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Abstract:

his study investigated the effect of various sizes of citrus on their resistance (R) to gas diffusion. The purpose of
the investigation was to compare the value of R in 3 different sizes of citrus. To measure the R to gas diffusion
in citrus, the study applied ethane efflux rnethod. This is the method which the evolution phenomenon of ethane
was measured by applying Fick's Law The results showed that R of ethane (C2H6) gas was dependent on citrus
size. It can be seen that the larger the size of the fruit, the greater the R value, i.e. M size had R:4.33x105s.m-1,
L size had R:4.99 x105s.m-1 and3L size had R:6.84 xlO5s,m-1.This finding indicated that the fruit sizes can
be considered as an important factor in designing storage control atmosphere (CA) condition for citrus.
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Abstract

This study investigated the effect of various sizes of citrus on their resistance (rR) to gas diffirsion. The purpose of the
investigation was to compare the value of .R in I different sizes of citms To measure the -R to gas diffusiol il cihus, the study
apptied ethane eftLux method. This is the method which the evolution phenomenon of ethane was measured by applying Fick,s
Law. The results showed that .R of ethane (C2H6) gas was,dependent on citrus size- It can be seen that the larger tire size of the
fruit,thegreatertheRvalue, i.e.Msizehad.,lt:4.33x10ss.rn-r,Lsizebad R: .gg xl0-ss.rrrrand3LsizehadR:6.g4xl0ss.m-l.This filding indicated t]rat the lruit sizes can be considered as an impor-tant factor in designirrg storage control arrnosphere (CA)
condition tbr citrus.
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1: lntroduction

Citrus is the most widely produced fruit. It ha^s many varieties ancl it grows in more than 80 counffiesl.
Considering the therapeutic value of these fruits and human health awareness, citrus gets world's interest. Hence, the
consumption degree of this fiuit tends to increase. Citrus fluit production concer-ns for the sustainability challenges
in the past, including pesticide use, post-harvest quality, and change of consumer preferences2. In th-is study, 

-we

focus on the post-harvest aspect.
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Nomenclature

ds /dt amount of gas movement (10 6m3,s r)

A surface area of fruit (m2)
Ci,uCou, gas concentration in and outside product 110-6m3.m-3)
t time (s)
R resistance (s.nir)
l'io intercellular space volurne (m3)
k negative slope of a plot of In ( I - C.,l/C) versus r (s-r)
C concentration of ethanein the close box after equilibrium (10{m3.nf3)
Vt total volume of fluit 1m )
m fruit mass (g)
O porosity (%)
Vt,Vz rate of gases diffusion (-.r-')
1Mt molecular weights of gases (g.mol r)

Rt, R: resiStance of gases (r.-')
o tpparent density of fruit (g.--t)
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One beneficial effect of controlled atmosphere (CA) storage is to extend the postharvest life of fruit and
vegetables. The precise temperature and level of 02 and COl are required to maximize storage life and to nrinimize
storage defects- The empirical study on many Iiuits showed that oxygen can be lowered in CA storage rauging from
1o/, to 5Y, without subsequent defects 3.

The concentration limits for 02 reduction aud CO2 enlichment in CA storage depends on the number of factors
which include the respiration rate and the "tolerance" of the tissue toward lowered 02 or increased CO2 Meanwhile,
one physical factor governing "tolerance" often left behind is the resistance (rQ) to gas diffusiona.

The knowledge of R in gas transport properties is essential for calculating lhe intenral concentration of 02 and
COz in the fiuit when the infbrmation of storage gas concerltratjons ar'e available-t. Therefore, the understalding of
resistanoe (R) in the CA storage is needed to predict permissible minirnum gas levels in CA storage. It rvill also
provide invaluable information of the physiological defect that may develop during CA storage time. In Japan, one
citrus species sometimes has different sizes when ready to be consumed. Then it is necessary to preserve their long
life based on their sizes with such postharvest technology, like CA storage. Frorn the above explanation, it can be
concluded that R in different sizes is an important factor to be investigated. Horvever, information about the effect of
Iiuit size on ,R is unavailable. Thus, the curcnt research was initiated to study the effect of citrus size in three
different sizes of citrus ou R to gas diffusion.

2. Material and methods

2.L Materials

Iyokan (Citrus iyo Hort. ex Tanaka) species in tluee different sizes (M, I-, 3L) were used in this resear-ch. They
were harvested, on 2'7 January 2014 and, stored in refrigerator for 9 week at 50 C during R measurement.

2.2. Methods oJ'measuing resistance of ethane (Cflr)

The resistance to gas diffusion irr citrus was determined by ethane efflux methodT. Based on this method, single
fruit war flrstlyplaced in a jarpurged with constant flow of air containing 1,800-2,000 pp- ethane. Thc duration
required to reach the equilibrium was 5 hour (Fig. I, step A). Next, rhe single fiuit wus iransfened quickly in to
another box (Fig. 1, step B). At the time of sealing, an AC fan attached to the box was fumed on to ensure raprd
mixi'ug. Evolved ethane coucentration from the fl-uit was measured by gas cfuomatograph at coustant time interval.
Fot'picking the precise ethane, 0.5 ml gas satnples were withfuawn at regular intervaL through a septum attached to



Flow meter
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the box' After getting enough samples, the AC fan was tumed off The next 24 hour was used to let the whole system
to come to equilibriurn. The concentration of ethane in the jar was then re-measured using gas chromatography.

(A)

Closed box

+ Oif
l.

ti,:
Silicon sephrm i

(B)

Fig.l Schematic diagram of the experimental apparztus

Next, equation (l) was applied in the evolution phenomenon of ethane by applying Fick's Law

dt-(n, n,\A
di -\';,' -r.,r lfi

R can be measured by the result of first order differential equation for C"uf derived from equation ( 1). Then, R can
be measured by using equation (2)

R=A
(V,,)(k)

surfacc arca (A) was calculated from the citrus surf-aoe, assuming the citrus to be a perfect sphere. Intercellular space
volume (V;,) can be calculated using equation (3)

Dt t 1.o64i

where the total volume (Z) of fruit was determined by a technique based on Archimedes' principle. Buoyancy was
measured using an electric balance accurate to 0.1 g when a sample was submerged in water. Fruit mass (rrf was

(l)

(,2)

(3)
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measured using an electric balance accurate to 0.1 g. The accuracy of equation (3) has been investigated before
using it for estimating tr/,, of citr-us fiuit. The coefficient o[determination (R]) was found to be 0.999.

The measurements of R based on liuit sizes were peformed at 50C lbr each size: M. L, and 3L respectively. All
experiments were done in three replications.

2.3. Methods of measuring dpparent densiry\ an.d porosifl,

The apparent density ofwhole fiuit (&) is the ratio of fiuit mass (rr) and total volume (I!) of whole fruit. porosity
(O) indicates volume fracl.ion of void space or air in a material and is defined irr equation (4)

g:(-rc0y, (4)
vt

2. 4. D etetm i n ati o n oJ' Re sist anc e Jb r C O 2 and O 2

After obtaining resiStance values fbr ethane in citrus fiuits, it is important to calculate the .R values for CO, and
02. Using Graham's Law, predictions on the relationship between the rate of diffirsion and R can be made8.
Therefore, measuring the R value for ethane of the citrus and knowing molecular weight of gases permits us to
predict the R value,s for CO2 and 02 respectively by using equation (5)&,

vr_
v2

Since the inverse of rate gases diffusi on (V1,22) is resistance to gases diffirsion (R'R),R values for CO2 and 02
can be calculated by re-arranging equation (5) into equation (6) or (7) respectively.

(5)

(6)

(1)
M

Xu,

2. 5. Statistical analysis

Resistance (R) values were analyzed by one-way analysis of variance (ANOVA) based on sizes while the
significance of differ:ences among means of .rR were determined using Tukey's test. The ievel of signiflcance was ser
as P<0.01- To test a signilicant difference between measured. lt and predicted ( paired t-test was employed at
P<0'01- SPSS software for windows vetsion 16.0 (SPSS Inc., IL, USA) and Microsoft Excel 2010 were *sed to
analyze the data.

3. Results and discussion

3.1. Elfect offruit sizes on the R to gas dffision

Table 1 shows basic properties of Iyokan citrus such as rnass (m), totalvolume (tr',), apparent density (p,) and
porosity @). \n the present study, the fiuits were harvested at the same time, so the difference is Iimitecl to the
natural differences between individual flits. In general, res that ionship
between the size of fruit and porosity. For exampl e, size L whil orosity.
This result is consistent with the report of Bauman and He and apples.
They found that lafge kind of apple such as Boskoop had the Iowest range of porosity. In comparison, other varieties

&=
.Rl

M2

Ml
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such as potato, tomato, and apple have various porosity ranging fioml-2%o, l5-20yo, 25-30oh, respectivelyl'. Oth..
cultivars such as Asian pears (Hosui and Kosui), Nectarine (Sunglo and, Red Gold), apple (Braeburn and Cox Orange
Pippin), and cucumber have various porosity ranging fram 1.7-2.5o/o1',4.0-8.0oA", 14.7-17.4o/o11, artd 3.4yot3
respectively.

Table 1. Basic properties oflyokan citrus in the examined srzes

ffi P,,[toaglm]l Porosity[%]
M 1554
L 212.4
3L 272.2

205.47
261 .23

385,50

0'76 28.9

0,8r 23.6
o7t

Porosity(Z) is useful as an additional factor when estimatilrg sensitivity to low levels of 02 and /or high COz

concentration and detennining tolerable concentrations for CAlo. For exarnple, Bauman and Henzelo categoiaed
porosity of cv. Cox Orange in three different levels of tolerance to CA: low level (<14%), mid-level (14.1-16%), and
high level (> l6%). Thus, the values of porosity in Table 1 can be used to learn nrore the relationship between citrus
porosity and its tolerance to CA. Accordingly, the optimurn gas conoentration around citrus fiuit iu CA can be

created.
The surface area (,4), intercellular space volume ( Z;,,), negative slope of a plot of ln ( I - C,,:/C ) versus I (k) and

resistance value (R) in three different sizes of fruit are shown in Table 2. From the calculation, it can be seen that
size, m, and l',ln Table 1 for- each stze appear to be proportional to [, in Table 2. The difference of l';, in eac)t size
could occur because the V1,, can be a property of the cultivar. It is also a function on the growing season and the
number of the size of cells t''*'6, Diffe.ences in V;,,could give contribution to the differences in internal atmosphere
composition between cultivzu'sI7.

Table2. R value of ethane to gas diflirsiou together with the rralues -4,4,, and k in three
different sizes of citrus

M 163.7
L 200.2
3L 236.9

59.5 6.4
6t'7 6.5

4.-1 J

4.99h
6.84'129.9 2.1

;Yffi";tt:'i:lY:u''ol'u'o*"nt 
letters are significantlv diil'erent as determined bv

The highest R occurs in 3L size followed by L and M size. Moreover, Tukey's test revealed differences in the R
values in different size. This suggests that R value significantly differs from the three fiuit sizes (P < 0.01). S:ze
differences in It could be due to anatomical differences such as differences in size of intercellular spaces near the
fruit surface; size, number, and distlibution of flinctional lenticels on the fiuit sulface and thickness and nature of
wax deposits of the cuticleo-

Interestingly, our findings of the study provide mixed results. Fruit with M and L sizes support prior study by
Rajapakse et al.t2. They have low porosity ancl high resistance values. In contrast, cultivar with 3L size has high
value ofporosity and resistance. It is assurned that this different result is caused by two reasons. First, previous sfudy
employs different cultivars (apple, pear, and nectarine) which diff'er li'om this current study (using one cultivar,
citrus). The diflerence between the cultivars taken as samples may cause diff-erentiation in theil skin characteristics
such as thickness of the cuticle, number of open lenticels, surtace cracks, and wax deposits. They have an e1}-ect on R
12'14. In addition, most studies on gas exchange in fruits and other bulky plant organs indicate that the skin represents
the primary significant barrier to gas exchange between the commodity and the atmosphere surrounding i1 7'la'ta'ts.

Second, prior study uses one size for each oultivar while the present study employs the same cultivar with different
s lzes.

The correlation between R, A,Vi,, and k was investigated statistically. In this case, we proposed bivariate
correlation method by using Pearson coefficient because this coefficient is better to be applied in data having scale
as in Table 2. The results of bivariate corelation between va'iables were prosented in Tabte 3.
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Table 3. Conelation coefficient,4, Z;, and k to R value

4,
Peatson Correlation (r)
Sig. (2-tailed)

0 956.'
0 000

0 965'"
0 000

-0.95',7'-

0.000
r*. Cra'elation is signilicant at the 0.01 level

Table 3 showed that the relationship between R and each variable, A, L';,, arnd k is 0.000 (<0.01). It implies that
there was significant coilelation among the thlee factots with R. Moreover, Pearson's correlation (r) ranging fi.om 1
to -1 irrdicates the relationship between variables as well as direction of the relationship. When r is close L ior -1, it
indicates significant corrBlation between the two vatiables. On the other hand, a correlation coeihcient close to 0
implies little or no lelationship between the two variables. Positive coefficient indicates parallel association (X
increase, Y increase), and negative coefficient intlicates unparallel association (X increase, y decrease).
Coefficient correlation can be interpreted as follows: 0.00-0. 199:very low,0.20-0.399:low, 0.40-0.599:moderate,
0'60-0'799 strong.0.80-1.000:very strong. Referring to the interpretation, it can be concluded that the relationship
between the three var-iables, A, V;n and. k to R is very strong. Wrile I and V;,, have positive associatigl, /r has negative
association.

Showing that size of fruit has sttolrg association with surface area (l), mass (nr), intercellular sl ace volume (Z;,,),
and total volume (V,),we continue to investigate the extent of the relationship of those variables with /rby employ-rng
Linear, Quadlatic, S-curve and Power methods. t is dependent valiable while ,4, m, Vi,, and, Z, are independent
variables' We lbund that linear method is the best-frtted regression between variables based o1 coefficielt
determination (R2), and variable Z,;, showed the closest relationship with k Gr:0.9g). ifr" ,.*f, of this relationship
was presentsd in Pig. 2.

csi
=a

+r c)o>
oa'
o. I.
O-U

o-o>tJ
=r5Og()

0.0008

0.0007

0.0006

0.0005

0.0004

0.0003

0.0002 l

0.0001

0'
0.00 50.00 100.00

Intercelullar space volume ((,)

Fig 2. The r.elationship between Vi,, and. k

from Fig. 2, the eq*atiorr 5 -5.43400x+0.000972 can be re-alrangecl into equarion (g)

le= - 5.43 400Vi,,+0 -00097 2

150.00

(8)

therefore, /r catr be predicted by using eqr.ration (8). To calculate one value of /c, we need,24 hours to reach
equilibrirrn coildition including absorption time (approximately 5 hours) and sample injection with cluomatography
gas. It implies that calsulation of the value is costry and time cons,nung.

To he equati values of /r
actual The total re used to va
values and 0.00 the tindings

5.43400x + 0.000972
R'?: 0.98
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0.00037. Then, pailed t-test was used to determine whether there is a significant difference between the two
measurements, prediction, and experiment. The resull is 0.423 (P<0.01). It implies thar statistically, there is no
signiflcant di{I-erence of k value either calculated using equation (8) or calculated using experiment. Therelbre,
equation (8) is appropriate to predict /r based on variable Vi,,. However, it is suggested that the equation (8) is only
valid to predict k within 5'C for Iyokan species.

3.2. Resistanc:efor CO2 and 01

To predict R values for CO2 and 02 we need to know their molecular weight- Therl Graham Law can be used to
obtain the R values for CO2 and O28 In this term, we assumed that R C2IIa was similar to R C2II.. This issue has been
proven by Cameron and Yangi. They found that there was a good agreement between R CzIIr and R C2t! which
indeed very similar. The results of R values for CO2 and 02 in thtee difl'erent sizes of citrus ,vl'ere presented in Table
4.

Table 4. R values ofC2H6 to gas diflirsion togerher'with the prediction -R values
of O2 and CO2 in three ditltrart sizes of citrus liuit

Exanrined ofR in tlree sizes
Gases [x105 s.rn-l]

ML3I,
c.F{r 4.11"

i97

o: 4.47"
COz 5.24b

4.99',
5.r 5'
6.04r',

6.84',
'7 06'
8.28b

#":",H,::'i j"#:\*$["Tl;1"m;aresignilicantrvdiffereutas

Table 4 clearly demonstrates that there was significant difference in R values between C2H6,O2 and CO2 at M, L,
3L sizes. In addition, comparison of the mean R C2H6, 02 and CO2 indicated that R CO2 and 02 were higher than R
C1H5 This result was consistent with previous study's furding by Dadzie6 having R of eight apple varieties. The
frnding is that all apple varieties had higher X CO? than R C2FIa. The difference could be due to differences in their
moleculat weight (30.02, 31.99 and 44.00 for C2H6, 02 and CO2 respectively) which u,ould affect their relative
diffusity6. It is apparent that both 02 and CO2would be expected to have higherR values than C2H6since they move
slower in the gas phase. On the other hand, this issue was not consistent with those repofied by Ben-Yehoshua et
a1.1 

8 and Cameton and Yanga. They concluded that the mean ^R CO2 and O2 of citrus almost similar to R C2H6 They
suggested lhat CO1 02, and C2Ha move primarily through the holes of the fruits skin (stomates, lenticels) rather than
thorough the cuticle. In other words, the mass transportation of hxed gases occurs in similar mechanism. Ow R
values are in line with the previolrs findings reported by Ben-Yehoshua et a1.18. They found that the R CO2, 02. and
CIIIa of citrus were 5.7x105 s.rn', 6.Oxl0s s.rr.t, 6.9xl0s s.rnl respectively. Hagenmaier and Bakerle also reported
that the R of COz in citrus fruit was 6.5x10s sm-r.

The diflerence of R in the various sizes of citrus rvas related to the internal composition of 02, CO2, and C2Ha6.
The study by Dadzie6 rndicatecl that high R affects gas movornent across the fruit skin and results in lower internal
02 and higher CO2 and-ior C2IIa for a given respiration rate and external atmosphere composition. It is expected that
the result of R differences betweerr citrus sizes would respond differently to CA treatment. These findings are
supported by other researchers including Cameron and Reida, Knee2o, Rajapakse et a1.12 and,Dadzie'

4. Conclusion

Overall, this study gave proof quantitatively of the research. It showed the dependence of Resistance (rt) to gas
diffusion of Iyokan cilrus to citrus size. It is the R depending on size of the citrus. Size differences of JR to gas
diffusion are likely to be important factor for determinilrg sensitivity to CA limits. Knowledge of jR rnight be used in
collaborating with other physiological data to predict optimum CA storage conditions for citrus.
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