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The post-harvest wash process in vegetable processing remains a key intervention step whereby
field-acquired contamination can be reduced. In the following thesis, the dynamics of wash water
quality within commercial processing lines were assessed for turbidity, conductivity, TSS (total
suspended solid), TS (total solid)/VS (volatile solid), pH, ORP and temperature over a typical 68 h processing activity. It was found that the organic content of the water progressively increased
over the processing period and resulted in the sequestration of sanitizer leading to high microbial
levels. In an attempt to reduce the accumulation of organics within the wash tanks, a water
recycling system was developed based on an initial coagulation step followed by filtration and
final UV disinfection tertiary treatment. Each step in the recycling process was optimized within
the laboratory, while the pilot-scale unit was evaluated within a commercial processing facility.
From a comparative study it was found that coagulating agents based on chitosan supported a 79%
turbidity removal that was comparable to sodium aluminate (86% removal turbidity). Chitosan
has the advantage of being non-toxic. In commercial practice the recycling unit could reduce the
organic loading of wash tanks and support a two log cfu reduction in microbial loading. The
technology holds promise for cost effective continuous water treatment systems within the fresh
produce sector.
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ChapterⅠ:
Literature Review

1.1 Introduction
The first bagged salads were introduced into the retail market in the late 1980’s and were soon in
demand due to convenience of pre-prepared produce, in addition to providing a greater focus on
a healthy diet. From 1991 to 2006, the average market growth was 1.7% per year, while the
consumption per capita of fresh-cut vegetables has grown about 30% (Warriner, 2009). Yet, the
market growth has been impacted by the increased frequency of foodborne illness outbreaks
linked to human pathogens associated with fresh-cut produce (Bowen, 2006). More recently an
additional hazard of contamination being distributed between batches has been proven thereby
making post-harvest wash a cross-contamination point rather than decontamination step
(Johnston et al. 2005; Allende et al. 2008; Lopez-Galvez et al. 2010b; Nou et al. 2011; Buchholz
et al. 2012a). As a consequence the more recent innovations in post-harvest washing have
focused on inactivating pathogens released into the water and maintain water quality as opposed
to decontaminating produce directly (Olaimat and Holley 2012).
The current research thesis is directed towards understanding leafy vegetable wash water
parameters dynamic changing during daily processing period. Furthermore to developing a water
re-cycling to ensure consistency of the wash process, minimize cross-contamination events and
also derive cost savings through improved water management (in terms of usage and disposal).
The technology will base on an initial coagulation step followed by filtration and UV
disinfection. To provide background, the following review will focus on leafy vegetable food
1

born outbreaks associated with pathogens and leafy vegetable wash processing contributed to
cross-contamination. Various sanitizers applied in the food industry will be introduced along
with water parameters used to determine water quality. Finally, various coagulants and the
related water recycling method (coagulation and filtration) will be described.

1.1.1 Leafy vegetable related food borne diseases

There was a rapid growth in the bagged salads markets from the mid-1990’s, and currently an
estimated 6 million bags of fresh cut produce are sold daily within North America (Bowen et al,
2006). According to the report from Centers of Disease Control and Prevention, leafy vegetable
products including fresh cut leafy greens contributed to 22% of the 120,321 foodborne diseases
from 1998-2008 (Beecher, 2013). On a global scale, illness attributed to leafy greens have been
reported in both developed and developing nations underlying the food safety issues associated
with such products (Table 1.1). The underlying reasons for the increase in foodborne illness
outbreaks associated with fresh produce are multi-faceted. Increased consumption is factor along
with evolution and extended dissemination of virulent pathogens in the environment. There is
also evidence that the increase in processing of intact produce is an underlying reason for the
increase in foodborne illness outbreaks (Warriner, 2009). CFSAN’s report has shown that fresh
produce is the most frequency cause of all food-borne diseases in the US, while the most
frequent carriers being lettuce and sprouts (CFSAN, 2006; Olemz, 2008, EPA, 1999; Critzer &
Doyle, 2010; Table 1.2). Pathogens can contaminate fresh produce at any point from pre-harvest
to consumption. Hitherto the post-harvest wash process has been considered a key intervention
step to remove field-acquired contamination. However, the wash water process is a dynamic
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process whereby organic and microbial loading can increase leading to cross-contamination
events. The following sections will provide an overview of the microbiological safety issues
associated with leafy greens, and then outline the wash water parameters that could impact on the
efficacy of the washing process. The approaches to water treatment will be described in terms of
developing a recycling process.

3

Table 1.1 Published investigation of worldwide outbreaks associated with leafy greens and
herbs from 2000 to 2011 (Anon, 2011)
Year

Pathogen

2000

2000

S. Typhimurium
DT204b
(ACGNeKSSuTTmNxC
pL)
S. Typhimurium DT104
(ACSSuTSpT)
Cyclospora cayetanensis

2001
2004
2004
2004

Heoatitis A
S.Thompson
S.Newport
S.Newport

2005
2005

Cases
（#）
392

Country of
origin
Imported

Affected regions

Implicated food

Iceland, Netherlands,
U.K., Germany

Lettuce

361

Not known

U.K

Lettuce

34

Germany

Salad, mixed leaf

54
20
368
807

Southern
Europe
Imported
Italy
Not known
Not known

Lettuce, rocket
Ruccola
Lettuce
Lettuce

120
60

Domestic
Spain

2006
2006
2006
2007

E.coli O157 VT2
S. Typhimurium
DT104b
(ACSSuT)
E.coli O157:H7
E.coli O157:H7
E.coli O157:H7
S.Senftenberg

Sweden
Norway
U.K
England, Scotland, Isle
of Man, and Ireland
Sweden
Finland

81
71
204
51

Domestic
Not known
U.S
Israel

Lettuce
Lettuce
Spinach
Basil

2007

S.Senftenberg

74

Israel

2007

E.coli O157:H-, PT8

50

2008

21

Sweden

Parsley

2008

Cryptosporidium
parvum
S. Newport, S. Reading

Netherland
s.
Processing
plant
Italy

U.S., multi-state
U.S., multi-state
U.S., Canada
U.K., U.S., Denmark,
Netherlands
U.K., U.S., Denmark,
Netherlands
Netherlands, Iceland

107

Not known

Finland

2010

E.coli O154

33

U.S., multi-state

2010

Norovirus and E.coli
ETEC
E.coli O157:H7

264

Domestic,
processor
France

60

U.S

U.S., multi-state

Lettuce, iceberg,
ready chopped
Lettuce, shredded,
romaine
Lettuce, lollo
biondo, type
Lettuce , romaine

2000

2011

4

Denmark, Norway

Lettuce, iceberg
Lettuce, iceberg

Basil, fresh
Lettuce, shredded,
pre-packed

Table 1.2 Leafy vegetable related outbreaks reports between 2000 and 2007 in the United States
(Anon, 2011)
Bacterial agents
Produce
item

Cabbage
Lettuce

Salmonella
spp.

1(8)
6(254)

Spinach

Escherichia
coli
O157:H7C

1(41)
10(242)

Shigella
Spp.

Viral agents

Campylobacter
jejuni

1(4)

Otherd

Norovins

1(2)
2
(110)

3(78)
33(895)

Hepatitis
A

Other agents
Protozoan
parasitese

1(16)

2(10)
10(60)

1(210)

Sprouts
Herbs
Leafy
green
salads
Coleslaw

7(120)
3(70)
20(931)

Total

38(1,409)

3(9)

3(25)
1(592)
13(281)

7(190)

7(42)

1(26)
28(799)

Unknown

8(194)

7(42)

9
(143)

211
(7,368)

3(47)

4(22)

19(592)

1(8)

16
(277)

266
(8,933)

1(16)

5(647)

1(2)
1(20)
96
(1,194)

113
(1,295)

1.1.2 Leafy vegetable associated with microorganisms
It has been established that fresh fruit and vegetables can become contaminated from a range of
sources at any point along the farm-to-food chain (Battilani, 2009; Olemz, 2008). During the
harvest operation, leafy vegetables can be contaminated by a wide variety of sources that
includes manure amended soil, irrigation water, insects and wild animals (Warriner et al., 2009).
Processed (fresh-cut) leafy greens are especially susceptible to contamination due to cutting
operations and exposure to contact surfaces (Warriner, 2005).
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The Centers for Disease Control and Prevention (CDC) also considers E. coli O157:H7, L.
monocytogenes and Salmonella to be greatest concern due to the severity of illnesses (Rahman,
2010). The original source of pathogens is commonly the gastro-intestinal tract of animals and
humans that become disseminated in the environment via fecal contamination. This can be in the
form of manure deposited directly by animals or via application of compost/biosolids. Yet, the
most significant source of pathogens is contaminated water used in irrigation or processing.
E. coli O157:H7 belongs to the category of EHEC (Enterohemmorhagic E.coli), which was first
recognized as human pathogen in 1982 (Montville and Matthews, 2008). The initial cases of
illness were more associated with beef products; however recently, the illnesses have been linked
to contaminated fruits and vegetables (Montville and Matthews, 2008). The clinic symptoms of
E. coli O157:H7 infection is bloody diarrhea and urine which is caused as a result of shiga toxin
released by the bacterium in the latter stages of infection. The infectious dose of E. coli O157:H7
is only 10-100 cells in a susceptible host and can be potentially lethal if not caught early (Adams
and Moss, 2008).
A further pathogen of concern with fresh cut produce is Salmonella which like E coli O157:H7,
is commonly derived from animal production. Salmonella is a diverse group of over 2500
serovars that share close genetic relationships and have high stress tolerance compared to other
enteric bacteria. This is especially relevant in the case of fresh produce where Salmonella
introduced via contaminated irrigation water, biosolids or roaming animals can persist over an
extended time period.
The Infective dose of Salmonella is around 102 – 106 cell, however this will be effected by
virulence and susceptibility of the host (Adams and Moss, 2008). The clinical symptoms include
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enteric fever, headache, nonbloody diarrhea, nausea, vomiting and uncomplicated enterocolitis
(Montville and Matthews, 2008).

1.2 Leafy Vegetable Wash Processing and Water Consume in Leafy Vegetable
Industry

The most effective approach to enhance the microbiological safety of fresh produce is to prevent
contamination at the primary production level. Initiatives such as the Leafy Greens Agreement
aims to achieve this through ensuring appropriate manure management, irrigation water quality
and sanitary standards during harvesting operations, in addition to exclusion of wildlife.
However, due to the open nature of fresh produce production, it is impossible to exclude all
sources of contamination from human pathogens. Consequently, there is a reliance on postharvest wash process to remove field acquired contamination and removal of organic matter (Gil
et al, 2009). Washing of fresh produce is considered a Critical Control Point despite only limited
log count reduction being achieved regardless of sanitizer applied (CFIA, 2013). The main
limitation of post-harvest washing to remove contamination can be attributed to sequestering of
sanitizers leading to accumulation of microbes in the wash water that ultimately leads to crosscontamination events (Warriner, 2012; MHNZ, 2005). Therefore, it is emerging that the wash
process is more likely to represent a cross-contamination step as opposed to decontaminating
produce (Warriner, 2005). In this respect the objective of post-harvest washing is to simply
remove soils from leafy greens and attempt to minimize cross-contamination by using chemical
or physical intervention steps.

7

Even though antimicrobial agents are applied in the washing step, the efficacy of disinfection
method and even the efficacy of the wash process tend to influenced by other factors, such as
wash water conditions, wash methods. The effectiveness of an antimicrobial agent depends on its
chemical and physical state, wash water conditions (such as water temperature, turbidity, acidity
[pH], and contact time), resistance of pathogens, and the nature of the fruit or vegetable surface
(USFDA, 1998). It is possible that microbes have opportunity to be drawn into the inner plant
tissue, if the water temperature is lower than that of the vegetable (Li, 2008). As a consequence,
certain produce types such as tomatoes are washed in warm water to minimize ingress into the
inner fruit (USFDA, 1998). Yet, in the majority of cases the produce temperature needs to be
maintained <4C to prevent spoilage through autolysis (Warriner, 2005). Furthermore, the reuse
or overuse of untreated wash water may result in the build-up of microbial loads, increased
deposition of undesirable pathogens. A study by Luo et al. (2007) shows that lettuces samples
washed by reused water carried 0.8 to 1.6 log cfu/g higher populations of lactic acid bacteria than
lettuce samples washed by clean water. The study also demonstrated that the water quality
rapidly deteriorated by repeatedly washing lettuce slices using water in the same tank and
subsequently a significant adverse impact on the finished product quality and microbial growth
(Luo, 2007). Many food industries commonly change wash water by partially or fully replenish
tanks with fresh water (Warriner, 2012). However, timing of replacing with fresh water is largely
subjective due to the absence of an accurate guideline. Therefore, efficient water recycling
systems were applied in food and beverage industries to maintain water quality and reduce water
contamination (Lameloise, 2009).
There is a high pressure on water resources that can significantly affect economic growth of a
broad spectrum of industries. Of more concern is the detrition of water quality as urban
8

population densities continue to expand (Dolnicar and Schafer, 2009). The investigation of
ground water samples from Ontario, Canada farms gave the results that fecal coliforms were
found in 20% ground water samples, E. coli were found in 17.6% the ground water samples and
31% ground water samples exceeded the level of 10 total coliform per 100ml from the criterion
of drinking water (Steele, 2004). Experimental studies examining contamination of lettuce with
E. coli O157:H7 demonstrated that irrigation water could effectively transmit E. coli to lettuce
(Steele, 2004). Among different industries, the rate of water consumption and wastewater
discharge in the food industry is in the third place coming after the chemical and refinery
industries. Water consumption per kilogram lettuce and cabbage averages at 240-280 liter of
water (FAO, 2003). Thus, water management in food industry is becoming increasingly
important both to reduce the quantity of water but also ensure microbiological quality (Sanchez,
2011). In this regard, water reuse and recycling treatments form a central theme in water
management (Friedler, 2004).

1.3 Wash water disinfection

Fresh products processing commonly include reception, temporary storage, skin removal/cutting,
washing packaging and storage (FAO, 1995). Fresh-cut vegetables are highly vulnerable to
microbial spoilage and pathogens, due to unavoidable contact with shredders and slicers during
processing and additional exposure of inner tissues to microbial contamination after shredding
(Lzumi, 1999). Cell exudates and latex are easily released from the cut edge and become support
for microbial growth (Gil et al, 2009). In damaged apples, E. coli O157:H7 grew 1-3 fold greater
than in non-injured apples after 48h (Olaimat, 2012). It also has been detected that E. coli
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O157:H7 internalized 20 µm-100 µm depths below the external surfaces of products (Olaimat,
2012). Moreover, during the time of vegetable is in contact with wash water, there are high risks
of cross-contamination and building up of microbial loads (Gil et al, 2009). Considering that
water serves as a source of cross-contamination, using sanitation in the vegetable washing
system is becoming an essential procedure to prevent cross-contaminations (Gil et al, 2009).
Although there are limitations of the post-harvest wash process there is potential risk of crosscontamination events whereby pathogens introduced by a batch of product can become
distributed throughout the days production. The consequences of improper washing can be
summarized by two high level outbreaks linked to fresh produce, such as Listeria monocytogenes
outbreak linked to cantaloupes in the US in 2011 and the Escherichia coli O157:H7 outbreak
linked to lettuce a batch of fresh-cut lettuce processed within Washington State at 2008 (CDC,
2010).
Sanitizers are applied in post-harvest washes to reduce microbial levels on produce and also
reduce the risk of cross-contamination events. The most common sanitizers applied are sodium
hypochlorite, chlorine dioxide, sodium bisulfate, sulfur dioxide, organic acids, calcium chloride,
ozone and Ultraviolet (UV) (EHEDG, 2005). However, certain disadvantages of using common
sanitizers limit the application of sanitizers in food industry (Table 1.3). Sodium hypochlorite
has been historically applied as a sanitizer for washing process primarily due to low cost and
broad antimicrobial action. Total chlorine include combined chlorine, which is the concentration
of chlorine combined with organic and inorganic nitrogen compounds with no effect of
disinfection in the water, and free chlorine, which is the concentration of chlorine available for
disinfection (CDC, 2012). The antimicrobial activity of chlorine is pH dependent with the
optimal being pH 6.0 – 7.5 where the hypochlorous acid form dominates (Sapers, 2009). Thus,
10

the dosage of chlorine to keep an effective level of disinfection is a residual concentration of free
chlorine 50-200 ppm at pH< 8.0 (WHO, 1998). Yet, chlorine is very reactive and can combine
with proteins, phenolics, amongst other water constituents, to generate disinfection byproducts
(DBP) that can be potentially carcinogenic (Cardador and Gallego 2012; Hsiao et al. 2012; Jeong
et al. 2012). It should also be noted that DBP’s have negligible antimicrobial activity and
generation reduces the free-chlorine content resulting in an accumulation of microbes within the
wash water tanks. To compensate for the sequestering of chlorine by organics many, processing
operations work on a closed feed-back loop based on maintaining Oxidation Reduction Potential
(ORP; Sapers, 2009). It is well established that, even if an Oxidation Reduction Potential (ORP)
system is applied, the level of free chlorine can be readily depleted in the presence of organic
materials hence giving a false sense of pathogen control (Galvez, 2009).

Table 1.3 Comparison of disinfection technologies (Kresic, 2010)
Consideration
Equipment reliability
Relative complexity
of technology
Safety concerns
Bactericidal
Virucidal
Efficacy against
protozoa
By-products of
possible health
concern
Persistent residual
pH dependency
Process control
Intensiveness of
operations and
maintenance

Chlorine

Chloramines

Ozone

Chlorine
Dioxide

UV

Good
Less

Good
Less

Good
More

Good
Medium

Medium
Medium

Low to High
Good
Good
Medium

Medium
Good
Medium
Poor

Medium
Good
Good
Good

High
Good
Good
Medium

Low
Good
Medium
Good

High

Medium

Medium

Medium

None

High
High
Well developed
Low

High
Medium
Well developed
Moderate

None
Low
Developing
High

Medium
Low
Developing
Moderate

None
None
Developing
Moderate
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The fragility of chlorine and concern over DBP’s has led to a search for an alternative sanitizer
which has a higher efficacy of disinfection processing without being affected by organic loading
(Olmez, 2008). Ozone, organic acids, peroxyacetic acid, electrolyzed oxidizing water and
hydrogen peroxide are the main alternative sanitizing agents that have gained interest in recent
years (Olmez, 2008). Ozone is considered as a good alternative relying on its high oxidizing
power, disinfection capability on board spectrum antimicrobial agent (Sapers, 2009). Hydroxyl
free radicals (•OH) generated by a series of O3 decomposing reactions is the principal functional
part (EHEDG, 2005). The other disinfection mechanisms of ozone are direct oxidation of the cell
wall with leakage of cellular constituents outside of the cell and damage to the nucleus (EPA,
1999). However, ozone is essentially insoluble in water and rapidly decomposes in the presence
of organic matter. Aqueous ozone does not result in higher log reductions on fresh produce
compared to hypochlorite although does have the benefit of no producing disinfection
byproducts (Rosenblum et al. 2012).

1.3.1 Ultraviolet (UV)

Ultraviolet (UV) radiation as a widely applied disinfection method has been demonstrated its
effectiveness of reducing microbe counts in processed water (Selma, 2008). UV light is the part
of electromagnetic radiation which is at the wavelength range between the visible spectrum and
X-ray radiation band, between from 100nm to 400nm. The UV spectrum is subdivided into three
bands which are UV-A (long-wave, 320-400nm), UV-B (medium-wave, 280-320nm) and UV-C
(short-wave, 100-280nm) (EHEDG, 2007). The wavelengths from 254 to 260 nm are optimum
12

for microbial killing efficiency and are used mostly in commercial applications. In theory, the
effectiveness of UV light can be proved by biodosimetry to reach 4 log reduction of the test
organism (EHEDG, 2007). Most disinfection methods, such as chlorine, chlorine dioxide and
iodine, attack and destroy the cellular structure of microorganisms to achieve disinfection. Based
on the characteristic that UV-C light can be absorbed by deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA), dimers (covalent bonds between the nucleic acid) are formed under the
UV light to cause damage (EHEDG, 2007).
Parameters, such as UV intensity, exposure time, area, clarity of the leafy vegetable wash water,
and the ability of a microbe to withstand UV exposure, can affect whether UV has a bactericidal
effect or a bacteriostatic effect (Johnson, 2010).

UV is also a promising technology but its

antimicrobial efficacy can be influenced by product composition and soluble solid content of the
process water (Selma et al., 2008). Particle suspensions can absorb or block some UV light
causing a negative impact on the inactivation of the pathogen, even though a small part of the
UV light may be scattered by suspending particles and still cause inactivation. Thus, removing
solid suspension, small particles and organic pieces is a critical to ensure the disinfection
efficiency. UV treatment is often followed by other purification procedures, such as carbon
filters and chemical sediment (Johnson, 2010). Application of UV light to a re-circulating water
stream maintains the water at a reasonable bacteriological quality, without any effect on surfaces
either of the process machinery or of the product itself (Gil et al, 2009). In August 2008, U.S.
Food & Drug Administration (FDA, 2008) gave its approval to use irradiation for killing
pathogens on iceberg lettuce and spinach.

13

1.3.2 Electrolyzed oxidizing water

Electrolyzed water is produced by the electrolysis of NaCl to produce an acidic hypochlorite
fraction (pH 2.45) at the anode and basic NaOH (pH >9) at the cathode (Graca et al. 2011)
(Figure 1.1). The electrolyzed anodic fraction has a low pH (2.3-2.7) and high ORP (>1000mv).
In contrast the cathodic fraction generated by electrolysis presents high pH (10.0-11.5) and low
ORP (-800 to -900mv) (Huang, 2008). Typically, the two fractions of electrolyzed water are
combined to give a neutral pH formulation that enhances the stability of hypochlorite.

Figure 1.1 Schematics of electrolysed water generator and produced compounds
(Huang, 2008)

The germicidal function of electrolyzed oxidizing water disinfection mechanism has been
investigated and categorized in three main factors including pH, available chlorine concentration
and oxidation-reduction potential (ORP) (Hao et al., 2012). The hypochlorite generated by
electrolyzed water is no different to that found in bleach. However, the key difference relates to
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pH that in turn affects the extent to which DBP’s are formed. As previously discussed, bleach is
essentially an alkaline solution of chlorite anion that is converted to hypochlorite by adjusting the
pH to 6.5 – 7.5. The neutral pH promotes the generation of disinfection byproducts. With respect
to the electrolyzed water, the pH of the acidic fraction is typically adjusted to pH 6 to enhance
stability compared to when in the highly acidic form (Issa-Zacharia et al. 2011). Consequently,
the formation of disinfection byproducts is less likely and the hypochlorite simply reverts back to
sodium chloride, although it can volatize into chlorine gas if high acid (pH <4) preparations are
applied.
Products, such as: fresh-cut carrots, bell peppers, spinach, Japanese radish, and potatoes, were
treated with electrolyzed water (pH 6.80, free chlorine 20mg/L) and reduction ranges from 0.62.6 logs CFU/g was observed (Izumi, 1999). Lettuce treated with 3mins shaking time under
45mg/L free chlorine electrolyzed water reached 2.41log CFU reduction of E. coli O157:H7 and
2.65 log CFU diminution on L. monocytogenes (Park et al, 2001). It was also reported that
electrochemical disinfection could support >5 log cfu reduction with a short treatment time (<1
min) although required extended exposure in the presence of organic matter. For example, a
treatment time of >100 min was required to support a 5 log cfu reduction in water with a COD of
800 mg/l (Lopez-Galvez et al., 2012).
Electrolyzed oxidizing water has the following advantages over other traditional cleaning agents:
effective disinfection, easy operation, and environmentally friendly (Huang et al., 2007). The
biggest advantage of electrolyzed water is the lower generation of disinfection byproducts
compared to hypochlorite (Olmez and Kretzschmar 2009). When it is diluted with tap water or
contact with organic material, electrolyzed water becomes ordinary water again without any
harmful impact not only on human health but also on the environment (Huang et al., 2007).
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Electrolyzed water also has the disadvantage of poor stability for disinfection efficacy. The
efficacy will dramatically drop if the electrolysis cannot consistently provide H+, HOCl and Cl2
(Kiura et al., 2002).

1.4 Water quality conditions and parameters

Requirements for water quality may differ for organic, inorganic and biological constituents
depending on the use(s) for which the water is intended (Figure 1.4). Parameters that may be
tested usually include temperature, pH, turbidity, conductivity, salinity, total suspended solid and
mineral test. An assessment of the aquatic microbes’ population can also provide an indication
of water quality and this parameter is extremely important for water used in food industry.
When spent processing water is reused for cleaning food industry, standards require that it as
high as drinking water quality.
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Table 1.4 General water quality parameters (Osmonics, 1997)
Quantitative water
analysis

Purpose

Scale

Normal Value

pH

0 to 14 with a pH of 7 as
neutral

Surface water: 6.5 to 8.5
Groundwater: 6 to 8.5

Measured in weight per
volume of water; e.g. mg/l

Up to 500mg/l (WHO,
2003)

Conductivity
(Ironic Contamination)

Relative acidic or basic
level of solution.
(hydrogen ion
concentration)
Sum of total dissolved
solids (TDS) and
suspended solids (TSS) in
water
Measurement of total
dissolved solid (TDS)

Drinking water:
0.005 to 0.5 S/m
(www.lenntech.com)

Resistance (Ironic
Contamination)

Measurement of ionic
contamination

Total Bacterial Count

Measure of total viable
(can proliferate) organisms
in water
Amount of substances that
can produce a fever in
mammals (normally
produced by bacteria)
A measurement of the
organic material
contamination present in
water
Amount of dissolved
oxygen needed to meet the
demand of aerobic
microorganisms in water
Amount of dissolved
oxygen required to cause
chemical oxidation of the
organic material in water

Conductivity meter, which
measures electrical
conductivity of water in
Seimens/m
Resistivity meter, which
measured electrical
resistivity of water in
ohms.cm (resistance is the
inverse of conductivity)
Colony forming units
(CFU) of organisms per
volumes of water
Endotoxins units (EU)
Per volume of water

Measured in weight of
dissolved oxygen per
volume of water (e.g.
mg/l)
Measured in weight of
dissolved oxygen per
volume of water (e.g.
mg/l)
Measured in weight of
dissolved oxygen per
volume of water (e.g.
mg/l)

0.05mg/l
(USEPA, 1991)

Total Solid (TS)

Pyrogens

Total Organic Carbon
(TOC)

Biochemical Oxygen
Demand (BOD)

Chemical Oxygen Demand
(COD)

1.8 to 200 Ω/m

100CFU/ml

Water for injection: 0.25
EU/ml
(USP, 1995)

1mg/l

10mg/l

1.4.1 Total Suspended Solid (TSS), Volatile Solid (VS) and total solids (TS)

Total Solid (TS) measures all the suspended, colloidal, and dissolved solids in a sample of water
(APHA, 1999). Total solid consists of Total Suspended Solid (TSS), the part which remains on a
filter (≤ 2.0 m nominal pore size), and Total Dissolved Solid (TDS), the part which is allowed

17

to pass through a filter (APHA, 1999). Volatile solid (VS) is the weight lost from the remaining
solids after ignited at 550℃. The VS: TS ratio gives an approximation of the fraction of solids in
a sample that is organic and hence would combust in the bomb calorimeter (Shizas, 2007). Total
suspended solid (TSS) is a water quality measurement of dry-weight particles suspending in
water but caught by pass through a filter, typically of a specified pore size. TSS has been
considered as a major pollutant causing water quality deterioration (Verms et al., 2013).

1.4.2 Turbidity
Turbidity is a major physical characteristic of water. It measures the collective optical properties
from fine particles and molecules suspended in the water caused scattering and absorption of
light rather than allowing light pass straight through a water sample. The contributors that
interfere most often with the clarity of wash water are colloids, clay, silt, finely divided organic
and inorganic components, microscopic organisms, soluble coloured organic compounds, and
plankton (Table 1.5). Their typically size range is from 0.004 mm for clay to 1.0 mm for sand
(Wilde, 2007). Commonly used turbidity instruments are turbidimeters (nephelometers),
spectrophotometers and multiparameter instruments. Depending on approach taken, turbidity is
measured either in nephelometric turbidity units (NTU) or Formazin turbidity units (FTU) (EPA,
1999). NTU, the most commonly used of the two, use the scale showed in Figure 1.2. The legal
limit of turbidity in drink water is 0.5 NTU while visible turbidity is expressed as greater than 5
NTU (Wilde, 2007). The clarity of a natural body of water is a highly important indicator,
particularly because it is seen as an adequate safeguard against the presence of pathogens and
chemical contaminants in drinking water (EPA, 1999).
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Table 1.5 Turbidity type and implication for water quality and water treatment (Health Canada,
2013)
Type of turbidity
Inorganic particles
Clay, silt mineral fragments, natural
precipitants (e.g., calcium carbonate,
manganese dioxide, iron oxide)

Possible water quality/chemistry
implications

Possible treatment implications






Raise/lower Ph and alkalinity
Source of micronutrients
Affect zeta potential
Source of metals and metal
oxides
Cloudy/turbid appearance
Affect taste



Source of energy and nutrients
for microorganisms
Cause colour




Impact taste and odour
Possess ion exchange and
complexing properties;
association with toxic elements
and micropollutants
Affect pH and zeta potential



Impart taste and odour
Potential source of toxins (e.g.,
microcystin-LR)
Can cause microbiologically
influenced corrosion in system
Stain fixtures
Aesthetic problems: sloughing
of growths (tanks, filters,
reservoirs, distribution system)







Organic particles
Natural organic matter (decomposed
plant and animal debris)




Organic macromolecules






Microorganisms (algac,
cyanobacteria, zooplankton,
bacteria, protozoa)
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Major influence on coagulation,
flocculation and sedimentation
design
Harbour/protect microorganisms
May require chemical
adjustments
Can precipitate in the
distribution system
Increased disinfectant demand
Harbour/ protect
microorganisms
Potential to form chlorination
by-products
Potential to form chlorination or
zonation by-products
Major influence on coagulation,
flocculation and sedimentation
design
Reduce filter runs
Can precipitate in the
distribution system
Plug filters
Increased disinfectant demand
Need multiple barriers to ensure
effective microbial inactivation
Biological growth (biofilm)
Shielding from disinfection

Figure 1.2 Formazin turbidity standards (source:
http://www.lakesuperiorstreams.org/understanding/param_turbidity.html)

Turbidity can significantly affect the microbiological quality present in water ， because
suspended matter in turbid water offers good shelters for microorganisms (Lambrou, 2009). The
consequence of not efficiently removing turbidity can promote regrowth of pathogens in the
distribution system and lead to waterborne disease outbreaks, which can cause numerous cases of
disease, such as gastroenteritis (Ako, 2009). Several studies (Marshall, 1976; Olson et al., 1981;
Herson et al., 1984) have documented about microbial attachment to microorganisms particulate
material or inert substances in water systems being an aid in microbe survival (EPA, 1999).
Moreover, organic loading caused turbidity increasing also dramatically reduces the disinfection
efficacy of sanitizer and consequently allowed microorganisms existing in the turbid water
(Schmidt, 2009). Water treatment processes are therefore required to remove the turbidity and
the prospect of contamination.
Filtered water has been showed to have both lower turbidity and microbial counts (EPA, 1999).
Up to date studies supported that where pathogens and turbidity occur in water source, pathogen
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removal strongly associated with turbidity/particles (EPA, 1999). Positive correlations between
turbidity removal and pathogen reduction have been reported (Craun, 1993). For example, 0.89
log Cryptosporidium and Giardia reduction was achieved when every log turbidity decrease
from three drinking water treatment plants (Health Canada, 2012).

1.4.3 Conductivity and Total Dissolved Solid

Conductivity is a measurement of the capability of water to pass an electrical current caused by
charged ions and charged polymers (EPA, 2012). The conductivity is related to resistance to
charge transfer and measured in the basic unit of ohme or siemens (EPA, 2012).

Factors

affecting the conductivity in water are the concentration of dissolved ions and mobility of the ion
related the molecular weight of charged constituents (Gray, 2009). Conductivity scale of
common water samples showed at Figure 1.3 (Gray, 2009). The inorganic dissolved solids are
separated in two categories by negative charge and positive charge. Negative charge solids
include chloride, nitrate, sulfate, and phosphate anions, and carrying positive charge ions are
sodium, magnesium, calcium, iron, and aluminum cations.
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Figure 1.3 Conductivity Scale (Czichos, 2006)

Total dissolved solid (TDS) is a measure of the combined content of all soluble organic and
inorganic salts, such as primarily calcium, magnesium, potassium, sodium, bicarbonates,
chlorides and sulfates, substances contained in a liquid with molecular, ionized or micro-granular
(colloidal sol) suspended form (WHO, 2003). The TDS measurement method commonly uses the
conductivity measurement and converts the conductivity values into TDS (WHO, 2003). The
presence of dissolved solids in water may affect its taste. The palatability of drinking water has
been rated by panels of tasters, according to TDS level as follows: excellent, less than 300 mg/L;
good, between 300 and 600 mg/L; fair, between 600 and 900 mg/L; poor, between 900 and
1200 mg/L; and unacceptable, greater than 1200 mg/L (WHO, 2003). It has been demonstrated
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that TDS concentration in drinking-water inversely associated with the incidence of cancer,
coronary heart disease, and arteriosclerotic heart disease (WHO, 2003). Thus the recommended
standard for drinking water is 500mg/L TDS setting by the U.S. Environmental Protection
Agency (WHO, 2003).

1.5 Water recycling system

Filtration is a key unit operation in water treatment processes (Mavrov, 2000). Types of water
recycling treatment mostly common used include flocculation, filtration and disinfection.
Flocculation refers to the process in a water treatment that small particles aggregated together or
coagulated together into larger particles as sediment settling out of the treated water. After
settling or sedimentation stage naturally happened, filtration is applied as the following step to
enhance the effectiveness of particles removal. Iron exchange and absorption processes are
commonly used to adequately remove inorganic contamination and organic contaminants
respectively. Disinfection processes are performed in clarified water after filtration treatment in
order to enhance disinfection efficacy (EPA, 2009).

1.5.1 Coagulation and Flocculation
In conventional waste water treatment, the key steps consist of coagulation, flocculation and
clarification, followed by a filter system (MHNZ, 2005). Coagulation-flocculation is an effective
method that can reduce water turbidity and recover transparency in water by removing
suspended materials, such as oils, natural organic matter, clays, and microorganisms (Altather,
2012). The main mode of coagulation is to bridge charged solids via cationic bridges to induce
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aggregation thereby precipitation. Flocculation usually happens after coagulation step (MHNZ,
2005). As defined by IUPAC, flocculation is "a process of contact and adhesion whereby the
particles of dispersion form larger-size clusters." Flocculation is the process of gentle mixing to
promote aggregation and the binding together the unstable particles and larger clumps formed in
coagulation (MHNZ, 2005). Several elements can affect the efficacy and mechanism of
coagulation-flocculation process, the most relevant being initial turbidity, pH, reagents
(coagulant, adjuvant) dosage and type, system hydrodynamics in coagulation and flocculation
stages, temperature, alkalinity (Apostol, 2011). Sedimentation and filtration is normally
performed following flocculation step to help remove precipitated particles.
Coagulants are chemicals or organic reagents required to be injected and scattered into water
during certain mixing rate to destabilize naturally occurring organic and/or inorganic particles,
and further to precipitate unwanted particles (Zemmouri, 2012). Many substances can be used as
coagulants. These substances can be classified into inorganic coagulants (e.g., aluminum and
iron salts), synthetic polymers (e.g. polyethylene amine and polyacryl amide derivatives) and
natural polymers (e.g. chitosan) (Altaher, 2012). Typical inorganic coagulants are aluminum
salts and iron salts, such as aluminum sulfate, acidified aluminum sulfate, aluminum chloride,
sodium aluminate, ferric sulphate, and chlorinated ferrous (MHNZ, 2005). Each coagulant has
its own advantage and optimal action range (Table 1.6). The optimal performance of alum
works optimally at pH range from 5.5-8, while a wild range of pH from 4 to 11 are acceptable
for Ferric chloride. Ferrous sulfate is effective only above pH 9.5 (Altaher, 2012). The reaction
of coagulants can also be affected by other factors, such as salinity, TOC, alkalinity and
temperature of treated water (Altaher, 2012).

Historically these inorganic coagulants are

commonly used in different industry. The coagulating efficacy can be decided by properties of
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coagulants, such as the number and types of charge units and the molecular weight (Bratby,
2006).
Table 1.6 Disadvantage and advantage of ferric and aluminic coagulants (USACE, 2001)
Name
Aluminum Sulfate (Alum)
Al2(SO4)3•18H2O

Sodium Aluminate
Na2Al2O4
Polyaluminum Chloride (PAC)
Al13(OH)20(SO4)2•Cl15
Ferric Sulfate
Fe2(SO4)3

Advantage
Easy to handle and apply; most
commonly used; produces less
sludge than lime; most effective
between pH 6.5 and 7.5
Effective in hard waters; small
dosages usually needed
In some applications, floc
formed is more dense and faster
settling than alum
Effective between pH 4-6 and
8.8-9.2

Ferric Chloride
FeCl3•6H2O

Effective between pH 4 and 11

Ferrous Sulfate (Copperas)
FeSO4•7H2O

Not as pH sensitive as lime

Lime
Ca(OH)2

Commonly used; very effective;
may not add salts to effluent

Disadvantage
Adds dissolved solids (salts) to
water; effective over a limited
pH range.
Often used with alum; high cost;
ineffective in soft waters
Not commonly used; little full
scale data compared to other
aluminum derivatives
Adds dissolved solid (salts) to
water; usually need to add
alkalinity
Adds dissolved solid (salts) to
water; consumes twice as much
alkalinity as alum
Adds dissolved solid (salts) to
water; usually need to add
alkalinity
Very pH dependent; produces
large quantities of sludge;
overdose can results in poor
effluent quality

Polymers derived from natural sources have been increasingly applied in water treatment due to
the biodegradable characteristics thereby reducing the environmental impact compared to
inorganic ions or synthetic polymeric substrates. The concept of using natural derived polymers
is not new and records exist on their use in 2000 BC. Here, the extract from crushed seeds of the
Nirmali tree is an anionic polyelectrolyte was used as a coagulant to purify water (Bratby, 2006).
Starch derivatives are another kind of natural flocculants. The application of starch derivatives
includes natural starches, anionic oxidized, and amine treated cationic starches (Bratby, 2006).
Some natural material of the polysaccharides group can be performed as natural flocculants and
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are effective at purifying water. There are numerous natural derivatives used to purify drink
water and wastewater for human consumption. Moreover, natural resources provide availability
of local raw materials as natural polyelectrolyte which is more convenient than industrialized
coagulants (Bratby, 2006). Organic compounds specifically provide good protection and
nutrition for the promotion of pathogen development, which compromises drinking water quality.
Thus, the capability of colloidal suspension removal is considered as principle standard
evaluating the efficacy of a reagent. Ideal reagents are able to obtain large, heavy and strong
flocculants with minimal water loss, and residuals of Al in treated water, while attaching a high
removal of colloidal suspensions.

1.5.1.1 Jar test
Jar test is a laboratory-based approach to simulate commercial-scale water treatments (MHNZ,
2005). In many plants, new dosages range of coagulant need to be re-evaluated along with the
changing of water characteristics to achieve optimal turbidity removal. Adjusting the amount of
treatment chemicals and the sequence in which they are added is tested with the Jar test, which
mimics the conditions found in the treatment plant. Normally six beakers are used in line for the
operate Jar test, thus the formation and settlement observed in beakers represents what happens
at the full-scale treatment plant. The other crucial aim that operators perform Jar test for is to
optimum concentration of coagulant and pH. Flocculants forming reaction involves treatment
chemicals reacting with material in raw water and clumping together. The size of flocculants
depends on both chemical dosage and pH working together; therefore a series of tests is
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performed to compare the flocculants shape built in different amounts of flocculation agents at
different pH values (Satterfield, 2005).

1.5.1.2 Aluminum-based coagulants

Aluminum sulphate is a traditional coagulant that has been used for several centuries and is still
widely used today. Aluminum sulphate has been used as the ideal reagent in drinking water and
wastewater treatment due to low cost, high efficacy at low doses, low toxicity and high
availability (Apostol, 2011). Sodium aluminate (NaAlO2) is different from aluminum sulphate
(Al2(SO4)3) in reaction behaviours in that the first is an alkaline and second is an acidic reagent.
People who are exposed to a high concentration of aluminate products show symptoms like
nausea, vomiting, diarrhoea, mouth ulcers, skin rashes and arthritic pain. Epidemiologic evidence
supports the correlation between aluminum residues in drinking water and long-term impacts on
human health, such as Alzheimer’s, kidney disease and cancer diseases (Nieboer, 1995). This
evidence shows that aluminum as a neurotoxic agent mainly attacks the nervous system in the
human brain, and subsequently clinical features (memory lapses, disorientation and severe
behavioural disturbances) slowly present. A high level of aluminum has been detected in the
blood and tissues of dementia patients and may cause neurotoxic effects (Nieboer, 1995). Other
harmful impacts on human health are two aluminum-associated bone diseases, which are aplastic
bone disease and low-turnover OM bone disease (Nieboer, 1995). For minimizing the adverse
impact on human health and environment, the concentration of aluminum in drinking water is
limited to equal or below 0.2mg/L (Health Canada, 2012).
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1.5.1.3 Chitosan

Figure 1.4 Structure of chitosan (Fabris, 2010)

Chitin is a linear polysaccharide prepared from crustacean shells, from shrimp, crab and lobster.
Chitosan is a polymer containing glucosamine and N-acetyl glucosamine that has high molecular
weight obtained from the deacetylation of chitin (Figure 1.4). Structural difference between
chitosan and chitin is the amine group –NH2 (Altaher, 2012). The amine group that is highly
reactive give chitosan very powerful adsorptive capability and as well as the two reactive
hydroxyl groups (Altaher, 2012). Thus, the amine group largely determine the coagulating
capacity of chitosan. Under acidic conditions the amine groups are protonated thereby imparting
positive charge that binds the negatively charged solids (Altaher, 2012). Moreover, chitosan can
purify a variety of suspending substances through many mechanisms that include: electrostatic
attraction; chelating capacity associated with the content of hydroxyl group; and bridging related
to the high molecular weight of chitosan (Altaher, 2012 ). There is evidence to suggest that
chitosan possess excellent chelating properties toward many toxic metals such as molybdenum,
arsenic, cadmium, chromium, lead and cobalt (Altaher, 2012). Meanwhile, chitosan molecule
also has the ability to interact with bacterial surface and is absorbed on the surface of the cells
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and stack on the microbial cell surface and forming impervious layer around the cell, and leading
to the block of the channels (Bina, 2009).
Chitosan has high potential in commercial use and offers biomedical benefits over other
coagulants (Zemmouri, Drouiche, Sayeh, Lounici, & Mameri, 2012). Combining of chitosan
with sand filtration has been reported to reduce the turbidity by up to 90% thereby confirming
the high coagulation efficacy of the polymer (Woodmansey, 2002). Chitosan was found to be the
best coagulant as compared to alum, HE, PEI. Up to 90% of color and 70% of TOC were
removed by chitosan (H. Ganjidous, 1997). Thus, chitosan is an important additive in the
filtration process. Chitosan causes fine sediment particles to bind together, and is subsequently
removed along with the sediment during sand filtration. Phosphorus, heavy minerals, and oils
can also be removed from water (Woodmansey, 2002). Basing on the chitosan chelating property,
introducing Fe3+ or Al

3+

can improve overall performance and reducing the dosage of chitosan

(Bratby, 2006; Zemmouri et al, 2012).

1.5.2 Filtration
After coagulation step, filtration method is applied to remove aggregated particles and residual
irons from the water being treated (EPA, 1990). There are a diverse range of filtration methods
that differ in terms of performance, cost, maintenance needs and nature of the filtrate
(Grunenfelder, 2003). Sand filtration represents the most simple filtration methods with more
complex systems being membrane filtration units. The following sections will provide an
overview of filtration methods that have found utility in water treatment applications.
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1.5.2.1 Activated carbon

Activated carbon has a crucial role in absorbing charged organic solutions from an aqueous
phase (EHEDG, 2005; Moreno-Castilla, 2004). This application of activated carbon can be used
in a wide range of systems, such as drinking water treatment, waste water purification, and
applications in the food, beverage, pharmaceutical and chemical industries. Activated carbon can
be categorized into powered activated carbon (PAC) and granular activated carbon (GAC); both
are two commonly used based on their physical characteristics. GAC is defined as particles sizes
corresponding to an 80-mesh sieve (0.177mm) and smaller as PAC (Manda, 2009). PAC is
commonly added to process units directly, such as raw water intakes, rapid mix basins, clarifiers,
and gravity filters.
The absorbing capability can be affected by the specific surface area of carbon, particle size,
contact time, type of carbon and charge (EHEDG, 2005). Thus a simple correlation between
surface area and porosity of activated carbon and the adsorption capacity of carbon materials
does not exist (Moreno-Castilla, 2004). The adsorption capacity will depend on the accessibility
of the organic molecules to the inner surface of the adsorbent, and the accessibility depends on
their size. Thus, under appropriate experimental conditions, small molecules such as phenol can
access misopores, natural organic matter (NOM) can access mesopores, and bacteria can have
access to macropores (Bottani, 2008).
1.5.2.2 Slow sand filter
The slow sand filtration system is one of the earliest processes applied in water purification for
removing contaminants from surface water. A typical sand filter system consists of two or three
chambers or basins. The first is the sedimentation chamber, which removes floatables and heavy
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sediments. The second is the filtration chamber, which removes additional pollutants by filtering
the runoff through a sand bed. The third is the discharge chamber (USEPA, 1999). Typical sand
bed section includes temporary sand bed water surface, minimum 18” sand, filter fabric and
gravel (Claytor and Schueler, 1996). The typical filter rate is very slow, processing 0.1-0.2 mL/h
(Gamila, 1999). Different from other filtration systems, slow sand simply uses biological
processes to clean the water without requiring chemicals or electricity for operating. The World
Health Organization indicated that slow sand filtration is always the most efficient method of
water treatment, under suitable circumstances (Huisman and Wood, 1974). Table 1.7 also
estimate that slow sand filter can reach 3.0log -2.0 log removal credits of microorganism when
the turbidity of treated water meets the value in the Guidelines for Canadian Drinking Water
Quality (Health Canada, 2012).

Table 1.7 Cryptosporidium, Giardia and virus average removal credits for various treatment
technologies meeting the turbidity values specified in the Guidelines for Canadian Drinking
Water Quality （Anon， 2010）
Technology
Conventional filtration
Direct filtration
Slow sand filtration
Diatomaceous earth
filtration
Bag and cartridge
filtration
Microfiltration
Ultrafiltration
Nanofiltration and
reverse osmosis

Cryptosporidium
removal credit
3.0 log
2.5 log
3.0 log
3.0 log

Giardia removal credit

Virus removal credit

3.0 log
2.5 log
3.0 log
3.0 log

2.0 log
1.0 log
2.0 log
1.0 log

Demonstration using
challenge testing
Demonstration using
challenge testing
Demonstration using
challenge testing
Demonstration using
challenge testing

Demonstration using
challenge testing
Demonstration using
challenge testing
Demonstration using
challenge testing
Demonstration using
challenge testing

No credit
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No credit
Demonstration using
challenge testing
Demonstration using
challenge testing

Slow sand filtration can restrict raw water turbidity to below 10 NTU typically (Health Canada.
2012). The study shows 83% turbidity removal efficiency by roughing filter can be increased to
92% after sand filter added (Gamila, 1999). The benefits of choosing a sand filter is no chemical
or fewer chemical introduced into treated water, and it is an inexpensive due to its availability in
native resource. However, Sand filters are heavy maintenance and require significant backwashing, hollow fibre filtration is considered a viable alternative to sand filters (Lipnizki, 2010).

1.6 Research hypothesis and objectives
The hypothesis of the study is that wash water can be continuously recycled by using a combination
of filtration and UV disinfection. Recycling wash water prevents the accumulation of organic
and microbial loading thereby maintaining the decontamination efficacy of the fresh produce
washing process.
The objective of the study:


Determine the efficacy of fresh produce washing within commercial processing facilities by
monitoring water parameter.



Optimize coagulation type and the dosage, pH of selected coagulants for leafy vegetable
wash water



Evaluate the efficacy of a combination of filtration and UV to recycle fresh produce wash
water.



Perform verification trials on selected interventions and monitoring methods.
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Chapter Ⅱ:
Methodology
2.1 Monitoring Wash Water Process
2.1.1 Commercial facilities description
The washing process in Company A (Shredded Lettuce processor) and Company B (Spinach
processor) consisted of a pre-wash tank to remove gross debris followed by a biocidal wash
containing sanitizer to support leafy green decontamination. Company A (Figure 2.1) processed
2300kg/hour of shredded iceberg lettuce over processing period up to 30 h. Sanitizer (50200ppm sodium hypochlorite) was automatically added by using a dual pH – ORP control
system, the level of chlorine and pH in water were maintained in range of 600-850 mv and pH
5.5-7.5, respectively. The temperature of pre-wash tank and biocidal wash tank was controlled
by a water cooler system and by adding ice as required, respectively. It is common practice to
partially and fully replenish tanks with fresh water, which processors perform on time basis
(such as: lunch break time) due to their individual processing schedule. Lettuce processing
company A partially replenish tanks with fresh wash water throughout the processing activity.
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Figure 2.1: Company A (Lettuce processor) wash processing flow chart

Company B （Figure 2.2） processes baby spinach delivered in totes from local producers or
more commonly from US suppliers. Approximately, 1300kg spinach was processed per hour
over a 6-8h processing period. The spinach was initially loaded onto an elevator then passed
through a de-stoner before entering the wash tanks. The residence time in each of the wash tanks
was approximately 15-30s depending on line speed that varied throughout the processing period.
The capacity of pre-wash tank and post-wash tank are 4000 L each and were manually dosed
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with 50 ppm peroxy acetic acid (Tsunami 100○; Ecolab,Minnesota, USA) every 3h with no wash
R

water recharging taking place. Temperature of both pre-wash tank and biocidal wash tank was
maintained by water cooler system.

Figure 2.2: Company B (Spinach processor) wash processing flow chart

Sampling trials were performed at the two fresh cut processors (processing salad spinach and
shredded lettuce). Each facility was visited at least twice over a 2 month period. On each visit,
wash water samples were taken for every hour over a 6 to 7 hours period of the processing
activity. Each sample set consisted of 3 x 500 ml of wash water from pre-wash tank and biocidal
wash tank separately. Wash water samples were collected in aseptic plastic bottles (ThermoFisher). Collected samples were stored in cooling boxes during sampling visiting and transferred
to 4 ℃ cool rooms at University of Guelph overnight. The temperature and pH of the pre-wash
and biocidal wash water samples and spinach samples were measured using a
pH/Conductivity/temperature Meter (XL20, Thermo Fisher Scientific Ltd.).
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2.1.2 Water parameter test method

Total Suspended Solid (TSS): A 47 mm diameter, 0.45 µm pore size membrane filter paper was
placed in each aluminum cup and weighed after sitting for 2h at room temperature within a
desiccator (weight W1). Volumes (100 ml) of the wash water sample were passed through the
filter using vacuum filtration. The filter membrane was then dried at 103℃-105℃ for at least 1h
or until a constant weight had been attained (W2). The TSS was then calculated using the
following equation
(

Total Suspended Solid (g)/ L=

)

Total solid (TS): Total solids were measured in the water sample without passing through a filter
paper. Aluminum dishes were weighed on the analytic balance and the weight recorded as A. A
100ml sample was measured in cylinder and then poured into labelled aluminum pan before
moved into dry oven. Samples were placed in the oven to dry for one to two hours between
103℃-105℃. After the sample was dry, the dried dish was moved to desiccators to cool. The
dried and cooled aluminum pan was weight on at analytical balance and the weight was recorded
as B. The calculation equation:
(

Total Solid (g/l) =
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)

Volatile Solid (VS): The filtrate derived from TS analysis was heated at 550℃ for 15-30 mins.
The dish was then weighed © and the VS calculated using the following equation where B was
the weight prior to heating
(

Volatile Solid (g/l) =

)

Conductivity: Conductivity of the wash water samples was measured by using a pH
/Conductivity/temperature Meter (XL20, Thermo Fisher Scientific Ltd.) fitted with the
appropriate probe. Both pre-wash tank wash water and biocidal tank water tested conductivity at
real time and the conductivity test was performed in triplicate for each of sample and the results
were averaged. TDS was calculated from a direct correlation between total dissolved solids (TDS)
and conductivity. Guidelines for Guelph drinking water have a clear criterion for drinking water
TDS (≤ 500 mg/L) (Ministry of Environment, 1998). The formula between conductivity and
dissolved solids for a specific body of water is” [dissolved solids = conductivity x 0.55 to 0.9
(the most often used is 0.7)]” (Ministry of Environment, 1998). The limit of 500mg/L TDS was
converted of conductivity value about 700 µS/cm (500 ÷ 0.7 = 714 µS/cm) (Ministry of
Environment, 1998).

2.2 Development of Wash Water Recycling Unit

Water recycling followed sequential steps of removal of organics via a coagulation step followed
by filtration and tertiary disinfection treatment.
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2.2.1Optimization of coagulation step

Jar Tests were performed to optimize and evaluated different coagulating agents to aggregate
organics within a simulated wash water matrix. The simulated water sample was prepared using
5 g/l of shredded Romaine lettuce in distilled water supplemented with bentonite to give the
required turbidity and solids content. The Jar Test was performed by placing 500 ml of simulated
wash water into a beaker along with the test coagulant and rapidly stirring (via a magnetic stirrer)
for 30 min. The stirrer was then switched off and the aggregates allowed settling over a period of
4h. Aliquots (5 ml) were then withdrawn and the absorbance/optical density measured at 420,
600 and 660 nm.
The coagulants evaluated were sodium aluminate, aluminum sulphate, iron II sulphate, iron III
chloride and were all obtained from Sigma-Aldrich (Oakville, ON, Canada). In addition, a
cationic polymer preparation from Aquarius that is commonly used for treating swimming pool
water was also evaluated. Where applicable, the pH of the homogenate-coagulant solution was
adjusted using 0.1 M HCl or NaOH. Samples containing no coagulating agent ware run as a
control. Chitosan (>75% deacetylated, Sigma, Australia) was dissolved in 1% v/v acetic acid 1.0
N (Ricca chemical Ltd.) solution was prepared to dissolve chitosan to make a proper solution for
the Jar Test. Chitosan with Soy protein is a commercial product from the ECO water innovation
company. This coagulant was applied as powder form dosed into pre-wash tank.
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2.3.2 Taylor-Couttee Reactor

The Taylor-Couttee reactor was evaluated as a means of accelerating the coagulation step
through efficient mixing. Taylor Couette reactor was constructed in collaboration with Trojan
Technologies Inc. (London, Canada) (Figure 2.3). The Taylor Couette reactor was mounted on a
drill machine platform that served to rotate an inner quartz cylinder with a diameter of 15.5 cm
and a length of 14 cm. The inner volume of the gap between the rotating and stationary cylinders
was 300 ml (Figure 2.3). The stationary outer cylinder was constructed from polycarbonate and
sat on a stainless steel platform. The liquid to be processed was delivered to the TC unit via a
peristaltic pump (MasterFlex, Thermo Fisher Scientific, Ottawa, Canada) and entered the reactor
at two points on the stainless steel base. Under operational conditions the inner cylinder sat on a
lubricated rubber gasket positioned below the liquid inlet. The flow rate of the liquid (i.e. lettuce
homogenate and sodium aluminate solution) was modulated via the pump speed and the rotation
of the inner cylinder was controlled by the rate of rotation of the machine head. The samples
were collected in a 1 liter beaker and allowed to stand for 10 mins at room temperature (23°C)
before determining the absorbance/optical density at 680, 600 and 420 nm.
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Figure 2.3: Taylor Couette reactor.

2.2.3 Multi-media Sand Filter

A laboratory scale multi-media sand filter applied after coagulation step with the intent of
removing aggregated floccules and residual chemicals. Thus, the multi-media sand filter
consisted of a gravel layer overlaid with find sand (50-70 mesh, Sigma Ltd.) upon which as
deposited activated carbon (6-14 mesh, Fisher Sci Ltd.) in a cylinder with 5.7x6.3 cm diameter
and 51.2 cm height. Three sizes gravel (12 US mesh,1/8" US mesh,1/4" US Mesh, Red Flint
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Ltd.) were laid at the bottom from smaller size to bigger size in the container to avoid the fine
sand leaking.

2.2.4 Microbiological analyses

A 6 x 12W UV (254nm) UV light unit were instilled as disinfection treatment. Microbiological
analyses tests were performed on spinach water samples before and after the water recycle
system, which included a UV light. Total Aerobic Counts (TAC) of wash water (100 ml) was
performed by passing the sample through a 47 mm diameter, 0.45 µm pore size membrane filter
membrane. The filter was then overlayed onto a nutrient agar plate that was incubated at 30˚C
for 48 h. In parallel, a dilution series of the wash water was prepared and plated onto Aerobic
Plate Count and E. coli/coliform Petri Films (Health Canada MFHPB-43). Aerobic Count Plates
were incubated at 30˚C for 24 h with the minimum detection limit (MDL) being 0.65 log10
CFU/g and upper limit of 7.44 log10 CFU/g. E. coli/coliform Petrifilms were incubated at 37˚C
for 24 h with MDL of 0.4 log10 CFU/g.

2.4 Statistical Analysis

Each facility was visited at least two times during the course of the study. Within each visit, 8
sample sets (spent wash water, incoming leafy greens, pre- and post-wash) were taken over the
6-8 h processing period. Each sample was analysed in duplicate with microbial counts being
converted in log values. The data was analyzed using ANOVA in combination with the Tukey
test.
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Chapter Ⅲ
Results
3.1 Dynamics of wash water parameters during leafy green processing
3.1.1 Lettuce wash water parameter tests

Lettuce wash water quality (from Facility A) was monitored throughout a typical processing
period by determining key water parameters that included temperature, pH and assessment of
solids content (conductivity, Total Suspended Solid (TSS), Total solid (TS), Volatile Solid (VS)).
The results of TSS (i.e soluble solids) were found to range from 0.003 g/L -0.006 g/L in prewash tank and <0.003 g/L in the biocidal wash tank that decreased as processing continued.
Total suspended solid (TSS) of both pre-washing tank and biocidal washing tank decreased
over the processing period but then towards the end of the activity. TSS consisted of solids
retained on the surface of filter paper (pore size 1.5 µm) and consequently contributes to
the turbidity of the water. Turbidity of pre-wash tank significantly (p<0.05) increased at 1 h
compared to 3 h but then significantly (p<0.05) decreased when the pre-wash tank water was
replenished with fresh water at 5 h into processing. A decrease of turbidity in both wash tanks
was observed after the tank water was replenished with fresh water that diluted the solids, hence
reduced turbidity.
Conductivity was used as an indirect measure of total dissolved solids (TDS). The conductivity
of wash water increased to a value of 920µs/cm before being diluted through the introduction of
fresh water. After replenished with fresh water, the conductivity of biocidal-wash tank water at 5
h decreased to the same level as the value detected at 1h processing time, however a smaller
decreasing of conductivity was found in the pre-wash tank.
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Generally, three parameters (turbidity, TSS and conductivity) were observed sharing similar
changing pattern and all decreased after replenished with fresh water, however only a dropped
value of TSS were found during breaking time while turbidity and conductivity maintain a
negligible increasing (Figure 3.1). After pre-wash tank water was replenished with fresh water,
turbidity, TSS and conductivity all presented significant (p<0.05) decreases as a result of dilution
of the organic and inorganic constituents of the water. Collectively, turbidity, TSS and
conductivity suggest that the pre-wash tank had higher solids content compared to the biocidal
wash (Figure 3.1).
Volatile solids consisting organic fraction (proteins, carbohydrates and latex released from the
cutting edge of lettuce leaves) can be driven off at high temperatures, thus the percentage of
organic solids were calculated by VS/TS coming with results showed that the pre-wash tank
contented 72%-84% volatile solids and 44%-75% volatile solid were determined in biocidal
wash. It noted that the major characteristic of leafy vegetable wash water consisted of high
proportion of organic contaminants as compared to inorganic, which also highlighted the next
stage water treatment focus point.
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Figure 3.1: Total suspended solid (TSS), Turbidity, and Conductivity as water parameters
in lettuce wash water samples taken from both pre-wash tank and biocidal wash tank per
hour during 6hours processing period in company A.

Time

Pre-washing: VS/TS=%Organic

1h
2h
3h
4h
5h
6h

77%
72%
82%
84%
72%
81%

Biocidal washing:
VS/TS=%Organic
72%
67%
44%
75%
67%
69%

Table 3.1: The percentage of organic component in each wash tanks changed during
processing time in company A. Organic constituents were calculated by Volatile Solid (VS)
/ Total Solid (TS) monitored in each water samples from both lettuce pre-wash tank and
biocidal wash tank during 6hours processing time.

The flume water within Facility A was maintained within a pH range of 6.8-7.5 and ORP 600 –
850 mV via a controlled pH – ORP system. The pH of the wash water was maintained at the set
point and did not significantly change over the processing period (Figure 3.2). However, the
ORP values measured in the wash water were below that of the set-point indicating a low level
of free-chlorine (Figure 3.2b). The ORP did increase upon the introduction of fresh water
presumably due to the dilution of the organic content. Pre-wash water cycled through a cooler to
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maintain the temperature of pre-wash tank at around 8℃, while biocidal wash tank temperature
fluctuated around 4℃ (Figure 3.2 (c)). Thus, maintaining sanitizer efficacy (ORP, pH) and cold
temperatures all positively affect the efficacy of the wash process.
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Figure 3.2: The change of ORP, pH and temperature of lettuce wash water were monitored
on-site during 6 hours processing period in company A.

3.1.2 Spinach wash water parameter tests

The TSS and turbidity of wash water within the spinach processing facility progressively
increased over the 7 h processing period (Figure 3.3). Conductivity of pre-wash tank water
presented an increase trend in a small range (between 340.6µs/cm-357.8µs/cm). The TSS content
of spent spinach wash water (0.15 g/L to 0.25 g/L in pre-wash tank) was significantly higher
(p<0.05) compared to lettuce wash water (0.004 g/L-0.006 g/L in pre-wash tank) (Figure 3.1 (a)
& Figure 3.3 (a)). This was likely due to the release of constituents from the spinach and the lack
of recharging the wash tanks with fresh water.
The results of TS/VS showed the spinach pre-wash tank water contained 40%-70% organic
matter, which is lower than the lettuce pre-wash water with organic components in the range of
72%-84% (Table 3.2). Spinach wash water contained TSS more than lettuce wash water, while
lettuce wash water contained higher organic component.
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Figure 3.3: The changing of suspended Solid (TSS), Total Solid (TS), turbidity and
conductivity in spinach wash water samples from pre-wash tank and biocidal wash tank
through 7hours processing period in company B.

Time
1h
2h
3h
4h
5h
6h
7h

Pre-washing: VS/TS=%Organic
54.8%
47.0%
58.1%
46.2%
69.2%
54.2%
42.9%

Biocidal washing:
VS/TS=%Organic
79.3%
58.4%
64.2%
42.5%
48.9%
51.2%
61.8%

Table 3.2: Organic constituents were calculated by monitoring the proportion of Volatile
Solid (VS) to Total Solid (TS) in each spinach wash water samples from both pre-wash
tank and biocidal wash tank during 6hours processing time in Company B.

Peroxyacetic acid was manually added to both the pre- and post-wash tanks every 3 hours.
Despite the addition of peroxyacetic acid, the pH of the both wash tanks remained at pH 6-7
(Figure 3.4). Moreover, the ORP of the wash water following the addition of peroxyacetic acid
was only 400 mV that compares to 270 mV for incoming municipal water (Figure 3.4b). The
result would suggest low oxidizing power within the water that in turn is an indication of
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negligible active sanitizer concentration, which also indicated by the results of pH. As a standard
method, the spinach processor used manual addition of ice to the cooler to maintain the
temperature of the wash tanks. Yet the temperature in the pre-wash tank fluctuated around 10-13℃
and that of the biocidal wash tank 7-9℃ (Figure 3.4 (c)).
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Figure 3.4: The change of ORP, pH and temperature were monitored of spinach wash
water on-site during 6 hours processing period
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3.1.3 Comparison of parameters change trend at different visiting time
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Figure 3.5: Comparison of Turbidity and TSS at two different sample visits at shredded
lettuce processor
The turbidity of wash water fluctuated in the first visit but had a general downward trend as
observed in the second visit (Figure 3.5). Although the turbidity may have been expected to
increased due to the accumulation of organics in the water as processing continued this was not
found to be the case. It is possible that the high molecular weight constituents carried through via
the lettuce or accumulated in the holding tank. The latter theory is supported by the high degree
of foaming observed in the holding tanks.
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Similar to the turbidity, there was no significant increase in the total soluble solids (TSS) within
the wash water tanks (Figure 3.5). This could again be explained by the trapping the solids in the
wash tank by the passing lettuce and deposition in the holding tank. The constant introduction of
13% fresh water into the tank is also likely to decrease the accumulation of solids within the
wash tank.
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Figure 3.6: Comparison of Turbidity and TSS at two different sample visits at shredded
spinach processor
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The turbidity in the wash tanks used for spinach progressively increased over the course of the
processing activity (Figure 3.6). The increase in turbidity was likely caused by the constant
introduction of soils in the absence of water recharging. The total soluble solids also increased
with time confirming that the wash tanks represented a closed system (Figure 3.6).

3.2 Development of water Recycling System
3.2.1 Coagulant optimization
3.2.1.1 Aluminate salt and Iron salt
Jar tests were conducted to assess the relatively efficacy of different coagulating agents to floc
organics present in simulated spent wash water. In experimental terms, the Jar Test involves
taking a sample of the wash water and supplementing different concentrations of the test
coagulating agent. The solution is rapidly stirred for 30 mins then allowed to settle over a period
of 3-4h. The progress of coagulation is followed by monitoring various parameters (BOD, COD,
conductivity, TSS) which in the present case was turbidity. From the results of the Jar Tests it
was found that the addition of Iron III chloride at low concentrations (16.6 mg/l) was an effective
coagulating agent but became less effective at higher concentrations (Figure 3.7). It was also
noted that the ferric chloride acidified the wash water below that typically operated in
commercial operations (i.e. pH 5-7), hence was considered unsuitable for practical application to
adjust pH for the coagulating agent to work. Moreover, applying ferric salts resulted in the
development of yellow taints of the treated water. As an alternative coagulant, the polymer has
the acknowledged advantage of being less dependent on pH compared to ferric or alum salts.
This was found to be the case in the current study used a cationic polymer preparation from
Aquariu, however, only a negligible decrease in absorbance, indicative of low coagulation action
(Figure 3.7).
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The addition of aluminum salts resulted in high alkalinity of the sample (pH 9) along with poor
coagulation properties. When the pH was adjusted to pH 5.0 (optimum for Al salts), the degree
of coagulation was effective at 49mg/l Al sulphate but decreased in efficacy at higher
concentration of the coagulant (Figure 3.7). Sodium aluminate was found to be the most effective
compared to other tested inorganic agents in this study, especially when the sample was adjusted
to pH 6 (Figure 3.7). At more acidic pH (pH 5.0), a similar decrease in absorbance compared to
pH 6 was observed except turbidity showed slight rising trend after concentration of sodium
aluminate increasing. Importantly, at high alum concentrations there was no increase in turbidity
caused by colloidal stabilization
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Figure 3.7: Efficacy of different coagulating agents to aggregate organics present in lettuce
homogenate (5g/l). The Jar Test was performed by introducing the coagulating agent into
500 ml of homogenate and adjusting the pH if necessary. The solution was stirred for 30
mins and then allowed to settle at room temperature for 30 min. Aliquots (3 ml) were then
removed to determine the Optical Density at 660 nm.

3.2.1.2 Chitosan

Chitosan is a natural polymer that carriers a net negative charge and has been proposed to be an
effective coagulating agent. Jar tests were performed to determine the influence of concentration,
pH and time on the chitosan mediated coagulation process using the reduction of turbidity as a
metric (Figure 3.8 and Figure 3.9).
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Figure 3.8: Effect of various chitosan dosages on turbidity removal and total
removal percentage from pre-wash water at actual pH =7 and 10mins settling time.

The efficacy by which chitosan flocculated organics in spent wash water was found to be
concentration dependent (Figure 3.8). As the concentration of chitosan increased the measured
turbidity decreased with maximal reduction being observed at 4 mg/l. As the concentration of
chitosan was increased the turbidity of the water sample although addition of > 2 mg/l resulted in
flocculation of organics. It is likely that the chitosan stabilized the colloids at intermediate
concentrations then resulted in coagulation of solids at higher concentrations.
Figure 3.6 demonstrates that 4mg/L chitosan produce a significant reduction of turbidity with
79.2% removal of turbidity and the residual turbidity were dropped to 4.63 (<5NTU), when
Chitosan alone with dosage of 4mg/L performed a high efficiency to clarify simulated pre-wash
water. The flocs produced by chitosan treatment varied between light, non-compact,
agglomerates that floated on the surface to aggregates that precipitated to the bottom of the
sample vessel.
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Visual inspection of a treated water sample showed high clarity of water sample, with large
floccules settled at bottom. After the lowest peak was reached (Figure 3.8), the residual turbidity
of wash water rebounded again along with increasing chitosan dosage. It could associate with the
coagulation mechanism of removing turbidity by chitosan, which can be explained as both the
polymer bridging and the charge neutralization. After the saturation of polymer bridging or
charge neutralization were reached, the excess chitosan dosage in the wash water tended to
destroy the particle charge to restabilize them, thereby increasing residual turbidity (Oliveira,
2012).
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Figure 3.9: Effect of the chitosan dose and different pH on turbidity removal
efficiency of simulated wash water.

The coagulation capacity of chitosan was found to be dependent on pH of the spent wash water.
At pH 7 there was a progressive decrease in the ability of chitosan to remove organics in a
concentration dependent manner (Figure 3.9). As the pH became more acidic it was found that
lower chitosan concentrations were required to support the flocculation but an optimum existed.
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Specifically, beyond a chitosan concentration of 3 mg/l, the acidic pH reduces the efficacy of
flocculating the organics presumably through stabilization of the colloid suspension.

3.2.1.3 Chitosan with soy protein

The coagulation efficacy of chitosan (>75% deacetylated, Sigma, Australia) vs the commercial
chitosan product containing fermented soy protein were compared. Chitosan alone was more
effective at coagulating organics in simulated spent wash water compared to the commercial
chitosan supplemented with protein as a flocculent (Figure 3.10). Yet, the rate of precipitation, as
determined by turbidity, of the organics within the sample was greater for the chitosan: protein
combination compared to chitosan alone. Specifically, the commercial chitosan preparation
precipitated organics within 1 min compared to 5 min for chitosan without protein. Consequently,
although a greater concentration of the commercial chitosan preparation were required to
flocculate the organics, the benefits of rapid precipitation time were more compatible with a
continuous water recycling system.
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Figure 3.10: Effect of different concentration of chitosan with soy protein compared with
chitosan alone on residual turbidity removal percentage, and residual turbidity changed
during 45mins settling time

3.2.1.4 Comparison of different coagulations

The comparison of turbidity removal percentage was tested between inorganic coagulant
(sodium aluminate) and organic coagulant (chitosan; chitosan with soy protein) (Figure 3.9).
61

Even though the sodium aluminate resulted in the highest removal efficacy (86%) it is not the
preferred coagulating agent due to the potential toxic effects of residual Al. The result in Figure
3.11 showed no significant (p >0.05) different between Sodium aluminate, chitosan and chitosan
with soy protein of concentration 165mg/L, 4mg/L and 25mg/L respectively. Consequently,
chitosan with protein was selected for further studies due to high solids removal efficacy along
with biocompatibility characteristics.

100.0
90.0
80.0

Removal (%)

70.0
60.0
50.0
40.0
30.0
20.0

10.0
0.0
165mg/L Sodium
aluminate

4mg/L Chitosan

25mg/L Chitosan and
soy protein

Figure 3.11: Turbidity removal percentage comparison of Sodium aluminate, chitosan
and chitosan with soy protein with concentration 165mg/L, 4mg/L and 25mg/L in lettuce
homogenate (5g/l) respectively.
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3.2.2 Filtration system

With the coagulation step optimized, the next phase evaluated a range of filtration techniques for
removing the formed aggregates, in addition to the low molecular weight constituents. To this
end trials, were performed using a multi-media sand filtration using layers of sand, carbon and
gravel. Here, the sand acted as a physical matrix to filter out the aggregates with the carbon layer
removing the charged low molecular weight compounds along with unbound coagulating agent
(sodium aluminate). The gravel layer was simply to support the upper layers and prevent
leaching of the material bed into the filtrate flow stream. When optimizing sand filtration, a
balance must be made between the efficacies to remove organics vs flow rate. Specifically, the
greater the bed depth, the more efficiently the organics are removed but at the expense of slow
filtration rates. Therefore, experiments were undertaken to optimize the sand filter configuration
by varying the sand and carbon media depths.

3.2.2.1 Taylor Couette reactor

A key part in accelerating the coagulation process is to ensure rapid mixing to promote the ionic
interactions between the flocculating agent and organics within the sample. Taylor Couette
reactor (CT-reactor) was chosen to combine with filtration system due to its properties of high
mixing efficient applied in chemical synthesis reactors (Giordano et al., 2000).
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Figure 3.12: Effect of rotation rate of a Taylor Couette reactor on the aggregation of organics with
lettuce homogenate treated with sodium aluminate. Lettuce homogenate (5 g/l) was supplemented
with 0.022 g/l sodium aluminate and passed through the TC reactor (operating at different rotation
rates) at 50 ml/min. The mixed homogenate was then left to sediment for 10 min before reading the
optical density at 660 nm.
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Figure 3.13: Effect of residence time within the Taylor Couttee reactor on the aggregation of organics
within lettuce homogenate treated with sodium aluminate.

Simulated spent wash water treated with sodium aluminate (0.022g/L) water sample were passed
through the Taylor Couette (TC) reactor operating at different rotation rates with a flow rate of
50 ml/min. The mixed homogenate was then left to sediment for 10 min before reading the
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optical density at 660 nm. The 150 rmp was selected as the optimal rotation rates due to the
highest removal efficacy found (Figure 3.12). The results can be explained with the basis of
flow pattern built in the reactor. The transitions of liquid flow pattern changed from laminar
shape at <150 rpm rotation rate into vortices and then into turbulent flow at >200 rpm, which has
been demonstrated by a study used the same Taylor Couette (TC) reactor (Finjan, 2011).
Therefore, it can be confirmed that efficient mixing results occurred in accelerated coagulation
compared to static conditions. The decrease in absorbance (660nm) was found to be independent
of the residence time within the reactor (Figure 3.13). The decrease in absorbance occurred with
two minutes compared to over 4hours when allowed to sediment out without prior mixing.

3.2.2.2 Sand filter
Table 3.3: The Effect of sand and carbon depth on filtration efficacy for coagulated lettuce
homogenate solutions prepared by homogenating 5g/L lettuce in distilled water were tested in multimedia filter. a: Sand filter depth (9 cm); b: Carbon filter depth (4 cm).
Homogenate A 660nm
A 600nm
A 420nm
Conductivity
sample
(μS/cm)
Carbon
0.749
0.829
1.159
1611
Depth(cm)a
2.0
0.014
0.021
0.031
1692
4.0
0.011
0.010
0.028
1454
6.0
0.002
0.092
0.023
1720
9.0
0
0
0
611
Sand Depth
(cm)b
9
0.010
0.015
0.047
1354
15
0
0
0
1360

Sand filter were designed using a multi-media and filtration containing layers of sand, carbon
and gravel. The sand acted as a physical matrix to filter out the aggregates with the carbon layer
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removing the charged low molecular weight compounds along with unbound coagulating agent
(sodium aluminate). The gravel layer was chosen as the base to prevent leaching of the bed into
the filtrate flow stream and support the upper layer. The soluble low molecular weight
components were determined at 420nm, while the insoluble aggregates measured at 600-680nm.
A sand filter with a 9 cm carbon layer, 9 cm sand layer successfully removed a significant
proportion of the turbidity. Conductivity was observed a significant decrease from 1692 to
611μS/cm while activated carbon layer depth increased to 9cm. However, when 4cm carbon

layer and 15cm sand layer used to achieve same turbidity removal, there was a negligible effect
on conductivity. The results indicated that removal of low molecular weight constituents by
increase sand layer was minimal, while increasing activity carbon presented higher efficiency to
decreasing conductivity.
With the multi-media sand filtration conditions required to filter the aggregated organics out of
the homogenated sample, the aim was to scale-up the process to be compatible with the pilot
plant trials. It was calculated that to treat the 4000 liters within the wash tank a filter unit of 60
cm diameter and 1 meter depth would have been required. However, to backwash a filter of this
size would require at least 5000 liters that would have countered the benefits of implementing
the recycling system. Consequently, alternative methods were investigated to achieve the rapid
separation of coagulated organics from the wash water matrix.
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3.2.3 Schematic diagram of the water recycling system at industry

Figure 3.14: Schematic diagram of the water recycling system

Based on the results of the laboratory trials a prototype water-recycling unit was installed in the
collaborating partners processing plant on December, 06, 2012. The unit was installed in Facility
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B that processed salad spinach. Spent wash water was withdrawn from a pipe placed
approximately 1m from the bottom of the pre-washing tank by a pump (Figure 3.14). The
capacity of the pump ensured a 227L/min flow rate to be equivalent to treating the entire tank
within 20 min. Prepared coagulation (sodium aluminate) liquid was dosed into the water stream
at a rate of 200 ml/min via a peristaltic pump (Figure 3.14). The water then fed through the static
mixer (7.5cm diameter, 30cm length with 14 elements). A 470 liter holding tank installed
between the mixer and filters intend to extend reaction time and suspension time. The water first
passed through 3 x 21 bag filtration units (300 µm mesh) prior to traversing through an 40
liter/min capacity activated carbon unit (Figure 3.14). Three gauges mounted on top of each filter
to measure the pressure within each unit monitored filter bags filtration rate. In order to ensure a
high efficacy of disinfection, water disinfection was provided by a 6 x 12W UV (254nm) unit
placed at the final stage with highest water clarity just before being returned to the wash tank. A
sampling port was placed just prior to the water entering the tank and used to collect samples for
analysis (turbidity, residual aluminum, conductivity, pH and microbial counts).
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3.2.4 Onsite running
3.2.4.1 Commercial Unit running with Sodium Aluminate 35mins

35

Different concentration of
Sodium Aluminate

30

Turbidity NTU

25
20
0.2mg/L

15

2mg/L

10

20mg/L

5
0
0min

5mins

15mins

25mins

35mins

Figure 3.15: Turbidity removing efficacy by using different concentration of
Sodium Aluminate coagulating agent
Samples were taken from the sampling port prior to the water entering the wash tank during
35mins recycling period. Sodium Aluminate as coagulant tested at three different final
concentration with 0.2mg/L, 2mg/L and 20mg/L calculated by using prepared coagulants feed
solution containing 25g/L, 2.5g/L and 0.25g/L respectively with 100ml/min injection flow rate.
The highest rate of organic removal was achieved using the highest concentration of sodium
aluminate (Figure 3.15). Yet, lower concentrations of coagulant were also effective at reducing
the turbidity of wash water to a base value of 10 NTU (Figure 3.15).
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Figure 3.16: The effect of different dosages adding on aluminum residue in treated water

The Figure 3.17 for alum residue determination also confirmed coagulant efficacy and evaluated
carbon filter absorption capability. When higher concentrations of sodium aluminate were
applied, it demonstrated a possibility of residual aluminum in the treated water in excess of the
permitted level. It wasn’t a significant different of residual alum when 0.2 and 2mg/L was used
in the feed solution (Figure 3.16).
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Turbidity removal by Carbon filter
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Figure 3.17: Residual turbidity compared before and after carbon filter

The graph (Figure 3.17) presented the carbon filter highly contributed to a notable turbidity
reduce with removal efficacy range from approximate 45%-34% during 35 min running duration.
Residual turbidity was reduced to less than 10NTU by the carbon filter, although the final
turbidity slightly fluctuated by turbidity value before carbon filter. Iron particle addition,
combined with the carbon filter caused water pH to approach nearly neutral conditions, which
subsequently effect log reduction achievement. Therefore, carbon filter possessed a high and
stable removal efficacy to eliminate formed aggregates.
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Table 3.4: HPC, pH and conductivity of spent processing water before and after recycling
Sodium
aluminate in
fed solution

pH
Water Tank

20
2.0
0.2

6.02
6.44
5.65

Conductivity (µS/cm)

PostTreatment
7.04
6.26
6.61

Water Tank
553
402
391

PostTreatment
454
425
454

Heterotrophic Plate Count
Log cfu/100ml
Water Tank
3.82
3.59
4.12

PostTreatment
1.68
1.76
1.99

Different dosage (from 0.2mg/L to 20mg/l) of coagulant applied to the water sample didn’t
contribute significant change on conductivity value (Table 3.4). Even though the pH of the
treated water was more alkaline when higher concentration of sodium aluminate was applied, pH
was still lower than 7in order to prevent the precipitation of Al (Table 3.4). The HPC within the
wash water tank was reduced by 2 log cfu with no E.coli or coliforms being detected (Table 3.4).

3.2.4.2 Commercial Unit running with 3.5h long run
Concentration (Al)mg/l

12.5
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0.20

NTU

11.5
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11.0
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10.5
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3.5h

Figure 3.18: Turbidity and residual Alum in wash tank changed during 3.5hours
commercial running with 2mg/L Sodium Aluminate as coagulant applied
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Samples were taken from water tank during 3.5 hours treating time with the intent to evaluate
residual turbidity improvement through a consistently long recycle treatment period. When
2mg/L sodium aluminate was introduce into the recycling system, the water turbidity in wash
tank was decreased to 10NTU within 2.5 h and maintained for the remaining recycling time. The
residual alum concentration trend was opposite to turbidity change before 2.5h, where then alum
concentration was slightly increasing. This result could be interpreted with the binding reaction
between organic matter and coagulant. When water sample contained low organic material,
excessive coagulant contributed to the increasing of residual alum concentration. Consequently,
it is an issue when using aluminum salts as coagulant through excessive coagulant addition,
especially when the treated water a low organic content.

3.2.4.3 Commercial Unit running with chitosan
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150

Processing time (mins)

Figure 3.19: Turbidity and conductivity of pre-washing tank water changed by
using Chitosan alone as coagulants processed within recycle system for 2hours.
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The trail was performed using a final 5mg/L concentration of chitosan that was introduced into
the flow stream of the wash water prior the static mixer, which resulted approximately 50%
turbidity removal efficacy at the end of 2 h treated period. The reason an unusual increased point
showed at 30mins (Figure 3.19) is that overnight settled impurity particles in pre-wash tank has
been stirred when recycle operation started. The turbidity increase depended on the amount of
processed products in the water the day before water recycling trials began. The level of turbidity
dramatically dropped from 12 NTU to 6 NTU within 90mins of processing without a significant
rise in conductivity (Figure 3.19). However, final turbidity remained relatively high that could be
attributed to high initial turbidity and/or insufficient recycling time.
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3.2.4.4 Commercial Unit running with chitosan with soy protein
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Figure 3.20: Turbidity and conductivity changed by using Chitosan and soy protein as
coagulants at recycle system after 90mins processing time and 20mins settling time. a: 100g
coagulant added; b: 200g coagulant added; c: 400g coagulant added. Turbidity*: water
sample taken from the sampling port after entire recycle system.

The commercial product, chitosan with soy protein, were directly introduced into the pre-wash
tank as powder applied three different dosages with 30mins processing time for each
concentration. The turbidity of the water failed to decrease despite an extended circulation
through the filtration unit. However, when the recycling system was shut down and a settling
period of 20 min had elapsed there was a progressive decrease in turbidity (Figure 3.20). The pH
was increased at the higher chitosan dosage likely due to the protein component that buffered the
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pH and is related to a rapid increase of conductivity (Figure 3.20). It is important to indicate that
chitosan with soy protein has high potential to be applied in future work relay on the high clarity
achievement within short settling time and simply operation as well as advantage at safety
control, however the installed filtration system need to be adjusted if chitosan with soy protein as
a choice.

3.2.5 Sanitizer
Electrolyzed water has been selected in this filter system as sanitizer due to the property of no
hazard chemicals added in its products and inexpensive. Pathocept TM was applied in three types
of water, which are municipal water, spinach wash water and filtered wash water to assess its
efficacy of inactive Lesteria monocytogenes, E. coli and Salmonella respectively. The
antimicrobial properties of the electrolyzed water with a wild range of free chlorine (from
10ppm-200ppm) concentration were also tested.
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Figure 3.21: Effect of different concentrations of free chlorine in electrolyzed water
(pH=6.12) disinfected Lesteria monocytogenes, E. coli and Salmonella in three different
water samples. (ND: Not Determined)

Electrolyzed water is an effective sanitizer, but inherently unstable. No Listeria monocytogenes,
E. coli and Salmonella (>6 log count reduction) were found when 10ppm electrolyzed water
applied in municipal water. On the contrary, 20ppm electrolyzed water had to be applied to wash
water and filtered water to achieve zero E. coli and Salmonella colony (>6 log count reduction).
Listeria was more resistant to electrolyzed water than other two pathogens, thus 80ppm
electrolyzed water was required to reach >6 log count reduction. On the other side, pH is major
element associated with sterile efficacy of electrolyzed water by the adjustment of free chlorine
most effective component in the sanitizer. Acid electrolyzed water is high efficacy but unstable.
Wash water samples after filtration treatment didn’t positively affect the electrolyzed water
disinfection efficacy on inactivating Listeria. In filtered water, the same concentration of free
chlorine contained in electrolyzed water was required to disinfect E. coli and Salmonella, but
higher concentration of free chlorine was required to inactivate Listeria monocytogenes. The
consequence of pH change of the wash water after filtration treatment affected the efficacy of the
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electrolyzed water to inactive Listeria monocytogenes (<4 log count reduction at 40ppm). The
efficacy of electrolysed water antimicrobial performance in wash water was affected by pH
change than effect by suspended particles.
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Chapter Ⅳ
Discussion and Conclusion
4.1 Discussion
The study investigated the dynamics of wash water parameters during commercial processing of
leafy greens. With lettuce it was evident from the increase in turbidity, volatile solids, total solids
and conductivity was a result of the accumulation of organic matter in the water over the initial
processing period. As the organic matter accumulated, the free chlorine within the wash tank
drifted from the set-point due to the sanitizer reacting with the wash water constituents. The
results are in agreement with others who have reported the rapid depletion of chlorine by
interacting with chlorine to form disinfection by products (Luo, 2007; Nou, 2010; Gonzalez et al.,
2004). The significance of the drop in ORP away from the set point is that the perceived level of
active chlorine in the wash tank that would in turn reduces the antimicrobial activity. Studies
have been performed on relatively large scales to illustrate how pathogens (specifically E coli
O157:H7) transfer between batches during the washing process. A study described by Buchholz
et al, (Buchholz et al. 2012b) described how E coli O157:H7 can be transferred across batches
during a processing period. Here, E coli O157:H7 was inoculated 22 kg of lettuce at levels
ranging from 2 – 6 log cfu/g. The inoculated product (75 kg) was run through the shredding line
and followed with non-inoculated product. The results of the study illustrated that in the absence
of sanitizer, E coli O157:H7 could be recovered on 90 kg of product when introduced at the
higher inoculation level (Buchholz et al. 2012b; a). With lettuce inoculated at the level of 2 log
cfu/g, the initial 21 kg of product run after inoculated lettuce harbored that pathogen. The study
confirmed that in the absence of sanitizer, contamination can persist and transfer throughout the
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line even when pathogen levels are low (Buchholz et al. 2012b; a). The same conclusions were
reported in a comparable study performed by Luo et al, (Luo et al. 2012) who illustrated the
transfer of E coli O157:H7 between lettuce batches in large scale (45 kg/min) study. In the study
performed by Luo et al (2012) the wash water was supplemented with 20 ppm free chlorine and
inoculated lettuce passed through the wash tank. The researchers illustrated how free chlorine
concentration was totally depleted after passage of 540 kg of lettuce (12 mins of processing). The
study went onto illustrate that a critical free chlorine level of >1.0 ppm at 30 s exposure could
inactivate E. coli O157:H7 present at levels of 1 – 8 MPN/ml (Luo et al. 2012). Yet, it has been
proposed to ensure a minimum of 10 ppm free chlorine to provide assurance that crosscontamination between batches is negligible (Luo et al. 2011).
In the current study it was demonstrated the ORP within the wash tank could be returned to the
set-point by introducing fresh water that diluted the organic matter as demonstrated by a decrease
in turbidity, total soluble solids and conductivity. The results of the study clearly indicate the
benefits of maintaining wash water quality through removal or dilution of organic matter within
the tank.
Similar to lettuce, the accumulation of organic matter was observed in the wash tanks of the
spinach processing line. The initial wash functioned to remove to gross soils and debris with the
secondary wash being designed for surface disinfection. As expected, the turbidity and solids
content in the first wash tank was greater than that of the biocidal wash. Yet, the solids content
increased as the processing activity continued. Within the spinach processing facility, the wash
tanks were manually charged with peroxyacetic acid every 2-3 h. Although peroxyacetic acid is
regarded to be relatively insensitive to the presence of organics (Olmez and Kretzschmar 2009; Ho
et al. 2011) it was noted that there was negligible concentration of the sanitizer based on the
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neutral pH and low ORP. The low ORP and neutral pH was likely due to insufficient sanitizer
being added to the tanks although this was not measured directly. Regardless of this fact, it is
clear that the accumulating organics within the wash tank would negatively affect the efficacy of
the process.
The introduction of fresh water in the wash tanks results in dilution of the solids, thereby
maintaining the wash process. However, the replenishing of water is expensive in terms of water
use and increases volumes of wastewater to treat prior to disposal. Therefore attempts were made
to develop a continuous water recycling system by optimizing the coagulation step that
facilitated downstream filtration.
Alum proved an efficient coagulating agent relative to other Al and Fe salts. The results are in
agreement with those of others who also reported on the efficient removal of organics in water
by Alum at relatively low concentrations of the coagulant (Altaher, 2012). Yet, Alum residues
have been linked to health concerns such as promoting Alzheimer disease and other neurological
disorders. Ferric salt based coagulants could have been potentially used as an alternative
coagulating agent although the need for low pH along with potential taints is clear limitations
(Bratby, 2006). However, chitosan did prove an effective alternative to alum by achieving 79%
solids removal using concentrations in the order of 4mg/L. The coagulation efficacy of chitosan
was found to be pH dependent and it is not unexpected given the cationic characteristic of the
polymer. The optimal pH for coagulating organics from spent wash water was at acidic pH that
is in agreement with the findings of Bina’s (2009). Under acidic the NH3+ groups are ionized that
promote aggregation of the anionic organic material.
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A notable feature of using chitosan alone as the coagulating agent was the relatively loose flocs
of organic matter that was formed that could be readily dispersed back into solution. However,
by using the commercial chitosan preparation contained fermented soy protein resulted in more
compact flocs. It is likely that the protein component functioned to stabilize the aggregates by
forming a gel network. This theory is supported by the fact that chitosan:protein complexes have
found utility in encapsulating materials for preparation of nanoparticles (Yaqiong, 2014).
Laboratory scale of multi-sand filtration with a combination of 8 cm sand layer with 9cm carbon
layer effectively removed the turbidity from homogenated lettuce water samples and decreased
conductivity from 1611μS/cm to 611μS/cm, while the combination of 4 cm carbon layer with 15
cm sand layer achieved same turbidity removal efficacy but less contribute on conductivity
decreasing. In another study, the conductivity and heavy metals compared in untreated raw water
and activated carbon treated water sample and the results showed the treated water contained
very low concentrations of heavy metals and conductivity reduced from 523μS/cm to 484μS/cm
(Ntuli, 2007).
A water recycling system was installed in the spinach processor in order to compare laboratory
trials and commercial scale processing. Commercial trials were performed using a unit
combining an initial coagulation step, filtration and UV disinfection step. The unit could reduce
the turbidity and microbial counts within wash water without resulting in excessive Al residue in
the wash tank. During the 35mins commercial trail, the data illustrated 2mg/L Sodium aluminate
was the optimized concentration, while 20mg/L sodium aluminate caused the alum residue over
the 0.20mg/l limitation in drinking water. Turbidity of spinach wash water was maintained
around 7NTU when 2mg/L sodium aluminate dosed into wash water sample after 15mins.
During 3.5 hours commercial trail the alum residue was maintaining under 0.2mg/L, however,
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the long-time operation caused turbidity maintained at 10 NTU higher than the turbidity
observed at 35 mins operation time. A recent study also determined that alum followed by
activated carbon system to treat city water. The results in the study illustrated that water sample
treated by 20 mg/l alum achieved highest removal of turbidity (99%) and the supernatant treated
by adsorption on the activated carbon achieved removal 87% efficiency of turbidity (Soad, 2013).
Therefore, alum and activated carbon have high removal efficiency in water treatment. In the
commercial trail, chitosan decreased the turbidity of spinach water from 120NTU to 60NTU in 2
hours processing period; however, the final turbidity didn’t reach the expectation. Chitosan also
has been studied in the diary wastewater pilot trail and results showed TDS reduced from
780mg/L to 470mg/L (Sarkar, 2006). In Sarkar’s study, chitosan was used at the coagulant for a
recycling system that included a reverse osmosis (RO) membrane unit. The water quality after
this system reached less than 1 NTU and 33 mg/L TDS residuals in the pilot plant (Sarkar, 2006).
Chitosan and soy protein as a new commercial product with 100g/1000L optimised dosage
performed dramatic turbidity removal efficacy in the commercial trail in the current study.
Turbidity decreased from initial 60NTU to 8.7NTU only in 20mins settling time; however, there
wasn’t a dramatic decrease of turbidity being detected during recycling system recycling time.
The microbial test demonstrated that no E.coli or coliforms were detected and 2 log LCR of HPC
was achieved in the water sample in the commercial trail that was treated by the water
purification system combined with UV disinfection method. Thus commercial trials verified the
performance of the water-recycling unit to decrease the organic loading in the wash water and
microbial counts.
Electrolyzed water as an alternative sanitizer of chlorine showed effective (>6 log count
reduction) disinfection on E. coli and Salmonella in wash water and filtered wash water sample
85

when 20ppm free chlorine of electrolyzed water was dosed. Electrolysed water with 80ppm free
chlorine were required to disinfect Lesteria monocytogenes, which illustrated Lesteria
monocytogenes was more resistant to electrolyzed water than other two pathogens. Kim et al.
(2000) also reported that L. monocytogenes was slightly more resistant (about 1 log CFU/ml)
than E. coli o157:H7 to electrolyzed water and the reason was explained as the difference in
cellwall structure between Gram-negative and Gram-positive bacteria (Kim, 2000).

4.2 Conclusion
•

Replenishing tank water with fresh water during the processing period can significantly

improve water quality.
•

Organic loading was the main contaminant in the shredded lettuce and spinach wash water.

•

The organic material within spent wash water derived from leafy greens is colloidal in nature

and readily blocks mesh filters unless a preliminary coagulation step is performed.
•

From the coagulating agents tested, sodium aluminate was superior in terms of

coagulating organics at low concentration (0.022g/l) at the normal pH of the wash tank (pH 5-6)
and did not lead to high turbidity when added in high concentrations.
•

Coagulation time to form aggregates of organic material by the addition of sodium

aluminate could be accelerated by rapid mixing using either Taylor Couette reactor or a static
mixing element.
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•

Commercial trials were performed using a unit combining an initial coagulation step,

filtration and UV disinfection step. The unit could reduce the turbidity and microbial counts
within wash water without resulting in excessive Al residue in the wash tank.
•

20ppm electrolyzed water treatment could reduce both E. coli O157:H7 and Salmonella

at a level of 6 CFU/g in all water samples. L. monocytogenes was more resistant and needed
80ppm electrolyzed water to reach 6 CFU/g reductions.
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CHAPTER V
Future work
Inorganic and organic matters cumulated in the both leafy vegetable washing tanks were proved
by monitoring water parameters changing during processing time. Microorganisms internalized
into leafy vegetable tissues at the cutting edge and cross-contamination happened during
sanitizer rapidly sequestered by organic loading contributed to vegetable contaminated by
microorganism. Consequently microorganism loading and growing can rapidly shorten vegetable
shelf-life. Thus, to identify a marker within the apoplectic fluid of lettuce that can be used as
metric to predict shelf-life stability the subsequent product.

In the current study, the turbidity removal efficiency of chitosan as coagulant for leafy vegetable
wash water has been accomplished under the laboratory condition and commercial trail. The
results illustrated chitosan performed alone at commercial trail didn’t reach the expectation that
chitosan achieved turbidity removal efficacy in the laboratory condition. Further study on finding
a flocculants that combine with chitosan to work together and improve removal efficiency is
needed. This includes an optimization for pH, dosage and proportion of coagulants/flocculants
needed.
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