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ABSTRACT

Osmosis is the natural flow of a solvent through a semi-permeable membrane from a less con-
centrated solution to a more concentrated one. This is driven by the osmotic pressure difference.
If opposing external pressure exceeding the osmotic pressure is used, the solvent will flow from
the more concentrated solution toward the less concentrated one. This is reverse osmosis, whose
main characteristic, as for any mass transfer process, is the mass transfer coefficient. This mass trans-
fer coefficient is dependent on temperature, and there are several empirical correlations for it. In
this study, an Arrhenius-type correlation is deduced for the temperature dependence of the mass
transfer coefficient based on the Poiseuille law, which appropriately describes the dependence of
both the solvent (water) flow through the membrane and the salt rejection — as the most important
characteristic of the system — on the handling temperature. The activation energy, E = 25 k] mol™,
determined on the basis of the Arrhenius correlation, is equal to that of the transmembrane processes
and can be linked to the membrane structure. The controlling of the model was certified by reverse
osmotic desalination of seawater based on independent measurements from the literature.
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equation

1. Introduction, reverse osmosis

Osmosis is the natural flow of a solvent through a
semi-permeable membrane from a less concentrated solution
to a more concentrated one. The driving force is the osmotic
pressure difference, which is the function of the solvent, the
type of dissolved material, and the concentration. When
the developed hydrostatic pressure is exactly the same as
the osmotic pressure, the result is osmotic equilibrium, when
the net mass transfer through the membrane is zero. If we
apply over-pressure on the side of the more concentrated
solution, the direction of the natural osmosis is reversed.

The solvent will flow from the more concentrated
solution toward the less concentrated one. So this process,
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reverse osmosis, is the reversal of natural osmosis due to
hydrostatic pressure. In the case of reverse osmosis, the
driving force is the hydrostatic pressure difference, and the
mass transfer mechanism is molecular diffusion [1]. In the
case of reverse osmosis, as with all cross-flows, there is a
concentration difference in the solution, which is perpendic-
ular to the membrane wall [2]. This concentration polariza-
tion further modifies the value of the osmotic pressure, and
through this, the concentration dependence of the flux [3].
The osmotic flow is proportional to the difference bet-
ween the overpressure and the osmotic pressure difference.
The proportionality factor is the mass transfer coefficient
(permeability) [4]. According to the van't Hoff law, the
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osmotic flow is, linearly, dependent on the salt concentra-
tion [5], on temperature [6] and, finally, on the membrane
material [7].

A predictive model based on the solution-diffusion the-
ory is proposed for commercial reverse osmosis modules
[8]. Using experimental data, it is shown that the permeate
water and salt concentrate increase with temperature based
loosely on Arrhenius-type equations [9,10]. The actual
temperature dependence is exponential, which is usually
described by an empirical formula [11], which can origi-
nate from the temperature dependence of the mass transfer
coefficient [12].

In this study, an Arrhenius-type correlation is deduced
for the temperature dependence of the mass transfer coef-
ficient based on the Poiseuille-law, which appropriately
describes the dependence of both the solvent (water) flow
through the membrane and the salt rejection — as the most
important characteristic of the system — on the handling
temperature. The controlling of the model was certified by
reverse osmotic desalination of seawater based on indepen-
dent measurements from literature.

2. Modeling temperature dependence
2.1. Diffusion model, water flux

In the case of reverse osmosis, permeate flows depend
on the diffusion mass transport, both for salt and water. The
water flux is created by the transmembrane (Ap =p; - pp)
and osmotic pressure difference (An=n,— n | between the
feed (f) and permeate (p) side, as the function of the concen-
tration difference, namely:

J = K, (Ap — Am) )

where K can be defined as the mass transfer coefficient for
the water as permeability [4]. The flux is linearly dependent
on the transmembrane pressure; if Ap < Am, water flows
toward the concentrated salt solution (normal osmosis), if
Ap > Am, it flows in the opposite direction (reverse osmosis).
If Ap = Amt there is equilibrium, and so J = 0.

Besides water, salt also flows through the membrane.
The salt flux in line with Eq. (1), in the case of reverse osmosis,
can be described as usual [13] with the following equation:

J,=K,(C,-C,)=KC, 2)

where K_is the mass transfer coefficient for salt (permeate),
C.is the feed side, and C is the permeate side concentration.
Since C, << C,C,=0can be assumed in Eq. (2).

2.2. Salt rejection

There are several ways to measure the selectivity of the
membrane. Here, we are going to use salt rejection [13],
which is as follows:

C
R= {1 —”1 x100 (%) 3)
Cy

Since the salt flux arriving at the membrane is J, =], -C,,
[17] and using Eq. (2), the salt rejection from Eq. (3)
can be finally expressed in the form of the following
equation [17]:

KC
R= {1—”} x100(%) (4)

w

2.3. Formal model of the water flux temperature dependence

Temperature plays a central role in the process of
reverse osmosis. The correlation between permeate flux and
temperature can be described as follows: Let us choose a
reference temperature, T,. T and T, are the fluxes associated
with the temperatures:

J
®)
]w,O

TFC =

The ratio of ], and ], is the correction factor of tempera-
ture, which can be expressed in the following empirical form:

TFC = eﬁ{%ﬂ & 6)

where f > 0 (K) is a temperature constant for the given
membrane material [11]. Eq. (6) can be transcribed into the
following form:

T-T,

Bi
TEC=e ™ =g-e

B
T

@)

B
where a=e¢". According to this, using Eq. (5) the permeate
flux is the following;:

B

Jo=a],0¢ " ®)
which rises exponentially with the temperature.

2.4. Transmembrane transition model, Arrhenius-type tempera-
ture dependence

The main flow resulting from the Ap pressure difference
across a membrane with cylindrical pores is described by the
Poiseuille-law for the individual pores [13]:

- et )
Ju 1281\

Ap ©)

where d > 0 is the pore diameter, A is the length, and 1 is
the viscosity of the liquid (water). The flux is the sum of the
main flows through the pores, related to a unit of surface:

. n84 .
1280

Jo=nj,=n Ap (10)
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where 71 is now the number of pores per unit of membrane
surface as follows:

n=¢g— 11
e (11)
which is directly proportional to the porosity € and inversely
to the cross section of pore, O*mt/4.
Finally, the flux through the membrane, by comparing
Egs. (10) and (11), will be:

£8*

I, = 2

e (12)

Comparing Eq. (1) (in the case At — 0) with Eq. (12):

_ e’ 1
“~ 3

(13)

where the K mass transfer coefficient for the water is
inversely proportional to the viscosity of the liquid, 1),
where the proportionality factor consists of the membrane
characteristics.

The temperature dependence of the (water) viscosity is
determined by the Arrhenius-type temperature dependence
that can be defined based on Frenkel’s hole theory [14]:

n=ne (14)
where, in the case of water, ), = 0.0015 is the pre-exponential
coefficient and E =16 kJ mol™ is [15].

According to this, Eq. (13) mass transfer coefficient for
the water is an Arrhenius-type correlation, that is:

Ea,w

(15)

£5°
32n,”

with the pre-exponential coefficient, K,o= and activa-

tion energy E,_, according to the model, E, , =E .

n

The activation energy is a potential barrier through
which only molecules with an energy exceeding their height
can pass [16]. This extra energy is provided by thermal fluc-
tuation, as a result of which the mass transfer coefficient is
dependent on temperature according to Eq. (15).

auw

2.5. Osmotic pressure

The osmotic pressure difference in Eq. (1), A, can be
described for small concentrations (ideal solution) on the
basis of the van't Hoff law [6]:

An=aR TC, (16)

where a = K -v,K, K is the dissociation constant, and v is
the dissociation number (in the case of NaCl, K =1, v =2,
ie, a=2)[16,17].

For greater concentrations (real solution), the osmotic

pressure will be:
An=aR Tf,C, =aR Tf,C, (17)
where the f; is the osmotic constant (f, = 1 — 0.137C*mY%,
NacCl) [16,17] and fUC equivalent concentration means the
concentration value that would be the value associated
with the identical osmotic pressure in the case of an ideal
solution [17].

During the reverse osmotic process, a concentration
at the membrane wall is C, > C, by polarization, therefore
the osmotic pressure will be proportlonal to the salt con-
centration at the membrane wall C . This latter depends
= (1 + qu)C s
where g is a ratio (g = 0.0022) [17]. Accordingly, in the case
of polarization, the transmembrane pressure depends on the
transmembrane pressure over and above salt concentration:

on the transmembrane pressure, that is C

An = uRST(l + qu)fOCf (18)

2.6. Water flux temperature dependence

The water flux has an Arrhenius-type correlation by mass
transfer coefficient of Eq. (15), K , which, comparing Egs. (1)
and (18) and rearranging it as:

W’

 _ J,
Y Ap- ocRgT(l + qu)fﬂC)r

(19)

Using Eq. (15) and considering the logarithm of both
sides:

E .1
wo 20
T (20)

InK = anw,U -

8

A line correlation can be obtained, the slope of which
is proportional to the Eq. (15) mass transfer coefficient
activation energy of the water flux E, , while its axial section
is the logarithm of the pre- exponent1al coefficient.

2.7. Temperature dependence of salt rejection

The mass transfer coefficient for the salt, similarly to
Eq. (15), can also be formulated as an Arrhenius-type cor-
relation, namely:

1)

where E_ _is the activation energy of the salt transfer process,
and K 1s S the associated pre-exponential coefficient [16].
The salt transfer coefficient from Eq. (4) will be:

_100-R
" 100C,

Jo (22)
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Fig. 1. Permeate flux ] , and salt rejection R as the function of
the feed temperature. NaCl concentration C, = 3.5 m%, trans-
membrane pressure is 67 bar, T = 25°C. The symbols are the
measured values [11,18].

Using Eq. (21) and considering the logarithm of both
sides:

E
InK =InK_,— RM — (23)

N =

where E__is the activation energy of the salt transfer pro-
cess calctlated from the slope, while its axial section is the
logarithm of the pre-exponential coefficient.

3. Experiments and results
3.1. Experiments

For the controlling of the mass transfer model, the mea-
surements of Al-Mutaz, Al Ghunaimi [11] and Cadotte
et al. [18] have been used, where the permeate (water) flux
(J=],) and salt rejection (R) were measured for sea water
(NaCl) at a salt concentration of 3.5 m% as a function of
the feed temperature (Fig. 1). The other parameters were:
f, = 0.745, the transmembrane pressure, Ap = 67 bar, and
OLR 0.0254 bar m% K [17]. In this study, the | flux was
measured in Lm2h-! (2.78 x 107 m®* m™2s), and the pressure
in bar (10°Pa). Accordingly, the dimension of the K mass
transfer coefficient for water and the associated K pre-
exponential coefficient was Lm=h' bar™'. The dimension of
R is %, while that of the activation energies is k] mol™.

3.2. Mathematical method

The temperature dependence characteristics of the trans-
membrane process based on Egs. (20) and (23) were calcu-
lated by linear regression (EXCEL). The regression line:

y=a(x—x,)+b. (24)

-0.4
2.9 3.1 3.3 3.5

Fig. 2. Pre-exponential coefficient and activation energy asso-
ciated with the water flux, from the data in Fig. 1, with the
measured values (symbols) the fitted (dashed) and the limit
(broken) curves.

Using the student test ¢, [17-19], where # is the number

of measurements, and f=n-2 is the variability. The esti-
mated values of the parameters are 4 and band that of Eq. (24)
is § (point estimation). The 0-hypothesis is H0 7 =y, which is
accepted at a 95% probability level, if ¢, _, > ¢, ., where ¢ .
is the value belonging to the 95% (one- 51de) probability level
(table of the student’s test).

The standard errors of parameters s, and s, were calcu-
lated by the known formulas referred to in a parallel work
in this volume [20]. Finally a confidence interval (both sides)

of 95% has been determined for a [d teoorsSir A+t 09755 J
and for b as well. P =1 - 0.95 = 0.05 is the significance
level [20] (interval estimation).

On the basis of the above-mentioned two limits, upper

(+) and under (), the correlation can be defined as follows:

91:ﬁ1x+foi:(ﬁit xt(b+ (25)

n—2,0.9755a) tn—2/0.9755b)

Using the confidence interval (both sides) of 95%. The
area between two lines is where 95% of the measured points
are placed.

3.3. Results

From Eq. (20) temperature dependence of the water mass

1,000R ’
—ax,. The estimated values and

transfer coefficient K , the values are: y =InK_, a=—
1,000
T
standard errors of the fitting parameters are: 4 = -2.97 K,
s,=0.12 K, and b = 1.19 (unit) and s, = 0.05 (unit); further-
more, R* = 0.9753, n = 6, f = 4, and from this, ¢ _, = 12.6 >
= 2.13 therefore the 0-hypothesis can be accepted The
=2.78) are [-3.30; -2.64] for

x,=3and b=InK,

4 0.95
confidence intervals of 95% (¢

a and [1.05; 1.33] for b.

4,0.975



G. Lakner et al. / Desalination and Water Treatment 192 (2020) 431436 435

Using b the estimated value of the pre-exponential
coefficient is K = 24.3Lm> h™' bar? (24.3 mh™ bar?), and
the activation energy of the process is E,  =25kJ mol™”
with a 22-28 kJ mol" confidence interval. The diagram
of the Eq. (20) water flux calculated with the parameters
obtained as above as the function of the feed temperature,
compared to the measurement results [11,19], and the limit
curves of Eq. (25) belonging to a 95% probability level are
shown in Fig. 2.

From Eq. (23) temperature dependence of the salt mass

t f fficient K, the val Ty = ,a=——"—
rar;soe)f) coefficient K, the values are: y =InK_ 1,000R,
= ,T , X, =3, and b= anS/0 —ax,. The estimated values

and standard errors of the fitting parameters are: 4=-4.71K,
s, = 0.62 K, and b = -0.73 (unit) and s, = 0.17 (unit); fur-
thermore R*=0.9321, n =6, f=4, and from this, t ,=7.4>
t,00s = 2.13, therefore the 0O-hypothesis can be accepted
The confidence intervals of 95% are [-6.43; -2.98] for a
and [-1.20; —0.14] for b.

From b the estimated value of the pre-exponential
coefficient is I% = 6.6 -10° Lm2h! bar! (660 m h! bar?)
and the act1vat1on energy of the process is E =39 k] mol™
with a 25-53 k] mol™ confidence interval. The diagram of
Eq. (20) water flux calculated with the parameters obtained
as above as the function of the feed temperature, compared
to the measurement results [11,19] furthermore, Eq. (25) limit
curves belonging to the 95% probability level are shown in
Fig. 3. In both cases the area between two lines shows where
95% of the measured values are placed.

4. Discussion

The permeate (water) flux exhibits a | Arrhenius-type
temperature dependence, where the pre-exponential coef-
ficient is also slightly dependent on the temperature. The
measured value of the activation energy Ea » =25k mol™
(with a 22-28 kJ mol~ confidence interval at a 95% proba-
bility level) is greater than that obtained for the process
from the Poiseuille model, ETl = 16 k] mol™! value associated
with the viscosity. The increased activation energy cannot
be explained solely by the Poiseuille-law relating to the
cross-membrane flow, since the viscosity causing the tem-
perature dependence does not change to such an extent from
a few % of dissolved salt that it could increase the energy to
such a degree.

Viscosity is based on the friction between liquid layers
(internal friction), which is caused by the force between mole-
cules. If the pore size (diameter 6 = 0.2 — 2 nm) is roughly the
molecule size (diameter d = 0.2 nm in the case of H,0), there-
fore the friction is determined by the force between the water
molecule and the pore wall at first. As the latter is greater
than the former, so the associated an (effective) activation
energy, E' must be also greater E", > E . Finally, the activation
energy of the process depends on the ratio of the molecules
on surface and in volume, n__/n_, which is proportional to

surf’ " “vol/

the quotient of the two sizes, —. Increasing this latter, the

activation energy grows, further E: - En, if 3 —0. As §>O,

therefore E .= E:] >En.

-3
3 3.15

3.3 3.45

Fig. 3. Pre-exponential coefficient and activation energy asso-
ciated with the salt flux, from the data in Fig. 1, with the
measured values (symbols) the fitted (dashed) and the limit
(broken) curves.

In the other hand, increasing the pole size, d, the acti-
vation energy of the water flux, E, = E’]* decreases, that is,
E: — E_if d —oo. It means that E ., depends on the pore
size (type) of the membrane. In accordance with this, from
data obtained in a study on a completely different sub-
ject (germination process) [21] we achieved 19 kJ mol™
for the water transfer across the membrane [19], which
is also higher than for the greater viscosity but smaller
than the mentioned value, since the pore size is also greater.

The salt transfer coefficient, K also exhibits an Arrhenius-
type temperature dependence. The activation energy cal-
culated from the measurements is E = 39 kJ mol? with a
25-53 kJ mol? confidence interval. ThlS interval is rather
wide caused by the small change of the R value (98.85-99.5)
in the measured temperature range. The activation energy
of the salt flux, which is also greater than that associated
with the water flux, £, , =25kJ mol". Asd_ >d, (d,=0.3nm),

d d . . .
therefore —=>-—2, however, in accordance with the model, it

follows that the activation energy of salt transfer process,
E, will be greater than that of water flux, E,

~ As a consequence of the above, the water flux through
the membrane is proportional to the applied pressure, while
that of the salt is independent of it. This means the mem-
brane will become more and more selective as the pressure
increases.

Around 50°C, the salt rejection coefficient starts to
diverge from the Arrhenius line, or even turns back. Since
the permeate (water) flux is still an Arrhenius-type flux, the
difference is only caused by the decrease in the salt flux,
which can be caused by the decrease in activation energy.
The reason for this can be that the higher temperature
changes the structure of the membrane material — most
often a composite membrane — and thus also the friction
conditions.
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5. Conclusion

The Arrhenius temperature dependence is suitable for
describing the dependence of both the permeate flux, and
the salt rejection coefficient on the feed temperature. By
increasing the feed water temperature, the transmembrane
pressure associated with the same flux decreases, that is,
at a higher temperature a smaller pressure — smaller pump
performance — is sufficient to take away the same quantity,
which saves energy. Nevertheless, it is important to note that
the permeate salt concentration increases with temperature,
which must be taken into consideration in all cases, as well
as the fact that the membrane material itself can also suffer at
higher temperatures.
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Symbols

—  Concentration, mol m=, m%
— Energy, ], KJ

—  Flux, m®*m>?s!'=ms"

—  Mass transfer coefficient, mPa! s!
Dissociation constant

—  Salt rejection factor, %

— Gas constant, 8.314 ] mol! K™
—  Temperature, K, °C
Probability level, %

—  Parameter, —

—  Parameter, —

—  Size (diameter) of molecule, m
— Degree of freedom

—  Osmotic coefficient

—  Number of measurements

—  Number of pores

—  Pressure, Pa, bar

— Rate, -

—  Student test

5]
|

)

PR W X ISR STYRgNRRRRTMNO
|

Q
2
[0
[¢]
~

— Temperature constant, K
— Dissociation number

—  Osmotic pressure, Pa, bar
Size (diameter) of pore, m
— Porosity

— Length,m

—  Viscosity, m*s™

— Density, kg m™

DTS >m oy <™
|

A — Estimated value
— Initial value

—  Pre-exponential
— Activation
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—  Feed

— Permeate

—  Salt

—  Water value
— Back
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