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ABSTRACT 

In the first part, the respiration rate of fresh cauliJEower was measured in sealed 
containers at different temperatures. An enzymatic reaction was then used to 
model the respiration activity as a function of gas concentrations and 
temperature. An Arrhenius relationship was used in the model to account for 
the effects of temperature. Predictions derived from the model were in good 
agreement with the experimental data. 

In the second part, the ability of air-diffusion channels to maintain the 
desired modified atmosphere (MA) compositions (Oz: 2.5-3.5%; COz: 0%) in 
storage chambers was assessed. Fresh cauliflowers were stored at 2.5”C for 21 
days in laboratory chambers equipped with channels (D = 2e -3 m) of 0, 0.3, 
04 and I m in length, and for 33 days in chambers equipped with 0, 0.05, 0.15 
and 0.25 m diffusion channels. The results have indicated that diffusion 
channels can be used to maintain MA conditions and that they could 
accommodate for some fluctuations in the air temperature. Copyright 0 1996 
Elsevier Science Limited. 

NOTATION 

A Surface area [m”] 
Ar Argon 
C Concentration [mg/l] 
CO? Carbon dioxide 

C, Specific heat [J/g “C] 
D Diameter [m] 

*Present Address: Planta Pilot0 de Ingenieria Quihica, 12 de octubre 1842, 8000 Bahia 
Blanca, Argentina. 
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Diffusivity of oxygen in nitrogen [m2/s] 
Grashof number [ -1 
Heat transfer coefficient [W/cm2 “C] 
Air thermal conductivity [2/cm°C] 
Kinetic constants (i = 1, 2, 3), eqn (5) 
Regression constants (i = 1, 2, 3) eqn (6) 
Diffusion channel length [m] 
Mass of the product [kg] 
Nitrogen 
Nusselt number [ -1 

Oxygen 
Concentration of oxygen [mg/l] 
Prandtl number [ -1 
Rate of respiration [mg/kg h] 
Universal gas constant [J/K mol] 
Temperature [“Cl 
Time [h] 
Free chamber volume [m’] 
Volume gas fraction % 

Heat of respiration [J/mg CO21 
Activation energy of the reaction (i = 1, 2, 3) eqn (6) [J/mol] 

Subscripts 
air Bulk air 
ch Storage chamber 
co2 Carbon dioxide 
cr Cold room 

g Gas 

$2 

Initial 

Oxygen 

INTRODUCTION 

The objective of storage is to extend the shelf life of fresh products by preserving 
them in their most usable form for consumers and processing industries. Low 
temperature with high relative humidity and controlled/modified atmosphere (CA/ 
MA) is a common method used to maintain the quality of fresh produce. In this 
method, the concentration of oxygen (0,) is generally reduced and the 
concentration of carbon dioxide (CO,) increased. CA/MA storage has become a 
common practice when dealing with fruits but it is not widely utilized for vegetables. 
One reason for this is the great diversity of plant materials (leaf, stem, sprout, seed, 
root, etc.) classified as vegetables (Gariepy et al., 1984a). Furthermore, the 
metabolic activity of these different vegetable organs are more likely to react 
differently under the same CA/MA condition. The primary benefit that one can 
expect from the CA/MA storage system is that the produce will maintain its 
freshness and quality for a longer period than it would if stored under a regular 
atmosphere (RA). 
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There are many ways to provide the desired gas composition in the storage 
environment (Smock, 1979). They can be classified into three major groups (Gariepy 
et al., 1984b): (1) O2 control systems; (2) CO, control systems and (3) membrane 
systems in which the gases are allowed to diffuse at different rates according to their 
chemical and physical properties. One method that can be classified as an 0, 
control system is the air-diffusion channel technique. Earlier work by Baugerod et 
al. (1980) has indicated that this system is suitable to maintain O2 levels over a 
longer period of time and it is relatively insensitive to changes in barometric 
pressure and to fluctuations in the storage room temperature. Emond et al. (1989) 
studied the use of perforations (i.e. diffusion channels with length ~0) to maintain 
the level of oxygen in the storage room and developed a model to predict the gas 
exchange through these perforations. 

Proper design of the diffusion channels requires knowledge of the product 
respiration under the desired MA composition and storage temperature. 
Respiration data of cauliflower as a function of 02, COz. and temperature could not 
be found in the literature and should therefore be measured and modelled. 

The objectives of this study were: (1) to measure experimentally the changes in 
respiration activity of fresh cauliflower stored in sealed containers and kept at 
different temperatures; (2) to model the respiration data using an enzymatic 
reaction model and an Arrhenius temperature relationship; and (3) to assess the 
ability of the diffusion channel system to maintain the desired MA composition in 
chambers filled with fresh cauliflowers. 

RESPIRATION RATE MODELLING 

Some theoretical considerations on the modelling of the respiration rate are 
presented in this section. A simple model which takes into account the variations in 
the temperature of the cauliflower during the process can be obtained from the 
following energy balance equation: 

As there is no noticeable air movement inside the chambers, the heat transfer 
coefficient h, can be taken as that for spheres in natural convection. In this case, the 
Nusselt number (Chapman et al., 1989) is: 

h,D 
Nu=- 

k 
= 2+0*43(Gr Pr)“4 

The value for the heat of respiration (heat involved in the respiration reaction) is 
about 255 cal/mg COz produced and the C, of fresh cauliflower is 0.93 Cal/g “C 
(Handerburg et al., 1990). Using eqn (2) and the values given above, an estimation 
of the terms involved in the right-hand side of eqn (1) can be obtained. The second 
term of eqn (1) can be neglected because for most operating conditions its value is 
much smaller than the other term. Therefore, the integration of eqn (1) from t = 0 
to t = t leads to: 
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T = T,-(T,-To) exp 

Respiration is basically an enzymatic reaction which can be represented by 
stoichiometry as: 

C6H1206+602+6C02+6H20+Heat (4) 

The mechanism of enzymatic reactions has been widely studied (e.g. Laidler et al., 
1973). The dependence of the rate of respiration of fresh produce with oxygen can 
be expressed by a Michael-Menten equation and the functionality with the COz 
concentration was suggested previously as an uncompetitive inhibition mechanism 
(Lee et al., 1991). Therefore the equation that represents the rate of respiration can 
be written as: 

hcoz 

’ = [k,+(l +hx&,J 
(5) 

This type of relationship has been successfully tested with isothermal respiration 
data of broccoli, apple, banana, tomato, etc. (Lee et al., 1991). The constants k,, k2 
and k3 are a function of the temperature of reaction. This functionality can be 
expressed with an Arrhenius-type relationship: 

ki = ki, exp (6) 

where the constants kj, and AHri (i = 1, 2, 3) are determined through a non-linear 
regression [Levenberg-Marquardt method, based on Levenberg (1944) and 
Marquardt (1963)] on experimental data. 

MATERIALS AND METHODS 

Experimental chambers 

The chambers were made from a section of PVC pipe, 05 m long and 0.25 m in 
diameter (Fig. 1). The two extremities of each unit were closed with a square lid of 
clean acrylic, 6e-3 m thick, and held in place by six threaded rods. Neoprene 
gaskets were used on both ends to ensure airtightness (Gariepy et al., 1984a). The 
chambers were sealed and no diffusion channels were installed during the 
measurement of respiration activity. 

Materials 

Whole fresh cauliflowers were used for respiration rate and storage experiments. 
The required amount of this commodity was bought in two different batches from a 
local wholesale dealer (imported from USA). Each of both experiments (respiration 
rate or storage) was done with a different batch of cauliflower. Therefore the 
cultivar (unknown) of the samples and their post-harvest treatment could be 
assumed to be uniform for each experiment. 
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THREADED ROD, 
DIA. 6e-3 m 

PVC PIPE, DIA. 0.25 m 

CLEAR ACRYLIC LID, 
6e-3 m THICK 

~---SEPTUM FOR GAS SAMPLING 

,- DIFFUSION CHANNEL 

Fig. 1. Schematic of a storage chamber. 

Measurement of the respiration rate 

The respiration rate of whole cauliflowers was measured as a function of gas 
composition and at different cold room temperatures. The four temperatures 
utilized were 1, 6.5, 12 and 23°C. Each temperature was applied to four replicates. 
Each cauliflower was cleaned, weighed and placed in the experimental chambers. 
The chambers were then closed and the experiment started. 

The temperature of the cauliflowers as well as the ambient temperature of the 
cold room were recorded with T-type thermocouples. The gas composition was 
monitored with a Hewlett-Packard 5890A gas chromatograph equipped with a 
thermal conductivity detector. The set-up used did not allow for the separation of 
Argon (Ar) from Oz. In this paper, the Ar+O, gas mixture is referred as 0, 
measured levels. The concentration of Ar in the sealed chambers did not change 
during the experiment and calculation of the respiration rate was based on the 
changes in 0, concentration. 

Storage under MA 

For the storage experiment, diffusion channels made of copper tubing, 2 mm in 
diameter and of various lengths, were installed on the lid of the chambers in order 
to control the oxygen exchange rate between the inside and the outside. The 
experiments of storage were carried out in a cold room set at 2.5”C. The length of 
the diffusion channels were 0, 0.05, 0.15, O-25, 0.3, 0.6 and 1 m, (Fig. 1) and 
completely sealed chambers were used as control. Each treatment was replicated 
thrice. Bags containing 100 g of hydrated lime were placed in the chambers to 
prevent any accumulation of CO,. At the start of the experiment, the chambers 
were flushed with pure nitrogen (NJ until the desired initial O2 compositions of 
2.5-3.5% by volume were reached. The measurements of temperature and gas 
composition were made as described earlier in the respiration rate experiments. 
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The duration of the experiments was set arbitrarily to 21 days for the chambers 
equipped with channels of 0, O-3, 0.6 and 1 m in length and to 33 days in chambers 
equipped with 0, 0.05, 0.15 and 0.25 m diffusion channels. At the end of each 
experiment, the quality of the cauliflower was visually assessed and compared. The 
criteria used to evaluate the end quality of the cauliflower included mass loss, colour 
and the presence of leaf abscission and mould. 

RESULTS AND DISCUSSION 

Respiration rate 

The progression of the cauliflower respiration rate (in [mg CO* produced kg-‘h-‘1) 
as a function of the available O2 is presented in Fig. 2. The shape of the curves was 
characteristic of enzymatic reactions. At high O2 concentration, the velocity of the 
reaction was maximum and remained fairly constant over a wide range of 
concentrations. This rate decreased to zero at low O2 concentration. 

Over the temperature range studied, the influence of temperature on the rate of 
respiration was as expected. Increases in temperature resulted in increases in the 
cauliflower respiration rates. The temperature at which the heterogeneous reaction 
occurs is that of the cauliflower. So the temperature at which the major part of the 
reaction occurred differed in most cases from that of the cold room. To account for 
the differences between the initial temperature of the cauliflower and that of the 
cold room, it was necessary to solve the non-linear regression (eqns (5) and (6)) 
together with the equation for the variation in cauliflower temperature (eqn (3)). 

0 40 00 120 160 200 240 280 

W b-W 
Fig. 2. Observed and predicted respiration rate of fresh cauliflower at different cold room 

temperatures (1, 65, 12 and 23”(Z), as a function of available Oz. 
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TABLE 1 
Regression Constants of the Respiration Rate Model (eqns (5) and (6)) 

Parameters W, 7.) AH,,IR ln(k,, ) AH,,IR In &.i , ) Al-l,,tR 

Initial guess 
Final results 

42.86 1.125e4 4.023 4.509e2 1 .oo 1 .oo 
45.08 1.189e4 2.578e 1 6.703e3 - 1.807e2 - 2,,244e4 

Table 1 presents the final values of the non-linear regression constants (eqns (5) 
and (6)) derived from the experimental data. The initial guess values of the 
constants are also provided in Table 1 since the stability of the non-linear regression 
solution is strongly dependent on the initial set of values of the unknown 
coefficients. The non-linear regression was solved in 11 iterations with a tolerance 
criterion of 0.0001. The results of the model fitted the experimental data with an 
average standard error of 6%. A f-test was performed to assess the goodness of the 
non-linear regression fitting. This test indicated that the means of the samples were 
not significantly different at the 0.05 level. 

As shown in Fig. 2, the predictions of the mode1 are in good agreement with the 
experimental data. The effect of COZ on the respiration mode1 was represented by 
the parameters ln(k3, ) and AH,JR (Table 1). Once these values were substituted 
into eqn (6), they yielded a k3 value closer to zero. This indicated that the effect of 
CO, on the respiration model was minimal and can therefore be neglected. 

Storage under MA 

After 3 days of storage, the temperature of the cauliflower reached 2.6”C and this 
value was maintained for the duration of the experiment. The progression of the 
cauliflower temperature and the cold room temperature are presented in Fig. 3. 
Figure 4 shows the experimental results of MA stored cauliflowers in chambers 
equipped with diffusion channels of 0, 0.3, 0.6 and 1 m length as well as in a closed 
chamber. The diffusion channels were able to maintain the 0, concentration at the 
desired level for a period of about 16 days. There was no marked difference 
between results among the diffusion channels with length ranging from 0.3 to 1 m. 

The effect of smaller lengths (0.05, 0.15 and 0.25 m) was studied in a second part 
of the storage experiments. Figure 5 shows these results. In this range of tube 
lengths there were noticeable differences between the final concentrations. This 
indicated that the length of the diffusion channel controlled the amount of O1 
diffusing into the chambers. Results for 0.25 m length (Fig. 5) were similar to those 
obtained in the previous experiments (Fig. 4). It can be concluded that tube lengths 
in excess of 0.25 m (and with the cross-sectional area used in these experiments) 
yielded no appreciable difference between the final concentrations in the chambers. 
As can be seen, the concentration of 0, shows a sudden decrease at near 200 h 
from the start time of the experiment. This was due to a failure in the refrigeration 
system for a period of nearly 24 h that caused an increase in the temperature of the 
cauliflowers. Nevertheless, after the cold room temperature was re-established, the 
system reached approximately the desired final concentration of 0,. The diffusion 
channels showed enough stability to control the concentration of O2 within 
acceptable levels (see Fig. 5). 
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Fig. 3. Variation in the temperature of the cauliflower during the storage. 

0 50 100 150 200 250 300 350 400 

time (hours) 
Fig. 4. [02] evolution inside the chambers during 21 days of storage. 
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0 100 200 300 400 500 600 700 800 

time (hours) 
Fig. 5. [0,] evolution inside the chambers during 33 days of storage. 

The variation of O2 concentration with time within the storage chamber can be 
approximated by: 

cDVW”,) dco, N 

dt - LVf 
(7) 

The temperature dependence of parameters Dco2_N,), kI and k, will determine the 
variation of 0, concentration with time when a temperature step fluctuation is 
applied to the system. Table 2 shows the temperature variation of kl, k2 (calculated 
from eqn (6) and the constants given in Table 1) and of diffusivity of oxygen in air. 
As can be seen from the table, if the temperature increases from 2-5 to 23°C O2 
diffusion through the channel does not increase as fast as product respiration rate. 
Nevertheless, when the refrigeration is recovered, diffusion through the channel 
does not decrease as fast as product respiration. Therefore, depending on the 
product (which determines the funcionality of kl and k, with temperature) and the 
duration of the temperature fluctuation, a safe process may be obtained or not. 

TABLE 2 
Temperature Variation of Parameters k,, k2 and DC0,-N2) 

T (“K) T (“C) k, 

275.66 2.5 6.835 4.262 0.181 
296.16 23 139.33 23.265 0.206 
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The quality evaluation performed indicated that after 33 days of MA storage at 
25”C, the best results were encountered in chambers with a diffusion channel length 
of O-25 m. Cauliflowers stored under this condition had field fresh appearance, good 
colour, minimal amount of mould and excellent marketability. These conclusions 
arised after visual assessment of the product. Large differences in the number of 
leaf abscisions and in the amount of mould were observed in the chambers equipped 
with other lengths of diffusion channels. 

CONCLUSIONS 

The rate of respiration of fresh cauliflower was successfully modelled using an 
enzymatic reaction model which took into account the effect of gas levels and 
temperature through an Arrhenius functionality. The predictions obtained from this 
model were in good agreement with the experimental data. 

The diffusion channels used in the storage experiments were able to maintain the 
desired concentration of O2 during the storage with enough flexibility to account for 
fluctuations in storage temperature. The analysis of the effect of the length of the 
diffusion channels upon the final concentration of O2 in the chamber showed that 
there are no appreciable differences in 0 2 concentrations when the lengths 
exceeded O-25 m. After 33 days of storage, the best product quality was observed in 
the chambers equipped with a 0.25 m diffusion channel length. The 0, 
concentration maintained in these chambers was about 2.5%. 
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