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•	 In this study, the effect of various 
nanoparticles on the mass transfer 
coefficient was investigated. 

•	 Maximum enhancements in mass 
transfer coefficient of 35%, 245% 
and 207% were achieved in the 
presence of SiO2, TiO2 and ZrO2, 
respectively. 

•	 A new conceptual model was 
proposed for prediction of the 
effective diffusivity as a function 
of nanoparticle concentration, drop 
size and drop Reynolds number 
with a high accuracy.
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In the present study, the effect of various nanofluids on mass transfer coefficients in an 
irregular packed liquid-liquid extraction column was investigated. The chemical system 
of toluene-acetic acid-water was used. 10 nm SiO2, TiO2 and ZrO2 nanoparticles with 
various concentrations were dispersed in toluene-acid acetic to provide nanofluids. The 
influence of concentration and hydrophobicity/hydrophilicity of nanoparticle on mass 
transfer coefficient was discussed. The experimental results show that the mass transfer 
coefficient enhancement depends on the kind and the concentration of nanoparticles. 
The Maximum enhancement of 35%, 245% and 207% was achieved for 0.05 vol% of 
SiO2, TiO2 and ZrO2 nanofluids, respectively. A new conceptual model was proposed for 
prediction of the effective diffusivity as a function of nanoparticle concentration, drop 
size and drop Reynolds number.
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1. Introduction

Nanofluids include various nanoparticles, such as 
metallic or nonmetallic, with a size less than 100 nm 
and have varied applications such as heat exchanger, 
medical, nuclear reactor, fuel cell, cooling of electronics, 
cameras, and displays [1].
Many researchers have worked on improving mass 

transfer with nanoparticles [2-11]. Recently, some 
researchers investigated the enhancement of mass 
transfer coefficients by nanoparticles in a liquid-liquid 
extraction process. Bahmanyar et al. evaluated mass 
transfer coefficients in a pulsed liquid-liquid extraction 
column using SiO2 / kerosene nanofluids. They found 
that the mass transfer coefficient increased by 4-60% 
[12,13]. Saien et al. investigated mass transfer from 
nanofluids single drop in liquid-liquid extraction using 
two different nanofluids (γ-Al2O3/toluene and Fe3O4 /
toluene) with and without a magnetic field [14,15]. They 
reported a maximum enhancement of 157% for the 
mass transfer rate. Rahbar et al. investigated the effect 
of type and concentration of nanoparticles on mass 
transfer coefficients [16]. Most researchers introduced 
the Brownian motion of the nanoparticles as the basic 
propellant for mass transfer enhancement.
In this work, the effect of various nanoparticles with 

different hydrophobic or hydrophilic properties and 
the same average size (10 nm) on the mass transfer 
coefficient in irregular packed liquid-liquid extraction 
columns has been investigated.
 
2. Experimental

2.1. Materials

Acetic acid (Merck, 99.9% w/w), toluene (Merck, 99% 
w/w) and deionized water were used. Deionized water 
and toluene with 0.05 vol% of acetic acid were used as 
the continuous phase and dispersed phase, respectively. 
Spherical SiO2, TiO2, and ZrO2 nanoparticles with 
purities of more than 99.9% and the same average size (10 
nm) were purchased from the TECNAN Company. The 
properties of the chemical materials and nanoparticles 
are given in Tables 1 and 2, respectively. 

2.2. Experimental set-up

The experimental setup (Figure 1) consists of a Pyrex 

Table 1. Physical properties of chemical materials at 20 oC [17].

Property Dispersed phase Continuous phase

ρ (kg/m3) 882.7 1009.7

µ (mPa.s) 0.611 1.016

γ (mN/m) 27.5 - 30.1

Dd (m2/s) 2.92 ×10-9

Table 2. Properties of nanoparticles.

Nanoparticle Density
 (g/mL)

Specific surface
(m2/g)

Purity (%)

SiO2 2.2 180-270 +99.9

TiO2 3.84 100-150 +99.9

ZrO2 5.68 70-105 +99.9

glass column (5.2 cm diameter and 1.6 m height) as 
the contactor. The stainless steel Raschig Ring random 
packings (0.9 porosity and 10 mm diameter) were used 
to fill the contactor. The column contains a perforated 
stainless steel tray to hold the packing. The packing 
height is 1.2 m in the column.
Three containers were used for the continuous phase, 

dispersed phase and the extract. The dispersed phase 
container was installed at a height of 2.5 meters from 
the ground level to supply sufficient pressure for the 
push dispersed phase into the continuous phase.    The 
air pressure was applied on the dispersed phase. The 
dispersed phase enters the column bottom by a steel 
nozzle (17 cm length, 9.5 mm external diameter and 
4.5 mm inner diameter). A solenoid valve was used 
to regulate the flow rate of the dispersed phase. The 
water enters through a peripheral pump at the top of 
the column. A rotameter was applied to have a constant 
water flow rate of 50 ml/min. Sampling was performed 
using the valve at the top of the column.

2.3. Preparation of nanofluids

The nanofluids were prepared by dispersing various 
concentrations of nanoparticles (0, 0.01, 0.05 and 0.1 
vol%) into the dispersed phase. For this purpose a 
Hielscher ultrasonic vibrator was used for about one 
hour duration. The stability of nanofluids was evaluated 
by the sedimentation method. 

2.4. Operation procedure

Before each experiment, both the continuous and 
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the dispersed phases were saturated by each other. To 
beginning, the continuous phase entered from the top 
of the column, which was filled to the desired height. 
Afterward, the discharge valve of the continuous phase 
was opened such its level remains constant. The dispersed 
phase was then injected into the continuous phase from 
the bottom. The flow rate of the dispersed phase was set 
by the solenoid valve. If the pressure of the dispersed 
phase was not enough for dispersion into the continuous 
phase, the pressure was set by the pressure valve.
The diameter of the dispersed phase droplets was 

determined by taking digital photos. The mean diameter 
of the droplets was calculated by:
 

	 	 	 	 	 	       (1)

where ni is the number of droplets and di is the measured 
droplet  diameter.
In a steady state condition, sampling was carried out 

from the dispersed phase by the sampling valve and 
then was separated from the continuous phase by a 
decanter. The acetic acid concentration in the sample 
was determined by titration with a 0.1 N NaOH and 
in the presence of phenolphthalein indicator. 5 ml of 
sample was used for each titration.
Hold-up was determined by the shutdown method. 

At the end of each test run, the inlet and outlet valves 
of dispersed phase were closed simultaneously, and the 
droplets were allowed to coalesce at the interface. The 
hold-up was then calculated by: 

	 	 	 	 	 	       (2)
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where, VD and VC are the collected volumes of the 
dispersed and continuous phases, respectively.
Mass transfer direction was from the dispersed phase 

to continuous phase. All experiments were performed 
at 25 °C.

2.5. Determination of the mass transfer coefficient

The mass transfer coefficient in the extractor is one 
of the most important parameters in industrial design. 
Considering the mass transfer during measured contact 
time, the mass balance relation is:

	 	 	 	 	 	       (3)

	 	 	 	 	 	       (4)

	 	 	 	 	 	       (5)

The above mass balance is valid only if the droplet 
diameter and mass transfer coefficient remain constant 
while the drop rises through the column. By Integration 
of the equation, assuming the continuous phase to be 
completely mixed, the mass transfer coefficient can be 
obtained:

Kd	 	 	 	 	 	       (6)

where

	 	 	 	 	 	       (7)

Fig. 1. Schematic diagram of the experimental setup.
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  CA0 is the initial solute concentration, CA is the final 
solute concentration in a specific position, and CA

* is the 
equilibrium solute concentration. CA was measured by 
titration and CA

* can be assumed zero because the solute 
concentration in the continuous phase is negligible, d 
is the mean droplet diameter and t is the contact time 
which was obtained by [18]:

	 	 	 	 	 	        (8)

where L, S and ε are height, cross-sectional area, and 
voidage of the column, respectively. Qd and φ are 
dispersed phase volume flow rate and hold-up.

3. Results and discussion

3.1. Stability of  nanofuids

The nanofluids stability is shown in Figure 2. It was 
observed that the stability of SiO2 was more than TiO2and 
the stability of TiO2 was also more than ZrO2. It was 
concluded that the nanoparticles with lower density and 
hydrophobic property have better distribution stability.

3.2. Mass transfer coefficient
 
Experimental data for mass transfer coefficient s in 

the absence of nanoparticles are presented in Table 
3. Tables 4, 5 and 6 provide all experimental data for 
mass transfer coefficients of SiO2, TiO2 and ZrO2, 
respectively. It should be noted that each experiment 
was repeated two times and the average value of these 
two experiments was reported in the paper.
Figure 3 shows the effect of SiO2 nanoparticles on 

the mass transfer coefficient. It was found that the 
mass transfer coefficient improves in the presence of 
SiO2 nanoparticles and a maximum enhancement of 
35% in a concentration of 0.05 vol% was achieved. 
This enhancement may be due to microconvection 
caused by Brownian motion of nanoparticles. It can be 
observed from Figure 3 that in higher concentrations of 
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SiO2 (usually more than 0.05 vol%) the mass transfer 
coefficient reduced due to aggregation of nanoparticles 
and a consequent reduction in the Brownian motion 
velocity.

Figures   4-6   show   mass transfer     coefficient   
enhancement in the presence of TiO2 and ZrO2 
nanoparticles. As observed, maximum enhancements 
of mass transfer coefficient were 245% and 207% for 
TiO2 and ZrO2 (in 0.05 vol%) , respectively, which was 
very significant. This high enhancement is not only 
caused by Brownian motion of nanoparticles. As shown 
in Figure 7, hydrophilic nanoparticles (TiO2 and ZrO2) 
tend to transfer from the organic phase to the aqueous 
phase which created turbulence at the interfacial 
surface, and consequently the mass transfer coefficient 
was significantly enhanced.

Table 3. Experimental data for mass transfer coefficients at the absence of nanoparticles.

Qd (m3/s) d (mm) Dynamic Hold up E×100 t (s) Kd×104 (m/s) Deff (m2/s)

4.88×10-7 9.11 0.006 93.56 28.6 1.46 9.96×10-8

7.75×10-7 8.71 0.008 92.41 24.0 1.56 1.03×10-7

1.09×10-6 8.30 0.012 89.66 25.6 1.23 7.73×10-8

d

LSt
Q
εϕ

=

Fig. 2. Comparison of distribution stability for different nanoparticles 
in 0.1 vol%.

Fig. 3. Variation of mass transfer coefficient with concentration of 
SiO2.
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Table 4. Experimental data for mass transfer coefficients of SiO2 particles.

Concentration (vol%) Qd (m3/s) d (mm) Dynamic Hold-up E×100 t (s) Kd×104 (m/s) Deff (m2/s)

0.01 4.88×10-7 9.03 0.006 95.86 27.0 1.78 1.26×10-7

7.75×10-7 9.63 0.008 93.10 22.2 1.93 1.32×10-7

1.09×10-6 9.71 0.013 90.80 26.3 1.47 9.57×10-8

0.05 4.88×10-7 11.06 0.008 97.70 37.8 1.84 1.13×10-7

7.75×10-7 11.75 0.009 94.48 26.9 2.11 1.91×10-7

1.09×10-6 12.15 0.014 93.10 30.2 1.79 1.52×10-7

0.10 4.88×10-7 11.87 0.009 97.47 41.3 1.76 1.43×10-7

7.75×10-7 12.65 0.010 93.79 30.0 1.95 1.49×10-7

1.09×10-6 14.00 0.015 92.18 31.2 1.91 2.28×10-7

Table 5. Experimental data for mass transfer coefficients of TiO2 particles.

Concentration (vol%) Qd (m3/s) d (mm) Dynamic Hold-up E×100 t (s) Kd×104 (m/s) Deff (m2/s)

0.01 4.88×10-7 9.2 0.003 98.85 14.1 4.86 3.75×10-7

7.75×10-7 10.2 0.006 97.24 16.9 3.61 2.60×10-7

1.09×10-6 10.7 0.009 96.78 18.1 3.39 2.44×10-7

0.05 4.88×10-7 10.5 0.004 99.20 16.8 5.03 3.38×10-7

7.75×10-7 10.6 0.007 98.16 19.5 3.63 3.45×10-7

1.09×10-6 11 0.011 97.70 22.6 3.06 2.78×10-7

0.10 4.88×10-7 10.6 0.004 99.35 18.1 4.91 4.42×10-7

7.75×10-7 10.8 0.006 97.24 18.2 3.56 2.94×10-7

1.09×10-6 12 0.010 96.09 21.1 3.08 3.90×10-7

Table 6. Experimental data for mass transfer coefficients of ZrO2 particles.

Concentration (vol%) Qd (m3/s) d (mm) Dynamic Hold-up E×100 t (s) Kd×104 (m/s) Deff (m2/s)

0.01 4.88×10-7 9.5 0.003 97.70 14.1 4.24 3.25×10-7

7.75×10-7 10.8 0.007 96.78 19.5 3.18 2.27×10-7

1.09×10-6 11.5 0.009 96.09 18.7 3.33 2.39×10-7

0.05 4.88×10-7 10.1 0.004 98.85 16.8 4.48 2.99×10-7

7.75×10-7 11.0 0.006 97.47 19.0 3.55 3.37×10-7

1.09×10-6 12.2 0.009 96.55 19.6 3.50 3.21×10-7

0.10 4.88×10-7 10.2 0.004 98.53 16.8 4.26 3.80×10-7

7.75×10-7 11.2 0.006 95.86 16.9 3.50 2.88×10-7

1.09×10-6 12.5 0.008 94.25 17.2 3.47 4.44×10-7

It can also be observed from Figures 4 and 5 that 
increasing the concentration of TiO2 and ZrO2 more than 
0.05 vol% has no significant effect on the mass transfer 
coefficient. This is due to aggregation of nanoparticles. 
Aggregation of nanoparticles causes clusters of a hard 
solid media in the liquid phase. So it acts as an obstacle.

As shown in Figure 6, mass transfer coefficient 
enhancement in the presence of TiO2 and ZrO2 was 
more significant than for SiO2 because the mass transfer 
mechanism was affected by the transfer of hydrophilic 
nanoparticles (TiO2 and ZrO2) from the dispersed phase 
to the continuous phase, while SiO2 was probably 
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Fig. 4. Variation of mass transfer coefficient with concentration of 
TiO2.

affected by the Brownian motion of the nanoparticles.
It can also be concluded from Figure 6 that the mass 

transfer coefficient in the presence of TiO2 was more 
than ZrO2. This is due to the super hydrophilicity and 
lower density of TiO2 with respect to ZrO2.

3.3. Predictive correlation for the effective diffusivity

The effective diffusivity was calculated from the 
experimental values of the mass transfer coefficients. To 
this purpose, molecular diffusivity (Dd) in the Newman 
equation (6) was replaced with effective diffusivity 
(Deff) [19].

	 	 	 	 	 	      (9)

The calculated effective diffusivity for all   drop 
size, nanoparticles concentrations (for nc >0), and drop 
Reynolds number was fit to determine a predictive 
correlation. The predictive correlation is:

	 	 	 	 	 	    (10)

The coefficients of the predictive model are reported 
in Table 7.
The average absolute relative error (AARE) for the 

effective diffusivity calculated with this predictive 
model compared with the experimental results is 9%. 
The % AARE is calculated by:

	 	 	 	 	 	    (11)

where, N is the number of data.
A comparison of the experimental effective 

diffusivities with those calculated by the proposed 
model is shown in Figure 8. This figure indicates that 
the suggested correlation can estimate the effective 
diffusivities with high accuracy. The predictive model 
shows that the effective diffusivity of hydrophilic 
nanoparticles (TiO2 and ZrO2) is also more dependant 
on nanoparticle concentration.

Table 7.  The coefficients of the Predictive model.

Fig. 5. Variation of mass transfer coefficient with concentration of 
ZrO2.
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Fig. 6. Variation of mass transfer coefficient with concentration for 
various nanoparticles in Qd = 7.75E-07 (m3/s).
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Fig. 7. Hydrophilic and hydrophobic properties of nanoparticles.
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4. Conclusion

In this study the effect of various nanoparticles 
with the same average size (10 nm) and different 
hydrophobic/hydrophilic property on the mass transfer 
coefficient was investigated. It was found through 
experimental data that the mass transfer coefficient was 
enhanced in the presence of nanoparticles. Maximum 
enhancements in the mass transfer coefficient of 35%, 
245% and 207% were achieved in the presence of 
SiO2, TiO2 and ZrO2, respectively, at a concentration of 
0.05 vol%. A moderate enhancement in mass transfer 
coefficient (0-35%) may be due to Brownian motion of 
nanoparticles. But, the high enhancement in the mass 
transfer coefficient (more than 100%) in the presence 
of hydrophilic nanoparticles (TiO2 and ZrO2) was due 
to transfer of these nanoparticles from the organic to 
aqueous phase, which created a high turbulence on 
the interfacial surface. Unfortunately, the suspension 
of TiO2 and ZrO2 was too unstable and TiO2 is too 
expensive. So, to achieve better mass transfer coefficient 
enhancement, the TiO2 nanoparticle is suggested for this 
chemical system. The proposed model for prediction of 
effective diffusivity agreed well with the experimental 
data.
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