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ABSTRACT 

Extraction of milk fat in several high pressure solvents was compared. 
Solubility of milk fat in supercritical (SC) ethylene and liquid propane was 
compared to previous results in SC COP At the same operating conditions 
(temperature and pressure), solubility of milk fat was higher in SC ethylene than 
in CO,, although levels generally remained below 5% (w/w). This resulted in 
sign$cantly higher solubility in SC ethylene when compared at equivalent 
solvent density. Very little fractionation of milk fat occurred in liquid propane 
over the range of pressures (3.45 to 5.52 MPa) and temperatures (30 to 90C) 
studied. Below 77.5C and 2.76 MPa, liquid propane and milk fat were miscible, 
while a slight fractionation was observed above these conditions. A high 
pressure sight-gage apparatus was used to visually confirm these conditions for 
separation. 

"To whom correspondence should be addressed; Ph: (608)263-1965. FAX (608)262-6872, 
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INTRODUCTION 

One potential technique to increase utilization of milk fat in many food 
applications involves separation of milk fat into various fractions with distinct 
physical and chemical properties. Several fractionation techniques have been 
studied over the past decades, including solvent fractionation (Norris et al. 1971 ; 
Schaap et al. 1975; Antila 1979), melt crystallization (deMan and Finoro 1980; 
Badings et al. 1983; Amer et al. 1985; Deffense 1987; Fouad et al. 1990), 
detergent fractionation (Fjaervol 1970; Jebson 1970, 1974), short path 
distillation (Arul et al. 1988) and supercritical fluid extraction (Arul et al. 1987; 
Rizvi et al. 1989; Harnmarn et al. 1991; Chen et al. 1992; Yoon et al. 1993; 
Bhaskar et al. 1994). 

High pressure solvents have received increasing attention in recent years as 
a potential alternative for lipid separations. The attractions of high pressure 
solvent extraction for many applications include (1) better extraction and 
separation of hard-to-fractionate systems, (2) pollution-free operation, (3) high 
purity end-products, (4) low temperature operation, (5) utilization of an inert 
solvent, and (6) possibility of tailored separations based on control of tempera- 
ture and pressure. Among possibilities for high pressure solvents, supercritical 
(SC) CO, has received the most attention due to its nontoxicity , nonflammability 
and low to moderate operating conditions. The critical point for CO, is 304.2K 
and 7.38 MPa with a density at the critical point of 0.468 g/cm3 (Rizvi et al. 
1986). 

Another potential high pressure solvent is SC ethylene (Kurnik et al. 1981; 
Najour et al. 1966; Tsekhanskaya et al. 1964) since it is also nontoxic and 
recyclable, and has reasonably low critical point (Tc = 282.4K and PC = 5.03 
MPa). It has been shown to have enhanced solvent power for naphthalene under 

. 

supercritical conditions (McHugh and Krukonis 1986). However, its major 
drawback for use in the food industry is safety, due to its high flammability. In 
addition, there has been no research in the area of extraction of lipids with SC 
ethylene. 

Propane is an odorless gas at standard temperature and pressure, but can be 
readily liquified by compression. It is stable, nonpolar, noncorrosive and 
inexpensive. Compared to CO,, propane has a critical point (Tc = 369.8K and 
PC = 4.24 MPa) at conditions where most lipids are oils of increased volatility, 
and the chemical structure of propane is more similar to oils. With these 
advantages, liquid propane has been advocated for refining fatty oils (Ewing 
1935). 

Liquid propane has been used to fractionate lipid materials, as described by 
the Solexol process (Passino 1949), which has been used for extraction of 
animal, vegetable and marine oils. Liquid propane has also been used to process 
lubrication oils (Bray et al. 1934), extract fatty acids and esters (Hixson and 
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Hixson 1941; Drew and Hixson 1944), refine fatty oils (Mattikow 1950), and 
for processing heavy oils (Wilson et al. 1936). Recently, several researchers 
have been studying the solubilities of fatty acids and triglycerides in liquid 
propane (Coorens et al. 1988; Straver et al. 1991; Straver et al. 1993) and have 
demonstrated the possibility of separating lipid components according to their 
chain length and, to some extent, degree of saturation. However, liquid propane 
has never been tested for fractionation of milk fat. If successful, liquid propane 
might provide a more economical method of fractionating milk fat, as compared 
to SC co,. 

The focus of this research was to study the solubility and selectivity of milk 
fat in several high pressure solvents, for comparison with SC CO,. The 
feasibility of extracting and fractionating milk fat in alternative solvents was 
explored in this way. 

MATERIALS AND METHODS 

Column Extractor 

A packed bed, column extractor, similar to that used by Yoon et al. (1993), 
was used for both SC ethylene and liquid propane extraction. A general 
schematic of the extraction apparatus is shown in Figure 1. A 500 ml surge tank 
was used to dampen out pressure fluctuations as high pressure solvent was 
pumped into a 500 ml extraction vessel (5 cm ID, 24 cm height). Two heated, 
micrometering valves were connected to the outlet of the extractor to control 
flow rate during extraction. 

High pressure was attained using an air-driven liquid pump (Newport 
Scientific, Jessup, MD) for both liquid propane and SC ethylene. A pressure 
regulator (Dynareg, Circle Seal Controls, Anaheim, CA) was installed between 
surge vessel and extractor to control pressure during extraction. Typically, 
pressure in the extractor was maintained within 10 kPa. Two pressure 
transducers (model Ashcroft K1, Dresser Industries, Stratford, CT) were 
mounted at the inlet and outlet of the extraction column, in addition to a 
pressure gage attached to the surge vessel. The transducers were interfaced with 
a microcomputer (Zenith Data Systems, St. Joseph, MI) and pressure readings 
collected through Labtech Notebook software (Labtech, Willmington, MA). 
During sample collection, the flow rate and total volume of solvent were 
measured by mass flow meter and totalizer (Omega Engineering, Stanford, CT), 
respectively. 

The surge vessel was heated using a constant temperature water bath, 
maintaixied by a precision temperature controller (Bayley Instrument Co., 
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FIG. 1 .  SCHEMATIC OF EXTRACTION APPARATUS. 

Kenwood, CA). A heavy duty, silicone rubber, spark-proof heating tape 
(BarnsteadIThermolyne, Dubuque, IA) was used to maintain temperature (within 
0.1C) in the extraction vessel. A thermocouple (TQSS-14G-b, Omega 
Engineering, Stanford, CT) inserted into the extraction vessel was used to 
monitor and control extractor temperature. The extraction system was mounted 
inside a laboratory hood with all control units placed outside the hood, for safety 
concerns. Solvent concentration in the air was monitored at all times by a 
combustible gas leak detector (Sierra Monitor Corp., Chicago, IL). 

Anhydrous milk fat (AMF) with water content less than 0.5% was obtained 
from Level Valley Dairy, West Bend, WI. Ethylene (99.5%) and propane 
(99.9%), both from Liquid Carbonic, Chicago, IL, were used directly from the 
canisters. All other chemicals used were reagent grade. 

Sight Gage Apparatus 

For visual observation of phase behavior between liquid propane and milk 
fat, a sight gage apparatus was constructed. This system was similar to the 
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previous extraction column system, with a sight gage replacing the extraction 
column. A high pressure sight gage (EWT-15-6, Ernst Gage Co., Livingston, 
NJ) was modified to allow connection of high pressure tubing. A larger surge 
vessel (1200 rnL) was used in place of the 500 rnl tank, to allow a larger 
reservoir of high pressure solvent. Temperature was controlled by immersing the 
surge tank and sight gage in a large water bath, with temperature controlled by 
the precision controller. 

Operation and Sampling 

Column Extraction Experiments. Milk fat was coated evenly on glass 
beads (0.5 mm OD) by mixing liquified milk fat with beads at a weight ratio of 
1 :38. This gave an average milk fat thickness of 0.11 mm. The coated beads 
were then packed into the extractor, with a total loading of between 17-19 g. 
The bottom and top of the extractor were filled with a 2 cm layer of glass wool. 
In order to minimize intermixing of glass beads, and facilitate measurement of 
break-through curves, the beads were packed into five sections, separated by a 
1 rnm layer of glass wool. The reactor was sealed and air purged from the 
system by flushing with solvent for five minutes. After venting, the vessels were 
heated and pressurized to the desired conditions. For SC ethylene, temperatures 
were varied from 40 to 60C and pressure from 15.0 to 25.0 MPa. For liquid 
propane, extractions were conducted at 30 to 90C and 3.45 to 5.52 MPa. All 
experiments were conducted in duplicate. 

The system was held at set temperature and pressure for at least two hours 
to ensure equilibrium between milk fat and solvent. During sampling, saturated 
solvent was exhausted from the top of the extractor and fresh solvent from the 
surge vessel was fed to the bottom. Slow solvent flow rates, between 0.5 to 6 
Llmin (at atmospheric pressure and 25C), were used during sampling to 
maintain equilibrium extraction conditions. Samples were collected under 
continuous flow in a sample collector made of tygon tubing (150 cm long) and 
a plastic sample tube (30 ml) packed with glass wool. This allowed all extracted 
lipid material to be collected after depressurization of solvent. Solvent was 
vented through a heated micrometering valve into the sample tube, and 
remaining solvent was passed through the mass flow meter and totalizer for flow 
rate and total volume, respectively. The material collected in the sample tubes 
was weighed and concentrations calculated based on the weight of solvent for 
each fraction. 

Sight Gage Experiments. About 27 g of milk fat was loaded into the sight 
gage apparatus (volume approximately 100 ml) for visual observation of phase 
behavior between liquid propane and milk fat. The sight gage was sealed, 
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flushed with propane, submerged in the water bath and allowed to equilibrate at 
system temperature. Liquid propane from the reservoir (holding propane 
pressure of 20.0 MPa) was rapidly introduced into the sight gage to induce good 
mixing with the liquid milk fat. The sight gage pressure was set at 6.9 MPa by 
adjustment of the pressure regulator. At this condition, milk fat and liquid 
propane were totally miscible at all temperatures. After 30 min, the sight gage 
was depressurized at a rate of 3-5 kPdmin at constant temperature. The phase 
condition was monitored visually through the window of the gage using a flash 
light and mirror. The pressure was recorded when a phase change was first 
observed. The system was then maintained at that pressure for at least 20 min 
to allow complete phase separation. The temperature was increased in 5C 
increments and the procedure repeated between 30 and 70C. Between 70 and 
90C, temperature increments of 2.5C were used. In one study, the effect of milk 
fat to propane level was evaluated by using half the initial amount of milk fat 
(13.5 g) under the same conditions. 

Milk fat samples from the top liquid (propane rich) phase were taken for 
analysis after a phase separation was observed. A sample collection tube was 
connected to the outlet valve from the top of the sight gage and solvent flow rate 
was kept below 500 mllmin (at 1 atmospheric pressure and 25C). During 
sampling, the pressure in the sight gage was maintained constant by control of 
the pressure regulator. Sampling conditions chosen were between 78 and 85C 
and 3.45 to 5.51 MPa (500-800 psi), since this was the region of two liquid 
phase behavior. 

Sample Analysis 

Thermal Profiles. A Perkin Elmer DSC 7 (Norwalk, CT) differential 
scanning calorimeter with a liquid nitrogen reservoir was used to measure 
melting and cooling curves of milk fat fractions. Indium and mercury were used 
for a two-point calibration, with melting points at -38 and 156C, respectively. 
The sample chamber was continually purged with helium at 0.14 MPa. The 
sample pan, containing 7-1 1 mg of lipid, was placed in the chamber at 25C and 
heated to 60C. After a 5-min hold, the sample was cooled to 30C at 10C/min, 
held for 1 min and warmed to 60C at 10CImin to give cooling and melting 
curves, respectively. 

Triglyceride Analysis. The triglyceride composition (acyl carbon number) 
of all milk fat samples was determined by Gas Chromatography (GC) utilizing 
a modified method of Lund (1988). Samples were prepared by dissolving 6 mg 
of lipid in 1 ml isooctane which contained 0.1 mg trinanoin as an internal 
standard. A Varian 3700 GC (Varian Association, Palo Alto, CA) equipped with 
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a flame ionization detector (FID) and on-column injector was used. The column 
was a 25 m by 0.25 mm, WCOT triacylglycerol analysis phase, stainless steel 
capillary (Chrompack, Raritan, NJ). Carrier gas was pure helium at a flow of 
2 mllmin. Pure hydrogen and air were supplied to the FID at all times. One p1 
of sample was injected and the temperature program for triglyceride separation 
was as follows: 1 min hold at 220C after injection followed by an increase to 
335C at 3CImin. Data was collected and processed by a NEC Powermate SX 
Plus computer (NEC, Boxborough, MA) operating Baseline 8 10 chromatography 
software (Dynamic Solutions, Ventura, CA). Concentrations were calculated as 
standard weight percent. 

Fatty Acid Analysis. Fatty acid composition of milk fat samples was deter- 
mined by GC after conversion to fatty acid butyl ester derivatives according to 
a modified method of Iverson and Sheppard (1968). Samples were injected into 
a Tracor 560 GC (Tracor, Burbank, CA) equipped with a FID and a glass 
column (118 in. ID by 6 ft length) packed with GP 10% SP-2330 on 100/120 
Chromosob WAW (Supelco, Bellefonte, PA). The carrier gas was pure nitrogen 
at 10 mllmin (0.28 MPa). The column oven temperature was programmed as 
follows: hold at 75C for 5 min., increase to 220C at a rate of 8Clmin and hold 
at 220C for 15 min. Injector and detector temperatures were 250 and 225C, 
respectively. Peak areas were integrated by a Spectra Physics (model SP4270) 
integrator and concentration of each ester calculated in weight percent relative 
to the internal standard (nonanoic acid). 

RESULTS AND DISCUSSION 

Extraction Column 

Extraction curves showing amount of oil extracted as a function of 
cumulative amount of solvent passed through the column are shown in Fig. 2 
and 3 for SC ethylene and liquid propane, respectively. The shape of the 
extraction curves is generally the same for both solvents. After an initial lag 
period where very little milk fat was extracted, the rate of extraction (slope) of 
milk fat became linear and then gradually decreased with time as the more 
soluble components were depleted. Such extraction behavior has been previously 
observed (Yoon et al. 1993; Rizvi et al. 1989; Shishikura et al. 1986) for milk 
fat extraction in SC CO,. 

The initial lag period in the extraction curves (Fig. 2 and 3) is explained as 
follows. As liquid propane was filled into the extraction column, a slight 
depressurization occurred as the propane expanded to fill the column. About 
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FIG. 2. EXTRACTION CURVES FOR SUPERCRITICAL ETHYLENE 
EXTRACTION OF MILK FAT 

20 ml expanded propane filled the tubing, after the column, leading to the 
micrometering valve, and did not contact milk fat under experimental conditions. 
This propane was also the first to exit the extraction system, and carried little 
solubilized milk fat, resulting in an initial lag period. 

A solubility value was calculated from the initial linear slope of the 
extraction curves. For SC ethylene, these solubilities were compared to those 
found for SC C02 from Yoon et al. (1993) in Fig. 4 and 5. From Fig. 4, the 
solubility of milk fat in SC ethylene was generally higher than in SC C02 at 
equivalent pressures and temperatures. This trend was more pronounced at 
higher pressures. Note that solubility of milk fat in SC ethylene was higher at 
40C than at 60C at equivalent pressure. Similar behavior was found previously 
for SC CO, (Yoon et al. 1993). When solubilities are compared at equivalent 
density, slightly different behavior was observed (Fig. 5). Despite the lower 
density of SC ethylene as compared to SC CO,, the solubility of milk fat in 
ethylene was significantly higher. Thus, ethylene shows an enhanced solvent 
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FIG. 3. EXTRACTION CURVES FOR LIQUID PROPANE EXTRACTION OF MILK FAT 

power for milk fat triglycerides as compared to C02. Although both solvents are 
nonpolar, ethylene has a more similar chemical structure to triglycerides than 
does CO,. Therefore, the higher solubility of milk fat in ethylene was expected. 

The solubility of milk fat in liquid propane between 3.45 MPa (500 psi) and 
5.51 MPa (800 psi), at 78C, was found to be between 9 to 10% (wlw), with no 
dependence on pressure. In addition, at 5.51 MPa, no effect of solubility on 
temperature between 78 and 85C was found. At temperatures below 78C, milk 
fat removed from the extractor in the propane stream showed no evidence of 
fractionation. Milk fat removed with propane (at temperature less than 78C) had 
identical physical and thermal properties (based on visual observation and DSC 
data) as the original milk fat loaded into the extractor. It was concluded that 
milk fat and liquid propane were completely miscible at these conditions. When 
temperature was raised above 78C, fractionation occurred, and the extraction 
curves shown in Fig. 3 were obtained. 

The solubility of milk fat in liquid propane, above 78C and 3.45 Mpa (500 
psi), was not a function of either temperature or pressure. Within experimental 
error, there was no difference in solubility of milk fat in liquid propane under 
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PRESSURE (MPa) 

FIG. 4. SOLUBILITY OF MILK FAT IN SUPERCRITICAL ETHYLENE 
AND C02 AS A FUNCTION OF TEMPERATURE AND PRESSURE 

Results for C02 from Yoon ct al. (1993) 

these conditions, although the temperature range studied was quite small. The 
amount of milk fat solubilized with liquid propane was considerably higher even 
than for SC ethylene and sigdficantly higher than for SC CO,. In terms of 
molecular structure, lipids are more similar to propane than to either ethylene 
or CO,, resulting in this enhanced solubility. However, along with this enhanced 
solubility goes more limited fractionation. 

DSC cooling curves demonstrate the fractionation capacity of SC ethylene 
and liquid propane. Typical cooling curves for SC ethylene and liquid propane 
are shown in Fig. 6 and 7, respectively. The fractions removed earliest from the 
column (fractions 1-3) contain significantly less of the high-melting components 
of milk fat, as seen by reduction in the crystallization peak at about 14C in the 
original milk fat. Fractions removed later in the process have cooling curves that 
are shifted to higher temperatures, since they are more concentrated in these 
high-melting components. The residual fat remaining in the column after 
extraction is significantly depleted in the lower-melting components, resulting 
in initial crystallization during cooling at about 23C for the ethylene fractions. 
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FIG. 6. DSC SOLIDIFICATION CURVES FOR MILK FAT FRACTIONS OBTAINED BY 
SUPERCRITICAL ETHYLENE EXTRACTION AT 40C AND 1.5 MPA 
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FIG. 7 .  DSC SOLIDIFICATION CURVES FOR MILK FAT FRACTIONS OBTAINED BY 
LIQUID PROPANE EXTRACTION AT 78C AND 5.51 MPA (800 PSI) 

This behavior has been well-documented for fractionation of milk fat in SC CO, 
(Yoon et al. 1993). Comparing Fig. 6 and 7 clearly shows the lack of 
fractionation capability of liquid propane for milk fat, over the range of 
conditions studied. Although the amount of milk fat extracted in liquid propane 
was higher than for SC ethylene, the degree of fractionation was much reduced. 
The differences observed in Fig. 7 do not translate into significant visual 
differences in these fractions, as each of these fractions or residual appeared 
quite similar in physical properties to the original AMF. 

In the range of temperature and pressure studied, fractionation of triglycer- 
ides and fatty acids in SC ethylene and liquid propane followed the expected 
trends, based on the DSC curves. Similar results have been shown previously 
for fractionation of milk fat in SC CO, (Yoon et al. 1993). The first fractions 
removed from the column, which were made up primarily of low melting 
components of milk fat, were enriched in lower acyl carbon number (shorter) 
triglycerides and depleted in the higher acyl carbon number triglycerides. This 
trend was reversed for the later fractions and the residual left in the extractor. 
The acyl carbon number curves crossed for these different fractions at about an 
acyl carbon number of 42, similar to that for extraction in SC CO,. In terms of 
fatty acid composition, the first fractions removed were enriched in 4:O to 14:O 
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fatty acids and depleted in 16:O and 18:O saturated fatty acids. The reverse trend 
was again true for the later fractions and the residual. The unsaturated fatty 
acids (18:l and 18:2) were also primarily retained in the later fractions and 
residual, similar to previous results using SC CO, (Kankare et al. 1989; 
Hammam et al. 1991). SC ethylene also primarily separates fatty acids based on 
molecular size and not based on functionality (saturation). 

Sight Gage Apparatus 

In order to verify the results for liquid propane, a sight gage apparatus was 
used to visually determine phase separation boundaries between milk fat and 
liquid propane. At temperatures below 78C, the only phase boundary observed 
was the onset of propane vapor formation as the pressure was reduced to the 
bubble point. At higher pressures, only a single liquid phase was observed. 
When temperature was above 78C and pressure lowered from 6.9 MPa, a point 
was reached where two liquid phases became evident. At first, the solution 
became cloudy as the two liquids were separating. After about 20 min at 
constant conditions, a phase boundary separating two clear liquids was evident. 
The top portion was enriched in liquid propane while the bottom portion was 
enriched in milk fat. Note that this critical point of about 78C corresponds to 
conditions where fractionation occurred in the column extractor, verifying the 
earlier results. These experiments were repeated several times, and the phase 
boundaries visually determined were within a few percent each time. The effect 
of composition (milk fat to propane ratio) was also investigated. There was no 
apparent effect on these phase boundaries when the milk fat content was reduced 
by one-half. .Thus, the composition did not have an effect on these phase 
boundaries over the range of conditions studied. 

Samples were carefully taken from the top liquid (propane enriched) portion 
of the sight gage for analysis. A solubility measurement was made by weighing 
the amount of milk fat fraction separated with a measured quantity of propane. 
Samples were removed slowly so as not to disturb the phase equilibrium. The 
solubility measured in the sight gage apparatus was nearly twice that measured 
using the column extractor. Solubilities of nearly 20% (wlw) were observed, 
although there was still no dependence on pressure or temperature in this narrow 
range. The reason for this difference between measuring techniques was most 
likely due to mixing problems in the liquid column extractor for liquid propane 
conditions and subsequent carryover of liquid milk fat into the propane. At 
78-85C, the milk fat was no longer stable on the glass beads and flowed to the 
bottom of the extractor. As liquid propane was passed upwards through the 
column, there was only a small layer of milk fat for contact at the bottom of the 
extractor and equilibrium conditions were not attained. This was verified both 
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visually after completion of an extraction and by DSC curves of samples taken 
from several points in the column. Thus, we feel that the true solubility of milk 
fat in liquid propane is indeed the higher value, with upwards of 20% milk fat 
solubilized at these temperatures and pressures. Again, below this critical point 
(78C), no liquid phase separation was observed at any pressure. Note that 
mixing problems in column extraction of milk fat using SC ethylene were not 
observed due to lower temperature conditions used and better separation between 
liquid milk fat and the supercritical fluid. 

85  C, 5.5 MPa 

81.5 C, 5.5 MPa J 

7 8  C, 5.5 MPa ) 

7 8  C, 4.5 MPa 

7 8  C, 3.4 MPa J 

Milk Fat 

I I I I I I I I 

TEMPERATURE ( O C  ) 

FIG. 8. DSC SOLIDIFICATION CURVES FOR MILK FAT FRACTIONS OBTAINED 
FROM LIQUID PROPANE EXTRACTION IN THE SIGHT GAGE APPARATUS 

Samples removed from the light liquid layer (top) from the sight gage 
apparatus were analyzed for DSC cooling curve, and triglyceride and fatty acid 
composition. DSC cooling curves again show that there is some fractionation of 
milk fat, where the fractions contain slightly less of the high-melting component 
of AMF. There was some small effect of different temperature and pressure 
conditions, as seen in Fig. 8. However, any differences were quite small. The 
same differences were found for fractions produced in the packed column 
extractor at similar conditions. GC analysis verified triglyceride and fatty acid 



EXTRACTION OF MILK FAT 423 

composition results. Again, the extracted fractions were enriched in lower acyl 
carbon number triglycerides (below about 42) and enriched in higher acyl carbon 
number triglycerides (above about 42). Very little effect of temperature and 
pressure were observed, probably due to the narrow range of conditions studied. 
Fatty acid profiles showed only small differences from the original AMF, with 
the extracted fractions being enriched slightly in shorter chain fatty acids and 
depleted in longer chain fatty acids. Again, the extracted fractions were slightly 
reduced in the unsaturated fatty acids, although very little difference was 
observed. 

From these results, it can be concluded that SC ethylene gives slightly 
greater extraction of milk fat than SC CO, over the temperature and pressure 
ranges studied. In addition, liquid propane, while exhibiting greater solvent 
power than either SC ethylene or CO,, was less able to fractionate milk fat into 
high and low melting components. 
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ABSTRACT 

Response surface methods were utilized in the statistical optimization of 
several quality factors pertaining to the preservation of carrot slices using a 
brine containing lactic acid produced by in situ fermentation. These factors were 
the concentrations of salt, acid, and reducing sugars, and the texture of the 
carrot material, and the pH, concentrations of acid, reducing sugars, and 
biomass (at two different times) of the brine. The processing variables 
considered were the temperature, the salt concentration of the brine, and the 
ratio of volumes of brine to the carrot material. The starting (corner and center) 
factorial design has indicated that, within the experimental range of practical 
interest, a linear model failed to provide a good fit to the experimental data; 
hence, this design was complemented with an axial design. Checks of the 
residuals and estimates of third-order parameters have indicated that no 
apparent reason existed to question the statistical adequacy of the quadratic 
empiric model. The loci of the optima (and the characterization of such optima) 
were then obtained for this model, and the general directions for the variation 
of the values of the processing parameters were presented. This study has 
indicated that temperature may be manipulated to give rise to any desired 
increase or decrease of the quality factor chosen, a conclusion that may be 
relevant in attempts to industrially improve carrot preservation processes based 
on lactic acid fermentation. 
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INTRODUCTION 

The preservation of such vegetables as carrots in low pH brines has been 
employed extensively using mainly one of two alternative routes: addition of 
food grade organic acids to the brines or in situ acidification by fermentation. 
The latter route possesses the particular advantage that the major factor 
responsible for the extension of the shelf life of the carrots, i.e., the low pH 
brought about by the presence of organic acids, is obtained at the expense of the 
metabolic use by the microorganisms of the sugars contributed to the solution 
by the carrots themselves, thus reducing undesirable secondary fermentations 
(Nicketic-Aleksic 1973; Fleming et al. 1983). 

Lactic acid is an important tool in food grade fermentations because 
Lactobacillus plantanrm (the most common strain employed), a facultative 
heterofermentative strain (Bergey 1989), possesses a very high acid tolerance 
(Fleming 1982), lactic acid is not toxic for human consumption (Adam and Hall 
1988), and the low pH in the brines brought about by lactic acid prevents 
infections (Bell et al. 1972). Since the initial common pH of brines is ca. 5, 
most of the lactic acid remains in dissociated form @&=3.86), which is known 
to have a low inhibitory effect in desired microorganisms due to its slow rates 
of transport across their membrane (Adarns and Hall 1988). The above 
reasoning, coupled with the observation that high acid concentrations in the 
medium strongly correlate with low pH values in the vegetable edible tissue 
(Moreira et al. 1988), make it of crucial importance to tailor a pickling 
fermentation process in order to achieve high rates of acid production immedi- 
ately upon start up of the brining process (Adams and Hall 1988). Since lactic 
acid is a growthassociated product, such high rates of acid production are 
obtained at the expense of high growth rates of the lactic acid bacteria during, 
say, the first 24 to 48 h of brining. 

Salt deliberately added to the brines plays an important role in pickling 
(Binsted et al. 1962). In fact, this solute helps leaching of water and reducing 
sugars from the vegetable tissues, and together with the organic acids helps 
inhibit the growth of undesirable microorganisms (Fleming 1982; Steinkraus 
1983). However, excess of this solute has been implicated with such major 
changes in the vegetable structure as membrane shrinkage (Schwartzberg and 
Chao 1982), as well as the development of unwanted osmophilic microorganisms 
(Diez et al. 1985) and the inhibition of lactic acid production (Diez 1985). The 
current trend is towards the reduction of the overall inventory of salt in brining 
processes due to its pollution potential and to adverse health effects upon 
ingestion by consumers (Diez et al. 1985). 

In addition to the detrimental effect of salt upon the vegetable cell mem- 
branes, softening enzymes initially present in the plant tissue or attack by 
microbial enzymes also cause loss of texture of fermented pickles (Fleming et 
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al. 1983). Hence, it is a good practice in the manufacture of fermented pickles 
to generate qs high a concentration of acid as possible not only because of its 
inhibitory effect on undesirable microorganisms during the primary fermentation 
but also because of the increase in the extent of sugar leaching with concomitant 
effects in the prevention of growth of spore-forming, spoilage bacteria and 
secondary fermentation yeasts on the fermentable sugars remaining in the carrot 
material (Fleming et al. 1983; Diez et al. 1985; Adam et al. 1988). However, 
low pH values also cause calcium shifts in the pectic substances (Diez et al. 
1985), which may directly lead to extensive losses of texture, and so a 
compromise must be reached in order to obtain final pickles with good quality. 

The transport of sugars from the carrot cells to the brine has been studied 
previously for relatively low temperatures by a number of authors (Steinkraus 
1983; Potts et al. 1986; Nabais et al. 1995; Nabais and Malcata 1995), as well 
as the transport of lactic acid (Potts et al. 1986; Nabais et al. 1995; Nabais and 
Malcata 1995), and sodium chloride from the brine to the carrots (Nabais et al. 
1995; Nabais and Malcata 1995). The fermentation of the sugars upon leaching 
from the vegetables to the brines by deliberately added microbial inocula has 
received the attention of several researchers (Nicketic-Aleksic 1973; Etchells 
1973; Fleming 1982; Diez et al. 1985; Andersson et al. 1990). However, the 
conditions which lead to optimal values of predefined quality factors of the 
carrots has not been established to date in a simultaneously comprehensive and 
statistically sound manner. 

It is the aim of this communication to report optimization efforts using 
response surface methodology for nine different quality factors using as 
predictive variables three processing factors which are easily manipulated. 

EXPERIMENTAL METHODS 

Previous experience has indicated that the temperature, the concentration of 
salt in the brine, and the ratio of the volumes of the brine and that of the carrots 
were three operating variables which should deserve careful study not only 
because their values can be easily manipulated, but also because they affect the 
properties of the final pickled carrots in a significant fashion. However, it 
should be borne in mind that practical limits exist for the ranges of variation of 
such processing variables because of organoleptic constraints posed by the final 
consummer. 

In terms of quality factors, the choice is obviously much wider, and can be 
either associated with the properties of the brine or the properties of the carrots 
after a reasonable batch time has elapsed. Four quality factors associated with 
the carrots were considered in this analysis: (1) the concentration of chloride 
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salt@), (2) the concentration of acid@), (3) the concentration of reducing sugars, 
and (4) the texture. Five quality factors associated with the brine were also 
considered: (1) the pH, (2) the concentration of acid@), (3) the concentration of 
reducing sugars, (4) the concentration of biomass after 24 h, and (5) the 
concentration of biomass at the end of the batch. The experimental results for 
all eight properties obtained according to the starting design are tabulated in 
Table 1, whereas the results obtained following the composite design are listed 
in Table 2. 

Materials 

Fresh carrots were bought at random at local markets (dominating cultivar: 
Nantes). Sodium chloride, sodium hydroxide, potassium dichromate, copper 
sulphate, potassium permanganate, and silver nitrate were purchased from 
Merck (Frankfurt, Germany). Dinitrosalicilic acid was obtained from BDH 
Laboratory Supplies (Dorset, England). The inocula of Lactobacillus plantarum 
(LP no. 91249 G-2) were a gift from Textel/Lactolabo from Marshall (Madrid, 
Spain). MRS broth and YNB were purchased from Oxoid (Hampshire, UK). 
Yeast Extract was obtained from Difco (Detroit, USA) and anhydrous 
D( +)-glucose from Merck (Frankfurt, Germany). 

Equipment 

Centrifugations were performed in a Universal Hettich Centrifuge 
(Tuttlingen, Germany). Titrations were done with a titroprocessor model 682 
connected to a Dosimat Model 665 equipped with the combined glass electrode 
60202100, all from Metrohm (Herisau, Switzerland). Measurements of pH were 
done with a titrator from Crisson (Barcelona, Spain) equipped with the combined 
electrode 1040233 1 1 from Ingold (Steinbach, Switzerland). Isothermal conditions 
and stimng were achieved using thermostatted shaker baths Kotterman 3047 
from Labortechnik (Amtsmtsgerich Burgdorf, Germany). Spectrophotometric 
measurements were made with a Spectrophotometer Model 350 from Pye 
Unicarn (Cambridge, UK). Sterilization was achieved in a laboratory retort 
Austester Model 4376 from Selecta (Barcelona, Spain). A scale Model PC 2000 
from Mettler (Greifensee, Switzerland) was used for rough weight determina- 
tions, whereas accurate weight determinations were done with an analytical 
balance Model S 2000 from Bosch (Jungingen, Germany). A sensor thermome- 
ter Model G90200 from Cole Parmer (Niles, Illinois, USA) was employed to 
measure the temperature of the solutions before calibration of the titroprocessor. 
Isothermal chambers Model B80 from Mernmert (Schwabach, Germany) and 
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Model 750E from Fitoclima (Lisboa, Portugal) were used for drying and 
incubating, respectively. The texture of the carrots (hardness) was evaluated 
with a texture analyser from Stevens LFRA (Essex, UK) using the probe TA9. 

Methods 

Preparation of the Inocula. Following opening of the package, the 
inoculum microorganisms were mainted at 7C and weekly reseeded in Petri 
dishes on MRS agar. From these dishes, a portion was removed and incubated 
for 12 h in MRS medium (50 ml) at 30C, and then for an extra 12 hr at room 
temperature. Following this period, the suspension of cells was sequentially 
centrifugated and washed with 0.85%(w/v) of sodium chloride. The cell 
precipitate was resuspended in sterilized deionized water in a volume sufficient 
to obtain the desired concentraiion of inoculum, which was then used for actual 
fermentation batches in the ratio of 1 ml of inoculum per 100 ml of solution; the 
concentration corresponded to an optical density at 640 nm (OD& of ca. 0.100. 

Performance of Experimental Fermentations. Brines were prepared at 
25C using the appropriate amounts of sodium chloride (previously dried 
overnight to constant weight) in deionized water. The brines were sterilized for 
15 min in a laboratory retort. 

Before starting each experiment, the carrots had both tops cut off, and were 
thoroughly washed with tap water, submerged for 1.5 min in a 0.2% (wlv) 
copper sulphate solution, submerged for 2 min in a 0.2% (wlv) potassium 
permanganate solution, and finally rinsed with an aqueous solution of the same 
salt concentration to be used in that experiment. Carrots were then sliced into 
1-cm high pieces, and 12 pieces of the disinfected carrots were submerged in the 
aforementioned brines. Soon after thermal equilibrium was reached, the brines 
were inoculated with 1 ml of inoculum, and gently stirred in an uniform fashion 
using a shaker bath (orbital setting speed: 5). 

Analysis of Sodium Chloride. After removal from the brines, the carrot 
slices were quickly rinsed with deionized water, slightly dried with tissue paper, 
cut into very small pieces, submerged in 50 ml of deionized water in a stoppered 
flask, and heated for 30 min in a laboratory retort according to the method by 
McKnee (1985). Upon cooking, the carrot pieces together with the aqueous 
extract were homogenized and centrifuged for 10 min at 5,000 rpm. Finally, 2 
ml of the clarified supernatant liquid were titrated with a standard solution of 
0.05 N silver nitrate using potassium dichromate as indicator. 
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Analysis of Lactic Acid. The lactic acid was measured via determination 
of the total acidity of the solution expressed as lactic acid equivalent. An aliquot 
of 2 ml of the clarified extract (obtained as described in the previous subsection) 
was diluted in 50 ml of deionized water, titrated with 0.01 N solution of sodium 
hydroxide until a final pH of 8.2 is reached and maintained for 99 s using an 
automatic titrator; the titre of the blank was deducted accordingly. 

Analysis of pH. The pH of the brine was determined using an automatic 
pH meter with a combined glass electrode. 

Analysis of Reducing Sugars. Aliquots of the brines were periodically 
taken, diluted with deionized water, and analyzed following the dinitrosalicilic 
acid method of Miller (1959). The results were expressed as glucose equivalent. 
The concentration of reducing sugars remaining in the carrot material was 
determined by analyzing, using the same method, the clarified extract (obtained 
as described in the subsection Analysis of sodium chloride). 

Analysis of Texture. The texture of the carrots, defined for our purposes 
as the hardness of the carrots, was evaluated with the texture analyser. 

Analysis of Biomass. The concentration of cells (in g/L) was estimated 
from a calibration curve. The resuspended inoculum at the adequate dilution was 
used in the proportion of 1 ml per 100 ml of sterilized broth of YNB added with 
10 g of glucose per L and 2.5 g of yeast extract per L so that the initial optical 
density of the culture medium at 640 nm (ODm) was ca. 0.100 (deionized water 
used as blank). The growth of the microorganisms was followed by reading the 
optical density at the same wavelength in the range 0.1-0.5. The samples 
obtained at each reading were subject to multiple centrifugation and washing 
steps, and the biomass dried at 60C until a constant final weight (ca. 48 h). A 
fit of a linear model yielded the equation BM(g/L)=0.289 ODm+0.0605, 
where BM is the biomass concentration expressed as dry cell weight (correlation 
coefficient of 0.95). 

STATISTICAL METHODS 

The experiments were designed in a sequential fashion starting with an 
eight-point, full, two-way factorial design coupled with three center points (i.e., 
three replicates used as estimators of variance) (Box et al. 1978) aiming at 
fitting the following four-parameter linear model: 
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Here Yij  is the estimated value for the j-th quality factor (i = 1,2,. . . ,8) in the i-th 
experiment (j = 1,2,. . . ,1 I), the bkj's (i =0,1,2,3) are parameters associated with 
the j-th quality factor to be fitted by linear regression analysis, and the xij's 
(i= 1,2,3) are the predictors associated with the j-th quality factor and the i-th 
experiment. The results obtained for the parameters are tabulated in Table 1 
together with their 95 % marginal confidence intervals (the formulas utilized are 
listed as Appendix). Diagnostic checks were performed on the values of each of 
the three two-way interaction effects and on the magnitude of the sum of the 
three quadratic effects. The values of these diagnostics are also tabulated in 
Table 1. 

The results of the measurements for all quality factors tested obtained from 
the data set generated according to the starting design have indicated that the 
linear model was inappropriate; hence, a further set of eight experiments was 
performed in order to form a composite design with nineteen experimental 
points. The eight new experiments were performed as three sets of two 
experiments laid out as star points (as opposed to the corner points used in the 
previous design) coupled with two extra center points (which were combined 
with the previous three replicates in the calculation of a new improved estimate 
of variance with fewer degrees of freedom) (Box et al. 1978). In this case, the 
following ten-parameter quadratic model was entertained: 

where the bj;k'~ (j =0,1,2,3; k=1,2, ..., 8) are linear parameters and the bjl:k)s 
(j = 1,2,3; 1 = 1,2,3; k= 1,2,. . .,8) are quadratic (or second order) parameters to 
be fitted by linear regression analysis. The results obtained for the parameters 
using the full composite design are tabulated in Table 2 together with their 95 % 
marginal confidence intervals (the formulas utilized are listed as Appendix). 
Diagnostic checks were performed in order to assess the validity of the quadratic 
model in view of the possibility of employing a cubic model. The value of the 
three-way interaction effect and the magnitude of the cubic effects along each 
of the three spatial directions (corresponding to the three predictors x,, x,, and 
x3) are tabulated in Table 2. The magnitude of the block effect between the first 
and the second part of the design is also included in this table. 

Since statistical considerations have indicated that no need exists for a cubic 
model, the best estimates of the parameters in Eq.(2) were further utilized to 
find the analytical expressions for the loci of the critical points and to decide on 
the nature of such points. The results of this analysis are depicted in Table 3 
(the formulas utilized are listed as Appendix). 
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DISCUSSION AND CONCLUSIONS 

In the designing of the experiments, a sequential methodology was followed. 
This means that a block of eleven experiments was performed initially. Since the 
data generated by the initial design revealed general inadequacy of the linear 
model, the design was complemented with another block of eight experiments 
at a later stage. The possible existence of block to block differences was checked 
via comparison of the average of the three center points of the starting design 
with the average of the two center points of the secondary design (see column 
block in Table 2), which, in all cases, has shown to be statistically not 
significant. The general adequacy of the assumptions underlying the validity of 
the regression analyses pertaining to the quadratic model (i.e., normal 
distribution of residuals and constant variance) was double checked via 
diagnostics of the residuals (see Fig.1) which did not reveal significant bias. 

The major goal of the above analysis was to determine the equations of the 
lines which contain all maxima (or all minima, depending on the type of optima 
as depicted in Table 3) for every predictor given the values for the other two 
predictors. Such equations give at once the best value for the predictor in 
question if the other two are set by any other processing or heuristic constraint. 
Inspection of Table 3 indicates that a true maximum for all three predictors 
considered together exists only for the salt concentration in the carrot, although 
the location of such overall maximum is beyond physical realizability; remember 
that, given the definition of variables x,, x2, and x, as linear functions of T, C, 
and V, respectively, practical constraints read -3 < x, < +7, -413 < x2 < + 10, and 
-1511 1 ex,. For all quality factors but S, no overall local optimum exists, 
which mathematically is equivalent to say that the coordinates in the MM 
column define saddle points (Box et al. 1978); in these cases, the maximum (or 
the minimum) values of the optima lie on physical constraints. 

The objectives underlying the improvement of the processing conditions of 
the manufacture of carrot pickles are to increase the values of A, N, a, x, and 
f, and to decrease the values of S, R, p, and r. From inspection of Table 3, it 
is clear that only x, should be manipulated to obtain the desired optimum in the 
case of A and a, either x, or x, in the cases of R, p, r, f, and x, and only x, in 
the case of N. The directions of manipulation are given by the analytical 
expressions of the optima tabulated in the LO column of Table 3. 

It is interesting to note that temperature is ubiquitous in the optimization 
procedures except for the texture, which makes it a particularly suitable variable 
for manipulation in view of the preset objective functions. Therefore, within the 
limits of practical interest for the processing variable in question (and assuming 
that both x, and x, do not violate the constraints set forth before), factors S, A, 
a, f, and x pass through true local maxima and factors R, p, and r pass through 
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OPTIMIZATION OF CARROT PICKLES 

. . . . . . . . . . . . .  
.OI .I  I J IO m a  a s m  n w  us n . 9 n . 9  

Pucentiles of normal distribution 

-.- 
.I I s ~ u z u a  a m m a w  k 9 . 9 9 . 9  
Percentiles of normal distribution 

4.81 . . " . . . . . . . . .  
.OI .I I J IU IUYI 3l m a  a w n uu.9n.n 

Percentiles of normal distribution 

-0'20.0 0.2 0.4 0.6 0.8 1.0 
Fitted values 

-0.2 0 
0 

-0.3 
0.0 1.0 2.0 3.0 4.0 5.0 

Fitted values 

2 -0.2 

4.4 

-0.6 
0 

-0.8 2.5 3.0 3.5 4.0 4.5 5.0 

Fitted values 



R.M. NABAIS and F.X. MALCATA 

-- 
.OI .I I 3 10 m m  10 m m  yl w w w.9w.w 

Percentiles of normal distribution 

4.sr . . . . . . . . . . . . .  1 
~ D I  . I  I 1 ID m a  a m a  so- w w.9w.w 

Percentiles of normal distribution 

4 . 2 L '  . . . . . . . . . . . .  I 
111 . I  1 1 10 1030 Y) ma1 Yo w w W.Y W O  

Percentiles of normal distribution 

-0.2 1 1 
0.5 0.6 0.7 0.8 0.9 1.0 1.1 

Pined values 

q 0.2 

-3 0.0 .- 0 0  0 0  
2-02 

-0.4 
0 

4 .6  

4.8 
2.5 3.0 3.5 4.0 4.5 5.0 

Fined values 

4 . 2 I "  . . . . . " ' . I  
0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Pined values 



OPTIMIZATION OF CARROT PICKLES 

3 0.0 
0 

0 0 

cz a 0 
0 

-1.0 -1.0 
0 

-2.0 -2.0 
.a1 .I I r la m a  so m w  vaus w a.ua.a 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Percentiles of normal distribution Fitted values 

0.2 

4 
5 0.0 

2 0 
0 0 

-0.1 -0.1 

-0.2 
a1 .I I s lo mw, so m m  a a a a.r w . ~  

-0.2 
0.1 0.2 0.3 0.4 0.5 0.6 

Percentiles of normal distribution Fitted values 

0.2 

4 
0.0 0 0 3 0.0 00 

P 
-0.1 0 

0 

-0.2 
-O.O.ZUl .I  1 s 10 2018 n ma m ur w w.9 w.w 0.3 0.5 0.7 0.9 1.1 1.3 1.5 

Percentiles of normal distribution Fitted values 

FIG. 1. PLOT OF RESIDUALS VERSUS (I) THE PERCENTILES OF A NORMAL 
DISTRIBUTION AND (IQ THE FITTED VALUES. FOR DATA PERTAINING TO THE 

ACID CONTENT OF THE CARROTS (a), THE SALT CONTENT OF THE CARROTS (b), 
THE SUGAR CONTENT OF THE CARROTS (c), THE TEXTURE OF THE CARROTS (d). 

THE pH OF THE BRINE (e), THE CONCENTRATION OF ACID IN THE BRINE (9, 
THE CONCENTRATION OF REDUCING SUGARS IN THE BRINE (g), THE CONCEN- 

TRATION OF BIOMASS IN THE BRINE AFTER 24 H (h), AND THE CONCENTRATION 
OF BIOMASS IN THE BRTNE AFTER COMPLETION OF THE BATCH (i) 
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local minima. It should be realized that for every combination of x, and x,, a 
different value of the aforementioned optimum is obtained as given by the 
equations listed in the first row of Table 3; for the sake of information, it can 
be said that for factors A and a the worst of the optima, i.e. the minimum value 
for the maxima (as can be concluded from inspection of the last two rows of 
Table 3) is obtained when temperature takes the values 27.1 and 26.7C, 
respectively. By the same token, if the salt concentration is the processing 
variable elected for manipulation, texture passes through a true local maximum, 
and the worst of the optima thus obtained corresponds to having a brine 3.6 g/L 
in sodium chloride. The information generated in this research effort is useful 
in predesigning carrot preservation processes based on lactic fermentation. 

NOMENCLATURE 

a = concentration of acids in the brine (%w/v) 
A = concentration of acids in the carrot (%w/w) 
bij = parameter associated with the linear effect of xi in the j-th quality factor 
bikj = parameter associated with the quadratic effect of xi in the j-th quality 

factor 
bijik = parameter associated with the effect of the interaction of xi and xj in the 

k-th quality factor 
C = salt concentration in the brine (g/L) 
f = concentration of biomass after 24 h in the brine (%w/v) 
N = texture of the carrot (gJcm2) 
p = pH of the brine 
r = concentration of reducing sugars in the brine (%w/v) 
R = concentration of reducing sugars in the carrot (%w/w) 
T = temperature (C) 
V = volume of the brine (rnl) 
S = concentration of chloride salts in the carrot (%w/w) 
x = final concentration of biomass in the brine (%w/v) 
x, = normalized value of temperature, (T-30)/10 
x2 = normalized concentration of salt in the brine, (C-4)/3 
x, = normalized volume of brine, (V-375)/275 
yi = estimated value for the j-th quality factor obtained in the i-th experiment 
f i j  = experimental value for the j-th quality factor obtained in the i-th experi- 

ment 
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FORMULAE UTILIZED TO GENERATE THE CANONICAL FORM OF TABLE 1 
I I 

C Yi,i 
bss zF+, i=1,2 ,..., 9 

FORMULAE UTILIZED TO GENERATE THE CANONICAL FORM OF TABLE 3 
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FORMULAE UTILIZED TO G-TE THE CANONICAL FORM OF TABLE 2. 
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CANONICAL FORM OF TABLE 3. 
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ABSTRACT 

Fifeen selected vegetables and fnrits were processed by conventional 
procedures with modified blanching conditions. The texture of blanched and 
processed samples was determined. Low-Temperature-Long-Time (LIZT) 
blanching considerably increased the jinal firmness of sterilized carrot, endive 
and green bean samples, as well as pasteurized cheny samples. After screening 
experiments, green bean and endive were chosen for further research. Analysis 
of variance revealed that LTLT blanching treatments in a blanching solution 
containing calcium and zinc cation significantly affected the texture and color of 
processed green bean and endive. The blanching treatments were optimized to 
improve the texture and color of sterilized green bean and endive. 

INTRODUCTION 

Texture is one of the most important quality attributes affecting the 
acceptability of processed vegetables and fruits. However, processed vegetables 
and fruits may become excessively soft after processing, especially sterilized 
low-acid products. 

Previous studies have shown that Low-Temperature-Long-Time (LTLT) 
blanching improved final firmness of a few processed vegetables and fruits by 
XXX 
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activating native Pectin Methyl Esterase (PME) in the tissue of those products. 
Pala (1983) indicated that the maximum firmness of frozen carrot could be 
obtained by LTLT blanching at 70C for 15 min followed by High-Temperature- 
Short-Time (HTST) blanching. Addition of calcium to blanching water further 
improved the texture. Quintero-Ramos (1992) reported that the firmness of 
rehydrated product of dried carrot could be significantly increased when carrot 
were blanched at 60-65C for more than 30 rnin. Steinbuch (1976) discovered 
that a heat pretreatment at 75C for 5 min before HTST blanching for frozen 
green bean resulted in maximal increase of hardness. In addition, Alonso (1993) 
reported the final texture of frozen cherries could be significantly improved by 
low temperature heating at 70C before freezing. 

We hypothesized that other vegetables and fruits also have PME activity and 
that their texture could be improved by LTLT blanching. Furthermore, we 
hypothesized that LTLT blanching may not only enhance the firmness of frozen 
products but also sterilized or pasteurized products. 

When LTLT blanching was employed to enhance the firmness for some 
green vegetables, this process also adversely affected the color of green 
vegetables. The unattractive olive-green color caused by LTLT blanching was 
in sharp contrast to the bright-green color of HTST blanched samples. Although 
this difference in color was eliminated after canning, it remained a critical factor 
affecting the acceptability of frozen products. 

The major reason for the color change is the formation of pheophytins from 
chlorophyll, which is caused by hydrogen replacing magnesium in the 
chlorophyll molecule. Prior process for the retention of green color in canned 
green vegetables required a chemical additive to achieve color retention. These 
additives may be classified into 2 groups: (1) alkalizing or alkalizing-buffer 
agents such as the hydroxides or carbonates (Malecki 1964; Gupte et al. 1961) 
and (2) metallic salts such as the chlorides and acetates of zinc and copper 
(Schanderl et al. 1966; Jones et al. 1977; Von Elbe 1989) . The drawback in 
the utilization of alkalizing agents for the retention of color in canned green 
vegetables is that the intensity of the remained green color decreases gradually 
when the canned green vegetable is kept in storage at room temperature. In 
contrast, the zinc ion replacing the magnesium in the chlorophyll molecule may 
result in a stable green compound. In addition, nutritional surveys of adults 
indicated that the intake of zinc generally falls below the RDA (Recommended 
Dietary Allowances) for all age and sex categories (Segner et al. 1984). 

Therefore, we chose zinc salt as an additive into the blanching water for the 
color retention of processed green vegetables. We hypothesized that the green 
color would be affected by not only the blanching condition, but also the 
concentration of zinc cation. The addition of zinc cation into blanching water 
might improve the color of frozen vegetables as well as sterilized vegetables. 
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MATERIALS AND METHODS 

Raw Materials 

Vegetables and fruits were purchased from a local firm (Wageningen, The 
Netherlands) and placed in cold store. The cultivars of vegetables and fruits 
were unknown with the exception that the cultivar of green bean was Masai. 

Processing Procedures 

In the screening experiments, 15 kinds of vegetables and fruits, i.e., carrot, 
beetroot, leek, endive, celery, rhubarb, onion, spinach, red cabbage, white 
cabbage, cucumber, green bean, cherry, apple and pear were selected for 
experiments. Conventional processing procedures were employed for each 
selected vegetable and fruit with the exception that blanching conditions were 
modified. Blanching treatments were also applied for fruits. After washing, 
peeling, coring, slicing, etc., samples were blanched at 50, 60, 70, 80 C, 
respectively, for 10 min in a steam jacketed kettle, cooled in tap water and 
drained. The drained samples were filled into jars (370 ml) and brine or sugar 
solution was added. After that, the jars were steam closed. Finally, the jars 
were sterilized (110-118C for 25-70 min) in a still retort or pasteurized 
(80-100C for 18-45 min) in a pasteurizer according to conventional processing 
temperatures and times. Then the jars were cooled to 20C and stored at 15C. 

After screening experiments, it was found that LTLT blanching considerably 
increased the final firmness of sterilized carrot, endive and green bean samples, 
as well as pasteurized cherry sample. Since the facts that endive has PME 
activity and the texture of sterilized green bean may be improved by LTLT 
blanching have not been reported in literatures, green bean and endive were 
chosen for fuaher research. 

In further research, conventional processing procedures were also used for 
green bean and endive. Blanching conditions for sterilized samples were 
modified as described in experimental desigh. Frozen samples were also LTLT 
blanched as sterilized samples, followed by HTST blanching to inactivate 
enzymes. Green bean and endive were frozen at -40C for 2 h and stored at 
-23C. 

Experimental Design 

Experimental design of 4 factors and 3 levels was arranged for blanching 
treatments of green bean and endive. Orthogonal experiments design was applied 
to these experiments (Table 1). 
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TABLE 1. 
EXPERIMENTAL DESIGN OF BLANCHING CONDITIONS 

FOR PROCESSED GREEN BEAN AND ENDIVE 

Factors Green Bean Endive 

Blanching Temperature (C ) 60 65 70 50 55 60 
Blanching Time (rnin) 5 10 15 4 8 12 
Concentration of Ca++ (ppm) 0 400 800 0 400 800 
Concentration of Zn++ (ppm) 0 100 200 0 100 200 

Measurements of Firmness and Color for the Samples 

In the screening experiments, the firmness of blanched, .sterilized or 
pasteurized samples was measured by an Instron Universal Testing Machine 
(IUTM) after processing. Some pasteurized samples to which high concentra- 
tion of sugar solution was added, such as cherry, rhubarb, etc. were measured 
after 3 weeks storage. 

In the second-stage experiments, the firmness of sterilized samples and 
frozen samples was measured by IUTM. The color of the same samples was 
tested by Computer Image System (CIS) and Minolta Instrument (MI), 
respectively. 

Firmness Measurement of the Samples. Samples were drained and 
mixed. The frozen green bean sample was cooled at lOOC for 12 rnin and 
cooked by tap water. The frozen endive sample was heated to 80C and cooled 
by icy water. 

Firmness was measured by placing a 40 g well drained and mixed sample 
into the shear cell. Four measurements were made per sample. The Top Force 
(N) of the sample tested by lUTM was used to represent the firmness of the 
sample. 

Color Measurement of the Samples. CIS was calibrated with red and 
green standard plate affiliated to MI for color measurement of green bean 
samples. Four pieces of drained green bean were selected randomly for color 
measurement by CIS. The color measurement for each sample was repeated 10 
times. Then the same 10 groups of 4 pieces of green bean were placed on a 
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black board, and each group of green bean sample was measured by MI 2 times 
at different positions. 

For the color measurements of endive samples, CIS was calibrated with 
special red and green plate prepared by a professional researcher. The drained 
endive sample was separated onto 3 glass dishes. The endive in each dish was 
measured by CIS. The color measurement for each sample was repeated 3 times. 
After that, each dish of endive was measured by MI 5 times at different 
positions. 

Gold and Weckel (1959) found a high linear correlation between the value 
of -arb and the degree of conversion from chlorophyll to pheophytin. Thus, the 
L, a, b values measured by CIS were used to describe the color of samples, and 
compared with those tested by MI. 

Statistical Analysis 

The measurement data of these samples were calculated by Genstat 5 
statistical package for analysis of variance. 

RESULTS AND DISCUSSION 

The Results of Screening Experiments 

The results of screening experiments revealed that among 15 selected 
vegetables and fruits samples, LTLT blanching considerably increased the final 
firmness of sterilized carrot, endive and green bean samples, as well as 
pasteurized cherry sample (Fig. 1, 2, 3, 4). 

From Fig. 1, it could be estimated the optimal LTLT blanching temperature 
might be 60-70C for textural improvement of sterilized carrot. Similarly, the 
optimal LTLT blanching temperature might be 50-60C, 60-70C for sterilized 
endive and green bean, respectively. 

From Fig. 4, it could be estimated the optimal LTLT blanching temperature 
might be 60-70C for textural improvement of pasteurized cherry. Unexpectedly, 
the pasteurized cherry samples were firmer than blanched samples. Probably this 
was caused by infiltration of high concentration of sugar solution into the tissue 
of cherry samples. 

The Results and Analysis of Second-Stage Experiments 

In the second-stage experiments, effect of modified LTLT blanching 
treatments on the texture and color of processed green bean and endive were 
investigated. 
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Analysis of variance for measurement data revealed that blanching 
temperature, blanching time and calcium concentration significantly influenced 
the firmness of sterilized green bean at 0.001, less than 0.00 1, and 0.0 1 1 level, 
respectively. Whereas for frokn green bean after cooking, only blanching time 
significantly affected the firmness at 0.003 level (Table 2). 

TABLE 2. 
ANALYSIS OF VARIANCE FOR EFFECT OF FACTORS 

ON FIRMNESS OF PROCESSED GREEN BEAN 

Firmness (N) 
Factors 

Sterilized Frozen 

Temp. ( C 
60 
65 
70 

Time (mid 
5 

10 

Values are means and values on the same column followed by same 
lettercs) are not significantly different (a=O. 05) 

Apparently, blanching time was the most important factor affecting the 
firmness of sterilized green bean, whereas blanching temperature was the 
secondary factor and calcium cation was the third factor. It seemed that the 
optimam blanching condition to improve the texture of sterilized green bean 
might be 60C, 15 min in blanching solution containing 400 ppm Ca++. 

Analysis of variance for measurement data showed that blanching tempera- 
ture and blanching time significantly affected the firmness of sterilized endive 
at less than 0.001 and 0. 007 level, respectively (Table 3). In contrast to 
sterlized green bean, Ca++ concentration had no significant influence on the 
firmness of sterilized endive. A plausible explanation is that native calcium in 
endive was sufficient to tie up the available carboxyl groups resulting from 
de-esterification of pectin molecules in the cell wall. Thus the effect of added 
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calcium cation in blanching water was negligible. For frozen endive after 
heating, only blanching temperature significantly affected the firmness at 0.005 
level (Table 3). 

TABLE 3. 
ANALYSIS OF VARIANCE FOR EFFECTOF FACTORS 

ON NRMNESS OF PROCESSED ENDIVE 

Firmness (N) 
Factors 

Sterilized Frozen 

Temp. ( C 
50 265.3 C 1191 B 
55 299.8 B 1324 B 
60 340.6 A 1915 A 

Time (mid  
5 277.3 B 
8 315.3 A 

12 313.1 A 

Values are means and values on the same column followed by same 
lettercs) are not significantly different (a=O. 05) 

Obviously, blanching temperature was the main factor that influenced the 
firmness of sterilized endive, while blanching time was the secondary factor. It 
seemed that the optimal blanching condition for textural improvement of 
sterilized endive might be 60C for 8 min. 

Both sterilized green bean and endive had the same optimum blanching 
temperature, i.e., 60C, to improve the firmness retention. The difference of 
optimum blanching time between sterilized green bean and endive was probably 
caused by heat transfer. Green bean are thicker than endive, therefore more time 
should be consumed for heat penetration to the center of green bean than to that 
of endive. 

As mentioned above, the most important factor affecting the firmness of 
sterilized green bean was blanching time, which was also the only factor 
significantly enhancing the firmness of frozen green bean after cooking. 
Similarly, the main factor affecting the firmness of sterilized endive was 
blanching temperature, which was also the only factor significantly improving 
the firmness of frozen endive. after heating. The plausible explanation may be 
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that the firmness of processed vegetables is much greater by freezing preserva- 
tion than by the sterilization process. Thus, only the factor which most 
significantly influenced the firmness of stefilized vegetables could have some 
effect on the firmness of frozen products. 

Blanching temperature and Zn++ concentration significantly affected the 
color of sterilized green bean at less than 0.00 1 level, respectively. In addition, 
interaction between blanching temperature and blanching time on the color of 
sterilized green bean was detected at 0.036 significant level (Table 4). 

TABLE 4. 
ANALYSIS OF VARIANCE FOR EFFECT OF FACTORS 

ON COLOR OF STERILIZED GREEN BEAN 

Temp. ( C Color (-a/b) Zn+f (ppm) Color (-a/b) 

Interaction between blanching temperature and blanching time 
(-a/b) 

Blanching Temp. 60 C 65 C 70 C 
Blanching Time 

5 min 
10 min 
15 min 

-- - - - -- -- 

Values a n  means and values on the same column followed by same 
lettercs) are not significantly different (a=O. 05) 

Apparently, blanching temperature and Zn++ concentration were main 
factors affecting the color of sterilized green bean, whereas the interaction 
between blanching temperature and blanching time was the secondary factor. 
According to main factors, it seemed that green bean should be blanched at 60C 
in blanching solution containing 200 ppm Zn++ to improve color retention. 
Further analysis of Least Significant Difference (LSD) revealed that only when 
blanching temperature was 70C, the interaction between blanching temperature 
and blanching time significantly influenced the color of sterilized green bean. 
Thus, when blanching temperature is fixed at 60C, the interaction may be 
neglected. 
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For frozen green bean after cooking, blanching temperature, blanching time 
and Zn++ concentration significantly influenced the color at less than 0.001, 
0.002 and 0.027 level, respectively (Table 5). 

TABLE 5. 
ANALYSIS OF VARIANCE FOR EFFECT OF FACTORS 

ON COLOR OF FROZEN GREEN BEAN 

Temp, Color Time Color Zn++ Color 
( C )  (-i/b) ( m i d  (-a/b) (ppm) (-a/b) 

60 0.8357 A 5 0.8456 A 0 0.8014 B 
65 0.8369 A 10 0.8126 B 100 0.8243 A 
70 0.7825 B 15 0.7968 B 200 0.8294 A 

Values a n  means and values on the same column followed by same 
letter61 are not significantly-different (a=O. 05) 

Blanching temperature and Zn++ concentration significantly affected the 
color of sterilized endive at 0.002 and less than 0.001 level, respectively. For 
frozen endive after heating, only blanching temperature significantly affected the 
color at less than 0.001 (Table 6). 

TABLE 6. 
ANALYSIS OF VARIANCE FOR EFFECT OF FACTORS 

ON COLOR OF PROC&SED ENDIVE 

Color ( - ah )  
Factors 

Sterilized Frozen 
- - -  - - -  

Temp. (C) 
50 0.1767 A 0.559 B 
55 0.1105 B 0.604 B 
60 0.1327 B 0.772 A 

Zn++ (ppm) 
0 0.0887 C 

I00 0.1436 B 
200 0.1876 A 

Values are means and values on the same column followed by same 
letter(s1 are not significantly different (a=O. 05) 
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Evidently, zinc cation concentration was the main factor affecting the color 
of sterilized endive and blanching temperature was the secondary factor. It 
seemed that the optimum blanching condition to improve the color of sterilized 
endive might be 50C in blanching solution containing 200 ppm Zn++. 

The concentration of Zn++ in blanching water significantly influenced the 
color of sterilized green bean and endive, the higher the concentration of zinc 
cation, the better the color retention. However, it seemed that the concentration 
of Zn++ in blanching water had less effect on the color of frozen bean and even 
no effect on the color of frozen endive. The probable reason may be that green 
vegetables may have much better color retention by freezing preservation than 
by sterilization process. Therefore, the effect of Zn++ on the color retention of 
frozen vegetables may be reduced and even negligible. 

If both the testure and color of sterilized green bean are taken into account, 
probably the optimum blanching condition should be 60C, 15 min in blanching 
solution containing 400 ppm Ca++ and 200 ppm Zn++. 

If both the texture and color of sterilized endive are taken into account, 
since blanching temperature was the main factor affecting the firmness of 
sterilized endive and the secondary factor influencing the color of sterilized 
endive, it should be given priority over blanching temperature even though 
blanching temperature had conflicting influence on the the firmness and color 
retention for sterilized endive. It might be reasonable that optimal blanching 
condition should be 60C, 8 min in blanching solution containing 200 ppm Zn++. 

Finally, the color data for the same products measured by MI (data not 
shown) were compared with those tested by CIS. After comparison by analysis 
of variance for data measured by MI and CIS, it seemed that the data tested by 
MI and those by CIS were comparable and they resulted in similar consequenc- 
es. However, CIS was all-inclusive and more exact and sensitive. The plausible 
explanation might be that CIS may measure the color of the whole surface of the 
object while MI can only measure the color of some points on the surface of the 
object. The advantage of CIS was apparent, especially when both MI and CIS 
were used to measure the color of endive samples as the endive sample in fact 
was a mixture containing green leaves and white stems. 

The Results of Confirmative Experiments 

On the basis of the above analysis and discussion, the optimum LTLT 
blanching conditions for sterilized green bean and endive were confirmed. The 
results of confirmative experiments are showen in Table 7. In addition, the 
results of controls processed by conventional blanching treatments are shown in 
Table 8. 



BLANCHING VEGETABLES AND FRUITS 

TABLE 7. 
RESULTS OF CONFIRMATWE EXPERIMENTS FOR 

STERILIZED GREEN BEAN AND ENDIVE 

LTLT Blanching Conditions Measurement Results 

Temp. Time Cat+ Zn+* Firmness Color 
( C )  (mid  (ppm) (ppm) (N) (-a/b) 

Green Bean 60 15 400 200 275.8 0.768351 
Endive 60 8 0 200 365.5 0.174832 

TABLE 8. 
MEASUREMENT RESULTS OF THE CONTROLS 

Conventional Blanching Measurement Ruults 

Products Temp. Time Firmness Color 

Green Bean 90 3 123.5 0.693811 
Endive 95 6 196.8 0.0578138 

By comparision of the above 2 tables, it could be seen that the texture and 
color of sterlized green bean and endive treated by optimum LTLT blanching 
were much better than those treated by conventional blanching. 

CONCLUSION 

LTLT blanching treatment may be utilized to improve the texture of some 
processed vegetables and fruits, especially the firmness of a few processed 
vegetables and fruit such as carrot, green bean, endive and cherry, by activating 
native PME in the tissue of those products. 

Optimized blanching treatments may be employed to improve both texture 
and color of sterilized greeen bean and endive. The research results indicated 
bothblanching temperature and blanching time significantly affected the firmness 
of sterilized green bean and endive. However, the main factor affecting the 
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texture of sterilized green bean was blanching time, which was also the only 
factor enhancing the firmness of frozen green bean after cooking. The main 
factor influencing the texture of sterilized endive was blanching temperature, 
which was also the only factor increasing the firmness of frozen endive after 
heating. The addition of a certain amount 'of calcium cation to blanching water 
significantly influenced the texture of sterilized green bean, but did not 
significantly affected the firmness of sterilized endive. Zinc cation concentration 
added in blanching water greatly affected the color of sterilized grean bean and 
endive, but had less effect on the color of frozen green bean after cooking, and 
no effect on the color of frozen endive after heating. 

CIS is better than MI in measuring color of green bean and endive samples 
and may have good prospect in the future. 
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ABSTRACT 

Simultaneous heat and mass transport in dehydration of apricots is 
presented. The moisture variation of apricots, pretreated with various combina- 
tions of sodium-meta-bisulphite and ethyl oleate solutions, was analyzed by 
Exponential and Page equations. Use of ethyl oleate in addition to sodium-meta- 
-bisulphite as a pretreatment solution was observed to decrease drying times of 
apricots. The system of differential equations determining the unsteady-state 
temperature distribution was solved. Thennophysical properties were taken to 
be moisture dependent. The variation of volume upon drying (shrinkage) was 
introduced into the solution by taking space intervals to be variable in the 
apricot side while they were taken to be constants in the stone side. The 
dominant muss transfer mechanism was diffusion while diffusivity of water 
changed depending upon the pretreatment solution. Comparison between 
predicted and experimental data shows good agreement for both moisture and 
temperature variation of the apricots throughout the drying process. 

INTRODUCTION 

The conventional practice to dry apricots in Turkey is to treat unpitted fresh 
apricots with sulphur and then to expose to the sun. The fruits are partially dried 
from a initial moisture content of about 80% to a moisture content of 50-55 % , 
then the fruits are pitted and let to dry to a final moisture content of about 
25-28 % . 
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In general, dehydration of apricots comprises two main operations: 
sulphuring the fresh fruit and drying the sulphured fruit. The sulphuring has the 
purpose of keeping the desired orange-to-yellow color as well as destroying 
microorganisms of the final dried product. However, the sulphuring agent should 
deeply penetrate the fruit and should be retained there as much as possible 
during the subsequent drying operation (Torrey 1974). With the conventional 
ways of sulphuring (either by combustion of sulphur or by soaking in aqueous 
SO, solutions), the penetration is too slow and time - consuming. To avoid these 
drawbacks, various pretreatments, such as use of alkali metal hydroxide 
solutions, have been suggested by several workers (Torrey 1974). Pretreatment 
'of various foods with alkaline emulsions of ethyl oleate to increase drying rates 
have been investigated in literature (Bolin et al. 1975, Suarez et al. 1984, Masi 
and Riva 1988, Saravacos et al. 1988). Abdelhaq and Labuza (1987) reported 
a study on surface response statistical design for apricot drying, concluding 
sulphiting-drying using 800-1000 ppm SO, at any temperature in the range 50-- 
80C to be the best treatment. However, use of ethyl oleate (AEEO) together 
with sodiummeta-bisulphite (SMBS) solutions to increase drying rates and to 
have a compatible color with sun dried fruit is not reported for apricot 
dehydration in literature. 

Drying is a process concerning simultaneous heat and mass transfer. Heat 
supply can be by direct contact, by convection or by radiation (Kreyger 1972). 
When drying occurs by evaporation of moisture from the exposed surface of a 
solid, moisture must move from the depths of the solid to the surface. The 
mechanisms of the movement may be either by liquid diffusion or by capillary 
movement. In general, liquid diffusion occurs in nonporous solids, while 
capillary movement occurs in porous solids. During drying of many food 
materials, the movement of water in the falling-rate period usually occurs by 
diffusion (Geankoplis 1983). 

Simultaneous heat and mass transport in drying foods represents a complex, 
irreversible process. Undesirable effects could be minimized and the process 
could be better controlled, if temperature and moisture distributions in foods 
with respect to time could be accurately predicted (Balaban and Pigott 1988). A 
reliable model for simulating temperature and moisture transfer in food is 
required to properly design drying processes (Sakai and Hayakawa 1992). 
Further, to carry on an optimization problem of the drying process, we must 
know its mathematical model and the values of its parameters. There are many 
references in literature concerning the kinetics of moisture distribution 
(Vaccarezza et al. 1974; Vaccarezza and Chirife 1978; Aguerre et al. 1985; 
Raouzeos and Saravacos 1986; Riva and Peri 1986; Saravacos et al. 1988; Masi 
and Riva 1988; Shepherd and Bhardwaj 1988; Tolaba and Suarez 1988; Rahman 
and Lamb 1991; Tolaba et al. 1991) and temperature ditribution (Alzamora et 
al. 1979; Kallel et al. 1993) occuring during drying. Most of the models 
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available in the literature to predict temperature and moisture distribution assume 
shrinkage to be negligible. Most foods, such as fruits, contain a large amount 
of free water when they are fresh. Shrinkage, upon evaporation of this initial 
water, is an important characteristic. Several researchers have investigated 
shrinkage during food drying. Among them, Suzuki et al. (1976) investigated 
the shrinkage in dehydration of root vegetables and considered uniform, core 
and sernicore drying models. They concluded that the uniform drying model 
agreed with the measured values during the early stages of the drying while the 
core drying model was in better agreement with their experimental results 
throughout the operation. Balaban and Pigott (1986) studied three dimensional 
shrinkage of ocean perch during drying and reported a linear relationship 
between the percent change in one dimension and volume fraction of water. 
Lozano et al. (1983) reported a model where the water loss-based-bulk 
shrinkage coefficient depended on composition of the foodstuff. Uddin et al. 
(1990) investigated a power law relation between sample thickness and moisture 
content during drying of pineapple. Lang and Sokhansanj (1993) considered bulk 
volume shrinkage of canola and wheat, and concluded that the volume decreased 
exponentially with time as drying proceeds. Besides shrinkage, case hardening 
is another phenomenon that may occur if the foodstuff is exposed to too high a 
temperature. Case hardening presents a barrier to moisture migration and slows 
the drying rate. 

In this study, the variations in the volume, moisture and temperature with 
respect to time during dehydration of apricots, pretreated with various 
combinations of AEEO and SMBS solutions are presented. The transient one 
dimensional energy equation, with the initial and boundary conditions, was 
solved by converting the derivatives into finite differences concerning variable 
lengths of intervals with time at the apricot side, while constant lengths of 
intervals are assumed in the stone side. 

MATERIALS AND METHODS 

Mathematical Modelling 

Liquid or vapor diffusion was assumed to be the primary mass transfer 
mechanism in the drying of apricots. The most widely investigated theoretical 
model in the thin layer drying of various foods is given by the solution of Fick's 
second law (Hutchinson and Otten 1983): 

SM -- 
S t 

- V. (D,, . V M )  



470 T. MAHMUTO~LU, M. PALA and M. UNAL 

with the assumptions: (1)- the principal driving force for mass transport is the 
internal moisture gradient, (2) temperature within the fruit is constant, (3) either 
liquid or vapor diffusion predominates (Hutchinson and Otten 1983). 

Dimensions of the unpitted apricots described in experimental section, 
emphasized to us that apricots can be treated in spherical coordinates. The 
solution of Eq. 1 for constant diffusion coefficient, after making a number of 
simplifying assumptions and with suitable boundary conditions, for spherical 
coordinates (Fig. 1) gives: 

- 
M-M, 6 -- 1 2 2 D*fl - , Zf exp (-n R -) 
M~ -M, n R f  

FIG. 1.  SCHEMATIC REPRESENTATION OF AN APRICOT TAKEN TO BE AS A SPHERE 
Region 1: Stone (Kernell + Shell). Region II, Apricot 

The value~of the equlibmm moisture content, Me,-are relatively small as 
compared to M or Mi (Alzamora et al. 1979), so (M - Me )/(Mi - Me) is 
simplified to MIM,. For the linear portions of log M/Mi vs t graph, Eq. 2 can 
be further simplified to a straight line equation: 

- 
M 6 'Defl t 

log- = log(--$ - - 
M i  2.3 h2 

sEq. 3 can also be written in a more simplified form as: 
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Another equation which is widely used for thin layer drying studies is the 
Page equation (Diamante and Munro 1993): 

During the drying of apricots, it was observed that shrinkage occurs with 
a final volume reduction of about 70%. Then variation of volume with respect 
to moisture content of the apricots was formulated as follows (with 9 values of 
about 0.96-0.99): 

V = a + b M  for & 2 r > R 1  (6) 

Here, shrinkage was assumed to occur only in region I1 (Fig. 1). In other 
words, the volume of region I (stone side) was assumed to remain constant 
throughout the drying operation. 

The temperature distribution for spherical coordinates is written as (Bird et 
al. 1960): 

with the initial and boundary conditions: 
T(r,O) = Tt 

and at r = R2 (surface): 

where (M) is the volume of half of the element next to the surface in the 
accumulation term. However, whjle the fruit shrinks, the length of an interval 
next to the surface and hence (M) will diminish as drying proceeds, so the 
accumulation term in Eq. 9 was assumed to be negligible compared to other 
terms. 

at r = RI (interface); ST, (r, t )  - ST,(r,t) 
-kx = -k, (M) 

i+D 



T. MAHMUTO~LU, M. PALA and M. UNAL 

and TI = TI[ = Ta* , at the interface 

ST at the center, -= 0 
6;r 

Equations 7, 9 and 10 can be written in finite difference form as: 

Equation 13 is valid for the internal nodes, where the number of nodes for 
region I was designated to be n* and number of nodes for region I1 was 
designated to be N. Equation 14 is for the surface node, Tt+lN and the 
accumulation term was neglected. Equation 15 is for the interface temperature, 
T,,., i.e. for the surface temperature of the stone. Here, while the length of an 
interval in region I, Ar,, remains constant, the length of an interval in region 11, 
Ar,,, is dependent on the moisture content with Eq. 6. In other words, the space 
between two nodes in region I1 shrinks as drying proceeds. 

Since the explicit form of the time derivatives of the temperature was 
included in the equations above, stability criteria were also found by applying 
the second law of thermodynamics, as the coefficient of Tt, should not be 
negative so that At should be chosen as depending on Ar (Kakac and Yener 
1979). 

Experimental 

Apricots (var. Hacihaliloglu), growing in Malatya region of Turkey, were 
harvested, sorted and treated with various combinations of AEEOISMBS 
solutions as shown in Table 1. They were then dried as a single layer in a batch 
type drier (APV & PASILAC) where air is flowing perpendicular to the fruits. 
The initial load density of the tray was 7.76 kg/m2. Temperature of drying air 
was 60C and air velocity was 0.43 mls. Weight loss of the drying apricots was 
measured by means of a load cell (REVERE SHB-0.05 CC) which sends signals 
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TABLE 2. 
COMPOSITION OF APRICOT' 

Component Apricot Shell of stone Kernel of stone 

Moisture (g/100g) 80.00 1 1.90 5.0 

Carbohydrates (gl100g) 18.80 82.00 24.2 

Crude protein (g/100g) 0.90 1.90 19.9 

Fat (g/lOOg) 0.17 2.50 49.4 

'Vit. C (14 mg/100g) and rnalic acid (0.24g/100g) are also found in apricot. 

to a digital indicator (ESIT) connected to a computer (Serial Port RS-232). 
Weight loss was measured in one minute intervals. 

Average dimensions of the apricots were: (1) thickness = 3.37 cm, (2) 
length = 3.46 cm, (3) width = 3.31 cm. Average diameter of the stones was 
1.42 cm. 

Thermocouples (Cu - constantan, f 0.1C) of diameter 1.2 mm were 
inserted at positions shown in Fig.1 to measure temperatures as functions of 
time and position. Temperature measuring system used was a microprocessor 
(Ellab CMC821). 

The volume displacement method was used to measure volumes of the 
drying samples at various time intervals by means of rapeseed filled into a 
measure. 

Other parameters measured were color (Minolta Chroma-Meter CR300; 
Hunterlab), SO, as ppm by Reith and Willarns method (Turkish Standards-485, 
1992), Brix (Atago Hand Refractometer), dry matter (AOAC 1984, method no. 
14.125), and total acidity as malic acid (AOAC 1984, method no. 942.15). 

Thennophysical Properties 

Thermal conductivity and specific heat values were obtained from the 
following empirical relations (Sweat 1986): 
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where X, X,,, X,, X, and X, are the mass fractions of the water, protein, 
carbohydrate, fat and ash components of the food in question (the components 
of apricot are given in Table 2, where methods are described by Canellas et al. 
1992, and Tuncel et al. 1990). In our model, the initial amounts of the 
constituents other than water were assumed to remain constant throughout the 
drying process, hence k and Cp values of the region I1 were related to the 
average moisture content (M) at any time of drying from: 

Initial Value 
x, (1) = where i = p, c, for  a. 

MT (2) ' 

The densities were calculated from the measured mass to volume ratio. 
Convective heat transfer coefficient was determined from'the temperature 
histories of the samples by comparing with predicted values: the sums of squares 
of differences between the experimental and predicted data were minimized by 
a gradient method (Sakai and Hayakawa 1992; Ozilgen and Heil 1994). 

Method of Solution 

The Exponential (4) and Page (5) equations were tested for the experimental 
&s t data. The one giving the highest 9 was chosen to represent variation of 
M with respect to t, and inserted into Eq. 14. Similarly, variation of the volume 
with respect to moisture content was found for each run in the form of Eq. 6 
and inserted into eqs. 13, 14 and 15 in combination with Eqs. 16 and 17. 

Shrinkage was assumed to be equal in all dimensions of the sphere. Number 
of nodes both in the region I and in the region I1 was taken to be constants. But 
the length of intervals in the region I1 was assumed to decline as the fruit 
shrinks, while those in the region I were assumed to remain constant. Tempera- 
ture distribution as a function of radius and time was then found by writing a 
BASIC program. The program stopped when the experimental pitting time of the 
fruits was achieved. 
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RESULTS AND DISCUSSION 

Effects of the initial treatments on the final dried product can be surnrna- 
rized as follows: a/b (redness/yellowness) ratio of the natural-fresh apricot, 
0.245, changed to the values of 0.215, 0.221, 0.216, 0.224 and 0.220 for the 
runs SMAEl to AEEO (with the order as reported in Table 1) after pretreat- 
ment, and further to 0.560, 0.430,0.402,0.454 and 0.640, respectively, after 
the drying operation. It is seen that, pretreatment solutions decreases L and a/b 
values just prior to drying. However, at the end of drying, a relative rise in the 
a/b ratio is seen, especially in the AEEO treated products alone, indicating that 
AEEO has no detrimental effect on the browning reactions,which are the main 
source of the unwanted dark color. In other words, the quality of the final 
product seems to be affected by both the residual concentration of the SO, and 
the presence of AEEO: the first one causes final product to have a desired color 
while the second one increses the drying rates, as will be discussed below. It 
may be claimed that, in terms of apparent quality factors of the final product, 
AEEO treated products should be rejected while (AEEO+SMBS) treated but 
with a lower residual concentration should be suggested. 

Usually the drying rate curves show a tendency to have a constant rate 
period followed by the falling rate period. However, for the dehydration of 
apricots we did not observe a constant rate period which would otherwise cause 
nonuniformity in the moisture content of the fruit. In order to emphasize this 
observation Biot number was found from (Saravacos et al. 1988): 

where k, is the mass transfer coefficient at the surface and obtained from 
(Saravacos et al. 1988): 

kmDe - 2 + o . f j~e~ . '  sc0.'l sh=-- 
D A B  

By inserting drying conditions employed in our experiments, k, was found 
to be about 0.01 1 mls. Hence Biot numbers, depending on the observed D, for 
each run studied was found to be very large. Then it was concluded that, mass 
evaporation from the surface (external resistance) is not important and 
diffusional mechanism (internal resistance) gives the primary resistance to mass 
transfer. 
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TABLE 3. 
PARAMETERS OF THE MODEL EQUATIONS TO PREDICT MOISTURE AND 

VOLUME CHANGES 

CODE 

AEEO 1:360 x lu3 1.080321 4.70 4.28 

A4 /Mi = exp (- x t Y )  

When experimental k vs t data are analyzed for the Exponential and Page 
equation the difference between ?-values of those equations was small for all 
runs. However, Page Equation gave slightly higher ?-values (Table 3). The 
variations of moisture content with respect to time are given in Fig. 2a-e, for the 
runs studied. The model predictions and the ex~rimental results are in good 
agreement. To calculate D,,, semi-log plots of MIM, vs t were performed for 
each run (an example is given in Fig. 3 for SMAEl). D,, was calculated from 
the slopes of log (MIM,) vs t graphs (Lomauro et al. 1985). It was observed that 
there is a linear relationship but the slopes are changing at some break points. 
This observation indicates that, D, is changing at_some moisture contents. The 
results calculated for each linear portion of log MIM, vs t graphs are reports 
in Table 4, where overall D, values are also reported. By comparing with M 
vs t graphs (Fig. 2a-e), it was seen that, the first break point usually corre- 
sponds to the pitting time of the fruit. In other words, the presence of the stones 
decreases the drying rates of the whole apricots. Based on these results, it is 
possible to conclude that, there is a slight increase in the D,, values of each run 
after pitting. However, at the second break point D,,values again decreases due 
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FIG. 2. COMPARISON OF THE PREDICTED (-) AND EXPERIMENTAL (---) 
MOISTURE CONTENTS 

to decreasing moisture content. In agreement with the fact that ethyl oleate not 
only removes the waxy layer surrounding the skin but also diffuses into the fruit, 
thus improving external and internal water transport (Aguilera et al. 1987), ethyl 
oleate treated products had the highest overall diffusion coeff~cient compared to 
the SMBS treated products. The drying rates of different treatments can be 
classified as: SMAE2 > SMAEl > AEEO > SMBS2 > SMBSI. However, 
at the end of drying, the difference between the drying rates of SMAE2, 
SMAEl and AEEO diminishes. Ethyl oleate breaks the surface resistance to 
mass transfer and increases the diffusion coefficients as confirmed by the results 
reported in Table 4. 

In order to check the hypothesis that temperature distribution with respect 
to position diminishes after a short time at the beginning, figures similar to Fig. 
4 (for AEEO) were plotted for all runs. Although a small temperature gradient 
exists at the very beginning of the runs, it was then negligible. Consequently, 
average temperature was thought to represent variation of temperature with 
respect to time and position: 
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FIG. 3. SEMI-LOG PLOT OF M/M, vs t ,  FOR SMAEl 
Break points show the moisture contents where the diffusivity (Da) changes. 

TABLE 4. 
STEPWISE AND OVERALL CHANGE OF DIFFUSION COEFFICIENT FOR 

DIFFERENT TREATMENTS 
- 

Pitting D 4  M Overall Dg 
CODE Time (kg water / kg 

(min.) (m2/s) dry solids) (m2/s) 
7.40 x 1Ul0 4.000 - 1.493 

SMES 1 825 1.10 x loa9 1.493 - 0.714 8.90 x 1Wl0 
8.40 x lWIO 0.714 - 0.400 

9.40 x lWIO 4.000 - 1.286 
SMAEl 60 1 1 . 3 1 ~ 10~ 1.286-0.389 1.15~10~ 

9.77 x 1Wl0 0.389 - 0.335 

9.40 x l@1° 4.000 - 1.450 
AEEO 542 1.50 x 10- 1.450 - 0.477 1.30 x 10- 

8.70 x 1Ul0 0.477 - 0.386 
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FIG. 4. VARIATION OF TEMPERATURE WITH RESPECT TO TIME AND 
POSITION, FOR AEEO 

SMBSI 1mm.l --- SMBSl IP..). h -42  

SMBS2 1exp.I 
-.-. SMBSZ 1prm.l. h-37 

A SMAEl l*md 
-SMAEl 1pre.I. h-33 

SMAE2 1em.l ...... SMAE2 Ipn.1, h-44 
X AEE0lerp.I -..- AEEO Iple.1, h-48 

FIG. 5. COMPARISON OF PREDICTED AND EXPERIMENTAL AVERAGE TEMPERA- 
TURES FOR DIFFERENT PRETREATMENTS 

Units of h is Wl(mZK). 
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The results of the predicted and experimental average temperatures are 
given in Fig. 5. It is interesting that, the rates of initial rise of temperatures are 
different for the runs studied: SMBSl > AEEO > SMAE2 > SMBS2 > 
SMAEl. It should be noted that this classification is not the same as the one 
given for the drying rate. However, with some exceptions, it may be claimed 
that the one having the highest temperature rise at the beginning has the lowest 
drying rate. A reason for this may be the well known case hardening, which 
prevents migration of water from the surface through the air. 

In order to see the effects of surface characteristics of a particular 
pretreatment on the temperature rise of the product, number of ridges per unit 
area were observed by a zoom stereomicroscope (WILD Heerbrugg) with a 
magnification of 6.0. For the final dried products, qualitatively the classification 
was: SMAE2 < SMAEl < SMBS2 < AEEO < SMBSl, in terms of the 
number of ridged surface per unit area. Additionally, on the surface of SMBSl 
case hardening was observed. It is seen that, as the ridgedness of the surface 
increases, initial rise of temperature increases. An explanation for this may be 
that the ridged surfaces act as fins (extended surfaces), thus increasing 
convective heat transfer coefficients and hence heat transfer rates. 

The convective heat transfer coefficient between the fruit surface area and 
the air is mainly influenced by the heat flux, surface area and the temperature 
difference: 

We have tried several empirical correlations, such as Eq. 25 and 26 to find h 
(Geankoplis 1983): 

for cross flow, h = 1. 17G0." (W/m2.K) (25) 

where G = v.p (kg/m2.h) 

and for heat transfer of gases in beds of spheres, 

The values of h's obtained from Eq. 25 or 26 were about 18-22 W/mZ.K, giving 
predicted temperatures to be lower than the experimental ones. Then, h values 
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1.1 AEEO 

FIG. 6. COMPARISON OF PREDICTED AND EXPERIMENTAL STONE SURFACE 
TEMPERATURES: (H) T3; (0) T4; (-) PREDICTED T,. 

giving the least sums of squares of differences between the predicted and 
experimental results were found for each run, by a gradient procedure. The 
results confirmed that, those heat transfer coefficients are about 2 to 3 times as 
much as the ones estimated from Eq. 25 or 26. Further, it is seen that for each 
run a different h value is estimated (Fig. 5). However, it was observed that 
neither drying rate, nor surface characteristics nor percent reduction in volume 
has the dominant effect on the estimated h value. 

Predicted stone surface temperature (T,,) and experimental stone top and 
bottom surface (T3 and T4 in Fig. 1) temperatures are given in Fig. 6a-e. In 
general, the agreement of predicted and experimental results are good. However, 
for the runs SMBS2 and SMAE2 experimental results gets lower than the 
predicted ones after the temperature rising period. A reason for this may be the 
decrease of actual h. These confirm to the fact that, the heat transfer coefficient 
may be constant only within the period of a constant rate of drying, while in the 
falling rate period it diminishes with decreasing moisture content (Kuts and 
Pikus 1980). Another observation from Fig. 6a-e is that stone bottom tempera- 
ture (T4) is always higher than the stone top temperature (T3) due to the 
conducted heat from the tray. It means the assumption of uniform temperature 
for a particular radius is not always true. 



MATHEMATICAL MODELLING OF APRICOT DRYING 

CONCLUSIONS 

Use of ethyl oleate in addition to sodium-meta-bisulphite as pretreatment 
solutions for the drying of apricots cause L and a/b values to increase. Ethyl 
oleate and ethyl oleate plus sodium-meta-bisulphite treated apricots have higher 
drying rates (hence lower drying times) compared to sodium-meta-bisulphite 
treated products alone. Drying rates, percent shrinkage and surface characteris- 
tics seem to affect the rate of temperature rise and estimated heat transfer 
coefficients, but the interdependence of those factors is not clear. 
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NOMENCLATURE 

Intercept (Eq. 6) 
Surface area (m2) 
Slope (Eq. 6) 
Biot number, km R/D# 
Specific heat (Jlkg K) 
Diffusivity of water in air (m2/s) 
Diffusion coefficient (m2/s) 
Equivalent diameter of sphere, (6V/.rr)'", (m) 
Convective heat t p f e r  coefficient (W/mZ K) 
Conductivity; k (M): as a function of moisture content. (W/ m K) 
Surface mass transfer coefficient (m/s) 
Constant (Eq. 4) 
Dry mass of solids (kg) 
Average moisture content; k(t): as a function of time, 
(kglkg dry solids) 
Equilibrum moisture content (kglkg dry solids) 
Initial moisture content (kglkg dry solids) 
Total mass at any time (kg) 
Heat flux (W/m2) 
Radius (m) 
Radius of stone (m) 
Radius of whole apricot (m) 
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Reynolds number (D,vp/p) 
Length of a specified node (m) 
Space increment (m) 
Schmidt number, (plpD,) 
Sherwood number, (k,D,/DAB) 
Time (s) 
Temperature as a function of position and time (C) 
Initial temperature (C) 
Temperature at the stone side (C) 
Air temperature (C) 
Temperature at the apricot side (C) 
Temperature at the interface (C) 
Time increment (s) 
Velocity (mls) 
Volume as a function of moisture content (m3) 
Constant (Eq. 5) 
Mass fraction; X,: ash, X,: carbohydrates, X/: fats, X,: proteins, 
K: water 
Constant (Eq. 5) 
Thermal diffusivity; a(& as a function of moisture content, 
(kfp CP), (m2/s) 
Void fraction 
Latent heat of vaporization (Jlkg) 
Viscosity (kglm s) 
Density (kg/m3) 
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