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Since K essentially decreases with an increase in mass
transfer coefficient (k) as illustrated in Eq. (2.13), an increase in k leads to a decrease
in K, or vice versa. In addition, the level off of the K value at a specific point is due
to the fact that N; has a power of 0.2. The change in N, at a lower range is more

significant to the K value than that at a higher range. This agrees well with Halde

(1979), Lui et al. (1997), and Chen et a V%).

' ice front (u) in this experiment

. E——— .
was calculated followin .- ation of the advanced rate of

3 \‘\\\l\ parameter on the effective
\ '- , and CsCl solutions at a

advance rate of the ice frontges \

the ice front is shown 4
partition coefficients
stirring rate of 600 rpmi 1s ound that an increase in an
he K value. This indicates
he concentration change during
the progressive freeze-concentra I was ound that, at the same advance rate,
the K values of these: 'b w— _, ent. The order of the K
values was as folloWsn : e order of the diffusion

coefficients of the cation these molecul owever, was in the other way round
SroLt y

(Cussler, 1997ﬂTu EJp’J) w EJen ‘i mﬂm‘in ionic molecule is
dissolved in ater es no ﬁe i ﬁﬂ it is, on the
contraryﬂlﬂ into a j H\ﬁ g]ﬁ:?etons are eEol move freely
in the solution. Since all solutions contain the same anion (i.e. Cl), the diffusion
properties of these ionic solutions are dictated by cations. Because of its low ability

to diffuse from the moving ice-liquid interface to the bulk solution, LiCl is easily

trapped within the ice layer. Consequently, LiCl whose diffusivity is lower than that
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of NaCl, KCl, and CsCl, respectively, possesses the highest K value or, in other words
the highest inclusion in the ice phase (Cussler7 1997). |

Moreover, an increase in the advance rate of ice front
results in an increase in the amount of solute rejected from the ice layer. The solute
rejected from the ice layer then accumulates at the interface between the ice layer and

the bulk solution. A concentration gradie en develops just ahead of the advancing

crystal (Burton, Prim, and 195 s*énhancing the possibility that the

solute molecules are trapped
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4.1.2 Effects of the Operating Conditions and the Initial

Concentration (Cp) of the lonic Solution on the Effective

Partition Coefficient (K)

According to Eq. (2.16), it is clear that the relationship

between the K value and the operating conditions is not linear, as shown in Figure 4.3,

thus making it difficult to determine the ing, partition coefficient (Ko) and the a

constant. In order to overcome 510! 6) is then rewritten or linearized

In [(1/K) - 1 B)= 114 .‘ 4.1)

1] and w/N,* ? gives a linear
line with a slope of —1/a and . 1]. It was found, from Figure
4.4, that the model (Eq. (4.1) ':' ith the experimental data; Ri=
0.7873, 0.8056, 0.8% 508256 for_the CSCLRCLNGCL, and LiCl solutions,
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The effect of the initial concentration of the LiCl
solution on the K value is illustrated in Figure 4.5. It was found that the solute
concentration is proportional to the K value. The lower the LiCl initial concentration,
the lower the K value, thus resulting the better performance of the freeze-

concentration.

t (u) and an increase in the
stirring speed (N;) caused thg 19 decr also found that an increase

ease in the K value, thus

AN

3 efficiency of this process.

in the initial concentratig a’ s 1 an
s confirms that the initial

This is in good agreeme ifh He , Wi «\I gested that the progressive

freezing of the NaCl solution wity a hig i oncentration was more difficult to

purify than that with the nes, due to th of the freezing point.
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4.1.3 Determination of the Limiting Partition Coefficient (K,) of an

Ionic Solute Based on the Concentration Polarization Model

From Figures 4.5-4.8, the limiting partition coefficient,
Ko, can be obtained by extrapolating each line to the point where w/N,” ? is equal to
zero (i.e. a y-intercept of each line). At the point where w/N,* ? is equal to zero, K is

independent of the operating conditi

concentration of a solute. In
properties of the progressive
hie partition coefficient (Kg)
and the initial concentratiopf{(( { o fron S5+10 % W/W) of LiCl, NaCl, KCl,

and CsCl is shown in Figurg 4.4 0 ~\ ionic solutions (i.e. salts)

depend linearly on their initi \ case in the initial concentration

caused K to increase. T -

—é?ftl‘? 0 f"‘:* | he depedence of Kopon Cy (i.e. a

slope of a plot betweehCg and »of a solute, the slope of a

Co-Ko plot of each so@e 1 ratﬁn number, obtained from

Cussler (1997), of a cationdf.each solute, as shown in Figure 4.10.

AU TNENTHE D o i

e w’ﬁ ng%isﬂrﬂs jkmwﬁjﬁmio t'l water; they

either lowqr or enhance the ice-like structure. If the 1ons e the structure, these

ions are immediately surrounded by water that is more organized than water in the
bulk solution, thus resulting in a higher viscosity. Accordingly, such ions diffuse
more slowly than expected. On the other hand, if the ions destroy the structure, they
are immediately surrounded by water of a reduced viscosity. These ions then diffuse

more quickly than expected. The ions of Li" and Na' are in the former group.
group
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Additionally, they have strong electric fields and are net structure formers. The
diffusivities of these ions are, therefore, low, thus resulting in the higher K values
than those of K and Cs' ions, which are in the latter group (i.e. the ions that destroy
the ice-like structure when dissolved) (Cussler, 1997). In additional, Cussler (1997)
reported that the hydration numbers of Li*, Na', K*, and Cs" is 2.8, 1.2, 0.9, and 0.5

are the same order as the K value in this

respectively. These hydration numbers
study. Therefore, it could be co | ed tliaf MoK value was proportional to the

hydration properties of sol

4
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Since Cy;, which is used to define Ky, is the value at the
condition where w/N,* ? is approaching zero. At this condition, it can be expected that
the concentration profile in the bulk solution does not exist. Hence, C;, the
concentration of a solute in the liquid just adjacent to the ice-liquid interface, is then
equal to Cy, the concentration of a solute in the bulk solution. Consequently, Cs can

be obtained when K and Cy, are obtained following Eq. (2.12).
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4.2 An Investigation of Factors Affecting the Efficiency of the Progressive

Freeze-concentration in the Non-ionic Solutions

4.2.1 Effects of the Stirring Speed at the Ice Front (N,) and the

Advance Rate of the Ice Front (u)

v'rring speed at the ice front on the
effective partition coefﬁci Cil ons, D-(-)-ribose, D-(+)-glucose,
D-(-)-fructose, lactose, a of 10.0% (w/w) is shown
in Figure 4. . It was 1rrmg speed resulted in a
decrease in the effectiv ’ 1 ionfcoet : ,b 10 Ver, it was found that the K
values of all non—ionic.s 10f1s \i type of solute (i.e. sugar).
These indicate that the effv i ‘;"" 1oy ent, K, was strongly dependent on
the stirring speed at the ig lent of the type of solute. It is
noteworthy that the effect of the-sti n_the K values of the non-ionic

. [ - . _.V -‘_—.- -'V
solutions is similar td ;":'m_ e :‘

effect of the advance 1, e of the ice front on the

u E-Joqmﬂ “ﬂ’l a stirring speed of
6°OW’WW"T‘EWTI“3W UNIINYIAY

It was found that the K value of the progressive freeze-

effective partitio coefﬁcﬁrﬁof 10.0% (w/ﬁdhe non- 1om solution, comprising D-
(-)-ribose, D- (Oﬂ ctos

concentration of the D-(-)-ribose, D-(+)-glucose, D-(-)-fructose, and sucrose solutions

slightly increased with the advance rate of the ice front.
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When considering the effects of stirring speed (Ny) and
advance rate of ice front (u) on the K value of each non ionic solution, it was found
that, at the same initial concentration, the K values of all types of sugars are
insignificantly affected by the operating conditions, as illustrated Figures 4.14. This

is because the interaction between water and non-ionic substance is weaker than that

enhance or, at least, n al, stru of pure water (Fennema, 1996).
Thus, non-ionic so ' from . the, icey layer. Consequently, the

concentration profil the system was stirred (i.e.

N, was increased), it In parallel, a lower advance

rate of the ice front res at molecules were trapped in the

ice layer, thus enhancing the ¢ ...;...,._-:

_rt_,'ﬂl’ .MJ

olecules from the ice layer into the

bulk solution. Thig rés

_yf_m—w

4,29 mEffects of the Operating Conditicﬁ and the Initial

ﬂ u M%W%@ons on the Effective

Partition Coefficient (K)

ART1ANN I URIANIAH

Since the concentration polarization model could also

be applied to the non-ionic solutions (i.e. sugars in this research), a similar analysis
could also be extended for the non-ionic solutions, as shown in Figures 4.14 - 4.17.
It was found, from the figures, that a decrease in the

advance rate of the ice front (u) and an increase in the stirring speed (N) resulted in a
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sharp increase In [(1/K) —1] or a decrease in the K value. It should be noted, however,
that the type of solute (or sugar) did not affect the K value.

The effects of ihe operating conditions and the initial
concentration of the non-ionic solutions on the K value during the progressive freeze-

concentration are shown in Figure 4.18. It was found that, when the solute

concentration decreased, it caused th ¢ ‘ective partition coefficient to decrease,
indicating a better freeze concentral sresult agrees with that of the ionic
solution.
thxs phenomenon might be
Crease in the mass transfer

‘ \\ of solutes from the ice

ally, Halde (1979) stated

that a decrease in solut
coefficient, thus enhanci
layer into the bulk soluti

that, when the concentrati igh, the solute remains even

more concentrated near the iCe-l f’-"fﬂm‘- rfe us resulting in a depression of the

freezing point of the liquid oy ’ e freezing point of the

o6 titutional supercooling
1l

causes freezing at somemstance from the ice- liquid inte ‘“j

rest of the solution, and a suk n

e, trapping the layer high

e ﬂuEI’JVlEWlﬁWEﬂﬂ‘i
QW’]&\‘iﬂﬁﬂJ UNIINYAY
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4.2.3 Determination of the Limiting Partition Coefficient (K) of a

Non-ionic Solute Based on the Concentration Polarization

Model

From Figure 4.18, a y-intercept of each line can be
obtained (following the same method described in Section 4.1.3) as follows: 3.10,

2.71, 1.53, and 0.78 for the solut' ) fthe concentrations of 2.5, 5, 10, and 20%

(w/w), respectively. From these y-interc ’ 7 Could be calculated, and the K,
values of the solutions w o 10, and 20% (w/w) were
0.04, 0.06, 0.18, and 0: 1gspc [ : ship between Ky and the initial
concentration (Cy) of the

an increase in Cy caused K,
to increase. This resulted n fhe.dep ré SIONC freez mg point and a decrease in the
efficiency of the mass transfer '_,— o d sed earlier.

n, the phase equilibrium of each

sugar can be calculateg .:1:;."?.7*'.:.——.;ﬁ:.._:‘; )
L1 B

] 1
AuLINENIneNg
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4.3  An Investigation of Factors Affecting the Efficiency of the Progressive

Freeze-concentration on the Colloidal Solutions.

43.1 Effects of the Operating Conditions and the Initial

Concentration (Cy) of the Colloidal Solutions on the Effective

Partition Coefficient K

SNow ﬁlaﬁomship between wN,”? and
Y ——

In [(1/K) — 1] is plottee ce R? from the figure is

relatively low (= 0.1726), i conditions did not affect
the K values of the solutigffs. A valug was slightly affected by the
e

initial concentration of the 86

AuLINeNIneng
ARIAATAUNNIINGIAY
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4.3.2 Effects of the Colloidal Molecular Weight (M.W.) and the

Operating Conditions on the Effective Partition Coefficient (K)

of the Colloidal Solutioﬁs

Figure 4.22 illustrates the effects of the molecular

weight-of dextran (M.W. 9,000 and 100.000) and blue dextran (M.W. 2,000,000), and

ankisia non-ic s olymer, it cannot form an

ionic bond with water ' ] ’\\\\ frozen, dextran molecules in
= n \\} ce of a growing ice crystal.
\ it is unlikely to be trapped in

38{% L\

water is rejected from t
Additionally, since the molec fidex large
the ice layer. Accordingly, the ?:F Ating - itions and the molecular weight of

dextran did not affect{ NN

Y]

I
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The K value found in this study was, approximately,
0.06, which was considered to be small, or, in other words, it indicated that the
efficiency of the phase partition was good. This then results in a very purified ice
crystal, as shown in Figure 4.23.

Additionally, Since Kj is constant, regardless of initial

concentration and molecular weight, t ase equilibrium of dextran solution was

found to be linear, as shown in Ei

AUEINENINYINS
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4.4 Determination of an a Constant of Ionic, Non-ionic, and Colloidal

Solutions

As mentioned in Section 4.1.2, the constant a can also be obtained

from the In [(1/K) - 1]- wN," ? plot (slope of the plot is —1/a). The values of the

The values of @%obta i t study were in the range of

0.10—0.37. However, tl and type of solution on the a

value seem to be unclea that a is a constant for a

Y

mass transfer coefficien and, because of this, it is a

complex function of, fo . \\\ diffusivity of a substance.
Hence, it is difficult to de n the type and concentration

of solution and a.

ﬂiumwmwmm
QWWMﬂ‘ﬁL!NWTmmaEI



Table 4.1 The a-values of ionic, non-ionic, and colloidal solutions
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Solution Sample Co a
(% wiw)

Ionic LiCl 0.5 0.16

0.37

0.29

0.33

0.34

0.33

0.10

0:25

0.27

0.37

- 0.21

i 10.0 0.19

Non-iorﬁ “e Sygar W ‘ 5 0.24
WYINENINYINT

U . _ ; " 0.21

AN TUNA AN >

L 7 200 037

Colloidal Dextran 0.01 -

0.05 -

0.25
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