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Regarding the important role of static hold-up in both hydrodynamic and mass
transfer rate in extraction columns, average static hold-up has been studied in a Rotary
Disc Contactor (RDC) as a function of rotor speed, average mother drop size and number
of stages using several chemical systems. In the light of the promising potential of nano-
fluids in mass transfer applications, in a quite novel investigation, nanofluids were ap-
plied as dispersed phases to the RDC column. Two types of SiO, nanoparticles with
different hydrophobicities were employed in nanofluids preparation, which stabilities
were appraised by sedimentation method and UV-vis spectrophotometry. Transmission
Electron Microscopy was also applied to examine the size and shape of SiO, nanoparti-

cles.
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Introduction

Rotary disc contactor (RDC) has been widely
used for liquid-liquid extraction owing to its advan-
tages such as high operational flexibility, efficiency,
throughput, as well as low driving power and capi-
tal cost. As a key variable in liquid-liquid extraction
columns, hold-up has been discussed in the litera-
ture in three categories: static, dynamic and total
hold-up.! Static hold-up refers to that portion of the
dispersed phase which is trapped under the discs,?
while dynamic hold-up refers to the moving frac-
tion of the dispersed phase. Total hold-up equals the
sum of static and dynamic hold-ups.

There are a number of publications in which
dynamic and total hold-ups of RDC have been stud-
ied.'-!! However, so far, limited work has been car-
ried out on static hold-up in this type of column;
this is despite the fact that many researchers have
claimed that this part of the total hold-up could
have an important influence on drop coalescence,
residence time, interfacial area and general efficien-
cy of the column in mass transfer operations.!>%!213

In a previous work of the authors,'* using three
different chemical systems and a swarm of dis-
persed phase drops and in the condition of no mass
transfer and no continuous phase flow, the average
static hold-up in an RDC column was studied and
two predictive correlations were proposed. The

*Telephone & Fax No.: +982188361604; Email: hmolavi@nri.ac.ir

effects of physical properties, rotor speed, mother
drop size, as well as number of stages in the column
were considered in the correlations.

In case of immovable rotors, this was:
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According to the mentioned experimental work,
the static hold-up proportion in the RDC was found
to be comparable with total or dynamic hold-up of
20 %, considered as RDC normal operating condi-
tion by Ghalehchian and Slater.* Therefore, it was
concluded that this part of total hold-up should not
be neglected.'*

Nanofluid, first introduced by Choi,'* is a fluid

in which nanometer-sized particles are suspended in
a base fluid'® and have some essential conditions,
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such as homogeneous suspension, stability of sus-
pension, low agglomeration of particles and no
chemical change of the base fluid.!”

Stability of nanofluids and quality of nanopar-
ticles’ dispersion in the base fluid are evaluated
by various methods, namely conventional sedimen-
tation method,'”!® UV-vis spectrophotometry,!®2!
particle size analyzing,'”?>>* and transmission elec-
tron microscopy (TEM).2>24

Several research studies on nanofluids have re-
ported major changes in transport properties and
improved heat transfer performances.'®!”-2-33 How-
ever, there are few investigations on mass transfer
properties of nanofluids,'®34“# but indicate great
potentials of their application. It is worth noting that
such an investigation on the application of nanoflu-
ids to extraction columns is quite novel and the
publications in this field are quite rare.*>

In the present work, in order to study the appli-
cation of nanofluids in mass transfer equipment, the
average static hold-up in an RDC column was in-
vestigated using eight different nanofluids as dis-
persed phases. Furthermore, the effect of nanoparti-
cles’ presence on interfacial tension is discussed.

Experimental
Experimental setup

The glassy pilot RDC column with inner diam-
eter and height of 91 mm and 100 cm, respectively,
consisted of 21 rotors and 22 stators made from
stainless steel. The outer and inner diameters of the
rotors and stators were 4.55 cm and 6.1 cm, respec-
tively, and the height of each compartment was
2.78 cm. Fig. 1 presents the schematic diagram of
the experimental apparatus. More details on the ex-
perimental set-up have been presented in our per-
vious work. !4

Materials

Two different base fluids (butyl acetate and tol-
uene) and two types of SiO, nanoparticles (with dif-
ferent hydrophobicities) in two different volume
fractions were used in the experiments; this led to
ten distinct chemical systems (listed in Table 1).

The amorphous fumed hydrophobic and highly
hydrophobic silica powders (HDK H20 and HDK
H18, respectively) were of high purity with dia-
meters in the range of 5-30 nm and density of
2200 kg m. Their surfaces had been modified by
—OSi(CH,),~ groups. The shape and size of the H18
nanoparticles were examined by TEM.

In case of no mass transfer (no solute), distilled
water and an organic phase were selected as the
stagnant continuous phase and the dispersed phase,
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Fig. 1 — Schematic diagram of the experimental set-up

respectively. In order to ensure no mass transfer be-
tween organic and aqueous media, both phases were
mutually saturated. SiO, nanoparticles were sup-
plied from Wacker-Chemie to prepare the nanoflu-
ids. The different hydrophobicities and volume
fractions of the nanoparticles allowed investigation
of the effect of these parameters on average static
hold-up.

At room temperature, densities of water, butyl
acetate and toluene were 996, 875 and 860 kg m=,
respectively, and similarly, their viscosities were
found to be 0.87, 0.67 and 0.55 mPa s. The interfa-
cial tensions of chemical systems without nanopar-
ticles, i.e. W-B and W-T (see Table 1) were found to
be 12.4 and 28 mN m!, respectively.

As it has been proven, viscosity and density of
nanofluids with small values of nanoparticles in
them are almost the same as those of pure base flu-
ids.?® Nanofluids’ densities were measured in this
study, but there was no significant change in the
value (less than 0.3 %). Furthermore, their viscosi-
ties were calculated using the proposed equation by
Heris et al.:*8

Unp =t - (14+2.5:10 % vol %) 3)
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Table 1 — Chemical systems

Chemical [Continuous

system name| phase Dispersed phase

W-B Water  Pure butyl acetate

W-BNF, Water  Butyl acetate + 0.05 vol % HDK-H18
W-BNF, Water  Butyl acetate + 0.2 vol % HDK-H18
W-BNF, Water  Butyl acetate + 0.05 vol % HDK-H20
W-BNF, Water  Butyl acetate + 0.2 vol % HDK-H20
W-T Water  Pure toluene

W-TNF, Water  Toluene + 0.05 vol % HDK-H18
W-TNF, Water  Toluene + 0.2 vol % HDK-H18
W-TNF, Water  Toluene + 0.05 vol % HDK-H20
W-TNF, Water  Toluene + 0.2 vol % HDK-H20

Nanofluids preparation and stability

Ultrasonication as an external mechanical ener-
gy was used for dispersion of nanoparticles into the
base fluid. For this, a Hielscher ultrasound genera-
tor (24 kHz, 400 W) was employed for lhour by
applying H14 sonotrode with 125 um, 105 W cm™
and 0.7 s pulse duration.

Evaluation of nanofluids stability was carried
out by sedimentation method and using UV-vis
spectrophotometry.

Experimental procedure

Local static hold-up was measured using the
draining method explained in detail previously.'*
However, in order to have a glimpse at the experi-
mental procedure, some explanations have been
provided further herein (see also Fig. 1).

In each run of the experiments, the RDC was
filled with continuous phase up to the last valve
(namely 5% valve). By using a glassy nozzle at the
bottom of the column, the dispersed phase was then
fed as a swarm of drops to the RDC. Afterwards,
the rotor discs speed was adjusted at a prescribed
value (varied in the range of 0—373.5 rpm) by using
a digital motor drive. After ensuring stable condi-
tions, photographs were taken of the dispersed
phase drops above the nozzle (called mother drops).
The photographs were used to determine mother
drops size using AutoCAD software.

Subsequently, measurement of the static hold-
up for each position started by closing the valve of
the nozzle and turning off the motor. In order to
reach local static hold-up for a specific position, the
whole liquid volume (consisting of aqueous phase
and trapped organic phase) was then drained from
the position’s lower valve. Using a decanter, the or-

ganic and aqueous phases were separated, and the
volume of each phase was determined. Finally, the
static hold-up for each position was calculated us-
ing the following expression:

¢, = Volume of dispersed phase in a specific
position/( entire liquid volume in that specific posi-
tion).

Also, the average static hold-up for the column
with a specific number of stages in it was deter-
mined as the following expression:

¢, = Total volume of dispersed phase in the
column with a specific number of stages in it/(entire
liquid volume in the column with a specific number
of stages in it).

Results and discussion
TEM micrograph of H18 nanoparticles

Fig. 2 shows TEM micrograph for HI18
nanoparticles, confirming that the particles were
primarily spherical or nearly spherical, and their
size was consistent with their nominal value.

100mm

Fig. 2 — TEM image of HI8 nanoparticles

Stability of nanofluids

The nanofluids’ stability was evaluated using
sedimentation method and UV-vis spectroscopy.
The results of the sedimentation method are shown
in Figs. 3 and 4, which proved that the nanofluids
were stable for several days (at least 8 days). How-
ever, less stability was obtained for toluene-based
nanofluids. It is worth noting that the nanofluids
were applied to the column shortly after their prepa-
ration.
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Fig. 3 — Sedimentation method for appraising stability of
butylacetate-based nanofluids

I

TNF3-0hr TNF3-8days TNF3-15days

Pure Toluene

TNF4-0hr

TNF4-8days TNF4-15days

Fig. 4 — Stability evaluation of toluene-based nanofluids
using sedimentation method

Furthermore, UV-vis spectroscopy results for
evaluation of nanofluids stability for butyl ace-
tate-based and toluene-based nanofluids are pre-
sented in Figs. 5 and 6, respectively, which confirm
the stability of the nanofluids.
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Fig. 5 —a) UV-vis spectrum of butyl acetate-based nanoflu-
ids, b) Linear relationship between light absorption and con-
centration of HI18 nanoparticles in butyl acetate suspension at
wavelength of 296.8 nm, c) SiO, nanoparticles relative concen-
tration versus time for butyl acetate-based nanofluids

Regarding Figs. 5a and 6a, the absorbance peaks
of butyl acetate and toluene nanofluids appear at
296.8 and 294.4 nm, respectively. The linear relation-
ship between light absorbance and concentration of
H18 nanoparticles in butyl acetate and H20 nanopar-
ticles in toluene are presented in Figs. 5b and 6b, re-
spectively. Figs. Sc and 6¢ demonstrate SiO, relative
concentration versus time for butyl acetate-based and
toluene-based nanofluids, respectively. Regarding
Fig. 5c, the concentration of H18 nanoparticles in
BNF, and BNF, samples reach 98.7 % and 95.8 % of
the initial concentration after 8 hours, respectively. In
addition, Fig. 6¢ shows that the relative concentra-
tions of H20 nanoparticles in TNF, and TNF, reach
98.2 % and 95 % after 8 hours, respectively. There-
fore, the samples are considered as stable nanofluids.

Interfacial tension and droplet geometry

As discussed previously,** adding SiO,
nanoparticles to the organic phase leads to increase
in interfacial tension of the water-organic chemical
systems which results in more spherical drops. Sim-
ilar behavior has been reported by Kim et al.*® in
bubble columns. Fig. 7 presents droplets sphericity
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Fig. 6 —a) UlV-vis spectrum of toluene-based nanofluids,
b) Linear relationship between light absorption and concentra-
tion of H20 nanoparticles in toluene-based nanofluids at wave-
length of 294.4 nm, c) SiO, nanoparticles relative concentra-
tion versus time for toluene suspensions
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Fig. 7 — Droplets sphericity versus nanoparticles volume
fraction

(defined as the ratio of the drop minor diameter to
the drop major diameter) for W-T and W-B chemi-
cal systems, containing different concentrations of
H18 and H20 nanoparticles. This parameter, which
corresponds to interfacial tension, increases as the
nanoparticle content increases. Also, more hydro-
phobic nanoparticles result in more droplet spheric-
ity which indicates interfacial tension increase.

Average static hold-up

Fig. 8 demonstrates the static hold-up of the first
and second stages of the RDC for two water-nanofluid
chemical systems and at two different rotating speeds.
As one can see, static hold-up (trapped organic phase
under the discs and stators) decreases with an increase
in rotor speed. Furthermore, the static hold-up amount
is higher in the case of W-BNF,, compared to that of
W-BNF, chemical system. This is due to higher inter-
facial tension of the former chemical system, which is
in accordance with Khoobi et al. results*® for Wa-
ter-Kerosene nanofluids chemical systems in a pulsed
liquid-liquid extraction column.
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Fig. 8 — Comparison of static hold-up for two water-nano-
fluid chemical systems at two different rotor speeds

Average static hold-up amounts versus number
of stages in the column for W-B and W-T, as well as
associated nanofluid chemical systems, are present-
ed in Figs. 9 and 10, respectively. The figures in-
clude chemical system, rotor speed, as well as
mother drop size in their legends.

For all systems investigated, dependency of the
average static hold-up on the number of stages in
the column was found to be highest when rotors
were turned off.

Figs. 11 and 12 compare the experimental average
static hold-ups with calculated ones obtained from cor-
relations (1) and (2). In the light of no access to interfa-
cial tensions of water-nanofluid chemical systems, in-
terfacial tensions of W-B and W-T chemical systems
were used in hold-up calculations for water-butyl ace-
tate and water-toluene nanofluids, respectively.

The absolute average relative error for correla-
tions (1) and (2) were found to be 11.9 and 9.8 %,
respectively. Furthermore, standard deviations for
the mentioned correlations were 7.1 and 8 %, re-
spectively. However, the deviations (using Eq. (4))
between calculated and experimental static hold-ups
for W-T and water-toluene nanofluids (W-TNF, to
W-TNF,) were +3.11, +7.3, +24.6, +6.3 and +21.9,
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Fig. 9 — Average static hold-up versus number of stages for
W-B chemical systems

respectively. The deviations for W-B and water-bu-
tyl acetate nanofluids (W-BNF, to W-BNF,) were
—1.39, +3.6, +10.4, +1.6 and +6.9, respectively.
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Regarding Figs. 11 and 12 and also considering
the deviation values, the increase in the volume frac-
tion of the nanoparticles in the organic phase as well
as the increase in the hydrophobicity of the nanopar-
ticles, result in more deviation of experimental static
hold-ups from calculated ones. This is in accordance
with the increase in interfacial tension of the chemi-
cal systems discussed in section Interfacial tension
and droplet geometry.

Afterwards, by substituting experimental hold-
up and other parameters in egs. (1) and (2), interfa-
cial tensions of the water-nanofluids chemical sys-
tems were calculated. The results are presented in
Table 2. As one can see, the maximum interfacial
values are obtained for chemical systems with 0.2
% of H18 (highly hydrophobic) nanoparticles.
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Fig. 10 — Average static hold-up versus number of stages for
W-T chemical systems

The increase in interfacial tension (IT) was de-
termined using the following expression and the re-
sults are presented in the third column of Table 2,
which show that adding SiO, hydrophobic and
highly hydrophobic nanoparitcles to butyl acetate-
and toluene-base fluids causes an increase of 2.5—
21.3 % in water-nanofluids interfacial tension.

Table 2 — Calculated interfacial tensions of the water-nano-
fluids chemical systems

Chemical Interfacial tension Interfacial tension
system (mN m™) increment %
W-BNF, 13.3 7.5
W-BNF, 14.8 19.7
W-BNF, 12.7 2.5
W-BNF, 14.2 14.5
W-TNF, 29.5 5.5
W-TNF, 34 21.3
W-TNF, 29.2 4.4
W-TNF, 329 17.5




H. MOLAVI et al., Study of Average Static Hold-up Along a Rotary Disc Contactor in the..., Chem. Biochem. Eng. Q., 28 (1) 27-34 (2014) 33

0.05
N-0 +15%
o W8
; OW-BNF1
% 0.04 1| aw-BNE2 P R
= ©W-BNF3 -15%
k] o g
: XW-BNF4
¢ * o
© - -
3 -
& 003 A
’ x
T o X
© e oog‘t’lx,x
0.02 : ;
0.02 0.03 0.04 0.05
Experimental averagestatic hold-up
0.18
N-0 +15%
E‘ 0.16 1 ew-r
= AW-TNF1
2 o014 0
© OW-TNF2 15%
] " o
B 0.1 || VI
% O W-TNF4 e A
3 0.1 P A/,// o
£ 0.08 1 4 o
© g a ,—'6’ @
006 1 .~ gé,»; (o)
- R%
0.04 = T

0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Experimental average static hold-up

Fig. 11 — Calculated average static hold-up by applying Eq.

(1) versus experimental data in case of N = 0

0.05
N=0 +15% .~
a *W-B
; OW-BNFI
] -
£ 004 {|aW-BNP2 P
= ©W-BNF3 L -15%
3 X W-BNF4 o %X
> e o .
© -
®
3 003 A
3 K :’Yx
© O X
- 4

o - °°n°/x,xf

0.02 ; :

0.02 0.03 0.04 0.05
Experimental average static hold-up

0.3
g +15%, |
T 025 e
S L B
O N>0 e e
% 02 ewr & o-15%
% o
[ AW-TNF1
® 0.15 O
g 0.15 [ aw-mne2 A of
5 AWINE3 2 Lk
3 0.1 1 ow.rnrs
©
o

0.05 A

0 . T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3

Experimental averagestatic hold-up

Fig. 12 — Calculated average static hold-up by applying Eq.
(2) versus experimental data in case of N>0

Increase% = [calculated IT for nanofluid-aque-
ous phase — IT of aqueous phase-organic phase
(without nanoparticles)] - 100%/IT of aqueous pha-
se-organic phase.

Conclusion

Regarding nanofluids great potential for mass
transfer applications, as well as the key role of
static hold-up in both hydrodynamic and mass
transfer rates in RDC columns, the average static
hold-up was studied using eight Water-Nanofluids
chemical systems, in an RDC as a quite novel
work. The results were compared to the chemical
systems containing no nanoparticles in their dis-
persed phase.

Nanofluids were prepared using a two-step pro-
cedure, and their stability was evaluated applying
the sedimentation method and UV-vis spectropho-
tometry.

The results show that more hydrophobic
nanoparticles lead to higher values of average
static hold-up. Also, an increase in the amount of
nanoparticles in the nanofluids has the same effect
on this hydrodynamic parameter. It has been re-
vealed that adding SiO, hydrophobic and highly
hydrophobic nanoparitcles to butyl acetate- and
toluene- base fluids would result in an increase
of 2.5-21.3 % in water-nanofluids’ interfacial ten-
sion.

Symbols used

d320 — Average mother drop size, m

n — Number of data, —

n'  — Number of stages in the column, —
N  — Rotor speed, rps

Vol % — Nanoparticles’ volumetric content
V.. — Calculated data

Ve — Experimental data

Greek symbols

MU pr — Viscosity of nanofluid base fluid, Pa s

M. — Viscosity of continuous phase, Pa s

U, — Viscosity of dispersed phase, Pa s

U yp — Viscosity of nanofluid, Pa s

p. — Density of continuous phase, kg m™

p, — Density of dispersed phase, kg m™

Ap - Density difference, kg m=

a)”, — Average static hold-up for a column with »’
stages, —

oy » — Local static hold-up for a specific position, —

y - Interfacial tension, N m™!
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