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Abstract
A novel tubular module was used to investigate the direct osmosis concentration process in the case of tomato juice. This
module, was constructed, according to given speci®cations, by PCI UK and consisted of an external stainless steel shroud
accommodating, internally, a set of two identical RO membrane tubes having no support lengthwise and properly sealed at
their ends. The process performance was measured in terms of water permeation ¯ux and its response to changes of the
process parameters was experimentally assessed and established. The process parameters which were investigated in the
course of this study were: the kind of osmotic medium, the viscosity of osmotic medium, the osmotic medium concentration,
the juice temperature, the juice ¯ow rate, the juice concentration and the membrane thickness. Sodium chloride brine was
found to be the best osmotic medium, among the six which were tried, and this was due to its very low viscosity. The above
parameter appears to be of paramount importance regarding the effectiveness of an osmotic medium. Higher osmotic medium
concentrations yielded to higher osmotic permeation rates. Increasing the juice temperature was found to markedly increase
the permeation ¯ux. However, only a slight enhancement of ¯ux was observed by increasing the juice ¯ow rate. Moreover,
higher juice concentrations up to approximately 128 Brix led to a lowering of the osmotic ¯ux. Finally, as far as the membrane
thickness was concerned, a strong trend was revealed for exponential increase of permeation by shifting towards lower
membrane thicknesses. This trend however needs to be further investigated as an inadequate number of experimental points
were obtained due to lack of additional membranes. # 1998 Elsevier Science B.V. All rights reserved.
Keywords: Concentration polarisation; Osmosis; Reverse osmosis; Tomato juice; Concentration

1. Introduction
The basic principle of osmotic concentration was
applied by Popper et al. [1] under the name dialysis, to
obtain grape juice concentrates.
*Corresponding author.

Beaudry and Lampi [2,3] then renamed the same
process ``direct osmosis'' describing its basic principles: Direct osmosis demands the concentrating
juice to be in intimate contact with the osmotic agent
across a very thin (25±100 mm overall thickness),
semipermeable and water selective membrane with
a molecular weight cut-off of 100 Da. Any water

0376-7388/98/$ ± see front matter # 1998 Elsevier Science B.V. All rights reserved.
PII: S0376-7388(98)00216-6

100

K.B. Petrotos et al. / Journal of Membrane Science 150 (1998) 99±110

solution with higher osmotic pressure than the juice
and with a solute which does not pass through the
membrane can be used as an osmotic medium and as
no substantial hydraulic pressure is employed in this
process the driving force producing water transport
through the membrane is virtually the difference in
osmotic pressure across the membrane. An innovative
design, ensuring a consistently high water ¯ux and
minimal fouling, was employed by Beaudry and
Lampi (Osmotek, Corvallis, Oregon, USA) in the
construction of their direct osmosis cell. The whole
invention of Osmotek, has been covered by a USA
patent, granted to Herron et al. [4] under the no:
5 281 430, which is currently the only available source
of information about this new process. In the disclosure section of this patent document there is very brief
reference to application of this novel process in the
concentrating of tomato juice but a thorough study of
the application of direct osmosis in the concentration
of the most concentrated vegetable juice is lacking. On
the other hand, the concentration of this juice (tomato
juice) by using reverse osmosis techniques has been
extensively studied and information is available in a
series of scienti®c papers [5±12].
Therefore, the purpose of the present work is to
investigate the effect of the process parameters on the
direct osmosis concentration ¯ux of tomato juice
which is concentrated in bulk worldwide and furthermore to provide a further insight into this new and not
very well known process.
2. Materials and methods
A novel direct osmosis tubular module was constructed, according to our speci®cations, by the membrane systems manufacturer Paterson Candy
Industries UK. This system consisted of a stainless
steel shroud which provided containment to a set of
two reverse osmosis membrane tubes, 1.22 m in length
and with an external surface of approximately 0.1 m2.
These tubes were properly sealed at both their ends by
using rubber gaskets similar to those used in RO
modules and were self-supported lengthwise. The
tomato juice was circulated through the systems inside
the bore of the tubes and the tube arrangement and
connection was in series with the assistance of a
U-bend element. The osmotic medium was recircu-

lated each time outside the tubes in the shroud. The
overall arrangement of the DO experimental rig is
illustrated in Fig. 1. Two different membranes were
used in the course of the experimentation: the AFC99
commercial reverse osmosis membrane which is a thin
®lm composite aromatic polyamide membrane with
nominal sodium chloride rejection 99%. Two different
overall thicknesses of this membrane were tried: 600
and 500 mm. Additionally the company constructed
especially for the needs of the research a novel thinner
membrane (400 mm) where the difference in thickness
was due to the use of a thinner backing material while
the top active layer was identical to that of the
commercial AFC99. The external diameter of the
membrane tube was approximately 2.6 cm and the
membrane active layer was located on the inside of the
tube. The thickness of the membrane active layer was
in all three membranes 140 mm, while the thickness of
the porous substrate was 460, 360 and 260 mm from
the thicker to the thinner membrane. The water permeation coef®cient was the same for all membranes
and according to the supplier had the value
A1.12510ÿ3 m3/m2 h. The water coef®cient B
was not available by the supplying company but its
value could be based on a 99% rejection of NaCl [13].
All the membranes were supplied by Paterson Candy
Industries UK.
The cleaning of the membranes was performed
according to the membrane manufacturer speci®cation, by using the P3 Ultrasil 10 alkaline detergent
which was supplied by HENKEL UK.
The raw material of the direct osmosis experiments
was prepared by mixing commercial double concentrated tomato paste (28±308 Brix) with soft water,
obtained from the Lab boiler house water puri®cation
unit. The mixing was done at a ratio (water:tomato
paste) 5.35:1. This mixture, approximately 11 kg, was
then left agitated for at least 1 h at 30 rpm in order to
be homogenised. The tomato paste which was used for
the reconstitution of the juice was supplied by GERBER UK in 1 kg tins and was of Greek origin.
Sodium chloride of technical Grade was supplied by
UK manufactures as well as calcium chloride, calcium
nitrate, glucose, sucrose and polyethylene glycol 400
(PEG400). All these materials were used for the
preparation of osmotic media.
The experimental procedure was consisted of the
following steps:
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Fig. 1. Direct osmosis experimental rig.






Soft water and tomato paste at the above mentioned ratio were put into the juice stock tank and
left agitated for at least 1 h.
Preweighed quantities of water and osmotic
medium solute at the required ratio were put in
the plastic osmotic medium stock tank and the
stroke pump was put in operation with the output
pipe emptying the material back into the plastic
tank. The osmotic medium was in this way
recycled and mixed for at least 1 h, to become
homogenised.
After this first hour had elapsed the output pipes of
the pumps were connected to the module and the
tomato juice pump was put in operation. When the
first quantity of tomato juice was returned to the
stock tank after passing through the module, the
back pressure valve was set immediately to the
right position to ensure a back pressure of about

3 bar and the stroke pump of the osmotic medium
was set in operation.
 The normal run lasted 5 h and during this time the
osmotic medium was sampled at regular time
intervals, every 15 min for the first 90 min of
operation and every 30 min for the rest of the
operation.
 The collected samples were then analysed by
using a refractometer and the refractive index
was interpreted into concentration.
 From the drop of the concentration of the osmotic
medium in the 5 h run the water which had passed
through the membrane was calculated by using a
material balance and obtaining consequently the
permeation flux.
For the refractive index measurements, the high
precision refractometer RFM340 was used which
was supplied by Stanley & Bellingham, UK.
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Viscosity measurements for the osmotic media were
conducted by using a BOHLIN CS Rheometer operated at the stress viscometry mode.
3. Results and discussion
3.1. Comparison of the effectiveness of several
osmotic media in the direct osmotic concentration of
tomato juice
A total of six different osmotic media were used in
order to ascertain the one presenting the optimum
performance. These were sodium chloride solution,
calcium chloride solution, calcium nitrate solution,
sucrose solution, glucose solution and polyethylene
glycol solution with a molecular weight of 400 Daltons (PEG400). The experimental conditions used
along with the average concentration of the osmotic
media are listed in Table 1. The data of Table 2
indicate that salt solutions perform better as osmotic
media than carbohydrate solutions and the PEG400.
Also, the best performing osmotic medium among all
tested was NaCl brine. The viscosity of the osmotic
media was measured by an automatic Bohlin stress
viscometer and the values of their respective osmotic
pressures were calculated using literature data.
The driving force for the separation was then calculated each time by subtracting an element equal to
8.7 bar corresponding to the osmotic pressure of the
tomato juice at 4.38 Brix (equation given by Dale et al.
[14]) and adding the tomato juice overpressure (2 bar).
The driving force (ÿP) along with the viscosity
values of the osmotic media and the calculated ¯ux
values are all presented in Table 2. Statistical processing of the data of ¯ux versus (ÿP) proved that

Fig. 2. Correlation of the direct osmosis flux with osmotic medium
viscosity in direct osmosis concentration of tomato juice.

there is only little correlation between these two
parameters (the correlation coef®cient R0.10 is close
to zero). This means that the performance of the
process of direct osmosis is dependent on the diffusion
of water from the membrane active layer through the
membrane backing material and osmotic medium
polarised layer, which is in turn dependent on the
physical properties of the used osmotic solution. On
the other hand graphical representation of the ¯ux
values against the measured viscosity values of the
osmotic solutions (Fig. 2), disclosed a strong exponential dependence between the two parameters,
where the ¯ux value appears to be inversely proportional to the square root of the viscosity. This signi®es
once again the importance of using a low viscosity
osmotic medium in direct osmosis applications to enhance performance. Lower viscosity of an osmotic medium besides its direct positive effect on eliminating

Table 1
243Experimental conditions for the six experiments employing different osmotic media
Solution

Tomato juice flow rate (l/h)
Osmotic medium flow rate (l/h)
Osmotic medium concentration (average) (w/w%)
Osmotic pressure data calculated according to or obtained from

NaCl

CaCl2

Ca(NO3)2

Glucose

Sucrose

PEG400

502
565
22.24
[18]

510
554
29.07
[24]

498
572
29.0
[23,26]

500
552
62.86
[26]

501
570
58.29
[26]

504
555
49.97
[25]

Tomato juice pressure: 2.950.1, tomato juice temperature: 268C, osmotic medium pressure: 0±2 pulsing, osmotic medium temperature:
258C, membrane type: AFC99 ± overall thickness 400 mm.
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Table 2
Values of viscosity of the used osmotic media, the corresponding driving force and flux
Osmotic medium

NaCl 22.24%
(w/w)

CaCl2 29.07%
(w/w)

Ca(NO3)2
29.00% (w/w)

PEG400 49.97%
(v/v)

Sucrose 58.29%
(w/w)

Glucose 62.86%
(w/w)

Viscosity in cp (258C)
ÿP (bar)
Flux (kg/m2 h)

1.9
280.3
3.10

2.3
548.0
2.33

2.9
176.3
1.80

14.0
303.0
0.70

40.5
134.8
0.55

103.0
337.5
0.37

the resistance to mass transfer through the osmotic
medium polarized layer (external polarisation) also
implies higher diffusivity D according to the classical
equation of Wilke and Chang and its correction for
concentrated solutions [15]. This is expected to reduce
the resistivity K of the solute in the porous membrane
backing material [16] lowering, the so called, internal
polarisation [17] and leading to higher osmotic ¯uxes.
From the practical point of view the interpretation of
the results, presented in Table 2, is that choosing of
osmotic medium, to be used in direct osmosis applications, is based mainly on its mass transport properties
(viscosity, diffusivity).
3.2. The tomato juice direct osmosis flux in relation
to the osmotic medium concentration
The effect of the osmotic medium concentration on
the direct osmosis ¯ux was investigated by using two

different membranes, the AFC99 with a thickness of
600 mm and the AFC99 with a thickness of 400 mm. In
both cases the osmotic medium used was sodium
chloride brine and the experimental conditions practically the same (the relevant values are presented in
Table 1). In both cases the ¯ux value was calculated at
®ve respective brine concentrations. Data for the
dilution of the brine (5 h run) along with ¯ux values
in both cases are presented in Table 3.
After plotting the calculated ¯ux values against
average brine concentration in both cases (Fig. 3), a
linear correlation between these two parameters was
disclosed, with the ¯ux increasing in accordance with
the brine concentration. After this, the calculation of
the overall mass transfer coef®cient (¯ux/driving
force) was carried out by calculating the driving force
as the difference between the osmotic pressure of
the brine (calculated according to Perry and Chilton
[18]) and the osmotic pressure of the tomato juice

Table 3
Data for the dilution of the osmotic brine and calculated osmotic flux values in direct osmosis concentration of tomato juice with AFC99
(600 mm) and AFC99 (400 mm) membranes at different brine concentrations
Experiment no.

Initial brine
quantity (g)

Initial brine
concentration
(% NaCl)

Final brine
quantity (g)

Final brine
concentration
(% NaCl)

Avarage brine
concentration
(% NaCl)

Calculated
direct osmosis
flux (kg/m2 h)

Membrane AFC99 600 m overall thickness
1
11 788
5.96
2
11 782
9.95
3
11 782
14.96
4
11 802
19.63
5
11 767
23.33

12 000
12 011
12 056
12 110
12 083

5.85
9.76
14.62
19.13
22.72

5.91
9.86
14.79
19.38
23.02

0.446
0.460
0.560
0.620
0.640

Membrane AFC99 400 m overall thickness
1
11 796
5.83
2
11 782
9.59
3
11 782
14.56
4
11 796
19.47
5
11 778
23.59

12 595
12 695
12 889
13 072
13 300

5.46
8.90
13.31
17.57
20.89

5.65
9.25
13.94
18.52
22.24

1.61
1.85
2.24
2.58
3.10
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Fig. 3. Correlation between osmotic medium concentration
and direct osmotic flux in tomato juice concentration by direct
osmosis.

(calculated according to [14]) adding a 2 atm element
to take into account the average hydraulic overpressure of the tomato juice. These values of the mass
transfer coef®cient were then plotted against the
average brine concentration and an exponential reduction of this coef®cient was revealed as the brine
concentration was increased (Fig. 4). Also, a remarkable closeness of the exponent to ÿ1 in both cases
indicates that the mass transfer coef®cient is inversely
proportional to the brine concentration. This sharp

reduction of the overall mass transfer coef®cient with
increasing brine concentration was further analysed.
As there was no difference between the tomato solutions used in the respective experiments and the used
hydrodynamic conditions of ¯ow in each set of ®ve
experiments were the same for both ¯uids (tomato
juice and brine), the observed reduction can be attributed to changes on the physical properties of the brine
affecting the resistance of the brine side ®lm coef®cient and potentially the diffusion through the membrane backing material. However, data taken from [15]
for the diffusion coef®cient of water in sodium chloride solutions indicate rather an increase than a reduction of this coef®cient over the range of brine
concentrations used in this speci®c experimentation.
In addition the use of the same membrane in each one
of the ®ve respective experiments with different concentrations of osmotic brine makes obvious that the
resistance in water transfer through the skin of the
membrane was the same in any case, as well as the
thickness, tortuosity  and porosity  of the backing
material (porous matrix supporting the membrane).
Therefore following the analysis given in a series of
literature references [16,17,19] along with the resistance to mass transfer exerted by the membrane skin,
the resistivity K  t=Ds  of the backing material to
water transfer should be roughly the same in all ®ve
experiments given that Ds appears fairly constant with
concentration, if not increasing at higher salt concentrations [15]. This was veri®ed by calculating the
resistivity K, using a simpli®ed version of an equation
proposed by Loeb et al. [16]
K  1=flux ln  hi = low ;

Fig. 4. Correlation between osmotic medium concentration and
overall mass transfer coefficient in tomato juice concentration by
direct osmosis.

(1)

where K is the resistivity of membrane support layer
(m2 h/kg), ¯ux the water ¯ux through the membrane
(kg/m2 h),  hi the osmotic pressure of osmotic brine
(bar) and  low is the osmotic pressure of tomato juice
(bar).
This calculation is presented in Table 4 and from
the obtained values of K it is apparent that this is fairly
constant along the whole range of the tested concentrations of brine. From this analysis, it has to be
eliminated the possibility that the physical properties
of the osmotic brine are affecting the mass transfer
resistance of water through the membrane and consequently the overall mass transfer coef®cient U. This
means, in turn, that the dependence of the overall mass
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Table 4
Calculation of the resistivity K at various brine concentrations
Average brine concentration
(% NaCl)

 hi (bar)a

 low (bar)b

FLUX (kg/m2 h)
(data from Table 3)

K (m2 h/kg) from
Eq. (1)

5.65
9.25
13.94
18.52
22.24

48.0
84.5
142.6
216.1
293.5

8.7
8.7
8.7
8.7
8.7

1.61
1.85
2.24
2.58
3.10

1.06
1.23
1.25
1.25
1.14

a

Data calculated from [18].
Ref. [14].

b

transfer coef®cient on the osmotic brine concentration
is solely created by the in¯uence of the osmotic brine
physical properties on the ®lm mass transfer coef®cient at the side of the brine. However, from the three
physical properties (density, diffusivity and viscosity)
which are expected to be changed with concentration,
the density of the sodium chloride solution undergoes
only a small change over the tested range of concentrations and the diffusivity D remains practically
constant, thus leading to the conclusion that the signi®cant parameter for the reduction of U coef®cient is
the viscosity of the osmotic solution. This physical
property increases by approximately 60% over the
tested range of concentrations. Observing the curves
of Fig. 4 a sharper reduction of the U coef®cient with
the thinner membrane (400 mm) is concluded. This
can be better visualised by calculating the ®rst order
derivative of U versus C, which is dU/dCÿ0.195/
C1.9513 for the 400 mm membrane and dU/dC
ÿ0.089/C2.1352 for the 600 mm membrane. The coef®cient (ÿ0.195) for the 400 mm membrane is more
than double the coef®cient (ÿ0.089) in the case of the
600 mm membrane. This marks a more substantial
contribution of the osmotic medium ®lm coef®cient
in the formation of the overall mass transfer coef®cient in the case of a thinner membrane, because of the
reduction of the membrane resistance due to its lower
thickness. The higher limit of tried concentration of
NaCl brine was approximately 23% (w/w) NaCl. This
concentration, which was close to the one of the
saturated solution, gave the optimum performance
due to the highest osmotic strength of the osmotic
medium. This is also the higher concentration limit
which can be achieved by electrodialysis, a method
cheaper than conventional evaporisation and also

well-known, concerning the reconcentration of the
osmotic medium [20].
3.3. The effect of temperature on the direct osmosis
flux
The effect of temperature on the direct osmosis ¯ux
was investigated in a course of ®ve respective experiments which were conducted at ®ve different temperatures (approximately 268C, 368C, 468C, 528C,
588C respectively) within the range between 268C
and 608C. The experimental conditions for these ®ve
experiments were: juice ¯ow rate: 5064 l/h, brine
¯ow rate: 5655 l/h, tomato juice pressure:
2.950.1 bar, brine pressure: 0±2 bar pulsing, initial
brine concentration: 23% (w/w) NaCl, membrane
type: AFC99 (500 mm).
The calculated values of the direct osmosis ¯ux,
from the osmotic brine dilution, are graphically represented versus juice temperature in Fig. 5. From this
graph, it is obvious that an increase to the temperature
caused an enhancement to the direct osmosis performance. This enhancement is expressed quantitatively
by a 64% increase in terms of permeation ¯ux as the
temperature rises from 268C to 608C. It must be
considered, however, that a ¯uctuation of the average
brine concentration of less than 0.4% between respective runs, introduces a small error in calculating the
¯ux value which, being less than 2%, was not corrected. Wrolstad et al. [21] reported the same positive
effect of temperature on the direct osmosis ¯ux in
the case of concentration of raspberry juice but in
their case only two temperature settings were tested
(178C and 278C). Beaudry and Lampi [3] speculated
on the same dependence of direct osmosis ¯ux on
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3.4. The effect of tomato juice flow rate on the direct
osmosis concentration flux

Fig. 5. The effect of temperature on the tomato juice direct
osmosis flux.

temperature without, however, providing data to support their claim. According to Beaudry and Lampi [3]
the increase of temperature lowers the viscosity and
increases the diffusion coef®cients of the ¯uids
involved in the process, thus positively affecting the
permeation ¯ux. However, an attempt to ®t the direct
osmosis ¯ux±temperature data to the well-known
Arrhenius form of dependence which is valid in other
membrane processes was not successful. Despite the
fact that the temperature improved the performance of
the direct osmosis concentration process, this positive
element must be balanced with the negative effect
which appears when the tomato juice is exposed at
temperature for a considerable time. However, it must
be noted that with conventional evaporative concentrators operating under vacuum the temperature of the
product approaches 72±758C, a value far greater than
the higher tested value in this study (approximately
608C).

The effect of the tomato juice ¯ow rate on the direct
osmosis concentration ¯ux was disclosed in a course
of ®ve respective experiments conducted at juice ¯ow
rates of 109, 216, 317, 419 and 502 l/h, respectively.
The rest of the experimental conditions were: juice
temperature: 25.50.58C, juice pressure: 2.95
0.5 bar, brine ¯ow rate: 56028 l/h, brine pressure:
0±2 bar pulsing, and membrane type: AFC99
(500 mm).
The brine dilution data for these experiments are
presented in Table 5 along with the calculated values
of the permeation ¯ux. From the calculated values of
the permeation ¯ux, which are presented against
tomato juice ¯ow rate in Table 5, it can easily be
concluded that the effect of the juice ¯ow rate on the
direct osmosis ¯ux is very smooth as an almost ®vefold increase in ¯ow rate (from 109 l/h up to 502 l/h)
caused only a 32% increase of permeation ¯ux. It must
be noticed, however, that the average brine concentration between runs presents a small ¯uctuation which
was not considered signi®cant (Table 5). According to
Beaudry and Lampi [3], the ¯ow rate of the liquid to be
concentrated by direct osmosis affects the resistance
to mass transfer of the polarised layer adjacent to the
membrane surface and consequently the value of the
permeation. However, Merlo et al. [10] as well as Ishii
et al. [6] and Pepper et al. [8] in their study on reverse
osmosis concentration of tomato juice and in alignment with this present study, did not ®nd any signi®cant correlation between ¯ux and juice ¯ow rate.
This similarity between the results obtained by Merlo
et al. [10] and the ones obtained in this present
investigation can be explained because, despite the

Table 5
Experimental data for the dilution of the osmotic brine (NaCl) for each one of the five experimental runs conducted to reveal the effect of the
direct osmosis flux on the tomato juice flow rate
Experiment
no.

Juice flow
rate (l/h)

Initial brine
quantity (g)

Initial brine
concentration
(% NaCl)

Final brine
quantity
(g)

Final brine
concentration
(% NaCl)

Average brine
concentration
(% NaCl)

Calculated direct
osmosis flux
(kg/m2 h)

1
2
3
4
5

109
216
317
419
502

11 783
11 770
11 780
11 784
11 798

23.56
23.48
23.70
23.62
23.61

12 338
12 359
11 951
12 437
12 530

22.50
22.36
23.36
22.38
22.23

23.03
22.92
23.53
23.00
22.92

1.12
1.19
1.38
1.32
1.48
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fact that the two processes (reverse osmosis and direct
osmosis) are different to each other, the nature of the
two boundary layers is basically the same (same kind
of liquid). This strange behaviour of the tomato juice,
according to Pepper et al. [8] can be attributed to the
rheological nature of the juice along with a theory
known as ``tubular pinch effect'' which applies to
colloidal suspensions [22]. As the tomato juice has
got a considerable amount of pulp in colloidal suspension as well as certain macromolecules, this smooth
increase of the direct osmosis ¯ux with ¯ow rate can
also be explained by reference to this phenomenon.

the overall mass transfer coef®cient with juice concentration. More speci®cally a 2.7-fold increase of
tomato juice concentration (from 4.3 to 11.78 Brix)
depressed the U-value to 53% of its initial value for
juice at 4.38 Brix. The values for the osmotic pressure
of tomato juice were calculated using the equation
proposed by Dale et al. [14] while values for osmotic
brines of sodium chloride were obtained from [18].
This signi®cant reduction of ¯ux observed with higher
juice concentrations presents the direct osmosis concentration process as rather impractical where very
thick and viscous juice is concerned.

3.5. Correlation between the tomato juice
concentration and direct osmosis flux

3.6. The effect of the membrane thickness on the
performance of the direct osmosis process

The relationship between the direct osmosis ¯ux
and the concentration of the tested tomato juice was
investigated using ®ve respective values of juice concentration within the range 4.3±11.78 Brix. The investigation was limited to a maximum of 11.78 Brix due
to problems of using higher concentration of high
viscosity because of the unsupported membranes.
The membrane which was used was the AFC99 at
500 mm and the osmotic medium was brine sodium
chloride at 23% (w/w) NaCl. The temperature was
268C for the tomato juice and 258C for the brine. By
observing the calculated ¯ux values against the concentration of the tomato juice a substantial reduction
of the ¯ux value with increasing juice concentration
was concluded. This reduction appears to be almost
linear and re¯ects both the reduction of the driving
force due to higher juice osmotic pressure at high
concentrations and the reduction of the overall mass
transfer coef®cient due to increasing juice viscosity at
higher juice concentrations. The linear formula relating the direct osmotic ¯ux to juice concentration was
found to be:

Three membranes having the same active layer and
different thicknesses of backing material were used in
order to ascertain if there is any effect of the membrane thickness on the performance of the direct
osmosis. The overall thickness of these membranes
were 600, 500 and 400 mm. The osmotic medium was
NaCl brine (approximately 23%) in all cases and the
experimental conditions for the three respective
experiments were: juice temperature, 260.58C, juice
¯ow rate, 5102% l/h, juice pressure, 2.950.1 bar,
brine temperature, 258C, brine ¯ow rate 5621%,
brine pressure 0±2 bar pulsing. In Fig. 6 is illustrated
the concentration reduction of the osmotic brine over
the period of ®ve hours for each one of the three

flux ÿ0:0989  juice concentration in8 brix
 1:8884;

R2  0:99:

By calculating the overall mass transfer coef®cient
U, as the ratio of observed ¯ux value divided by the
difference in osmotic pressure between the osmotic
medium and tomato juice and graphically representing
the U-value against the corresponding average juice
concentration the conclusion was a linear reduction of

Fig. 6. The concentration reduction of the osmotic brine (NaCl)
over the five hour period for three different membrane thicknesses.
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the moment, and is expected to elucidate the exact
form of dependence between direct osmosis ¯ux and
membrane thickness.
4. Conclusions

Fig. 7. Correlation of the tomato juice direct osmosis flux with the
membrane backing material thickness.

membranes. From the slope of the three curves, a
faster reduction of the brine concentration versus time
as we shift from the 600 to the 400 mm membrane is
apparent. Also, a graphical representation of the calculated ¯ux values against membrane backing material thickness, illustrated an exponential trend for ¯ux
increase as the thickness was reduced, leading to a
smaller overall membrane thickness with the active
membrane layer being the same (Fig. 7). Unfortunately, a refusal of the membrane manufacturer to
provide even thinner novel membranes did not allow
investigation into whether this trend is consistent at yet
lower membrane thicknesses. It is also worth reporting
that such a trend is not in agreement with the claim by
Beaudry and Lampi [3] that the direct osmosis ¯ux is
linearly correlated with membrane thickness. However, the general conclusion of Herron et al. [4] that
the thickness of the membrane backing material can
dramatically impair the direct osmosis ¯ux was found
fully aligned with the experimental evidence of the
present investigation. Similar effect of the thickness of
membrane backing material on the obtained direct
osmosis ¯ux was described by Loeb et al. [16] who,
studying non-food systems, concluded that: clearly,
the porous fabric of the membranes they used
decreased the osmotic permeation excessively moreover, a separate investigation on the same matter,
involving thinner ¯at membranes is under way at

Several parameters believed to affect the performance of the operation of direct osmosis concentration of tomato juice were studied in the course of the
present investigation. Initially, a comparison carried
out by using six different osmotic media, including
sodium chloride brine, calcium chloride brine, calcium nitrate brine, sucrose solution, glucose solution
and polyethylene glycol 400 solution, disclosed the
most effective among them was the sodium chloride
solution. Additionally, in the present experiments, the
measured osmotic ¯ux values with different osmotic
media were not in correlation to the corresponding
overall osmotic pressure difference but to the viscosity
of the osmotic medium used each time. Accordingly,
this was considered to be clear evidence of the importance of using low viscosity osmotic media in direct
osmotic applications. Also, the increase of the osmotic
medium concentration, despite the fact it resulted in
higher osmotic ¯uxes due to increased osmotic pressure at high concentrations, led to a reduced overall
mass transfer coef®cient. This overall mass transfer
coef®cient was found to be inversely proportional to
the osmotic medium concentration and the parameter
which was responsible for this particular relationship
was identi®ed to be the viscosity of the osmotic
medium. Concerning juice temperature, as it was
rising, exhibited a positive effect on the direct osmosis
concentration ¯ux. However, the well-known and
anticipated Arrhenius relationship, which exists
between ¯ux and temperature in other membrane
processes was not found to be valid in this present
case. On the other hand, the juice ¯ow rate did not
substantially affect the direct osmosis ¯ux and this was
attributed to the rheological particularities of the
tomato juice which caused a phenomenon previously
identi®ed as the tubular pinch effect. Regarding the
increase of the tomato juice concentration, this had a
reducing effect on the direct osmosis ¯ux. The increasing juice osmotic pressure at higher concentration
along with the changes of the physical properties of
the juice (higher viscosities and lower diffucivities at
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high concentration) both contributed to the observed
reduction. Finally, a parameter of paramount importance for the operation of direct osmosis concentration
was proved to be the overall thickness of the used
membrane, as a trend of an exponential increase of
¯ux with reducing overall thickness was revealed for a
certain range of membrane thicknesses. However,
additional work is under way in order to ascertain
whether this trend is consistent at even lower membrane thicknesses.
Acknowledgements
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