ND 4.43 4.15 3.60 0.55 4.48 1 3.48 

4 4.38 ND 4.38 4.11 3.81 0.3 4.51 1 3.51 

4.5 4.37 ND 4.37 4.13 2.60 1.53 4.34 ND 4.34 

ND: No survivors detected (<1 cfu/ml) 

 

As shown, sodium aluminate was used to find the impact of the filtration unit on turbidity, 

conductivity, pH, residual aluminum and microbial load (total aerobic count and E. coli). 

 It is seen from the first experiment that there was a good impact on the removal of 

turbidity by the filtration unit. This is because the turbidity ranged between 24.1 to 27.8 NTU 

before the filtration unit and 17.2 to 13.5 NTU after the treatment resulting in 50% removal of 

turbidity. This shows the overall efficacy of filtration in optimizing and reducing levels of 

turbidity in spinach wash water using sodium aluminate. 

Conductivity measurements were taken before the filtration unit and after the filtration 

unit, as seen in Figure 4.15B. It can be seen that the filtration unit had a good impact on 

conductivity levels, which increased continually throughout the processing time. 
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A slight increase in pH after the treatment was notices through the run. This is depicted in 

Figure 4.15C, where it is seen that with the set-up before the filtration unit and the set-up after 

the filtration unit, the pH values kept increasing with increasing time. 

In the residual aluminum figure 4.15D, it can be seen that with the addition of sodium 

aluminate there was a high level of aluminum remaining in the wash water. The level recorded 

from the beginning to the end of processing line was >0.8 mg/L, which exceeds the standard 

limits for residual aluminum, which is 0.2 mg/L (Zemmouri et al., 2012). 

 For microbial agents, the aerobic count, plate count agar (PCA) and PCA -1 levels were 

lower between 0.04 to 1.53 and 1.4 to 4.34 log reduction respectively (Table 4.8). The E. coli 

levels, however, achieved 4.45 log reduction. Overall, the experiment showed the efficacy of the 

filtration unit in reducing turbidity and microbial loading with sodium aluminate as a coagulating 

agent. 

4.3.2 Efficacy of the filtration unit with alum (1%) 
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 (D) 

Figure 4.16: Impact of the filtration unit with alum concentration on turbidity(A), pH(B), 

conductivity(C) and temperature(D) before and after the filtration. The readings were 

made every 30 min for 1.5 h. 

 

Table 4.9: Residual aluminum before and after treatment in the filtration unit. 

Processing time 

(h) 

Residual alum before filtration 

(mg/L) 

Residual alum after filtration 

(mg/L) 

0 N/D >0.3 

0.5 >0.3 >0.3 

1 >0.3 >0.3 

1.5 >0.3 >0.3 

ND:  Not detected 
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Table 4.10: Impact on E. coli and total aerobic count before and after treatment in the 

filtration unit. 

Sampling 
time (h) 

E. coli Total aerobic count 

Before the 
filtration 
unit (log 
CFU/mL) 

After the 
filtration 
unit (log 
CFU/mL) 

Log 
reduction 

Before the 
filtration unit 
(log CFU/mL) 

After the 
filtration 
unit (log 
CFU/mL) 

Log 
reduction 

0 ND ND ND 2 2 0 

0.5 ND ND ND 4.22 3.39 0.29 

1 ND ND ND 4.60 2.34 2.26 

1.5 ND ND ND 3.65 1.60 2.05 

ND: No survivors detected (<1log cfu/ml) 

  

According to the concentration that gave the highest removal of turbidity in the jar test, 

400 g of alum was added to the tank (4000 L) during the first commercial trial. As in the 

previous experiment, the values of the parameters were taken from Tank 1 water and following 

the coagulation and filtration step but before UV. Within the trial, the turbidity was reduced by 

60% after the addition of alum (Figure 4.16A). An increase in pH was recorded in the first hour 

from the addition of alum, indicating the effect of alum on pH (Figure 4.16B). There were no 

noticeable changes of conductivity or temperature (Figure 4.16C, D). However, there was a high 

level of aluminum residue >0.3 mg/L from the beginning to the end of the trial (Table 4.9). A 

reduction in microbial load measured by total aerobic count achieved 2.26 log reduction 

following the coagulation, filtration and UV treatment step (Table 4.10).  

4.3.3 Efficacy of filtration unit with reduced concentration of alum (0.1%) 

In an attempt to reduce the residual aluminium levels in water following passage through the 

recycling unit the strength of the alum solution introduced into the flow stream was reduced to 

0.1% at pH 6.  
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(E) 

Figure 4.17: Impact of the filtration unit with alum concentration (0.1%) on turbidity (A), 

pH(B), conductivity(C), temperature(D) and residual aluminum(E) before and after 

filtration. The readings were made every 1 h for 2 h. 

 

 

Table 4.11: Impact on E. coli and aerobic count before and after treatment in the filtration 

unit. 

Sampling 
time (h) 

E. coli Total aerobic count 

Before the 
filtration 
unit (log 
CFU/mL) 

After the 
filtration 
unit (log 
CFU/mL) 

Log 
reduction  

Before the 
filtration unit 
(log CFU/mL) 

After 
the 

filtration 
unit (log 
CFU/mL) 

 
Log 

reducti
on 

0 ND ND ND 1.84 ND 1.84 

1 2.65 ND 2.65 1.72 1 0.72 

2 ND ND ND 2.11 0.52 1.59 

ND: Not detected (<1cfu/ml) 

 With the exception of the alum residual (Figure 4.17E) and aerobic count (Table 4.11), 

the results for this visit were similar to those of the previous experiment with 1% alum 

concentration. However, the decrease in turbidity following passage through the recycling unit 
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was improved to 67% removal (Figure 4.17B). There was a non-significant reduction of 

conductivity although the temperature increased as the trial continued (Figure 4.17). By having a 

lower aluminum concentration in the feed solution translated into a lower residue of the ion 

following the recycling process. With respect to microbial counts, there was a 1.84 log cfu 

reduction in the total aerobic count along with a 2.65 log cfu reduction in E. coli levels.  
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Chapter V – Discussion 

5.1 Discussion 

The overall objective of the study was to develop a continuous water-recycling unit that 

decreased both the organic and microbial loading of wash water.  In a study by Izumi (1999), it 

was stressed that higher turbidity has a direct relation with the level of organic and 

microbiological loading in vegetable wash water, including spinach wash water. Several 

experiments were performed to find the characteristics of the vegetable wash water under 

commercial conditions and also to find the appropriate coagulant agent to remove water 

turbidity, since lower turbidity levels are needed to make the wash water more useful (Bowen, 

Fry, Richards & Beauchat, 2006). 

Baseline studies optimized the coagulation step in terms of coagulant type, concentration and 

pH. In this study, with regards the latter, the optimum for coagulating the organics within spent 

wash water using alum was in the range 6–7 for both 1 g/L and 3 g/L organic loading content. 

The result is in agreement with  Baghvand  et al. (2010) who also reported the pH optimum of 

aluminum based coagulating agent to reside at pH 6 – 7. A number of researchers have attempted 

to explain why pH 6-7 is so influential for most concentrations of alum in reducing or removing 

turbidity.  For example, Yang et al.  (2010) explained that the pH during coagulation has a 

profound influence on the effectiveness during the destabilization process. The pH controls both 

the speciation of the coagulant as well as its solubility, and it also affects the speciation of the 

contaminants. Lancine et al(2008) stated that the role of pH is particularly significant insofar as it 

determines at the same time the electrical charge of organic and inorganic colloids and it is a 

major factor in the hydrolysis of aluminium salts.  In this study, it was also noticed that when pH 
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fell below 6  at pH 5 the efficacy of removing turbidity was decreased.  Similar to study by 

Baghvand  et al. (2010) who found that at pH below 6 coagulation performance decreases due to 

charge reversal and destabilization of colloidal particles due to overdosing as also suggested by 

Yukselen and Gregory (2004) and Shen (2005). Hence, it can be noted that pH 6–7 is the most 

ideal pH level at which no preferential shift will be found for the organic and biological loadings 

and thus it enhances the natural state of the wash water. Note that Altaher (2012) supported the 

position that where organic and microbiological loadings are higher for any given wash water, 

the chances that turbidity in such wash water will be reduced are lower. Therefore, to achieve the 

goal of the study in lowering turbidity, and for that matter organic and microbiological loading in 

vegetable wash water, pH should be adjusted according to the coagulant type. 

Apart from pH, the concentration of coagulating agent had an effect on the extent of the decrease 

in turbidity (Critzer & Doyle, 2010). Previous studies found the concentration of coagulant 

agents plays a major role in optimization, especially for the reduction of turbidity (Izumi, 1999). 

In this study, however, two important agents that had significant impacts on turbidity were alum 

and sodium aluminate. In all the experiments, the same trend was noted that higher 

concentrations of alum (80 – 100 mg/L) were needed to optimize the wash water so as to reduce 

the turbidity levels. Which was in agreement with Critzer & Doyle (2010) who emphasized that a 

high concentration of alum is important for making vegetative wash water clean enough to be 

reused. The findings of that study have therefore been re-echoed in this study. A number of 

researchers have tried to explain why high concentrations of alum are needed to optimize wash 

water rather than low concentration. In a related study, Gray (2009) explained that at lower 

concentrations of alum, organic matter is more likely to accumulate in the wash tanks in a 

spinach processing line. This is because the lower the concentration, the less harsh the agent in 
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disinfecting the surface of the water. As a result, lower concentrations cannot be considered 

functional enough to remove gross solids and debris in wash water when alum is used as a 

coagulant.  However, the concentration of coagulant applied also has an impact on the residual of 

aluminum in the wash tank that represents an unacceptable food safety risk (Ganjidoust et al., 

1997, Huang et al., 2008). Consequently, there is a need to compromise between the extent of 

turbidity removal and risk of leaving aluminum residues.  This was underlined in the commercial 

trials were a 1% w/v alum resulted in high turbidity removal but left residual aluminum 

concentration above the regulatory limit (0.3 mg/L). However, by reducing the level of alum to 

0.1% w/v it was possible to achieve an acceptable reduction in turbidity without leaving a high 

residual aluminum concentration.   

For sodium aluminate, however, the observations showed an opposite effect on the purification 

of wash water through the reduction of turbidity where optimization was reached at lower 

concentrations (40-50 mg/L). This is because in this instance, it was noted that, as Ganjidoust et 

al. (1997) found, when wash tanks are used, increasing the concentration of sodium aluminate 

does not necessarily guarantee better removal of turbidity. This is, however, not to say that 

higher concentrations of sodium aluminate will automatically increase turbidity. Rather, Huang 

et al. (2008) explained that even at lower concentrations in the wash tank, achieving lower 

turbidity is possible because of the overall characteristics of the wash tank and is not necessarily 

due to the function of the sodium aluminate as a surface disinfectant. This disinfecting 

characteristic has, however, been found to be potent for turbidity removal, allowing low 

concentrations of sodium aluminate to be used. In light of this, Gray (2009) also explained that a 

biocidal wash is present in wash tanks, which has the potential to act as a surface disinfectant in 

wash water. Even though, low concentration is needed for sodium aluminate to act effectively in 
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optimization of turbidity, the aluminum residues was found to be high under the commercial 

trail. 

UV lights were applied as a tertiary treatment to reduce the microbial loading of the treated 

water. As shown in the results, the total aerobic counts were found to be high in the wash tank 

before the water passed into the filtration unit, which is not surprising. Warriner et al. (2009) 

noted that the organic content of water increases at a progressive rate during processing, which 

leads to the sequestration of sanitizer leading to high microbial levels. With the filtration unit, 

however, readings for microbial agents started to become drastically low. Even though E. coli 

was rarely found in the wash tanks, however, it was eradicated by the UV lights when it was 

present. This shows the effectiveness of the UV lights.  
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5.2 Conclusion 

The research has demonstrated the potential to continuously recycle wash water to reduce 

organic and microbial loading thereby reducing the risk of cross-contamination between different 

batches of fresh produce. The specific conclusions that can be drawn from the study are:- 

1. Under commercial settings the organic loading of wash water progressively increases 

during the processing activity.  

2. Through optimization studies it was found that alum was most effective in reducing 

turbidity at pH 6 -7. The degree of turbidity removal could be positively correlated to 

coagulant concentration.  

3. In the course of commercial trials the application of 1% w/v alum resulted in satisfactory 

turbidity removal although residual aluminum levels were above the regulatory limit. 

However, by using 0.1% alum in the feed solution the residual limit was found to be 

negligible.  

4. The total aerobic count of the recycled water was reduced by 2 log cfu/ml that reduced 

levels to below the level of detection. Thereby the water being returned to the wash tank 

was of potable quality.  
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Chapter VI – Recommendations for Future Research 

The research has demonstrated the potential for a continuous recycling unit to reduce both the 

organic and microbial loading of spent wash water. One can envisage the in practice the 

recycling of water will prevent the accumulation of organics in the wash water thereby enable 

continuous action of the peroxyacetic acid sanitizer to reduce cross-contamination. However, this 

needs to be demonstrated under commercial conditions. Therefore, future research should assess 

the impact of recycling of wash water during the course of processing. This not only would 

verify the maintenance of water quality but also illustrate the risks associated with residual 

aluminum coagulant. This is relevant given that the residual aluminum would be a function of 

both the concentration of coagulant within the feed solution and amount of organic material in 

the water that would bind the ion. In the current study the water used to evaluate the performance 

of the recycling unit was taken at the end of processing where the organic loading was maximal. 

In reality the organic loading at the start of processing would be low with a consequence of 

increased risk of aluminum residues. A potential solution would be to either evaluate cation 

exchange resins to remove excess aluminum or find a chemical free coagulation method. In this 

respect future research could focus on electrocoagulation that can achieve solids removal without 

the need to add exogenous chemicals. Finally, a cost-benefit analysis should be performed to 

confirm that continuous recycling can bring economic benefits to processors over the constant 

introduction of fresh water to maintain wash water quality.   
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