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Abstract: Large quantities of fresh water are used intensively in the washing, cutting, peeling and disinfection of fruits and 
vegetables, resulting in high solids loading of the wash-water. Review of the literature shows that there is limited information 
available on how to treat this wash-water on-site. Accordingly, an investigative program was established by sampling wash-water 
from two industrial partners processing root vegetables to determine the best available approach. Bench scale technologies tested for 
solids removal were dissolved air flotation (DAF) and centrifuge, followed by ultraviolet (UV) disinfection to evaluate the potential 
for water reuse. The results showed that DAF and centrifuge were able to remove solids at an efficiency greater than 95%. The DAF 
process was also able to remove higher levels of dissolved matter and nutrients in comparison to the centrifuge. The DAF process 
was also able to produce waters with higher transmittance, which leads to improved filtration and UV disinfection for water reuse. 
Membrane filtration feasibility testing showed that high quality waters can be produced as low as 2 NTU and 4 NTU, following 
pretreatment with DAF and centrifuge, respectively. However, filtration was unable to remove E. coli. Collimated beam results show 
that UV disinfection is needed to allow for water reuse.  
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1. Introduction 

An emerging part of the food processing industry is 

the fresh-cut fruit and vegetable (FCFV) sector. It 

specializes in producing fresh fruits and vegetables 

that can be consumed raw without requiring any 

cooking, such as packaged spinach, peeled carrots and 

sliced apples [1]. Water is used extensively for 

cleaning, processing and transporting the product. It is 

also recirculated in dunk tanks, while fresh water is 

used for sanitizing. Processing of FCFV requires a 

high degree of preparation (peeling, polishing, in 

addition to washing and rinsing), so it generates 

wash-water with high levels of solids and elevated 

biochemical oxygen demand (BOD) values [2-4]. This 

organic loading consumes high levels of oxygen as it 

degrades, and is a significant problem for the 

municipal wastewater treatment plant or the receiving 
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water body [5]. Another challenge is the elevated 

levels of nutrient loading (phosphorus and nitrogen), 

which also impacts receiving water bodies and hence 

the stringent disposal limits [2]. The majority of the 

wastewater arising from FCFV processing is 

wash-water. At the end of the day or the processing 

cycle, it is disposed [2, 3]. This process effluent is 

commonly referred to as wash-water, since it does not 

contain the mixture of contaminants, which are 

commonly found in farm or domestic wastewaters [2].   

Management of wash-water requires adequate 

treatment and disposal methods, which must satisfy 

government regulations. The challenge is the limited 

information in the literature on how to best treat 

fresh-cut wash-water. The need for additional 

know-how for the treatment of wash-water continues 

to grow, as new regulations continue to evolve for 

FCFV processors, requiring them to update their 

waste management practices. The urge for increased 
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regulatory control is amplified for rural processors, 

due to the potential adverse impact of discharges on 

local land and water courses [6]. Prime agriculture 

land can be affected by the land application of solid 

waste from fruit and vegetable processing that may be 

high in nutrients, which can then runoff into the local 

water course during precipitation events [6]. Thus, 

there is a need of technologies to manage the 

wash-water on-site. The possibility of reusing the 

reclaimed wash-water can directly reduce the amount 

of fresh water needed, which would offset costs for 

wash-water treatment and protect the surrounding 

environment. These benefits are critical to ensuring 

future sustainability of processor operations and brand 

names.  

Advances in the field of wastewater treatment have 

led to the development of systems, which are capable 

of treating and reusing wash-water to the highest 

quality possible. However, due to the complex nature 

of soil and water chemistry in the treatment of 

wash-water, the identification of effective systems is 

challenging. There have been many attempts at 

wash-water reuse in Ontario in the FCFV industry, but 

difficulty always arises from the soils, solids and 

water interaction [7]. Confidential discussions have 

been held with a rural processor, who attempted to set 

up a treatment system, but was unsuccessful due to 

clogging of the screens and filters by the soils and 

solids. Unfortunately, the treatment system provider 

could not resolve the localized problem.    

Based on the challenges faced by the rural 

processor, the main objectives of this study were to 

characterize the wash-water, determine effective solid 

removal technologies and evaluate ultraviolet (UV) 

disinfection for water reuse. The removal or reduction 

of BOD was not the intent. Detailed characterization 

of the wash-water was necessary to obtain a baseline 

of water quality parameters due to the limited 

literature on wash-water generated from cutting and 

peeling processes. Based on the baseline study, it was 

determined that physiochemical technologies, such as 

settling, dissolved air flotation (DAF) and centrifuge 

in combination with coagulation and flocculation 

should be investigated. The treated effluent from these 

physiochemical technologies, except settling, was then 

filtered through filter paper of various pore sizes to 

understand the feasibility of membrane filtration 

technology. This polishing filtration would help 

determine if UV disinfection was feasible. The results 

of these experiments will identify treatment schemes 

that reduce the solids concentration and evaluate water 

reuse within the FCFV processing industry.  

Settling with coagulation and flocculation is a 

typical process to remove solids. However, 

preliminary testing with carrot wash-water that 

includes a peeling and polishing operation showed 

that settling was inefficient. Hence, it was decided to 

study more complex treatment options, like DAF and 

centrifuge. The DAF process works by pressurizing 

water that is released into the flotation tank containing 

the wash-water. Fine bubbles produced in the flotation 

tank are attached to the particles inside the wash-water, 

making them buoyant [8]. They rise to the surface, 

where a thick layer of floats is skimmed off 

mechanically [8]. DAF has the capacity to reduce 

dissolved solids (DS) along with removing suspended 

solids (SS) at high through put rates. Another solid 

removal technology is centrifuges, which have been 

widely used in the wastewater industry for solid and 

liquid separation [9]. Centrifuges work by rotating the 

wastewater at high speeds to increase the centripetal 

forces on the solids, causing them to attach to the 

rotating cylinder/bowl, separating the particles from 

the water [10]. The solids that stick to the bowl are 

pressed out by a screw/conveyor revolving in the 

opposite direction to the cylinder/bowl. Centrifuges 

produce a dry solid material, which when blended 

with a bulking agent contains enough void space 

suitable for composting—a process suitable for 

vegetable residue [11, 12]. 

Treatment with technologies like DAF and 

centrifuge are effective at removing solids, but 
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filtration may still be required to further improve the 

quality of water by removing remaining DS and 

bacteria. Microfiltration (MF) and ultrafiltration (UF) 

membrane filtration units have been extensively used, 

since they can be cost-effective filtration technologies 

[13-15]. Some bacteria can be removed through 

filtration, but not all. Hence, disinfection is needed if 

the water is to be recycled.  

UV disinfection is a widely accepted method for 

inactivating waterborne pathogens in both wastewater 

and water treatment industry, and is gaining 

prominence in food applications [4]. Typically 

dose-response UV data are collected using a 

laboratory collimated beam apparatus, where tests are 

run to determine the UV dose required for full-scale 

UV systems [16]. An important part of the test is the 

selection of target organisms. E. coli is selected as the 

target organism, as it can represent the elimination of 

pathogens [4, 17, 18]. Typical dosages for eliminating 

E. coli in wastewaters range between 10 mJ/cm2 and 

20 mJ/cm2 [17, 19, 20].  

2. Materials and Methods  

2.1 Industrial Partners  

Two FCFV processing facilities were studied. The 

first industrial partner—IP1 is located in a rural area 

and processes carrots. IP2 is located in an urban area 

and processes various fruits and vegetables. Both 

facilities have similar water usage levels 

approximately 120 m3/d, generating similar volumes 

of wash-water. IP1 processes carrots by washing off 

the soil, followed by a cutting stage and then a series 

of peeling and polishing stages before the carrots are 

packaged. Since IP1 processes one vegetable, they 

only have a single processing line. Wash-water 

samples were collected at various stages throughout 

the processing line, including the final stage 

consisting of combined wash-water stream after 

solid/liquid separation. A total of four sample points 

were identified and collected, i.e., IP1 primary, IP1 

peel, IP1 polish and IP1 F (Fig. 1). IP2 has various 

processing lines to process the many different fruits 

and vegetables the facility accepts. Samples were 

collected from the carrot peeler and final stage 

wash-water after solid/liquid separation (Fig. 2).  

2.2 Sample Collection and Wash-Water 

Characterization    

Sample collection consisted of taking multiple grab 

samples from the sampling points at each industrial 

partner to account for data accuracy and precision 

during the study period. Samples were collected under 

normal operating conditions after checking with the 

industrial partner. Samples for the characterization of 

the wash-water were collected three times during the 

study period with two or more replicates used for each 

sampling point. Approximately 2 L of sample was 

collected from each point in high density polyethylene 

(HDPE) containers. These samples were tested 

immediately on return to the lab. Since the focus of 

this study was on the wash-water treatment, 40 L was 

collected from each sampling point per sampling visit. 

Efforts were made to use fresh wash-water where 

possible during treatment technology optimization 

testing. However, some of the tests required additional 

time. Hence, the containers were stored in the 

laboratory refrigerator set at 4 °C until needed.  

All wash-water was analyzed before and after 

treatment for typical water quality parameters as given 

in Table 1 for IP1 and Table 2 for IP2. These physical, 

chemical and biological parameters were tested based 

on the testing procedures listed in Ref. [21]. The pH 

and temperature (T) were measured for all samples, as 

they are vital parameters of water quality. Physical 

properties were determined by evaluating solids in 

wash-water. The two methods used were based on 

light and mass determination, turbidity (NTU) and UV 

transmittance (%), SS (mg/L) and DS (mg/L), 

respectively. In addition to total solids (TS = DS + SS), 

total volatile solids (TVS) and mean particle diameters 

are measured. Chemical and biological parameters 

consist of nitrate (NO3-N), nitrite (NO2-N), total 

kjeldahl nitrogen (TKN), ammonium (NH4-N) and 5-day 
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Fig. 1  IP1 processes flow diagram showing different stages of washing, cutting, peeling and polishing of carrots contributing 
to various wash-water constituents (organic and inorganic).  
Solids and liquid are separated by a rotating drum filter (200 µm). Four sample points were collected for characterization, while IP1 
F sample point was also subjected to bench scale treatments. Waters from the packaging stage are used in the washing stage and 
show current water reuse.      
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Fig. 2  IP2 processes flow diagram showing different product lines (A, B and C) and their corresponding processing and 
packaging stages, contributing to various wash-water constituents (soils, organic and inorganic).  
Solids and liquid are separated by a gravity screen (200 µm). Two sample points were collected for characterization; IP2 C is just the 
carrot line, while IP2 F is the sample point for the other produce.  
 

BOD (mg/L). Heavy metals and the corresponding 

method’s detection limit (MDL), such as, arsenic (0.035 

mg/L), cadmium (0.02 mg/L), chromium (0.11 mg/L), 

cobalt (0.04 mg/L), copper (0.06 mg/L), lead (0.25 

mg/L), molybdenum (0.037 mg/L), nickel (0.1 mg/L), 

selenium (0.01 mg/L) and zinc (0.23 mg/L) were also 

tested. Microbiological quality parameters consisted of 

E. coli and coliform (CFU/100 mL). Sodium adsorption 

ratio (SAR) was measured to assess the toxicity effects 

of wash-water on plants. For simplicity in discussion of 

the results, the qualitative parameter turbidity was used 

to reflect on the removal of SS.   
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2.3 Treatment Technologies  

Testing of DAF technology was done using a custom 

built lab scale DAF apparatus. The design was based on 

a setup described by Sincero, A. P. and Sincero, G. A. 

[22] and Edzwald and Wingler [23]. The compressor 

provided the pressure vessel with air required to 

pressurize water (200 mL tape water for 10 min at 70 

Psi). A 400 mL sample of wash-water was adjusted 

with pH (as needed), with coagulant and flocculant 

added if desired. For improved removal efficiencies, 

food grade chemicals from Nalco Canada were used. 

The stock coagulant used was NALCO 8187 (50%, 

cationic) and the flocculant used was NALCO 71307 

(42%, cationic). Rapid mixing was used to mix these 

chemicals. The wash-water was added to the flotation 

cylinder (1 L modified glass graduated cylinder). The 

pressurized water was introduced into the flotation 

cylinder to make contact with SS, causing them to 

float to the surface. A recycle rate of 50% (200 mL) 

was used. This was based upon the calibration testing 

and results, which were achieved by holding other 

parameters constant, such as coagulant dosage, 

saturation pressure and time, and flotation time. The 

flotation cylinder was allowed to sit for 10 min and a 

sample of water was extracted carefully for turbidity 

measurement and other water quality analysis.  

The methodology used for centrifuge testing was 

developed based on communication with centrifuge 

suppliers. It was suggested that solids removal testing 

could be done with a small scale lab centrifuge. For 

these studies, it was a Beckman GS-6R centrifuge. 

Wash-water samples were processed for three minutes 

at 3,500 rpm in centrifuge bottles (250 mL) and vials 

(15 mL). After centrifugation, the supernatant was 

analyzed for the various SS fractions. The solids 

removal efficiencies were then assessed to determine 

whether centrifuge technology would work. Coagulant 

was added to several experiments to evaluate if the 

removal efficiency could be improved.    

The clarified wash-water from DAF and centrifuge 

stages was filtered using various size filter papers to 

assess further turbidity reduction efficiencies. The 

procedure consists of filtering the treated water 

through 2.0 µm size filter paper, followed by 0.2 µm 

size filter paper. Turbidity and absorbance were 

measured after each filtration stage. The waters were 

further assessed for UV disinfection potential.  

UV testing was done using a standardized apparatus 

provided by Trojan technologies of London, using the 

procedures outlined by Bolton and Linden [16]. The 

exposure time required for each sample to achieve a 

UV dosage of 10 mJ/cm2 and 20 mJ/cm2 was first 

determined theoretically based on transmittance of the 

treated waters samples. Dose-response data consist of 

UV intensity (mW/cm2) and exposure time (s) [16]. 

The UV dose (mJ/cm2) can be calculated by 

multiplying irradiance (mW/cm2) with exposure time 

(s). The apparatus used for testing consisted of a low 

pressure UV lamp with a peak radiation at 254 nm. 

Finally, the samples were processed in a 10 mL beaker 

(1.6 cm height), with a magnetic stirrer for the 

calculated times and then tested for E. coli. UV 

disinfection dosages were measured for E. coli in 

duplicates, using two different dilution factors.  

3. Results and Discussion  

3.1 Characterization of Wash-Water  

Wash-water collected from IP1 and IP2 were 

characterized for physical, chemical and biological 

parameters. Comparison analyses of wash-water were 

conducted to understand their properties and behavior 

to treatments. Even though the wash-water were from 

different origins, it is still worthwhile to investigate 

any trends, as there is limited information in literature. 

Temperature and pH are important parameters, which 

dictate biological activity and chemical reactions. 

Review of wash-water temperature measurements 

given in Tables 1 and 2 showed that the wash-water 

was 10 °C at IP1 and 5 °C at IP2. This difference was 

the direct result of building refrigeration at IP2. The 

building used to process the product at IP1 was not 

refrigerated.  
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Table 1  Physical, chemical, biological and microbial parameters of wash-water from IP1.  

Parameters 
Characterization Physiochemical treatment 

IP1 primary IP1 peel IP1 polish IP1 F IP1 F in DAF IP1 F in centrifuge

T (°C) 10 10 10 10 23 23 

pH 7.31 ± 0.27 6.71 ± 0.10 6.87 ± 0.19 7.13 ± 0.21 7 7.10 

Turbidity range (NTU) - > 1,000 > 1,000 800-1,000 28 25 

UV transmittance (%) - - - < 0.01 6 3 

TS (mg/L) 4,703 ± 1,618 17,054 ± 5,564 8,781 ± 1,448 7,137 ± 1,673 - - 

SS (mg/L) 3,136 ± 1,784 9,252 ± 6,050 4,279 ± 1,782 2,375 ± 799 - - 

DS (mg/L) 1,566 ± 578 7,802 ± 2,231 4,502 ± 1,315 4,762 ± 1,155 222 ± 21 184 ± 76 

TVS (mg/L) - 18,216 ± 1,414 8,248 ± 143 4,398 ± 613 - - 

Average particle size (µm) 72 570 447 116 76 508 

NO3-N (mg/L) - - - < 0.05 0.008 0.057 

NO2-N (mg/L) - - - 0.30 0.031 0.069 

TKN (mg/L) - - - 77.20 13.35 22.48 

NH4-N (mg/L) - - - 5.30 1.68 1.16 

SAR - - - 1 2.35 1.05 

Heavy metals  < MDL < MDL < MDL < MDL - - 

BOD5 (mg/L) - - - 3,800 2,300 3,400 

E. coli (log) - - - 3.60 0.70 0.70 

Coliforms (log) - - - 6.78 6.43 5.60 

Filtration (2 µm and then 0.2 µm paper filter) 

Turbidity range (NTU)  2 4 

UV transmittance (%)  15 5 

UV disinfection dosage (mJ/cm2) 

After pretreatment 30 10 

After 2.0 µm paper filter 10 10 
 

IP2 uses central refrigeration for its processing 

room to allow for a colder environment to improve the 

rate of cooling for the produce. It is vital that 

processors use cold water to process fruits and 

vegetables to ensure that the product is cooled as it is 

processed, which helps long term storage. These 

temperature variations need to be considered when 

designing wash-water treatment systems for rural 

versus urban processors. The other reason is to ensure 

negligible regrowth of bacteria and pathogens in the 

process water, as it makes contact with the produce 

and the process machinery.  

The pH measurement of the final wash-water was 

measured at 7.13 ± 0.21 (mean ± standard deviation) 

for IP1 F and 7.34 ± 0.35 for IP2 F sample points. 

These pH values are in the neutral range (~ 7) as 

expected due to sanitization requirements. Table 2 

shows a higher variation in pH at IP2 F, which can be 

explained by IP2’s variable day to day production 

schedule both in terms of volume and type of 

vegetable. Soil washing processes compared to 

peeling processes result in higher wash-water pH at 

7.3 compared to 6.7 for peeling in IP1. Soil washing 

processes remove sand/silt/dirt from the product, 

which affects the pH of the wash-water, where the 

calcium carbonate within soils impacts the alkalinity 

of the wash-water. Compounding the impact of soils is 

that soil levels on the fresh produce vary, especially 

after harvesting after a rainfall event.  

Review of the volatile fraction results of the peeling 

stage wash-water samples showed that in the peeling 

stage, wash-water was mostly free of inorganic 

material. As a result, the organic laden wash-water 

had a pH of 6.7, which is consistent for this type    

of water [5]. The variations in wash-water pH     

are difficult to predict, when the wash-water from soil 
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Table 2  Physical, chemical, biological and microbial parameters of wash-water from IP2.  

Parameters 
Characterization Physiochemical treatment 

IP2 carrot IP2 F IP2 F in DAF IP2 F in centrifuge 

T (°C) 5 5 23 23 

pH 6.69 ± 0.02  7.34 ± 0.35 7.10 6.80 

Turbidity range (NTU) > 1,000 104-220 9 3 

UV transmittance (%) nd 5-13 45 40 

TS (mg/L) 9,496 ± 1,673 1,629 ± 444 - - 

SS (mg/L) 4,723 ± 799 530 ± 128 - - 

DS (mg/L) 1,099 ± 1,155 4,773 ± 329 - - 

TVS (mg/L) nd 1,218 ± 131 - - 

Average particle size (µm) nd 451 213 509 

NO3-N (mg/L) nd 0.20 - - 

NO2-N (mg/L) nd 0.90 - - 

TKN (mg/L) nd 49.60 - - 

NH4-N (mg/L) nd 5.60 - - 

SAR nd 2.10 - - 

Heavy metals      - - 

BOD5 (mg/L) nd 1,800 900 1,500 

E. coli (log) nd 2.38 - - 

Coliforms (log) nd 6.63 - - 

Filtration (2 µm and then 0.2 µm paper filter) 

Turbidity range (NTU)  0.02 0.04 

UV transmittance (%)  69 56 
 

washing and peeling processes are combined at IP1. 

This behavior requires flexibility of the treatment 

system, so that pH can be adjusted as needed.   

The main parameters used to describe the degree of 

solid matter content in the wash-water were turbidity 

and SS levels. As shown in Tables 1 and 2, the SS 

levels were 3,136 mg/L for IP1 primary, 9,252 mg/L 

for IP1 peel, 4,279 mg/L for IP1 polish and 2,375 

mg/L for IP1 F, 4,723 mg/L for IP2 carrot (IP2 C) and 

530 mg/L for IP2 F, respectively. Turbidity values 

ranged from 800-1,000 NTU to 104-220 NTU for IP1 

F and IP2 F, respectively. Analyzing the particulate 

matter levels in the production process and 

wash-water indicate that the peeling and polishing 

stages were the greatest contributors to solids in final 

wash-water, with the peeling processes adding a high 

percentage of volatile solids. The percentage of SS 

and DS in peeling streams (IP1 peel, IP1 polish, IP2 C) 

is distributed evenly. The IP1 primary sample point 

consisted of removing soil and contained more SS 

versus DS. The final treated effluents for both 

facilities show that DS values were greater than SS, 

which was expected due to the peeling process. Both 

IP1 F and IP2 F had similar percentages of DS and SS 

and this was the case for fixed solids and volatile 

solids. These similarities were explained by the fact 

that both industrial partners employed primary 

treatments were via a mesh screen (200 µm) to reduce 

SS.  

Additional chemical and biological parameters are 

listed in Tables 1 and 2. No heavy metals were 

detected in the raw wash-water, indicating negligible 

effects of any toxicity from contamination of heavy 

metals. Comparing IP1 F with IP2 F showed most 

parameters to be comparable, except for TKN, BOD, 

and E. coli which were significantly higher in IP1 F. 

This is attributed to the fact that IP1’s process is a lot 

more intense in terms of peeling and contains a soil 

washing stage (high TKN), in addition to needing an 

intensive wash-water treatment train. The SAR index 

was also measured, as it relates to impurities in water 

that effect plant growth and soil characteristics, such 
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as permeability and salinity. Salinity can reduce the 

water available for crops due to sodium’s uptake of 

water and can cause clay soils to disperse. SAR 

represents any permeability problems based on 

specified ratio formula of Na, Ca and Mg. The SAR 

values for IP1 F and IP2 F were 1.0 and 2.1, 

respectively. As these values were < 3, there is no 

threat to applying the treated water for irrigation 

purposes and can be supplied to wetlands for further 

removal of contaminants [24]. 

3.2 Treatment Evaluation  

Investigation into conventional settling was 

assessed using a Jar test apparatus on IP1’s 

wash-water. Results showed that simple settling with 

no chemicals reduced turbidity by 70%. The 

subsequent use of chemical aid significantly improved 

turbidity reduction. The tested coagulants were alum 

and ferric chloride, as they are commonly used in 

water coagulation processes. Both coagulants showed 

similar behavior, with the optimum dosage levels of 

alum and ferric chloride achieving a turbidity 

reduction of 95%. At pH 7, the dosage needed was 

5,000 mg/L, which was reduced to 4,000 mg/L when 

tested at pH 4. Alum had better pH stabilization in 

comparison to ferric chloride. However, these dosages 

were considered to be non-feasible due to the high 

concentrations needed to clarify waters. In addition, 

there was the potential of high residual levels of 

metals (alum and ferric) in the clarified waters. 

Moving forward, when coagulants were needed in the 

treatment tests, special food grade coagulants were 

used.   

Unlike settling, centrifuge testing showed high 

levels of SS removal, achieving a turbidity reduction 

of 95% for IP1 F. This efficiency was slightly 

improved with the use of food grade coagulant 

(NALCO 8187) to 97% with a dosage of only 167 

mg/L. Based on the 2% increase in solids removal for 

the wash-water tested, it is evident that the use of the 

food grade coagulant was not necessary with the 

centrifuge. Besides, it also reduces the operational 

costs associated with its use.    

Centrifuge testing of IP2 F showed lower amount of 

solids removal as reflected in the low turbidity 

reduction of 69%. This efficiency was significantly 

improved with the use of food grade coagulant 

(NALCO 8187) with a turbidity reduction of 98% 

with a dosage of 50 mg/L. Comparing IP1 results to IP2 

results shows that the use of a coagulant enhances solid 

removal, as the SS concentration in IP2-centrifuge was 

at a non-detect level. Not surprisingly, these results 

show the need to conducting tests on different 

wash-water, as each behaves differently. This trend is 

similar to domestic wastewater, but as seen by the 

literature review, limited information is presented on 

agri-food wash-water and wastewater.   

Comparison of IP1 F in centrifuge to IP2 F in 

centrifuge values in Tables 1 and 2 shows that the 

treated effluent from IP2 was of higher quality, as 

most of the parameters were at non-detect. This was 

most likely related to the extra polishing step that 

takes place in IP1 in the processing stage, which 

generates a higher fraction of small particles dissolved 

into the wash-water. As such, additional processing 

stages need to be taken into consideration when 

designing treatment processes. Tables 1 and 2 also 

show that the BOD values were elevated. This was not 

surprising, as the centrifuge does not treat BOD where 

the actual removal was complementary through the 

removal of BOD causing solids. There will be more 

on this topic later.     

The bench scale DAF testing showed good removal 

of SS and reduction in turbidity. However, the use of 

coagulants was necessary for the DAF process to 

work. Both coagulating (NALCO 8187) and 

flocculating aids (NALCO 71307) were used. As 

shown in Table 1, DAF was able to achieve a turbidity 

reduction of 97% with a dosage of 150 mg/L and 126 

mg/L for coagulant and flocculant chemicals, 

respectively, for IP1 F. Similarly, Table 2 shows that 

DAF testing at the IP2 F sample point showed very 
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good solid removal efficiency with a turbidity reduction 

of 95% with a dosage of 38 mg/L and 32 mg/L for 

coagulant and flocculant chemicals, respectively. Again, 

the differences in chemical dosages were attributed a 

higher solids loading in IP1, due to the extra processing 

of vegetables taking place, with the prime reason being 

the polishing stage, which generated a higher dissolved 

fraction. Overall, the treated effluent from IP2 was of 

higher quality than IP1, which was directly related to 

the condition of the treated raw vegetables, and higher 

portion of soil content.  

Comparing the centrifuge and DAF results show 

that both systems produced similar quality of clarified 

waters across all parameters. The DAF and centrifuge 

treatments were capable of reducing the SS levels 

effectively, with average values of 222 ± 21 mg/L 

(91% reduction in SS from original levels) and 184 ± 

76 mg/L (92% reduction), respectively. Previous 

studies that completed treatment of wash-water did 

not assess physiochemical treatment as a potentially 

viable solution [2, 3, 5]. Treatment of wash-water was 

predominately handled by settling lagoons and 

aeration ponds. Kern et al. [3] assessed settling and 

aeration system in combination with constructed 

wetlands for carrot wash-water. In addition to the 

much higher treatment times in biological systems, 

Kern also noted that the system was insufficient in 

eliminating solids to a favorable level for constructed 

wetlands to work effectively. The system has an 

influent and treated effluent level of SS at 2,499 mg/L 

and 222.5 mg/L, respectively. It should be noted that 

the wash-water assessed in the Kern’s study was of 

lower strength in terms of BOD and nutrients in 

comparison to the wash-water at IP1. Lehto et al. [5] 

investigated similar treatment systems as Kern et al. [3] 

with the added use of coagulants to improve total 

solids reduction efficiencies as high as 97%. The 

results of this study suggest that centrifuge and DAF 

can be considered as replacements for conventional 

wash-water treatment techniques, like settling lagoons 

and aerations ponds. While the operational costs of a 

centrifuge and DAF might be higher, the wash-water 

can be treated faster and to a higher quality, and 

potentially be polished for water reuse. Furthermore, 

using a centrifuge means that no additional dewatering 

of solids will be required.  

Although both DAF and centrifuge produced 

similar quality treated effluent, the DAF treated 

wash-water contained smaller mean diameter particles 

in comparison to centrifuge for both IP1 F and IP2 F. 

The treated effluent from the centrifuge actually 

increased the mean diameter of the particles in the 

treated water. This can be attributed to the centrifuge 

not being able to remove these small particles due to 

their very low density, which are not affected by the 

high centripetal forces. The use of a coagulant helped 

with the coalescing of these small particles, but many 

still stayed behind. Conversely, the DAF process was 

able to remove a greater portion of these dissolved 

elements, as the induced air helped float these light 

small particles to the surface.  

Review of the nutrient removal efficiency in Tables 

1 and 2 showed that the DAF process was also better 

at reducing nutrients (nitrogen, phosphorus and 

potassium). This was expected due to that DAF has 

both a coagulating and flocculating aid added, which 

removed many of the small particles, while the added 

air oxidized some of the BOD causing organic 

material. However, this removal method resulted in an 

increase in SAR value, raising it from 1 to 2.35.    

As noted earlier, when the research was discussed 

with the funding agency, initial concern was with the 

elevated SS values and how best to remove the solids. 

However, as the study progressed, it was decided to 

test the BOD values to see how the treatment process 

affects the BOD values. BOD analysis (5-day) was 

conducted on IP1 F and IP2 F along with clarified 

waters from centrifuge and DAF. Results showed that 

DAF was able to reduce BOD levels by up to 51% and 

39% for IP2 F and IP1 F, respectively. BOD reduction 

for centrifuged samples showed removal efficiency up 

to 18% and 10%, respectively, for IP2 F and IP1 F. It 



Effective Solid Removal Technologies for Wash-Water Treatment to Allow Water Reuse  
in the Fresh-Cut Fruit and Vegetable Industry 

  

405

is evident that DAF was able to remove more BOD in 

comparison to the centrifuge. This was mainly due to 

DAF’s ability to remove BOD causing solids, with 

some oxidation of organic taking place in the 

floatation chamber. The centrifuge removed solids, 

but not the smaller dissolved fraction which had the 

largest impact on BOD.   

Physical treatments are generally not capable of 

removing bacteria to safe levels for human 

consumption, so they require a disinfection step. As 

such, disinfection was needed to reduce E. coli levels. 

Wash-water in IP1 F and IP2 F sample point had 

coliform and E. coli levels ranging between log 5-7 

and log 2-4, respectively. Results for coliform levels 

in the treated water from DAF and centrifuge show E. 

coli reduction of log 1-2. Overall, the centrifuge was 

capable of producing higher E. coli reduction 

(coliform) in comparison to DAF for wash-water with 

heavy solids. This suggests that E. coli were attached 

to the larger particles.  

3.3 Filtration and Disinfection  

Using optimized treatments for DAF and centrifuge, 

the clarified waters were further studied for filtration 

feasibility, followed by disinfection. This can be 

considered as tertiary treatment stage. Removal of 

solids is critical in order to be effective for UV 

disinfection—the proposed disinfection technique. 

Furthermore, one of the industrial partners had 

unsuccessfully tried to implement membrane filtration 

to treat the wash-water, but severe clogging occurred, 

rendering the membrane system unusable. This 

clogging behavior should have been expected by 

Reimann [13]. By treating vegetable wash-water to 

remove the total solids prior to treatment with 

membrane filtration, it may be possible to consider the 

treated water for reuse. As such, simple experiments 

were completed to give insight into how membrane 

filtration would work, if DAF or centrifuge were used 

as pre-treatment stages. Transmittance was then used 

to determine the required UV dosages to disinfect the 

clarified waters. 

Treated water from DAF and centrifuge were 

filtered through filter paper of size 2.0 µm, followed 

by 0.2 µm. This process approximates the pore sizes 

present in membrane filtration without the 

accompanying pressure. Comparing the filtered DAF 

treated effluent with filtered centrifuge treated effluent 

showed that DAF was able to produce higher quality 

waters after simple filtration. The results in Table 1 

show that a turbidity of 2 NTU and 4 NTU could be 

achieved from DAF and centrifuge clarified waters for 

IP1, respectively. Similarly, Table 2 shows that the 

turbidity values of 0.02 NTU and 0.04 NTU were 

achieved from DAF and centrifuge clarified waters for 

IP2, respectively. These turbidity levels can easily be 

compared to potable water quality listed at 0.02 NTU 

(measured turbidity of potable tap water at 

consumption point). The results also show that water 

reuse could potentially be implemented by FCFV 

processors.  

When comparing transmittance in the filtered 

treated effluent, it was seen that the DAF was more 

effective in removing the smaller particles, which had 

the potential to absorb UV. As mentioned before, 

physiochemical treatment assessment revealed that 

centrifuge achieved similar turbidity reduction in 

comparison to DAF, but it was not able to remove the 

DS as seen by the lower transmittance readings.  

Pathogen elimination is an important and necessary 

part of wash-water treatment, and UV disinfection 

technology presents a good method to reduce and 

eliminate pathogen levels. Physiochemical and 

filtration treatment were not sufficient to eliminate E. 

coli levels, but were able to reduce the levels (Table 1). 

UV disinfection was assessed for two scenarios—the 

first after physiochemical experiments and the second 

after physiochemical plus filtration. The results for the 

first scenario, UV treatment following either DAF or 

centrifuge showed that the dosage required for E. coli 

elimination was 30 mJ/cm2 for DAF and 10 mJ/cm2 

for centrifuge clarified waters. The lower dosage for 
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centrifuge was explained by its capabilities to reduce 

E. coli more effectively in comparison to DAF, i.e., E. 

coli had been absorbed by the larger particles.  

For the second scenario, UV disinfection after 

physiochemical and filtration treatment showed that 

lower dosages can be used to effectively eliminate E. 

coli. Filtering clarified water from DAF and centrifuge 

through 2.0 µm reduced the required UV dosage to 10 

mJ/cm2. The UV dosage ranges for E. coli elimination 

were based on findings in Refs. [10, 16, 17]. Reduced 

dosages should be explored in future studies in 

addition to developing UV dose response curves. The 

DAF clarified waters required a lower UV light 

exposure time when compared to centrifuged samples. 

On average, centrifuge clarified samples needed double 

the amount of exposure time. This is because DAF was 

able to produce water with high transmittance.  

The tertiary study shows the potential for 

wash-water reuse from FCFV industry. Treatment 

systems can be designed to meet drinking water 

standards. The physiochemical treatments (DAF and 

centrifuge) explored in this study were capable of 

achieving greater than 95% turbidity reduction. The 

subsequent tertiary treatment with filtration and UV 

disinfection provides sufficiently high quality water, 

which can be reused in the food processing and 

packaging process. This can be done in two ways: first, 

using 100% of treated water in the initial washing 

stage and secondly, by augmenting (mixing) 

percentage of the treated water with source waters for 

process needs. Augmentation is dependent on the 

quality of treated water, as high as 70% of the process 

water can be augmented with reclaimed water [25]. 

Literature and current findings suggested that less than 

50% of the process water should be used for 

augmentation in the fresh-cut produce industry, due to 

that high nutrient and elevated BOD levels still exist 

after physiochemical treatment.   

4. Conclusions   

The research result showed that settling treatment is 

a simple and effective tool to reduce SS. The use of 

mesh screens and primary settling basins can 

eliminate majority of SS and reduce chemical 

requirements (coagulants/flocculants). Both DAF and 

centrifuge are able to reduce turbidity by up to 97%, 

only DAF is capable of reducing BOD and DS. 

However, the centrifuge was more effective in 

removing E. coli and can achieve 95% turbidity 

reduction without any coagulant use. The dosage 

required for E. coli elimination was 30 mJ/cm2
 

for 

DAF and 10 mJ/cm2
 

for centrifuge clarified waters, 

respectively. When these waters were further clarified 

with 2.0 µm filter paper, the dosage required was 10 

mJ/cm2 or less for both DAF and centrifuge. Filtration 

testing also showed that further reduction in SS can 

improve water quality and make it possible to reuse as 

high quality water for washing, rinsing and processing 

applications.  

The qualities of waters obtained from lab scale 

physiochemical technologies suggest the 

appropriateness of its use for solid removal to allow 

tertiary treatments to work effectively to achieve 

water reuse. DAF and centrifuge are comparable in 

terms of their solid removal capabilities. Although 

DAF was able to remove a higher degree of DS 

having a positive effect on membrane filtration, 

filtration may be needed to achieve potable water 

quality standards. Water reuse is suggested for 

reclaimed wash-water from the washing and 

processing of FCFV, since it minimizes the use of 

fresh water and reduces volumes for discharge, 

therefore protecting groundwater and other receiving 

water bodies.   
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