SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

F/IAMNERAWEERMOREREE

Duong, Van Hung

Graduate School of Bioresource and Bioenvironmental Sciences, Kyushu University

https://doi.org/10.15017/21681

HARIER : UK, 2011, @t (B%) , FEEL
N— 30

HEFIBAMR



APPLICATION OF NANOMIST FOR PRESERVING
POSTHARVEST QUALITY OF FRESH PRODUCE

DUONG VAN HUNG

2012



APPLICATION OF NANOMIST FOR PRESERVING
POSTHARVEST QUALITY OF FRESH PRODUCE

By
DUONG VAN HUNG

A thesis submitted in fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Postharvest Science Laboratory
Graduate School of Bioresour ce and Bioenvironmental Sciences
Kyushu University

Japan

March, 2012



ACKNOWLEDGEMENTS

First and foremost, | would like to express my sincere thanks to Prof. Toshitaka Uchino, my
supervisor, for his valuable guidance and support throughout the course of this research
work. Indeed, without him, this study would not have been possible. | aso extend my
grateful thanks to Prof. Eiji Inoue, Laboratory of Bioproduction Engineering and Associate
Prof. Fumihiko Tanaka, Laboratory of Postharvest Science at Kyushu University, for their

intimate reviews and constructive suggestions for the draft of this dissertation.

| would also like to thank Dr. Daisuke Hamanaka and Dr Takuma Genkawa for their
technical advice and laboratory assistance and many thanks to Mr. Yusuke Nakano and
Miss Shengnan Tong for their useful help in performing experiments during research
period. Great thanks also go to Mr. Yoshiaki Hori for his help in installing experimental
equipments and in purchasing experimental materials. | also wish to give my sincere thanks
to Mr. Morihiro Tsukazaki, Fukuoka prefecture agricultural research ingtitute, for his
assistance in transporting experimental materials from the factory to the laboratory. Many
thanks go to al members of Laboratory of Postharvest Science for their great help during
my PhD candidature. Moreover, | want to thank the Laboratory of Bioproduction

Engineering for permission to use the equipments for conducting experiments.

I would aso like to thank the Ministry of Education, Science, Sports and Culture, Japan, for
the scholarship support, and the Ministry of Agriculture Forestry and Fisheries, Japan, for

financia contribution to this research work.

Finally, I am grateful to al of my family members and relatives who have strongly

encouraged, supported and assisted me during my candidature.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS [
TABLE OF CONTENTS i
LIST OF FIGURES v
LIST OF TABLES viii

CHAPTER 1: Introduction

1.1. BACKGROUND OF THE RESEARCH .....ooiiiiiiieciieiee ettt e e 1
1.2. THE AIMSOF THE STUDY ..ottt ss e sre e sne e san s 3
1.3. ORGANIZATION OF THE THESIS......oi i 3

CHAPTER 2: Investigation of particle size distributions produced by

humidifiers operating in high humidity storage environments

2.1 INTRODUCTION L.oiiiiiieiitiecieeciee e sie e e e stte e saeeasae e e seeessaeessseesteesnseeesaeesseeennseeanneesnses 5
2.2. MATERIALSAND METHODS ......ci ittt ettt e s are e e enree s 6
2.2.1. Operation of the nanomist NUMIAIfIer.........c.coiiiiriiii e 6
2.2.2. EXPEriMENtal SEUD ...covverieeeeieitisiiese e st sae st s sae st s aesre s e e e e 8
2.2.3. INSEUMENEALION ...ttt e 9
2.3. MAMEMATICAL FORMULATION OF DROPLET SIZE DISTRIBUTION............ 11
2.3.1. Distribution functions for particle size distribution..............ccoceeenininicnenne. 11
2.3.2. RePresentative diaMEterS........covieeiererie et s 13
2.4, RESULTSAND DISCUSSION ....ociiiiieiiieciieeitteesteeesteessseessaesssesesssessnseessessssessnsseens 14
2.4.1. Particle size distribution at ambient environment..............cocvevenienieneneniennns 14



2.4.3. Fitting experimental data to mathematical models...........ccooeveeiiiiienicnenne 22

2.5, CONCLUSIONS ... oottt b ettt e sae e s se e s neeaneenne e beenne e nee e 25

CHAPTER 3: Examination of the strength of corrugated cardboard exposureto

nanomist and ultrasonic mist under high humidity condition

G I 1 N =@ 16 T 1 @ PO 26
3.2. MATERIALSAND METHODS ..ottt st sne s 28
3.2.1. SaMPIE PreParation .........cceeeeerereeese e e n e s 28
3.2.2. COMPIESSION TESL......c.eeieeie ettt et e e e e sae s e e e b e e e e b nas 31
3.2.3. StALIStICAl @NAIYSIS....eeiieieieeeiesiesiie e e 33
3.3. RESULTSAND DISCUSSION ....coiuiiiiireiriiasieesieesiessieesseessessiessssssssssesssesssssssesssessns 33
3.3 1. SPECIMEN TESE ...ttt ettt e e e e e e b e ne s 33
3.3.2. Corrugated cardboard DOX tESE.........c.coerieriiieeeeeereee e 44
3.4, CONCLUSIONS.... oo itiiiieesiee sttt e te e stee e rtee s sre e e st e e ssbeesnseessse e e seesssseesasesanseeesenans 49

CHAPTER 4: Weight loss and quality attributes of fresh produce following

postharvest storage under nanomist and ultrasonic mist environments

A1 INTRODUCTION ..ottt ettt es b ettt s ettt s st ensstenasten s 50
4.2. MATERIALSAND METHODS ...ttt ettt st ten s 52
4.2.1. SOUICE Of MALEITAIS ....ueruiieriiiesieieie et 52
ViR RS (o= e (=X o] 1o [ i o] o OSSP 52
4.2.3. Methods for parameter aSSESSMENL .........cooireriereree e e 53
4.2.4. StatiStiCal @NAYSIS. .....cceeeireieiieiee e et e 55
4.3. RESULTSAND DISCUSSION......coieirieieieiteeee ettt stesses et sees 55
4.4, CONCLUSIONS.......ococctete sttt ettt st s s b en st s s 67



CHAPTER&:

Investigation of postharvest quality of fig (FicuscaricalL.) fruit stored under

nanomist and ultrasonic mist condition with high relative humidity

5.1 INTRODUCTION L.utiiiiiiiieisiieesttessieeesiessitesssseessseeessessssessssessssessssssssssesssessssessnsenans 68
5.2. MATERIALSAND METHODS ..ottt sttt e s ne e 70
5.2.1. SOUICE OF FIUIT ..ot e e 70

5.2.2. StOrage CONDITION ......eieeie ettt e se e n e 71

5.2.3. Methods for parameter asseSSMENT ........ccooeierieirierere e 71

5.2.4. StAliStiCal @NAlYSIS.....cieeiieiiieiesiesiiee et e 73

5.3. RESULTSAND DISCUSSION ....coitiiiiiiiiriienieesiessiessieesseessessieessessssssesssesssssnsesssessns 73
5.3.1. Temperature and relative NUMIdItY ..o 73

5.3.2. COlOr @and fIFMNESS.......c.ooiiiiiiirir e 74

5.3.3. Total soluble solids (TSS) and titratable acidity (TA).....cocorrrreeerieeeeeenenes 74

5.3.4. Decay incidence and visual qUaIITY ........ccccoevrieerininiinniseese e 78

5.4, CONCLUSIONS......oiiiiiiiiiieiee sttt sit e sie s stee e ree s sreeeste e ssbeessesssseeeseessssessnsessnseesnsenans 79
CHAPTER6: Summary and conclusions 83
References 86



LIST OF FIGURES

Fig. 2.1 Schematic diagram of nanomist humidifier...........cccooiriiir i 7

Fig. 2.2 Measurement systems of scanning mobility particle sizer (SMPS) and light

scattering aerosol Spectrometer (WElas).........ooeeererie e 10

Fig. 2.3 Particle size distribution generated by different frequencies of nanomist humidifier

S = 10T = 1 0= TR PTORRRRR 15

Fig. 24 Changes in particle size distribution generated by 50 Hz nanomist (a) and

ultrasonic (b) humidifiers at ambient air from different positions. .............cccceevu.... 16
Fig. 2.5 Particle size distribution measured under various storage environments at 5 °C....18

Fig. 2.6 Particle size distribution generated by 50 Hz nanomist (a) and ultrasonic (b)

humidifiersat 5 °C, 80% and 90% relative humidity (RH) during four hours........ 20

Fig. 2.7 Particle size distribution generated by 50 Hz nanomist (a) and ultrasonic (b)

humidifiers at 5 °C and 90% relative humidity (RH) after 18 hours at two points.21

Fig. 2.8 Fitting of the Rosin-Rammler and Nukiyama-Tanasawa equations to experimental
data generated by 50 Hz nanomist (a) and ultrasonic (b) humidifiers at 5 °C and

90% relative humidity (RH) after 2 NOUIS. ........coooviieieieceeeseeee e 24
Fig. 3.1 Geometry of corrugated cardboard SPECIMEN. .......cccceveieiieiineriee e 30

Fig. 3.2 Compression testing instruments of Tensilon UTM-7 and Autograph AG-100 KNE

TP 32



Fig. 3.3 Moisture content of strawberry specimens exposed to hanomist and ultrasonic-mist
at ca. 6 °C and 94% RH. Solid lines are fitted values. Bars represent standard

deviations of theMeans (N =5). ....ccceiiiiiieee e 36

Fig. 3.4 Compressive curve of the corrugated cardboard with 8.71 % d.b. of moisture

(70] 11 | 39

Fig. 3.5 Relationship between moisture content and compressive strength of the specimens.

Solid curves arefitted ValueS (N = 12).....ccciiiiieiirieie e 40

Fig. 3.6 Compressive strength of vertically-positioned specimens exposed to nanomist and
ultrasonic mist ca 6 °C and 94% RH after 7 days. Bars represent standard

deviations of theMeans (N =5). ....ccceiiiiiiiee e 43

Fig. 3.7 Moisture content of strawberry corrugated cardboard box exposed to nanomist and
ultrasonic-mist at ca. 6 °C and 94% RH. Solid lines are fitted values. Bars represent

standard deviations of the MeaNS (N = 5).....coeeiiiiieie e 45

Fig. 3.8 Relationship between moisture content and maximum compressive load of

strawberry and broccoli cardboard boxes. Solid curves are fitted values (n = 5). ..46

Fig. 3.9 Change in maximum compressive load of strawberry corrugated cardboard box

exposed to nanomist and ultrasonic-mist at ca. 6 °C and 94% RH. ..........ccccueuaeee. 48

Fig. 4.1 Changes in temperature (T) and relative humidity (RH) under two environments of

nanomist (a) and ultrasonic (b) during postharvest storage of fig........cccccuvevrrienee. 58

Fig. 4.2 Stomatal opening of mizuna leaves and fig fruit stored in the nanomist (a) and in

the Ultrasonic MISt (D). cveoeeeeee e 66

Vi



Fig. 5.1 Changesin relative vaues of the lightness, chroma and hue angle of figs stored at 7

°C and 94% RH under two environments during postharvest storage. ................... 75

Fig. 5.2 Firmness of figs stored at 7 °C and 94% RH under two environments during

POSLNAIVESE SLOTAOE. .....eeuveeeeeeeiesieeie ettt sb et ee e e 76

Fig. 5.3 Tota soluble solids of figs stored at 7 °C and 94% RH under two environments

during POStNArVESt SLOFagE. .........evvvrierie ettt nrens 77

Fig. 5.4 Titratable acidity of figs stored at 7 °C and 94% RH under two environments during

10 = YL S 0 = o = TP 80

Fig. 5.5 The percentage of infected fruit (a) and decay index of figs (b) stored at 7 °C and

94% RH under two environments during postharvest storage. ..........ccocceveeeeereenens 81

Fig. 5.6 Overall quality index of figs stored at 7 °C and 94% RH under two environments

during POStNArVESt SLOFagE. .......ueiveeierie sttt 82

vii



LIST OF TABLES

Table 2.1 Parameters in distribution equations and representative diameters...................... 23
Table 3.1 Properties of the tested corrugated cardboard DOXES. ........cccooerveieniecnenienieee 29
Table 3.2 Moisture content (% d.b.) of specimens exposed to nanomist and ultrasonic-mist
at ca. 6 °C and 94% RH after 7 dayS (N=5). .coceerereieiieeeceeeee et 34
Table 3.3 Parameters for prediction of moisture content of specimens and corrugated
CArADOAIT DOXES.......ceeeieiiriertest e et e 37
Tables 3.4 Parameters for prediction of compressive strength of specimens and maximum
compressive load of corrugated cardboard BOXES. ........cccceevervieeneniiniesesee e 41
Table 4.1 Temperature, RH, cumulative VPD and weight loss of produce measured from all
EXPENTIMENES. .eitietietesieesie ettt se e sb e st e b e s te e s et s seensesbeereesesbeessenteasee e nre e 57
Table 4.2 Several quality attributes of three commodities preserved under two

environments of nanomist and ultrasonic mist during postharvest storage............. 64

viii



CHAPTER 1

I ntroduction

1.1. BACKGORUND OF THE RESEARCH

Fresh fruit and vegetables, often termed as frestuze, are considered as commercially
important and nutritionally necessary food commieditbecause of the fact that they
provide not only the major dietary source of vitagjisugars, organic acids and minerals,
but also other phytochemicals including dietaryefiband antioxidants with health-
beneficial effects. What is more, fruit and vegétalprovide a wide range of features in
color, shapes, taste, aroma and texture to reénsmy pleasure in human’s diet. There is
an increasing demand for fresh produce than predeggoducts due to the raising
awareness of people about its health benefit. Fprsduce, unfortunately, are highly
perishable in nature and may be unacceptable foswning if no proper handlings are
applied after harvest. In recent years, fresh twlitiral products are important items of
international commerce following the globalizatioh trade and free trade agreements.
Longer storage, shipments and distribution periody eventually increase the potential of
heavy losses; therefore, the importance of propegscand techniques for handling fresh

fruit and vegetables after harvest has been rezedrand emphasized.

All of fresh fruit and vegetables are living tissusonsisting of 80-96% water. Due to high
moisture content, rich in nutrients and tender metthey are vulnerable to dehydration,
environmental stresses, mechanical injury and pegical breakdown. These

characteristics strongly shorten the shelf life fafit and vegetables and result in



deterioration after harvest. Postharvest lossesocauar at any point in the production and
marketing change. It is estimated that the magasitafl these losses due to inadequate
postharvest handling, storage and transportatidregih produce is relatively high, between
20-50% in developing countries when compared t&%-2n developed countries (Kader,
2005). In order to reduce these losses, understgritie causes of deterioration in fresh
produce is the fundamental step and followed bygusippropriate technology to control

weight losses, prevent disease growth and maiqgtzafity of produce.

Temperature is the most effective tool for maintagnthe quality and extending the shelf
life of fresh produce after harvest, since tempeeatffects the rate of most biochemical,
physiological and microbiological reactions coniitibg postharvest deterioration (Paull,
1999; Will et al., 2007). Thus, storage at low temgture has been the significant strategy
to preserve the harvested horticultural products.atidition, as far as water loss is
concerned, a storage environment with high relatwenidity (RH) plays an important role
in maintaining the quality of produce. RecommenRBetlevel for the storage of fresh fruit
and vegetables is commodity specific; levels amegaly in the range of 85-95% (Paull,
1999; Rennie et al., 2003; Maguire et al., 2004welver, one of the problems occurring
for fresh produce and its package container (catedycardboard box) stored under high
humidity environment is that there is a risk of mexts on surface of the produce causing
developments of postharvest pathogens (Grierson \Maddowski, 1978) and that
corrugated cardboards reduce its strength bechesbaxes become wet during storage.
The reduction in strength of cardboards can leagattkaging collapse, thereby causing

further mechanical damage to products (Marcond&3? )1



Nanotechnology is recognised as a revolutionary ufsaturing technology of the 21th
century involving multidiscipline research issulkattrely on the understanding and control
of substances at the nanoscale size. This techyolrgrompasses research and
development of materials, devices and systemsetkiaibit novel properties and functions
due to their nanoscale dimensions or components. afplication of nanotechnology in
food and agricultural products, especially for preation of fruit and vegetables is highly
recommended. A nanomist humidifier, a state-ofd@hiteumidification device was used to
generate high humidity with the aim of maintainthg freshness of fresh produce stored in
a refrigerated chamber. It is believed that duelt@ fine mist, nanomists could produce
some benefits for the field of postharvest. Sali@re has been no study conducted on the

characteristics of nanomist and its advantagesti@storage of fresh fruit and vegetables.

1.2. THE AIMSOF THE STUDY

This research work was undertaken to (a) invegtigae particle size distribution of mists
produced by humidifiers operating at high RH steragvironment, (b) to explore the role
of nanomist on the maintenance of strength of gated cardboard box under high
humidity condition, (c) to discover the effect ocAnomist on controlling weight loss of
fresh fruit and vegetables, and (d) to find out phestharvest characteristics of fruit

following storage under nanomist environment.

1.3 ORGANIZATION OF THE THESIS

This thesis is organized into six chapters. Chapténtroduces the background of the
present research work. Chapter 2 looks into thégmrsize distribution of nanomist and

ultrasonic mist under high relative humidity envineent. Chapter 3 examines the strength



of corrugated cardboard boxes exposed to nanomdtuéirasonic mist during high RH

storage. In chapter 4, controlling the weight ladsfresh produce during postharvest
storage under nanomist and ultrasonic mist is iy&ed. The postharvest characteristics
of fruit conditioned with nanomist following storagre also examined in chapter 5. All

findings achieved from this study are concludedhapter 6.



CHAPTER 2

| nvestigation of particle size distributions produced by humidifiers

operating in high humidity storage environments

2.1. INTRODUCTION

Nanotechnology is well known as a revolutionary iragring involving multidiscipline
research issues that rely on the understandingcantitol of substances at the nanoscale
size. This technology is not only limited to wor§finvith matter at nanoscale, but also
encompasses research and development of mateeaises and systems that exhibit novel
properties and functions due to their nanoscalesdgions or components. While a variety
of definitions of the term “nanoparticles” have besuggested, this study will use the
definition suggested by Nickols-Richardson (2007 eHosokawaet al. (2007) who
defined the nanoparticles are generally ultrafiagiges whose sizes are in the range from
1 nm to 100 nm. To date, most research into nahotdogy has focused on uses in
electronics, medicine and automation (Sozer andiroR009). The knowledge gained
from these sectors could be adapted for the useanbmists in food and agricultural
products in general but for the preservation ot fiand vegetables in particular. A nanomist
humidifier (Mayekawa Co., Ltd, Tokyo, Japan), atestaf-the-art humidification device,
was used here to generate high humidity with the @fi maintaining the freshness of fresh
produce stored in a refrigerated chamber. The nu&ie generated at nanoscale size,
producing a so-called nanomist. The mists were ghbwo be significantly smaller than
those generated by traditional humidifier whiclofen termed ultrasonic humidifier. It was

assumed that nanomists, because of their venpérele size, would evaporate immediately



following atomisation. Therefore, it was also assdrthat nanomists could bring a number of
benefits to the field of postharvest crop stordigs. assumed that since nanomist humidifiers
could provide high humidification without wettingqaluce, the freshness of produce for a
long-term storage could be enhanced. Moreoves,assumed that when the mists come into
contact with the stored produce, and its contaisersh as corrugated cardboard boxes,
wetness does not occur on the surface of thosebyeontrolling the deterioration of fresh

produce and microorganism growth as well as maimgithe strength of containers during a

long storage period.

Particle size distribution is probably the most arignt physical characteristic of mists. This
property influences the evaporation and condensatiocess of water. However, to date there
has been no studies which measure the particlelsizédution of nanomist humidifiers under
cold storage environments. Therefore, the aim & tthapter was to investigate the
characteristics of mist discharged from two typésmidifiers under different storage
environments, focusing on those with high relatvemidity. In addition, mathematical
expressions were used to determine suitable disioib and density functions for

describing the experimental data.

2.2. MATERIALSAND METHODS

2.2.1. Operation of the nanomist humidifier

A schematic diagram of the nanomist humidifier usethe experiments is shown in Fig.
2.1. Water is drawn from the water chamber by #rdugal force of the motor using a
screw; subsequently water droplets are generateédebsotating body. Coarse droplets will

sediment back into the water chamber and fine daopslispersed into the mist chamber
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Fig. 2.1 Schematic diagram of nanomist humidifier.



where ultrafine mists are dispersed into the erleemvironment by the fan through a

specialised filter. The height of the centre of tltlet was 1.7 m.

2.2.2. Experimental setup

The measurements were performed under two envimotaineonditions, at an ambient air
temperature of 22C and 70% relative humidity and under a controliesiperature and
relative humidity environment. Under ambient coiwdis, the measurements of particle
size were performed at the outlets of humidifietsdistances of 500 mm and 1000 mm
along a straight line extending from the outlebr Eontrolled environment measurements,
particle size was measured under three cold st@ageonments; one without humidifier,
one using the nanomist humidifier and the othehvaib ultrasonic humidifier. When a
humidifier was installed the temperature in thenchar was set to 8C and the relative
humidity was set to 80% and 90%. Data were recoedddn-minute intervals throughout
the experiment in the container using a humidity aemperature transmitter (model
HMT337; Vaisala, Helsinki, Finland Under controlled environment conditions,
measurements were conducted after turning on tmeidifiers and refrigerator at time
intervals of 2 and 4 h. The measuring position atathe centre point of the container at 1
m above the ground. In order to investigate théedihce in particle size distribution with
height, measurements were carried out at 700 mni@B@d mm above the ground after the
device had been operating for 18 h. To understaaddiationship between particle number
concentration and humidifier frequency, the nanommisnidifier was allowed to operate at
40, 50 and 60 Hz. The aerosol sample flow was drai@na conductive tube 4.5 mm

internal diameter and 2100 mm in length. Air vellpeivas measured at the outlets of the



humidifiers using a thermal anemometer (Model IS5 1SIBATA Scientific Technology

Ltd., Tokyo, Japan).
2.2.3. Instrumentation

Measurements were undertaken inside a contain€0(B0n in length, 2130 mm in height
and 2320 mm in width) equipped with a nanomist luifieir, cooling system controller and
system control panel (Mayekawa Co., Ltd, Tokyoaigpand an ultrasonic humidifier (FT

-30N-14, UCAN Co., Ltd, Tokyo, Japan).

For particle sizes ranging from 15.1 to 661.2 nre¢anning mobility particle sizer (SMPS)
(SMPS model 3936, TSI Inc, Dylec Corp. Tokyo, Jgpans used to measure particle
number concentration and size distribution by s&jpey particles based on their electrical
mobility (Fig 2.2). Details of SMPS measurementtsys were described in previous
studies by Choet al. (2005) and Stipe (2004). The patrticles of a $etksize are detected
optically, using a detection technology through elhithe visibility of fine particles is
enhanced by “growing” the particles in condensintybalcohol vapour. The device used
for particle separation is referred to as a diffiéisd mobility size analyser (DMA) (DMA
3081, Dylec Corp. Tokyo, Japan). The particle ceurs referred to as a condensation
particle counter (CPC) (CPC model 3775, Dylec Cdigkyo, Japan). The aerosol sample
flow rate was 0.3 | mif, while the sheath airflow was set to 3.0 | thiwhich allowed the
measurement of particles as fine as 15.1 nm diamé&te use of sheath airflow also
minimises the diffusion losses of ultrafine pagiduring sampling. Aerosol instrument
manager (AIM) software (version 4.0, TSI Inc, Dyl€orp. Tokyo, Japan) was used for
data reduction and analysis of the SMPS output. damh measurement, three SMSP

samples were taken, with a scanning time of 100 s.

9
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Fig. 2.2 M easurement systems of scanning mobility particle sizer (SMPS)

and light scattering aer osol spectrometer (Welas).
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For particle sizes ranging from 0.2 to 10n diameter, a light scattering aerosol
spectrometer (Welas 2000, Dylec Corp. Tokyo, Japems used to determine particle
concentration and particle size distribution. Tletaded operation of this instrument was
described in the study of Luu et al., (2010). ds fa wide concentration range from 1 t3 10
particles/cri. Data analysis was performed using PDControl bfagre (Dylec Corp.

Tokyo, Japan).

The complete size distribution for droplet diamgteras represented using the method
described by Zieget al. (2010). The particle size distribution betweenlldm and 1@um
was obtained by combining the light scattering ddtdiameters above 661.2 nm with the
SMPS data at diameters below 661.2 nm. A littléedénce in diameter between the two
instruments was obtained at the merging point, élrengh the SMPS measures a mobility
diameter and light scattering measures an opticaheter. The particle size distribution

was presented according to the method used by Bap{2002).
23. MATHEMATICAL FORMULATION OF DROPLET SIZE DISTRIBUTION
2.3.1. Distribution functions for particle size distribution

Various mathematical distribution functions haveresed to fit particle size experimental
data. In this paper, the equations of Rosin-RamrtNéscias-Garcieet al., 2004) and
Nukiyama-Tanasawa (Tanasawa, 1963; Gonzalez-€&eHb, 2008) were applied to obtain

the size distribution of droplets from the measudata.

11



Nukiyama-Tanasawa equation can be expressed as

f(x)= L dN_ Ax” exp(-Bx*) (2-1)
N; dx

wherex is the particle diametef, (x) is the probability density function of the number
distribution (nn1), Ny is total number of particle®\ is number particle and, B, a, ands
are adjustable parameters. Li and Tankin (198A)rasshata=2. Microsoft Excel Solver
was used to fit the data series. The program fthdsvalues of the fitting parameters that

give the best fit between the model and the data.

The Rosin-Rammler model can be stated as

F(x) :1—exp{—(|—xjm} (e-2)

where X is the particle diametdf(x) is the probability cumulative density distrifmrt
(dimensionless)m and| are adjustable parameters characteristic of thieilalition. These
parameters were done by using Microsoft Excel SoMsually, Rosin-Rammler equation
is used for weight distribution, but in this paper use it for number distribution because

the weight is represented as a function of numbetescribed below .

dN (2-3)

Wherew is weight (kg),0 is density (kg m?), X is mean particle diameter in frequency

interval (m) andN is number of particles. The number frequency ihstion can be

obtained by taking the derivative of the cumulativgribution,

12



1 dN_m " (2-4)
f(x)= N~ I—mxm‘lexr{—(lﬁj }

In order to compare the accuracy of predicted datwveen Eq. (2.1) and Eq. (2.4), root

mean square error (RMSE) was used.

RMSE = \/Z{f (9= fO)f (2-5)

n

where f(x) is the measured valué(x,) is the predicted value aml is the number of

observations.
2.3.2. Representative diameters

The Sauter mean diameteqs| represents the size of a droplet with the volumsurface
area ratio of the entire spray and is known to attarise the heat and mass transfer of the
droplets better than, for example, the arithmetieam diameter (Semiaet al., 1996).
Sauter mean diameter is expressed as

_J ¥ i (gox (2-6)
T[T ()

Arithmetic mean diameter (AMD) indicates dropleqmieter (Bhanarkaat al., 2008) and is

defined as

D = j: xf, (X)dx

[ fu(ax (-7)

13



2.4, RESULTSAND DISCUSSION
2.4.1. Particle size distribution at ambient environment

The temperature and relative humidity of ambient@ire measured at 22 and 70% RH.
Fig. 2.3 presents particle number concentrationsarel distribution measured at the outlet
generated by different operating frequencies ofnm@omist humidifier. It can be seen that
the observed size distributions were unimodal apdak value occurred at around 40 nm.
There was a good correlation between the partigfeb®r concentration and frequency of
the generator. The particle number concentratiareased with increasing generator
frequency. Adiga (2005) observed that the dropiet and particle concentration depended
on nanomist generator frequency. However, here ggsamn size distribution were not

observed when frequency was varied.

The difference in particle size distribution betweeanomist and ultrasonic mist at
distances of 500 mm and 1000 mm on the straigl® &rtending from the outlet is
described in Fig. 2.4. Again, the nanomist sizérithgtion shown was unimodal. The peak
value, and corresponding number concentration, unedsat the outlets of the nanomist
and ultrasonic mist humidifiers were about 40 nrd 480 (particle/crfinm), and 60 nm
and 6985 (particle/cimm), respectively. With regard to the nanomist Hiifier, the size
distribution did not vary with distance, but thertpde number decreased with increasing
distance. Both size distribution and particle cariaion of the ultrasonic mist varied with
distance from 0 m to 500 mm (Fig. 2.4b) althoughvalocity measured at the outlet of
ultrasonic humidifier was 8.3 misonly slightly stronger than the 7.8 m measured with

the nanomist. The concentration of ultrasonic misgsnatically decreased with distance
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from the outlet to a distance of 500 mm; it slowdguced from 500 mm to 1000 mm. The
particle size distribution became coarser withatises > 500 mm; the peak number mode
was approximately 216 nm for both distances of &00 1000 mm. The reduced patrticle
number concentration may be attributed to the ensjom of mists or smaller particle
coagulating into coarser particles (Wang, 1982; éblai., 1999; Zhanget al., 2001). The
lower reduction in nanomist concentration can béibated to the low particle

concentration; perhaps the frequency of collisi@s ww and coagulation did not occur.
2.4.2. Particle size distribution under controlled temperature and relative humidity

Fig. 2.5 presents the difference of particle sirgribution observed under three cold
storage environments. Relative humidity recordetthenchamber without the humidifier, in
chambers with nanomist and ultrasonic humidifierasw60.2%, 92.0% and 91.6%
respectively, whilst temperature was maintainedratind 5°C for all chambers. It is clear
that the concentration of mist and particle sizeesbed in the chamber without humidifier
was very low compared to measurements with hureidifiThe mode value produced by
the nanomist at 50 Hz was 61.5 nm, about 3 timedlenthan that of ultrasonic humidifier
whilst the nanomist concentration was 210 (pariicié/nm), about 4 times lower than that
of ultrasonic mist, although the discharge ratbath humidifiers was similar (490 g"tior
nanomist and 417 g~ hfor ultrasonic mist). Barrow and Pope (2007) shivihat
evaporation rate is greater with fine droplets bseahey have greater surface area relative
to their volume (surface area to mass ratio) coegpawnith coarse droplets. In this
experiment, although the instruments were able éasure the particle size up to 1@,

just few particles with betweenudn to 2um diameter were observed with the ultrasonic
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mist. This size range lies in with data range ptedi by UCAN Co., Ltd, Tokyo, Japan

(personal communication).

Fig. 2.6 shows the patrticle size distribution ofgi from the nanomist and ultrasonic mist
chambers at temperature ofG and relative humidity of 80% and 90% at interval<2
and 4 h. As can be seen from the graph, the padizk distribution observed at 2 and 4 h
was similar for both types of mists at relative hdity of 80% and 90%. On the other hand,
when relative humidity was increased to 90%, aesponding increase in particle number
concentration was observed. This result is in agesg with the findings of Zhang (2001)
which showed that the particle number concentratiorrelated positively with relative
humidity. Changes in relative humidity could deseegarticle number concentration due to

evaporation but would not change particle sizerithistion.

The particle size distribution of the nano- anagionic mists at a temperature diGand
90% relative humidity after 18 h is shown in Fig7.2As with other measurements, the
peak value of the nano- and ultrasonic mists weften and 210 nm, respectively.
Interestingly, the particle number concentrationh& nanomist measured at 700 mm above
from the ground was lower than that measured a0 1@ above the ground (Fig. 2.7a)
whilst the particle number concentration of ultr@somist was almost the same at two
locations. The lower nanomist concentration obsgatehe lower height may be explained
that since nanomist particle size is fine, the restds to move with the airflow direction
and is carried to the upper site by the air strdahmd similar evaporation as shown in Fig

2.4,
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2.4.3. Fitting experimental data to mathematical models

Table 2.1 shows the representative diameters angatameterd, B, «, f# andm, | values
obtained when the Rosin-Rammler and Nukiyama-Tamasauations were used. As can
be seen from the table that mode diameter of themast did not depend on the frequency
of the generator. The AMD of nanomist became fiwéh increased frequency, but the
SMD was not affected by generator frequency. hasiceable that the SMD of nanomist
was finer than that of ultrasonic mist, so it isal that nanomist produces a mist that is
easier to evaporate than ultrasonic mist. It caralee seen that there was a connection
between paramet& in Nukiyama-Tanasawa equation and SMD; the sm#ikparameter
B, the higher the SMD. Tanasawa (1963) reportedpgheameteB is a function of SMD.
As a result, if parametd is identified, then the SMD of particles can belenstood. Based
on experimental results, the particle size of nasbmas about 2-3 times smaller than that

of ultrasonic mist depending on the generator feegies used.

Fig. 2.8 shows the fit of the Rosin-Rammler and iMakna-Tanasawa equations to the
experimental data obtained from nanomist (50Hz) @trdsonic humidifiers operated at 5
°C and 90% relative humidity after 2 h. Data showat both the Nukiyama-Tanasawa (Eq.
2-1) and Rosin-Rammler (Eq. 2-4) equations fitekperimental data acceptably. However,
the Nukiyama-Tanasawa equation had a lower RMSIE23.7 and 0.051 for nanomist and
ultrasonic) compared to the RMSE for the Rosin-Réenrequation (3.079 and 0.081 for
nanomist and ultrasonic). Thus, the curve obtaifiech Nukiyama-Tanasawa equation
fitted the experimental data better than that oletiusing the Rosin-Rammler equation.
Thus, the Nukiyama-Tanasawa equation could be ueeéstimate the particle size

distributions produced by nano- and ultrasonic snist

22



Table 2.1 Parametersin distribution equations and repr esentative diameter s

at 5°C and 90% RH

Humidifier Parameters Representative diameters (|
Nukiyama-Tanasawa Rosin-RammlerMode AMD  SMD
a /] A B m |
Nano-40 Hz 2.0 145 ©5.84E-06 2.56E-03 2.18 110.6 61.5 104 3 33
Nano-50 Hz 2.0 1.35 1.18E-05 5.63E-03 2.16 91.5 61.5 86 235
Nano-60 Hz 2.0 1.38 1.35E-05 5.24E-03 2.17 86.7 65.5 82 314
Ultrasonic 2.0 2.66 2.37E-07 5.81E-07 2.66 247.6 210 234 591

Mode is diameter associated with the maximum nuwibgarticles in a distribution; AMD is Arithmetimean diameter;
SMD is Sauter mean diame
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2.5. CONCLUSIONS

This study investigated the characteristics of snfistmed by two types of humidifiers in
storage environments with high humidity. The reswdhowed that the number mode
diameter of nanomist humidifier at 60 Hz operatatgs °C and 90% RH was 65.5 nm,
about 3 times finer than that produced by the sdin&c mist. Moreover, particle humber
concentration of the nanomist was 4 times lowen tihat of the ultrasonic mist. It was also
shown that the mist number concentration was vaghtdependent on generator frequency
and the relative humidity. From these resultsait be concluded that nanomist evaporates
more easily than that of ultrasonic mist. Therefdine nanomist could be useful for raising
relative humidity without wetting the produce. Tindl serve as the basis for future studies
and also supports the hypothesis that the nanoroisid bring several benefits to the
postharvest storage of fresh produce. Further figag®ns into the effects of mist particle size
on the strength of corrugated cardboard and thigyjo&fresh produce during a long storage

period are recommended.
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CHAPTER 3

Examination of the strength of corrugated cardboard exposureto

nanomist and ultrasonic mist under high humidity condition

3.1. INTRODUCTION

Corrugated cardboard is the most widely used typ@ackage for the packaging and
distribution of a wide variety of commodities rangifrom fruits and vegetables, consumer
products, to industrial items. It is equally suitafor all the different modes of storage and
transport such as shipping by sea or by air. Thst maportant feature of containers made
from corrugated cardboards is to protect the pamttagpmmodities against damage during
storage and transport. Therefore, the maintenahstrength of cardboard during storing,

marketing and distribution of horticultural commbes is needed to take into consideration.

The storage of produce is usually maintained ufmertemperature environment. As far as
commodity’s transpiration is concerned, howeveghhrelative humidity of the storage
environment plays an important role in maintainthg quality of produce. Recently, low
temperature and high humidity storage has attratkedttention of horticultural industries
in Japan (Tanaka, 2000). Recommended humidity lrethe storage of fresh fruit and
vegetables is commodity specific; levels are gdlyena the range of 85% to 95% (Paull,
1999; Rennieet al., 2003; Maguireet al., 2004). One of the problems occurring for
corrugated cardboard stored under high humidityrenment is that corrugated cardboards
reduce its strength because the boxes become wegdiiorage. The reduction in strength

of cardboards can lead to packaging collapse, lyerausing further mechanical damage
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to products (Marcondes, 1992). Furthermore, wettimgy result in biodeterioration of

cardboard (Koivula and Hanninen, 1999).

Various studies (Ackerman, 1997; Twede and Selk652Modzelewska, 2006; Allaoet

al., 2009a; Allaoukt al., 2009b) have been performed on the corrugatetboard and its
compressive strength. They found that corrugatedbcerd is very sensitive material to
the environmental conditions, especially high reehumidity. Once wet, the corrugated
cardboards lose their rigidity. Modzelewska (2006Jlicated that when humidity of
ambient air was about 100%, boxes made from coredgaardboards practically
disintegrated. For this reason, the idea of usimggsnwith smaller droplets to raise high
humidity for storage environments is considerecapply. It is reported by Barrow and
Pope (2007) the evaporation rate is greater withllsmdroplets because small droplets
have greater surface area relative to their vol(sneface area to mass ratio) as compared
with larger droplets. The rapid evaporation of detg results in the more dryness on the

surface of the corrugated cardboard; in that wagngth of board is preserved.

At present, the large size or conventional mises lbeing employed to raise relative
humidity in the storage environment. These mises @ostly generated by ultrasonic
humidifier. Our recent study showed that ultrasonigmidifier emitted the mists with

average mode diameter of 210 nm (Hwb@l., 2010b). The large size mists may easily
damp the corrugated cardboards, thus their stresrgthost. Nanomists, which are defined
as patrticles in the range from 1 nm to 100 nm amditer (Nickols-Richardson, 2007), are
assumed to evaporate immediately after atomizatimh are considered not to damp the
corrugated boxes in comparison with the larger slzasonic (Hunget al., 2009). It is the

goal of this study which proposes to investigate éffect of nanomist and ultrasonic-mist
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on the moisture content and compressive strengtboofugated cardboard under high

relative humidity condition.

3.2. MATERIALSAND METHODS

3.2.1. Sample preparation

The experiments were conducted on three types ofinercially made corrugated

cardboard boxes used for the package of strawblerogcoli and mizuna. The cardboard
used in this study was single wall type. Table I&ts the name of corrugated cardboard
boxes tested, along with their key specificatiolise moisture content and strength tests

were performed on both test specimens and emptgshox

Specimen tests of selected corrugated cardboards prepared according to JIS Z0403-2
(JSA, 1999) (Fig. 3.1). For every measurement ofistuee content, a sample of 5
specimens was tested for each type of cardboardTdexedge of specimens was wrapped
with aluminum tape to prevent water vapor and pestetration from the edge. With regard
to mechanical test, a sample of 12 pieces was tesexrkasure the relationship between the
moisture adsorption and compressive strength. dieroto investigate the differences in
characteristics of moisture adsorption of specimeéne samples were horizontally and
vertically placed on the stand at the center ofdbexs. For corrugated cardboard box test,
a sample of 5 strawberry and broccoli boxes watedesThe samples were placed at
ambient temperature for 24 h and then put neaotiiet of humidifiers and at the center of

storage chambers at temperature abd@ &nd relative humidity of 94%.
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Table 3.1 Properties of the tested corrugated cardboard boxes.

Basis weight (g/ C% Numbers Dimension (mm)
Box Type Flute type of flaps (HxLxW)
Outer iner Medium Inner liner
Strawberry 180 125 180 C 0 60 x 305 x 220
Mizuna 210 200 170 A 4 440 x 390 x 210
Broccoli 220 160 220 A 4 430 x 330 x 250

H: height, L: length, W: width
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Fig. 3.1 Geometry of corrugated cardboard specimen.
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For the test of moisture content, the specimens wenditioned in a thermo-hygrostat
under conventional condition (Z& and 50% RH) for over 24 h (JSA, 1998). Once the
equilibrium is reached, specimens were weighedthese measurements were used as dry
basis. The samples were then placed in the st@mgenments at temperature abots
and relative humidity of 94% where nanomist andastbnic-mist were sprayed to raise
humidity. Nanomist is generated by nanomist hurnedifTest model, Mayekawa Co., Ltd,
Tokyo, Japan) while ultrasonic-mist is emitted liyasonic one (FT -30N-14, UCAN Co.,
Ltd, Japan). The amount of water absorbed was meédwy the change in mass of the
cardboards as a function of time. The change insnahssamples was first measured at
intervals of 6, 12 and 24 hours, and then dailyradvdays. For mechanical test, specimens
were also conditioned as above-mentioned and starddle same temperature and RH
condition as described previously. The samples wested several times during storage.
Data of temperature and RH were recorded at tentmimtervals in the containers using
humidity and temperature transmitter (model HMT383jsala, Helsinki, Finland). This
device can measure the accuracy at temperatur2 *@t range from -7 to + 180°C

and RH + 1.7% at range from 90% to 100%.

3.2.2. Compression test

The strength test of piece samples was performedidiyg a tensile and compression
testing instrument (Tensilon UTM-7, Toyo Measuritmggtruments Co. Ltd., Japan) at
crosshead speed of 3 mm/min based on a column tEss@JIS Z0403-2), whereas the top-
to-bottom compression test of empty boxes was ateduby using compression test

machine (AG-100 kNE, Shimadzu, Japan) at crossteeed of 12 mm/min (Fig 3.2).
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Fig. 3.2 Compression testing instruments of Tensilon UTM-7 and Autograph

AG-100 kKNE.
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Two metal plates with smooth surfaces are attathéoe upper and the lower compression

jaws of the machine to evenly distribute the coregian load on the corrugated cardboards.

3.2.3. Statistical analysis

Data analysis was performed using analysis of maggGenStat Discovery Edition 3, VSN
Internaional Ltd., UK). Significant differences wefurther examined with Tukey’s test at

P<0.05.

3.3. RESULTSAND DISCUSSION

3.3.1. Specimen test

The moisture content of specimens exposed to na@nd ultrasonic-mist after 7 days is
shown in Table 3.2. The average temperature amdivelhumidity measured during the
experiment were 5.9 + 0.3C and 94.2 + 1.46% for nanomist and 6 + 0°G8nd 94.3 +
1.35% for ultrasonic-mist. As can be seen from tddge that type of cardboard did not
affect the moisture conter® & 0.423), but type of mist and position of placsgecimens
significantly influenced on the absorption of watepor P<0.05). Moisture content of
specimens exposed to nanomist after 7 days wag d084 lower than that exposed to
ultrasonic-mist regardless of position. Moreovenisture content of specimens stored in
the nanomist container was not affected by the tiposiwhile moisture content of
vertically-positioned specimens in the ultrasoroatainer was significantly lower than that
of the ones placed horizontally. The main reasousiog the differences in moisture
content between specimens conditioned with nanoamdtultrasonic-mist is attributed to
the difference in size and particle concentrationtted by two different humidifiers. The

previous data showed that mode-based diametemaoinmat is about 65.5 nm, such mist
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Table 3.2 Moisture content (% d.b.) of specimens exposed to nanomist and ultrasonic-

mist at ca. 6 °C and 94% RH after 7 days.

Nanomist Ultrasonic-mist

Box Type
Vertical Horizontal Vertical Horizontal

Strawberry 19.5+£0.97a 17.9+0.74a 26.8+x0.8BD.7+1.48c
Mizuna 18.7+£0.57a 185+0.87a 29.0+1.03b4301.07c

Broccoli 18.3+0.45a 18.0x+0.67a 28.1+1.3B05+1.1c

A different letter showed significant difference P<0.05 according to Tukey’s te:
Data are accompanied by the standard deviationthefmeans (n = 5). Vertical,
vertically-positioned specimens and horizontaljzamtally-positioned specimens.
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evaporates easily compared with ultrasonic-mistcivifias a diameter of around 210 nm
(Hung et al., 2010b). The effect of position on moisture cohtef specimens exposed to
ultrasonic-mist can be explained that large sizst mirectly falls down on the surface of

specimens without evaporating and it wet the bdhtd water is adsorbed into the cardboard.

In order to analyze the adsorption kinetics of watapor on the corrugated board, the
pseudo first- order kinetics model was used to\aeathe experimental data. One of the
purposes of using the numerical analysis is toiptréde results without doing experiments.
This equation has been used for dye adsorptiomotipre (Chairatet al., 2008) and water
adsorption by brown rice (Genkawtal., 2008). A simple kinetic analysis of adsorptien i
the Lagergren equation. A pseudo first-order equatiescribes the kinetics of the

adsorption process as follows:

dM

o - aMo M) (3-1)

wherek; is the rate constant gkeudo first-order adsorption (d8yandM. andM are the
moisture content (% d.b.) at equilibrium and atetimAfter definite integration by applying

the initial conditionst(= 0,M = My), Eq. (3.1) becomes
M =M, +(M,-M,)exp(~ ki) (3-2)

whereM;y is the initial moisture conterk; andM. were obtained by nonlinear least square

method. These parameters were shown in Table 3.3.

The result in Fig. 3.3 presents moisture contentstohwberry specimens exposed to
nanomist and ultrasonic-mist. The absorption ofewa@por increased with time until it

reached the saturation. The data represented dliddise were obtained from the pseudo
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Table 3.3 Parametersfor prediction of moisture content of specimens and corrugated

cardboard boxes.

Nanomist Ultrasonic-mist
Parameters Specimen Box Specimen Box
Vertical Horizontal Outlet  Center Vertical Horizontal @it Center
Mo 7.7 7.77 8.18 8.08 9.73 9.08 8.18 8.49
Me 18.74 17.49 24.22 29.6 19.63 21.68 29.47 21.92
Ky 35 2.69 4.32 5.69 1.97 2.06 1.09 1.65
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first-order equation (3-2). The fitted values agreery well with the experimental data.
This result suggested that Eq. (3-2) is availalde dnalyzing water adsorption of

corrugated cardboard.

The compressive strength of corrugated cardboasdoakulated according to JIS Z 0403-
2 which is defined aBn, = 0.0F, wherePr, is compressive strength of cardboard (kN/m),
F is the maximum compressive load (N) and 0.02 ésrdtiprocal number of width (50
mm) of test piece (1/mm). Compressive load of theugated cardboard with 8.71 % d.b.
of moisture content was proportional to strain e tmiddle of test after which the
increasing rate of the load gradually decayed]lfitae cardboard bent as shown in other

material tests (Fig. 3.4).

Fig. 3.5 shows the relationship between the mstontent and compressive strength of
specimens. Relationship between moisture contddhta(d compressive strength,{ was

represented by using an exponential Eq. (3-3) andnpeters were shown in Table 3.4.
Pn=aM?’ (3-3)

The coefficient of determination calculated fromadaf strawberry and mizuna specimens
was 0.926 and 0.956, respectively. It shows thampressive strength of board
exponentially decreased with the moisture contdhtias been well documented that the
yield stress decreased with the increase in thestomei content (Ackerman, 1997; Twede
and Selke, 2005; Allaowt al., 2009a). In addition, compressive strength oflibaard can
be predicted by using Eq. (3-4) which was obtaifredh Eq. (3-2) and Eq. (3-3), and

parameters were presented in Table 3 and 4.

Pm=a] Me+ (Mo —Mg)exp(-kit)]° (3-4)
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Table 3.4 Parametersfor prediction of compressive strength of specimens and

maximum compressive load of corrugated cardboar d boxes.

Specimen test Box test
Box Type
a b r2 C d r 2
Strawberry 17.4 -0.87 0.926 252.7 -1.81 0.963
Mizuna 45.5 -0.97 0.956 - - -
Broccoli - - - 1489.8 -2.62 0.887

a, b, ¢, d: parameters in Eq. (3), (5)? : coefficient of determination
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Fig. 3.6 compares the compressive strength ofcadifipositioned specimens exposed to
nanomist and ultrasonic mist at aboutGand 94.3% relative humidity after 7 days. The
data shown at day O were experimental data whéheas shown at day 7 were predicted
values. In general, it can be easily seen ¢hatpressive strength of specimens conditioned
with nanomist was significantly different with that those exposed to ultrasonic-mist
(P<0.05). After 7 days the strength of specimens sggddo nanomist remained at 43.4% to
55.6% while that of those exposed to ultrasonic-isigyed at 29.9% to 33.4% depending
on types of cardboardH.is also noted that compressive strength of caadih was affected
by type of cardboard. Strawberry cardboard boxctvie made from corrugated cardboard
type of C with thickness of 3 mm, has a lower alistrength than the others with thickness
of 5 mm; but once stored under nanomist environmterstrength remained at 55.6% at the
end of experiment. According to the study of Modredka (2006), the effect of moisture
content on the behavior of corrugated cardboardebois attributed to the material
employed for its manufacture rather than to theicstre (layers, flutes...). For the
cardboard boxes made from the same materiafjutes height influences the properties of
the corrugated cardboard. The higher the flute bigtéer the rigidity of cardboard, but the
product will have greater absorption property andsequently the strength was weaker.
From this result, it can be concluded that nanohmasta great effect on controlling strength

of corrugated cardboard.
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3.3.2. Corrugated cardboard box test

Given in Fig. 3.7 is the change in moisture contdrgtrawberry cardboard box exposed to
nanomist and ultrasonic-mist over a period of 7sday 6°C and 94% RH. The data
represented by a solid line were obtained from pgkeudo first-order Eq. (3-2) using
parameters in Table 3.3. It is evident that moestaontent of cardboard exposed to
nanomist was significantly lesser than that of éosxposed to ultrasonic-mist.
Additionally, the position of placing boxes in tbkambers affected the moisture content.
The boxes placed close to the outlet of ultrastmimidifier had a moisture content of
30.8% d.b. whilst the ones put in the center hadogture content of 24.8% d.b. On the
contrary, the boxes located near the outlet of mastchad a lower moisture content that the
ones in the center. The result obtained from brodmx was similar to the strawberry’s
(data not shown)The larger size ultrasonic mists emitted near thteebare ascribed to be
responsible for the wetting of corrugated. The Itssabtained from the experiments of
cardboard boxes again confirmed that the moistunetenit of the boxes exposed to

nanomist was about 10% lower than that of thos@segbto conventional mist.

Fig. 3.8 shows the relationship between the mastantent and maximum compressive
load of strawberry and broccoli cardboard boxesthis study, we could not determine
cross sectional area of the box, thus a uniFofas used instead d?,. Relationship

between moisture contenM) and maximum compressive loaH)(was represented by

using an exponential Eq. (3-5) and parameters sleven in Table 3.4.

F=cM? (3-5)
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Fig. 3.7 Moisture content of strawberry corrugated cardboard box exposed to

nanomist and ultrasonic-mist at ca. 6 °C and 94% RH. Solid lines are fitted values.

Barsrepresent standard deviations of the means (n = 5).
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Fig. 3. 8 Relationship between moistur e content and maximum compr essive load of

strawberry and broccoli cardboard boxes. Solid curves arefitted values (n = 5).
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It can be seen from the graph that maximum compedsad of corrugated board was
strongly dependent upon the moisture content. Dadficient of determination calculated
from data of strawberry and broccoli was 0.963 8r&B7, respectively. The maximum
compressive load of corrugated cardboard box in Fig was predicted using Eq. (3-6)

which was obtained from Eq. (3-2) and Eq. (3-5) parameters in Table 3.3 and 3.4.
F = Mc+ (Mo —Mgexp(-kit)]* (3-6)

Data indicated that maximum compressive load ofugated cardboard boxes exposed to
nanomist and ultrasonic-mist decreased gradualbr olre time. The boxes exposed to
nanomist maintained its maximum compressive load8at%, whereas those exposed to
ultrasonic-mist remained at 14% after 7 days (Big). Twede and Selke (2005) reported
that high humidity storage conditions can seveddgrade strength of the box in a matter
of hours. At 85% RH, a box loses about 40% of isnpression strength. As relative
humidity increases to 90%, the moisture contenthef board increases to 20%. This
increase in moisture content lowers the compressii@ngth by nearly 50%. An evidence
was shown from our experiments that even the cambexposed to 95% humidity of
nanomist, the moisture content of the cardboardameed approximately 20% d.b. and
maintained its maximum compressive load at 28% |enthie boxes stored in the same
humidity of ultrasonic-mist absorbed 30% d.b. maist content and its maximum

compressive load reduced to 14% after 7 days.
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Fig. 3.9 Changein maximum compressive load of strawberry corrugated cardboard
box exposed to nanomist and ultrasonic-mist at ca. 6 °C and 94% RH.

Data were calculated using Eq. (3-6).
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3.4. CONCLUSIONS

In this investigation, the aim was to evaluate ¢fffects of relative humidity and particle
size on the moisture content and compression stresfgcorrugated cardboard under high
relative humidity condition. The results of preseasearch show that relative humidity
affected moisture content of corrugated cardbo@ree of the more significant findings to
merge from this study is that the ultrasonic m&sed a moisture content of corrugated
cardboard as compared with nanomist at the saméyni-urthermore, there was a good
correlation between moisture content and compresgiength of corrugated cardboard and
the cardboard was weakened with the increase imtisture content. From these results,
it can be concluded that nanomist is useful fasing humidity during cold storage of fresh

fruit and vegetables since it helps preserve tlength of corrugated cardboard.
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CHAPTER 4

Weight loss and quality attributes of fresh produce following posthar vest

storage under nanomist and ultrasonic mist environments

4.1. INTRODUCTION

Fresh fruit and vegetables are living tissues toattinue to lose water after harvest, but,
unlike growing crops, they can no longer replac leater from the soil and must rely on
the water content present at harvest. The lossaténirom fresh produce following harvest
is a serious problem because it causes shrinkagewaight loss. Most commodities
become unsalable as fresh produce after losinga3%% of their weight (Ben-Yehoshua
and Rodov, 2003).

The quality and storage life of fresh produce aghlly dependent upon the vapor pressure
gradient between the produce and the storage atragsprherefore, when the produce and
the storage environment are maintained at the $amperature (assuming factors such as
air velocity are held uniform), the transpiraticate is highly correlated with the relative
humidity (RH) during storage time (Grierson and Wawski, 1978; Sharkey and Peggie,
1984). Transpiration through the actions of therstta, lenticels, cuticles and epidermal
cells (Ben-Yehoshua and Rodov, 2003) is considéredanajor cause of postharvest weight
loss and poor quality in leafy vegetables. Traramn in produce is a mass transfer
process in which water vapor moves from the surédgs#ant organs to the surrounding air.
This process occurs when there is a gradient ofvwepor pressure between the tissue and

the surrounding air.
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Produce is usually stored under a low-temperatms@ér@anment. For the commodity’s
transpiration, however, a high RH storage envirammplays an important role in
maintaining the quality of produce. Recommended|&Hls for the storage of fresh fruit
and vegetables are commodity specific, with legaserally in the range of 85% to 95%

(Paull, 1999; Rennie et al., 2003; Maguire et2004).

At present, large mists are used to raise RH instbeage environment. These mists are
occasionally generated by ultrasonic humidifiers] their average particle mode diameters
vary between 2.9m (Rodest al., 1990) and 210 nm (Hurggal., 2010b). The large mists
can easily wet the surface of produce, which isced by a laminar film of water. The RH
of the laminar film is considered to be nearly 100 tting on the surface of the produce
causes the stomata to open (Lasgal., 1971), resulting in water loss. Our previousigtu
showed that nanomists, generated by nanomist hfiengJihave average particle diameters
of 65.5 nm (Hunget al., 2009). Nanomist humidifiers are thought to pdevimproved
capability for generating ultrafine mists for hidglumidification. Nanomists, because of
their very fine particle size, presumably evaporatmediately after atomization. The fine
mists, which are present on the surface of theymedalso easily evaporate and therefore do
not wet the produce in comparison with the largeasionic mists. Nanomists could bring a
number of benefits to the field of postharvest csiprage. Hunget al. (2010a) have
demonstrated that the strength of corrugated cardbig well-preserved under a nanomist
environment with high relative humidity. The aimtbfs chapter is to investigate the effect
of nano- and ultrasonic mists on the control ofgheiloss and several postharvest quality
attributes of three types of horticultural produsired under high relative humidity

environment.
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42. MATERIALSAND METHODS
4.2.1. Source of materials

Eggplant fruit Solanum melongena L., cv Chikuyo), mizuna Brassica rapa L. var.
Japonica cv Kyomizore) and fig fruit Kicus carica L., cv Toyomitsu-Hime) were
purchased from a Fukuoka wholesale market. Theusedvas carefully handled as they
were transported to the laboratory and the expetintgggplant fruits possessing uniform
color and weight between 145 and 200 g each wensechfor the experiment. Mizuna
plants weighing approximately 200 g were packegahyethylene bags with the leafy
portion of the plant left open. The figs were sdrte eliminate any that had defects, and
those with a uniform color and a weight of approxiety 80 grams each were chosen. The
experiments were repeated twice in October 2009 Mag 2010 for the mizuna and

eggplant and in October and November 2010 forithédit.
4.2.2. Storage condition

The samples were placed in storage environmer&$54€ for mizuna and eggplant and 7
°C for fig fruit. A nanomist humidifier (test modélayekawa Co., Ltd, Tokyo, Japan) and
an ultrasonic humidifier (FT-30N-14, UCAN Co., Ltdapan) were used to maintain the
humidity at approximately 95%. Forty-five eggpldntits and 15 mizuna bags were used
for each storage condition for the experiment peméd in October 2009, while 10

eggplant fruits and 8 mizuna bags were used in R{0. Forty figs were used in both

experiments for each storage condition. To invastighe effect of particle size on the
quality of produce, in addition to the effect of RtHe eggplant and fig fruits were placed

on trays and were directly exposed to the mistereds the mizuna bags were vertically
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placed into plastic trays with an opening on thedbeach bag. All samples were assessed
for weight loss, chilling injury and color througltothe experiment. Determinations were
made at the beginning of storage and at 3 and § faynizuna, 4 and 8 days for fig and 5

and 10 days for eggplant.

The temperature and RH were recorded at 5-minutrvials in the containers using a
humidity and temperature transmitter (model HMT383jsala, Helsinki, Finland). This
device can measure the accuracy of the temperatur®.2°C and the RH to + 1.7% at a

range of 90% to 100%.
4.2.3. Methods for parameter assessment

4.2.3.1. Weight loss

Weight loss was measured as a reduction in thehwvefythe produce stored and was
expressed as the percentage of weight change cedpath initial weight, namely, the

weight loss rate.
4.2.3.2. Chilling injury (CI) index in eggplant ftu

On the day of sampling, the external CI symptomeewgsually observed on a subjective
scale. The level of CI severity was calculated ediog to the following scale, similar to
that proposed by Concellat al. (2007) and Ledermaet al. (1997): 1 = no damage, 2 =
low damage, 3 = regular damage, 4 = moderate damage = severe damage. The ClI

index (Cl) was expressed as follows:

i(Li N,) (4-1)

N

Cl

Total
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wherelL; is the chilling injury levelN; is number of fruits on the level amly is the total

number of fruits in the treatment.
4.2.3.3. Determination of color

The color of eggplant skins and mizuna leaves waaswred using a chromameter
(Minolta CR 200, Japan). The measurements wereesegpd as* values (dark to light),
and parameterg* and b* represent redness to greenness and yellownessu¢ndsis,
respectively. Three readings were taken from teetp central and upper sections of each
eggplant fruit, and the average of the values &mhefruit was calculated. Ten fruits were
used for each measurement. For the mizuna leaflétegmination of color was made from

three leaves per pack and eight packs were employech storage condition.

To evaluate the browning of the pulp tissue ofeggplant, only the lightness of the pulp
tissue indicated by parametet was used. Two slices (thickness = 1 cm) wereatithe

central section of each fruit, and the reading wasen from one side of each slice
immediately after cutting. The results were expedsasL*, which was calculated as the

mean of five fruits per storage time and condition.
4.2.3.4. Examination of stomatal aperture

The stomatal data were collected following the radtdescribed by Hirosat al. (1992). A
glass slide with a small drop of instant adhesias attached to the epidermal surface of
the minuza leaf and the skins of the figs for agpmaitely 30 seconds. After removing the
leaves and skins, the glass slide was placed orr@sunopic base to observe the stomatal
image through a confocal laser scanning system KQLEIlympus FluoviewrFV-300,
Tokyo, Japan). The collection of stomatal impressiausing instant adhesive was

performed inside a storage environment under lagyhtlion six glass slides from six
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leaves/fruits per storage time and condition. Feaoh glass slide, two images were taken
at 20-fold magnification with a size of 1024 x 1(Q@4els. The stomatal area was measured
using ImageJ 1.42q (Wayne Rasband, National Instié Health, USA). Twenty stomata
for minuza and six stomata for fig were randomliesied from each image to study the
stomatal area, and a total 240 and 72 stomata wg=@ to calculate stomatal the area for

mizuna and fig, respectively, in each treatment.

4.2.4. Statistical analysis

The experimental data are presented as the m&khof two independent experiments. An
analysis of variance was performed using the staissoftware GenStat (Discovery
Version 3, VSN International Ltd., UK). Differercbetween the means of attributes were

compared by a least significant difference (LS} & a significance level &< 0.05.

4.3. RESULTSAND DISCUSSION

The temperature and RH monitored in all experimdating postharvest storage are shown
in Table 4.1. From the table, it can be seen thataverage temperature recorded from the
two storage environments was nearly the same i experiment. The average RH
measured from the nanomist was equal to or smidéer those measured from ultrasonic
storage except for fig in experiment 1. For ins&no the second experiments for mizuna
and eggplant, the RH recorded from the nanomistM2& and 1.4% smaller than those in
the ultrasonic chamber, respectively. Fig. 4.1 gmesthe changes in temperature and RH
during fig storage as an example. The graphs shamows patterns of RH readings
obtained from the two chambers. There were seyeiats with an RH over 100%. There

are two possible reasons explaining this phenomerférstly, this may reflect
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supersaturation, which occurs when water is pregettte form of tiny droplets (Rodosat

al., 2010). Secondly, this could be an error of hygeter (Vaisala) because this device is
designed with a warmed probe head which coversndra humidity sensor to avoid
condensation. The warmed probe head is heatednoonsly so that its temperature is
always higher than in environment. When relativenidity reaches 100% at a certain
temperature, there is water adsorption adhereletoniner surface of the case of humidity
sensor. Due to heating of warmed probe, water legth¢o the inner case evaporates to
internal enviroment, resulting in more water vapear the sensor. Thus, relative humidity

calculated by the device is higher than actuatikgdumidity in environment.

56



Table4.1 Temperature, RH, cumulative VPD and weight loss of produce measured

from all experiments.

Produce Experiment Nanomist Ultrasonic-mist
Temperature RH  Cumulative Weight loss Temperature RH  Cumulative Weight loss
°c) (%) VPD (Pa) rate (%) °C) (%)  VPD (Pa) rate (%)
Minuza 1 59+12 969+3. 49886 31+06 58+09 97.3+5. 45766 8.4*0.5

2 55+0.7 944+5° 93925 42+02 55%+08 95.8%x7. 89440 6.2+0.6

Eggplant 1 59+11 974+3.& 66448 44+01 58+08 97.5+4: 64231 7.3%0.3
2 55+0.7 944+5° 119987 6.2+0.1 56+08 95.6+7. 118419 9.7+1.1

Fig 1 71+05 943+4. 117216 7.8+0.2 7.0+0.5 94.0+5. 133326 13.3+0.3

2 70+04 933+3.! 143102 99+0.2 7.0+05 93.6+5. 139137 16.2+0.2

Data except for cumultive VPD are the mean andrapeoied by the standard error of the means. Ridiveehumidity, VPD: vapour pressure deficit.
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Fig. 4.1 Changesin temperature (T) and relative humidity (RH) under two

environments of nanomist (a) and ultrasonic (b) during postharvest storage of fig.
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More readings with an RH over 100% were observettiénultrasonic chamber than in the
nanomist chamber. This difference could be oneoredisat the number density of mists
produced by the ultrasonic humidifier was four tsnggeater than the nanomist humidifier

(Hunget al., 2010b).

The results shown in Table 4.1 indicate that theglatdoss rates of the samples stored in
the nanomist were 3.7%, 5.3% and 8.8% for mizuggpkant and fig, respectively, while

those stored in the ultrasonic mist were 7.3%, 8a%b 14.7%, respectively. From these
data, it can be observed that storing fresh frod segetables in the nanomist chamber
reduced the weight loss rates (3.6%, 3.2% and 5f@®%6mizuna, eggplant and fig,

respectively) compared with those stored undewttrasonic mists. The differences in the
weight losses of the produce between the two treatsncan be explained using Fick’s law
of diffusion. According to Ben-Yehoshua (2003), fleav rate of water vapor through the

surface of fruit or vegetables is proportional e tifference between the humidity of the
internal atmosphere of the produce and the humdafitthe storage atmosphere, behaving
according to Fick's law of gas diffusion. This mbdes been applied to estimate the
transpiration rate of mushrooms (Mahaghral., 2008). Therefore, the weight loss of fresh

produce in a chamber in which the RH changes witk tan be calculated based on Fick’s

J= k( FI);d_TP] “2)
A

wherel is the mass flux of water vapdrijs the mass transfer coefficieR; is the gas

law and is expressed as follows:

constant of water vapor per mass umitjs the absolute temperature gRg-P) is the vapor

pressure deficit (VPD).
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VPD also can be expressed as

VPD = Py(100-RH)/100 (4-3)
with ¢ (decimal)RH/100 and VPD Py(1-¢ ), where¢ is actual relative humidity (RH %)
andPs is the saturated vapor pressure in pascals (Flasamlculated using Tetens’s

equation, as presented by Rodov et al. (2010):

P.= f(aexp{ bT }j (4-4)
c+T

a=611.21b = 17.502¢ = 240.97 and=1.0007 + 3.46 x 1P

whereT = temperature in degrees CelsitG)(andP = atmospheric pressure in pascals,

EQ. (4.2) can be rewritten as

1 dm
——=KP(¢. - -
At (9 — @) (4-5)

wherem s the mass of water vapor anid the time.

K (4-6)

K=—
RiTa

As the rate of change of absolute temperature guhi@ experiment is extremely smdij,
can be considered constant.

To find the change in mass, namely, water fows we integrate Eg. (5) as follows:
f f
Am= j dm= KAJ' P.(¢, — @)ctt (4-7)
i i

wherei is the onset of experiment ah the end of experiment.

By discretizing Eq. (7), we obtain Eg. (8)

am=KAALY P, (4, ~4,)
= (4-8)
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where Am is the mass of water transpirated from the prodked, At =t-ti.; is partial
storage time (S)¢, is the equilibrium of the RH in the tissue of g@duce (intercellular
RH is described below), (decimal) is the RH of the storage environmentraet;, A is

the surface of the produce through which water vamsses (R) andK is a constant

related to the mass transfer coefficient, as espaby Eq. (4-6)(s ).

The expressiorP, (¢, —¢,) in Eq. (4-8) is the vapor pressure deficit (VP@)ich shows

the difference in the partial pressure of waterordpetween the storage environment and
the produce. The rate of transpiration from fresbdpce is proportional to the VPD of the
surrounding atmosphere at a given temperatufeaiidA are constant. The higher the VPD,

the greater the water loss.

In both empirical and theoretical studies, it hagrbwell demonstrated that intercellular

water vapor in the tissues of fresh produce is vepse to saturation with g of

approximately 0.995 (Nobel, 1974; Ben-YehoshuaRadov, 2003). We can calculate the
cumulative VPD using Eqg. (4-9) based on the RH &mmhperature data from each

experiment. The values ¢ more than or equal to 0.995 were not calculatexhise, at

this level ofg, , the transpiration process does not occur.

CumulativeVPD = Zn: P, (#.-9) (4-9)
i=1

The data on cumulative VPD calculated from eachegrgent are shown in Table 4.1. If

we hypothesize that the paramet&rsand K in Eg. (4-8) are the same in both storage
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environments, the weight loss of the produce thepedds on the cumulative VPD. We can
see that the cumulative VPDs obtained from the exymmnts exposed to the nanomists
were higher than those treated with the ultrasomists, except for fig in experiment 1.
Although the cumulative VPDs of the experimentseddovith nanomists were higher than
those of the ultrasonic mists, the weight losssratethe nanomist-exposed produce were
always smaller than those under the ultrasonicamiatrthermore, the mean RH recorded
in the ultrasonic mists of experiment 2 was 1.2%l dn4% higher than that in the
nanomists for mizuna and eggplant, respectivelyvikight loss rate of the produce stored
in the ultrasonic mists would have been lower ttise in the nanomist. There was one
case in which the cumulative VPD of the nanomispeginent was smaller than the
ultrasonic, but the ratio of cumulative VPD for rakonic to nanomist (1.1) was very
different, with a weight loss rate ratio of ultragoto nanomist of 1.7. Therefore, it can be
concluded that one of the two above-mentioned patens K, A) in both storages was not
the same. It is also possible that the weight bsdehe produce may be influenced by the
particle size, resulting in the partial closingtibé stomata pores which is relative to fe
parameter in Eq. (4-8), as indicated below.

Fig. 4.2 shows the stomatal opening of the mizwavds and the fig fruit stored in the
nanomist (a) and the ultrasonic mist (b). The stainpore is presented in Table 4.2.
Significant differences were found in stomatal aledween the samples stored in the
nanomist and ultrasonic conditions. The averageevaf the stomatal area measured prior
to storage was 99.2m? and 172.5um*for mizuna and fig, respectively. At that time, the
recorded temperature and RH were’@3and 61%, respectively, under light. Nevertheless,
the stomata of the samples partially closed dusiogage, especially the stomatal pores of
the samples stored in the nanomist chamber, whisfed by 34.im?and 51.5um? for
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Mizuna

Fig

Fig. 4.2 Stomatal opening of mizuna leaves and fig fruit stored in the nanomist (a)

and in the ultrasonic mist (b).
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Table 4.2 Several quality attributes of three commaodities preserved under two

environments of nanomist and ultrasonic mist during postharvest storage.

Products Treatments Storage Stomatal Color Clindex  Pulp color
time pore (/Lmz) (L *0)
(days) L* ar b*
0 99.2+5a 45.9+0.3a -18.4+0.2a 25.4+0.3a
Nanomist 3 69.4+3b 46.0+0.2a -18.2+0.2a 25.1+0.4a
6 64.5+2b 46.2+0.4a -18.4+0.2a 25.5+0.4a
Mizuna
0 99.2+5a 45.9+0.3a -18.4+0.2a 25.4+0.3a
Ultrasonic-mis 83.4+3.7a 455+0.3ab -17.1+0.2b 23.7 +0.4b
6 87.6+22a 45.0+0.3b -17.2+0.2b 23.0+0.4b
0 27.0+0.2a 2.2+03a -09+0.1a 86.4 + 0.3ab
Nanomist 25.8+0.2b 27+0.4a -0.8%x0.1a 2.6+0.2c 860/2ab
10 245+04c 26+04a -0.7+0.1a 3.2+0.2b 87013a
Eggplant
0 27.3+0.2a 2.2+03a -09+0.1a 86.4 £ 0.3a
Ultrasonic-mis 256+02b 26+05a -0.7+0.l1a 3.1+0.1b 85003ab
10 23.6+0.2d 22+04a -0.7+0.1a 44+0.2a 8373b
172.5 + 10.6a
Nanomist 113.9 +4.9¢c
121.3 +4.4c
Fig
172.5 + 10.6a
Ultrasonic-mis 147.0 + 6.3b
170.5 £ 6.8a

Data are the mean of two experiments (No 1 and Elw#n in Table 1) except for pulp color of eggplamd stomatal pore of fig
and accompanied by the standard error of the mPailscolor of eggplant and stomatal pore of figeaebtained from experiment
No 2. Different letters in one column separateg@twgucts show significant difference by statisfirzagramme aP <0.05.
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mizuna and fig, respectively, compared to theitiahiopenings, while in the ultrasonic

chamber, they were closed by 15r8” and 25.5um? respectively.

The variation in stomatal area between the twotrtreats could be the reason for the
differences in weight loss. Open or partially clbstomata will affect paramet@yr thereby
changing the water loss, as shown in Eg. (4-8)e gdutial closure of the stomata observed
in the nanomist chamber could be due to the folhgwieasons. Lange al. (1971) found
that the opening of the stomatal aperture dependeewetness of the surface of the plant,
which suggests that less water on the outer sudbtiee epidermis results in a closing of
the stomata, while air that is nearly saturatedide® maximal opening of the stomata.
Furthermore, the structure and function of stonsatadescribed as follows. Stomata are
composed of two guard cells. These cells have wadisare thicker on the inner side than
the outer side. This unequal thickening of thegzhguard cells causes the stomata to open
when they take up water and close when they logerwdhe opening and closing of
stomata is governed by increases or decreasestef iwahe guard cells, which cause them

to take up or lose water, respectively (Masuda919@iz and Zeiger, 2003).

In our study, we observed that the stomata of tloelyce stored in the nanomist closed
more than those stored in the ultrasonic mist. fHason may be that under the nanomist
environment, the number of nanomist particles @nstirface of the produce is smaller than
that of the ultrasonic mist. Moreover, the veryefimists present on the surface of the
produce are believed to evaporate quickly, theeefoot wetting the produce and thus
making the stomata close more than those storéleirultrasonic, where the large mists
and their number, which directly drop on the pradand do not easily evaporate, are

thought to wet the surface of the samples.
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The CI index of the eggplant fruits increased by 8a(Table 4.2). The CI of the fruits
stored in the nanomist chamber was lower than ¢hahe ultrasonic mist, and the ClI
symptoms increased with storage time. Conceéibal. (2004) reported that a high CI
index Cl; = 4) of eggplant fruits was observed on day 13 %, similar to the CI of the
eggplant fruits stored in the ultrasonic chambeoidWire loss has been implicated as the
causal factor in the CI of grapefruit (Purvis, 19&d eggplant fruit (Fallilet al., 1995).
Severe Cl may induce water loss by the destruatioouticles and the softening of the
tissue. Because the Cl was not severe in our expatj the reduction of Cl in the eggplant

fruit stored under nanomist is probably due tordduced water loss from the fruit.

Changes in the color parameters of mizuna, eggpiaitand the pulp of eggplant during
the storage period are shown in Table 4.2. For naiztheL* value was different between
the two storage conditions at the end of the erpant. Moreover, the* and b* values
showed a significant difference between the samglesed in the two environments. A
more negativea* (greenness index) value was recorded for the smgtiored in the
nanomist, which means that the leaves were grethiaer those stored in the ultrasonic
chamber. For eggplant, the lightness of skih) (was reduced slightly over the storage
period and was not significantly different at daytkough it was significantly different
between the two treatments during storage at tdeoéexperiment. Parameteas and b*
were not different between the two treatments aedeveonstant throughout storage. The
variations in parametdr* between the two treatments were attributed tdetghces in
surface Cl symptoms. Concellah al. (2007) suggested that Cl symptoms are related to
variations in the color parameter. The lightnessegfplant pulp L(*o) was a good

indication of the browning evolution of the fruissue during cold storage. As shown in
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Table 4.2, the_*, readings of the fruits stored under nanomist vearestant over storage
time and were similar to the initial value, whictasvaround 87. However, a significantly
lower value was observed in the fruit stored undgasonic mist, indicating the browning
of seed and pulp. The difference in the lightndssggplant pulp may be attributed to the

difference in chilling injury.

4.4. CONCLUSION

In this study, the purpose was to investigate ffects of nanomist and ultrasonic mist on
the postharvest attributes of mizuna, eggplant fejmdruit preserved under high relative
humidity condition. The results of present reseasbbw that storing selected vegetables
under nanomist environment reduced the weight tasss (3.6%, 3.2% and 5.9% for
mizuna, eggplant and fig, respectively) compareth hose stored under the ultrasonic
mists. Colour of mizuna leaves stored in the nasbshowed greener than those stored in
ultrasonic. Furthermore, the eggplant fruit storedhe nanomist chamber had a lower
index of chilling injury than those stored in thirasonic. A significant finding of this
study is that the stomatal pores of the samplesse@to the nanomists closed much more
than those stored in ultrasomic mist. This resulthe difference in transpiration of fresh
produce stored in two environments. From the resabitained in this study, it is possible to
conclude that nanomists are useful for raising loityniio control the weight loss of fresh
fruit and vegetables during cold storage or trartggion. Further research regarding the

impact of nanomists on postharvest diseases dfifrhighly recommended.

67



CHAPTERS

Investigation of postharvest quality of fig (FicuscaricaL.) fruit stored

under nanomist and ultrasonic mist condition with high relative humidity

5.1. INTRODUCTION

Figs (Ficus carica L.) are a nutritious fruit rich in fiber, potassiyucalcium, and iron with
higher level than other fruit such as apples, gagad strawberries (Michailides, 2003).
Additionally, figs are an important source of vitas) amino acids and antioxidants
(Solomonet al., 2006; Crisostat al., 2010). Fresh fig fruit is known as one of thesino
perishable horticultural commodities. The particid&ructure of the fruit as described by
presence of an apical pore (ostiole) makes fig freny susceptible to a number of diseases
caused by fungi and bacteria. The high metabolitvigc and the easiness of pathogen
development are the main causes of deterioratiastédet al., 1996; Pigeet al., 1998).
The shelf life of fresh fig harvested at fully ripgage is limited to 2 days under the ambient

temperature of the harvest season at the end ahsuifiHamanakat al., 2010).

The quality and storage life of fresh produce aghlly dependent upon the difference in
vapor pressure between the produce and the statagesphere. Hence, when both produce
and storage are maintained at the same tempei@sseming factors such as air velocity
are held constant), transpiration rate is relatethé relative humidity (RH) during storage
(Grierson and Wardowski, 1978; Sharkey and Pedf&4). Transpiration through the
actions of the stoma, lenticels, cuticles and epiaé cells is considered to be the main
cause of postharvest weight loss and poor quatitfresh produce (Ben-Yehoshua and

Rodov, 2003).
68



Several studies have been conducted on posthastesige of fresh fig fruit under
controlled atmosphere (ColeHi al., 1991; Kaynaket al., 1998; D'Aquinoet al., 2005).
The RH used in these studies ranges from 80% ta 9@king commodity’s transpiration
into consideration, high relative humidity up to%5(Paull, 1999) of the storage
environment plays an important role in maintainthg quality of produce. However, one
of the problems occurring for the produce storedeurhigh humidity environment is that
there is a risk of wetness on the produce surfaeesicg developments of postharvest
pathogens (Grierson and Wardowski, 1978). Gernunatif fungal spores is promoted by
the wetness; therefore, presence of condensed wattre fruit surface favorably affects
the growth of postharvest diseases (Rodav al., 2010). Previous studies have
demonstrated the techniques of controlling pos#sirvdecay of figs using sodium
carbonate (Molinwet al., 2006) and chlorine dioxides (Karabukital., 2009). Although
these methods were found to be effective in préwgmicroorganisms’ growth, the easy
absorption of chemicals by the tissue and theiepration through ostiole has raised public
concern about contamination of perishables withrobal residues. Therefore, the proper
choice of storage conditions and environmentallniilly technology need to be applied to
improve postharvest life of horticultural produce general and shelf life of fig fruit in

particular.

Nanomist humidifier (Mayekawa Co., Ltd, Tokyo, Japa state-of-the-art humidification

device, is used to produce high humidity in a gefrated chamber. The mists were
generated at nano-scale size, producing a so-cadladmist with average particle mode
diameter of 65.5 nm (Hung al., 2010b). These mists were thought to be significantly

smaller than those generated by traditional humeidiivhich is often termed ultrasonic
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mists; their average particle diameters vary betw&H) nm (Hunget al., 2010b) and 2.9
um (Rodeset al., 1990), and much larger than mists produced bgrtatomizer system
with droplet size of 1Qum (Afek et al., 2000). Nanomists, because of their very fine
particle size, presumably would evaporate immebjiafellowing atomisation. This
characteristic could bring a number of benefitstite field of postharvest crop storage
comparing to the ultrasonic. For example, when nasts drop on the surface of the
produce, they easily evaporate and thus do nottweeproduce surface, thereby controlling
the deterioration of fresh produce and microorgangevelopment. Hungt al. (2010a)
have demonstrated that the strength corrugatedbcard was well-maintained under
nanomist environment with high relative humidity @@mparison with ultrasonic mist
condition. Furthermore, Hung al. (2011) have suggested that postharvest weigas lof
vegetables kept in nanomist condition after a westuced between 3.2% and 5.9%
depending upon commaodities as compared to thosedstmder ultrasonic mists with the
same temperature and RH. The objective of presenk was to compare the effect of
nanomists and ultrasonic mists on postharvest tyualifresh fig fruit stored under high

relative humidity environment.

5.2. MATERIALSAND METHODS

5.2.1. Source of fruit

Fig fruit (Ficus carica L., cv Toyomitsu-Hime) were purchased from the Asak

agricultural cooperative. A careful handling of theduce was taken during transport to
the laboratory and the experiment. The figs werégdato eliminate any that had defects,
and those with a uniform color and a weight of appnately 80 grams each were chosen.

The experiments were repeated twice in OctobeMNsmember 2010.
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5.2.2. Storage condition

The figs were kept in storage environments 8€7and RH at approximately 94% where
the nanomist humidifier (Test model, Mayekawa €Ctd, Tokyo, Japan) and the ultrasonic
humidifier (FT-30N-14, UCAN Co., Ltd, Japan) wersed to raise humidity. Forty figs

were used for each storage condition. The fruitsewgaced on cardboard and were
directly exposed to the mists in order to invesagae effect of particle size on the quality
of produce. A sample of 25 figs was used for agsgslor, decay incidence and visual
overall quality throughout the experiment. The remar of samples was used for
measuring flesh firmness, total soluble solids #trdtable acidity. Determinations were

made on day 0, 4 and 8.

The temperature and RH inside the chambers wemrded at 5-minute intervals in the
containers using a humidity and temperature tramsn{model HMT337, Vaisala, Helsinki,
Finland). This device can measure the accuraclyeatemperature to + 0°Z and the RH

to +1.7 % at a range of 90 % to 100%.

5.2.3. Methods for parameter assessment

Firmness

Flesh firmness determination was measured at thatedgal region of the fruit using a
rheometer (RE-3305 Rheoner, Yamaden, Tokyo, Japdh)a 7.9 mm cylindrical probe.
The fruit was cut in half. Inmediately after rembwéthe skin, each half was placed on a
stationary plate and was punctured to a depth ah&0 The probe descended toward the

sample at crosshead speed of 1 mm/s and the maxiralua of force was expressed in
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Newton (N). The mean of the two measurements wasidered as one replicate. Six fruit

per treatment and date were evaluated.

Decay incidence

The fruits with visible mold development were e)xgsed as percentage of fruit showing
decay symptoms and decay severity was assessedliagcto a 1-5 scale, where 1 = no
visible mould, 2 = one lesion less than 1 cm imditer, 3 = one lesion between a diameter
of 1-2 cm, 4 = one lesion larger than 2 cm but ganéhan 3 cm or two lesion each larger
than 1 but smaller than 2 cm, and 5 = one lesiggetahan 3 cm or more than three lesions.

Results were expressed as decay incidence index.

Overall quality

All fruit were evaluated for overall quality on ablscale as described by Colelli et al.
(1991) with minor modifications, where 1 = unacedyhe, 2 = fair (limit of usability), 3 =
acceptable (limit of marketability), 4 = good, ahd excellent. Results were expressed as

an overall quality index.

Color

The color of fig fruit was measured using a chroreen (Minolta CR 200, Japan). The
measurements were expressed as lightriésdafkness to lightness, on a scale of 0-100),
chroma C, indicating intensity or saturation of the colaahd hue Kl, angle that indicates
the pure spectrum color). Measurements were tai@n two spots located on opposite
sides of the equatorial region of each fruit anel derage of the values for each fruit was

calculated.
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Total soluble solids (TSS) and titratable acidity (TA)

The fruit were wrapped in soft gauze No 3 (Haydsimai Co. Ltd., Fukuoka, Japan),
squeezed by hand, and the expressed juice wasarsegasurements of TSS and TA. TSS
was determined at room temperature using a digifedctometer PR-10@1(Atago Co. Ltd.,
Tokyo, Japan) and expressed °8six. Titratable acidity was measured using titati
method. One mL fruit juice was added to 9 mL distil water plus a drop of
phenolphthalein and titrated with 0.1N NaOH. Theuits were expressed as the percentage

of citric acid.

5.2.4. Statistical analysis

The experimental data are presented as the m&khof two independent experiments. An
analysis of variance was performed using the stalssoftware GenStat (Discovery
Version 3, VSN International Ltd., UK). Differencbstween the means of attributes were

compared by a least significant difference (LSDB] & a significant level of 0.05.

5.3 RESULTSAND DISCUSION

5.3.1. Temperature and relative humidity

The average temperature and relative humidity roogit from the nanomist and the
ultrasonic chambers were nearly the same and Beingy 0.5°C and 93.8 + 4%, and 7.1 +

0.5°C and 93.8 + 5.8%, respectively.
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5.3.2. Color and firmness

Fig. 5.1 shows changes in relative values of cpyameters of fig fruit during a period of
storage. In general, there was a reduction in t@leevof color parameters over time.
Significant differences were observed in lightnesgoma and hue angle of fruit stored
under the nanomist and the ultrasonic mist at tite & experiment. Color of fruit stored
under the ultrasonic mist became darker, as reflelsy a decrease Irf value and showed
less intensive (lowe€ value) and more red (smalld) during the storage period. The flesh
firmness is shown in Fig. 5.2. Significant diffecenin firmness of fruit between two
conditions was detected after 8 days of storaggt Btored under ultrasonic mist became

softer than those under nanomist.

5.3.3. Total soluble solids (TSS) and titratable acidity (TA)

Total soluble solids of figs at the harvest timerevaround 16°Brix (Fig.5.3). No
significant difference in TSS between these twattreents was found at day 4, but
significant difference was detected at day 8. Puevistudy demonstrated that after 8 days
of cold storage, weight loss rate of the figs gldrethe nanomist was 6% lower than those
stored in the ultrasonic mist. The difference inglieloss rate between two treatments may

be the reason causing difference in TSS.
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Fig. 5.1 Changesin relative values of the lightness, chroma and hue angle of figs
stored at 7°C and 94% RH under two environments during postharvest storage.

Different letters show significant difference by statistical program at P<0.05
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Fig. 5.2 Firmness of figs stored at 7°C and 94% RH under two environments during
postharvest storage. Different letters show significant difference by statistical

program at P<0.05
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Fig. 5.3 Total soluble solids of figsstored at 7°C and 94% RH under two
environments during postharvest storage. Different letters show significant difference

by statistical program at P<0.05
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The titratable acidity (TA) calculated as citriadacs presented in Fig. 5.4. The initial TA
value was 0.34%. There was a slight increase inattidity throughout storage, but it
increased substantially in the fruit stored undeasonic mist at the end of experiment. No
significant difference was found at day 4, but gigant difference between two conditions
was detected at day 8. An increase in TA was infted by the weight loss which favored
the concentration. Similar results were reportetheastudy on “Craxiou de porcu” figs by

D’Aquino et al. (1998).

5.3.4. Decay incidence and visual quality

The molds usually originated in the ostiole andhsitacks and then started to spread over
the entire fruit. The number of figs showing visilshould development under the nanomist
was 18% and 32% at days 4 and 8, respectively whieas 46% and 66% under the
ultrasonic mist during the same period (Fig 5.3&)th regard to mold severity, decay
index was found to be significant between two treaits at day 8 (Fig. 5.5b). Decay
severity of the fruit stored under the ultrasonistnoccurred more severely than those
stored under the nanomist. The reason could bédeta the mist size. Due to very fine
particle size, when the nanomists are present ensthface of the fruit, fine mists are
believed to rapidly evaporate and therefore dowwdtthe fruit surface, thereby preventing
microorganism development. On the other hand, laitiper mists and their higher number,
the ultrasonic mists are assumed to directly dnoghe fruit and do not easily evaporate
and thus bring about wetness on the fruit surfabe. wetness in the ostiole may induce
germination of pathogen spore (Karabwdual., 2009). The findings of present study are in

agreement with that of Afek et al. (2000) who irigegted that small droplet size can
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generate 96% RH without depositing free water @ngloduce surface while with larger
droplets once the RH increases to 94%, free wadetssto accumulate on the produce,

making them susceptible to diseases.

From a marketing perspective, visual appearaneecistical feature of fig quality. As can

be seen in Fig. 5.6, figs stored under the nanoshigived a better overall appearance than
those kept in the ultrasonic mist for the entireation of experiment. The major causes
resulting in reduction of visual quality of the ifruvere water loss and the onset of fungal

decay.

5.4. CONCLUSIONS

In this study, the aim was to compare the effe€tsamomists and ultrasonic mists on the
postharvest quality of fig fruit preserved undegthrelative humidity condition. The results
of present work show that in comparison with ultrds mists, preserving fresh fig fruit
under a nanomist environment reduced fruit sofggnamd decay incidence, thereby
improving overall visual quality. In addition, tip@stharvest quality attributes such as color,
total soluble solids and titratable acidity werettdére maintained by nanomists during
postharvest storage. From these results, it isides® conclude that nanomist humidifier
is a useful tool to generate mists for raising hdityiduring cold storage or transport of

fresh fruit.
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by statistical program at P<0.05
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CHAPTER 6

Summary and conclusions

The studies presented in this thesis were perfotimedplore the particle size distribution
of mists produced by nanomist and ultrasonic huleidi operating at high relative
humidity storage environment and investigate tHecé$ of nanomist on the strength of
corrugated cardboard boxes and on the preservatipostharvest quality of fresh produce
stored under high relative humidity condition. Teemmary and conclusion for each

chapter are addressed below.

In chapter 2, the investigation of characteristitsists formed by nanomist and ultrasonic
humidifiers in storage environments with high huityidvas made. The results showed that
the number mode diameter of nanomist humidifie6@tHz was 65.5 nm, about 3 times
finer than that produced by the ultrasonic mistrédwer, particle number concentration of the
nanomist was 4 times lower than that of the ulmasmist. It was also shown that the mist
number concentration was very much dependent oergiem frequency and the relative
humidity. From these results, it can be concludied hanomist evaporates more easily than
ultrasonic mist. In addition, the Nukiyama-Tanasagaation estimated the size distribution

better than the Rosin-Rammler equation.

In chapter 3, the effects of particle size on tleesture content and compression strength of
corrugated cardboard under high relative humidatiydition were examined. The results of
present research show that relative humidity aéféécinoisture content of corrugated
cardboard. The moisture content of both specimehcandboard box tests exposed to the

nanomist and ultrasonic-mist at the end of expanisievas 19.9% d.b. and 30.4% d.b.,
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respectively (dry basis: g-water in material/ g-avgight) One of the more significant

findings from this chapter is that the ultrasonistnaised a moisture content of corrugated
cardboard as compared with nanomist at the samé&hiynturthermore, there was a good
correlation between moisture content and compresgiength of corrugated cardboard and
the cardboard was weakened with the increase imthisture content. From these results,
it can be concluded that nanomist is able to pwestre strength of corrugated cardboard

during long cold storage of fresh fruit and vegtab

In chapter 4, the purpose of the research was \testigate the effects of nano- and
ultrasonic-mists on the postharvest attributesre$tf fruit preserved under high relative
humidity condition. The postharvest quality of #réypes of horticultural produce,
eggplant fruit Solanum melongena), mizuna Brassica rapa) and fig fruit Eicus carica),
was investigated under storage environments ofkiwds of fine mists producing relative
humidity as high as 95% at 5°6 and 7°C for 10, 6 and 8 days, respectivdiie results of
present research showed that storing fresh frudt \&getables in the nanomist chamber
reduced the weight loss rates (3.6%, 3.2% and 5f@6mizuna, eggplant and fig,
respectively) compared with those stored under ulasonic mists. Furthermore, the
eggplant fruit stored in the nanomist chamber hddwaer index of chilling injury than
those stored in the ultrasonic. The stomatal poféke samples exposed to the hanomists
closed by 34.7um? and 51.5um?® for mizuna and fig, respectively, compared witeith
initial openings, while in the ultrasonic mistseyhclosed by 15.¢m? and 25.5um?,
respectively. This induces the difference in tramdion of fruit stored in nanomist and
ultrasonic mist. The colour of mizuna leaves starethe nanomist was greener than those

placed in the ultrasonic mist during the posthanssrage. From these results, it is
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possible to conclude that nanomists are usefupfeserving postharvest quality of fresh

fruit and vegetables during storage and distrilsutio

In chapter 5, the aim of this work was to comp#&e effects of nanomists and ultrasonic
mists on the postharvest quality of fig fruit pressl under high relative humidity
condition. The two experiments were performed ¢wesfig at 7°C and 94% RH for 8 days.
The results of present work show that in comparisith ultrasonic mists, preserving fresh
fig fruit under a nanomist environment significgnteduced fruit softening and decay
incidence, thereby maintaining overall visual giyalin addition, the postharvest quality
attributes such as color, total soluble solids tindtable acidity were better preserved by
nanomists during cold storage. Based on the oldarmesults, it is likely to state that
nanomist humidifier is a useful tool that can beduto preserve the quality of fresh fruit

during postharvest storage.
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