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Highlights: 

 Mean drop size and size distribution is determined in a horizontal extraction column in presence of 

ZnO nanoparticles. 

 Presence of nanoparticles reduces the interfacial tension and consequently drop sizes. 

 Density of small droplets considerably increases at the first concentration of adding nanoparticles. 

 The maximum entropy principle is considered for the determination of the drop size distributions. 

 

 

Abstract 

This article concerns the influence of different ZnO nanoparticle concentrations (0.001, 0.003, 

0.005 and 0.01 wt%) along with operating parameters (i.e., pulsation intensity and flow rate of 

dispersed and continuous phases) and physical properties on mean drop size and drop size 

distribution in a horizontal pulsed perforated-plate extraction column for the toluene-acetone-

water and butyl acetate-acetone-water systems (mass transfer direction from the dispersed phase 

to the continuous phase). According to the results, it is observed that the addition of nanoparticles 

has a remarkable influence on breakage and coalescence of drops and consequently their size 
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distribution. Accordingly, adding nanoparticles reduces the interfacial tension due to internal 

turbulence caused by nanoparticles’ Brownian motion inside each drop. It is found that drop size 

distribution will shift to the left and the density of small droplets will increase in the presence of 

ZnO nanoparticles in the column. Furthermore, new correlation is proposed to predict mean drop 

size in terms of operating parameters, physical properties and nanoparticle concentration. It is also 

found that the maximum entropy principle is suitable to predict drop size distribution in a 

horizontal extraction column. 

 

Keywords: Mean drop size; Drop size distribution; Horizontal extraction column; ZnO 

nanoparticles. 

 

 

 

Nomenclature: 

A  Amplitude of pulsation, m 

Af  Pulsation intensity, m/s 

d32  Sauter mean diameter, m 

f   Frequency of pulsation, Hz 

g   Acceleration due to gravity, m/s2 

Q  Volumetric flow rate, m3/s 

U  Velocity, m/s 

Greek Symbols: 

    Lagrange multipliers of probability maximum entropy function 
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   Viscosity, N s/m2 

   Density, kg/m3 

    Density difference between phases, kg/m3 

   Density of mixture of phases, kg/m3 

   Interfacial tension between two phases, N/m 

    Weight fraction 

Subscripts: 

c   Continuous phase 

d   Dispersed phase 

 

 

1. Introduction  

Pulsed columns are among the extractors which provide a large interfacial area using external 

energy input in the form of pulsing motion usually sinusoidal superimposed on counter-current 

flow of the liquid phases (Amani et al., 2017). One of the key parameters in the design and 

optimization of pulsed columns is the mean drop diameter and drop size distribution which are 

important in separation industries. They are directly related to the interfacial area available for 

mass transfer and directly affects the heat and mass transfer, stability of emulsions, rheological 

characteristics, reaction rate, extraction performance and final polymer particle size and properties 

in suspension polymerization (EL-Hamouz et al., 2009; Maaß et al., 2011; Quadros and Baptista, 

2003; Yang et al., 2000). Furthermore, other parameters such as solutes, salts, surface active agents 

(surfactants), and nanoparticles have considerable impact on the hydrodynamic and mass transfer 
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performance in solvent extraction by affecting the coalescence behavior of the chemical system. 

Nanoparticles provide a steric hindrance around dispersed phase drops when they adsorb at the 

interface of two immiscible phases and form more stable dispersed phase drops against 

coalescence. There are many investigations on the effect of adding different nanoparticles on the 

enhancement of conductive and convective heat transfer coefficients (Buongiorno et al., 2009; 

Heris et al., 2006; Kwek et al., 2010; Lee et al., 1999; Putra et al., 2003; Wen and Ding, 2005) and 

several reviews are available in this field (Das et al., 2006; Yu et al., 2008). Using nanofluids offers 

various benefits such as stronger temperature-dependent thermal conductivity (Das et al., 2003), a 

substantial enhancement in the heat transfer coefficient and thermal conductivity at low 

nanoparticle concentration (Choi et al., 2001; Heris et al., 2006), an increment in critical heat flux 

in pool boiling (You et al., 2003). One of the major factors which is responsible for enhancement 

of heat transfer in the presence of nanoparticles is Brownian movement of nanoparticles (Amani 

et al., 2017a, 2017b). This mechanism similarly leads to the enhancement of mass transfer 

performance (Bahmanyar et al., 2011; Beiki et al., 2013a, 2013b; Jang and Choi, 2016; Keshishian 

et al., 2013; Krishnamurthy et al., 2006). Regarding the impact of nanoparticles on mass transfer, 

there are a number of studies in the literature, while most of them only investigated the convective 

mass transfer performance between liquid and gas phases and there have been limited 

investigations on the study of the presence of nanoparticles in liquid-liquid extraction which is the 

other popular separation process (Ashrafmansouri and Nasr Esfahany, 2015; Bahmanyar et al., 

2014; Khoobi et al., 2013; Mirzazadeh Ghanadi et al., 2014; Roozbahani et al., 2014). Khoobi et 

al. (2013) investigated the influence of adding SiO2 nanoparticles on droplet size and its 

distribution along a pulsed liquid–liquid extraction column. They revealed that addition of 

nanoparticles change the droplet shape from ellipsoidal to spherical. Fan et al. (2007) investigated 
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the impact of hydrophilic SiO2 nanofluids on the behavior of droplets in a microchannel and a 

bubble column. They revealed that nanoparticles reduces the diameter of bubbles and leads to the 

significant reduction in holdup due to the reduction of interfacial tension. Davoodi-Nasab et al. 

(2013) revealed that the presence of SiO2 nanoparticles in a mixer-settler extractor leads to the 

increase of holdup and the reduction of the drop size about 8.1–19.4%.  

Standard vertical extraction columns meet the needs for industrial applications, but when height 

limitation (especially in indoor applications) are concerned it is required to use horizontal columns. 

It is also revealed that the mass transfer efficiency in both types of the columns is comparable 

(Hanson, 1971; Panahinia et al., 2017). However, considering the significant role of adding 

nanoparticles on hydrodynamic and mass transfer performance in a horizontal extraction column, 

no analytical and experimental investigation has been conducted in this regard. Therefore, this 

article concerns the influence of adding nanoparticles on mean drop size and drop size distribution 

in a horizontal pulsed perforated-plate extraction column. Mirzazadeh Ghanadi et al. (2014c) 

studied the impact of different nanoparticles including TiO2, ZnO and CNT on the mass transfer 

performance in an extraction column. It was observed that the effect of ZnO nanoparticles on mass 

transfer is much greater than that of TiO2 and CNT nanoparticles. Therefore, in this study, the 

influence of ZnO nanoparticles on hydrodynamic performance of the extraction column is 

evaluated for different liquid systems. In this work, the stability of nanofluids is firstly examined 

and then the effect of operating conditions and physical properties on drop size and its distribution 

with and without ZnO nanoparticles presence are investigated. In addition, new empirical 

correlations are proposed to predict the mean drop size and drop size distribution under the 

influence of ZnO nanoparticles. 
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2. Experimental 

2.1. Discerption of the equipment 

In this study, the experiments are conducted in a horizontal pulsed sieve-plate column with an 

internal diameter of 7 cm and length of the active area of 165 cm. The plates are half-perforated 

and the perforations laid on triangular pitch of 4 mm. The pulsation applies to the liquid by the 

pressure of air compressor and controlled by two solenoid valves. To control the liquid level in the 

column and regulate the discharge of heavy phase, an optical sensor in the collecting tank, in the 

output of the light phase, is embedded. Two rotameters are placed at the inlet of the phases to 

measure the flow rates. For more information, the column characteristics are listed in Table 1. A 

schematic of experimental setup is illustrated in Fig. 1. In addition, Fig. 2 exhibits how drops tend 

to move horizontally whereas the density difference drives them down or top of each compartment 

during the quiescent portion of the pulsation. 

2.2. Liquid-liquid systems and nanofluid preparation 

The chemical systems investigated in this study are toluene-acetone-water and butyl acetate-

acetone-water supplied by Merck Company. The continuous phase is DI-water. Technical grade 

solvents of toluene and n-butyl acetate with at least 99.5 wt% purity in the presence of 3% volume 

fraction of acetone as a mass transfer agent (d → c) are used as the dispersed phase.  In order to 

evaluate the impact of ZnO nanoparticles on mean drop size, the experiments are carried out at 

four different ZnO nanoparticle concentrations (0.001, 0.003, 0.005, and 0.01 wt%). Experiments 

are performed in four different pulsation intensities and three different flow rates of the continuous 

and dispersed phases. The mass transfer direction is from the dispersed phase to the continuous 

phase. Physical properties of the chemical systems are listed in Table 2. The densities are 

determined using a scale in the order of 0.0001 g. The viscosities of both phases are measured by 



8 
 

a laboratory LAUDA viscometer. It should be noted that, under mass transfer conditions, a degree 

of uncertainty surrounds the estimation of physical properties (particularly interfacial tension), 

since these vary not only with the inlet solute concentrations, but also along the column. In the 

present research, the values of physical properties have been assumed to correspond to the mean 

values of acetone concentration in the continuous and dispersed phases. The mean value of acetone 

concentration was obtained by averaging the values obtained at the inlet and outlet of the column. 

In this study, the ZnO nanoparticles are supplied by US Research Nanomaterials Inc. Physical and 

chemical characteristics of ZnO nanoparticles are listed in Table 3. X-ray diffraction (XRD) was 

implemented by using an Empyrean PANalytical diffractometer to characterize the crystalline 

structure of the synthesized ZnO nanoparticles. The pattern is shown in Fig. 3 where a series of 

characteristic peaks: 2.814 (100), 2.608(002), 2.475(101), 1.911(102), 1.624(110) and 1.478(103) 

are observed, and they are in accordance with the zincite phase of ZnO (International Center for 

Diffraction Data, JCPDS 5-0664). No peaks of impurity are observed, suggesting that the high 

purity ZnO was obtained. Further characterization was carried out to determine the particle size 

distributions using dynamic light scattering (DLS) technique, which reveals the average 

hydrodynamic diameter of particles in a liquid suspension. Fig. 4 shows the DLS analysis for 

characterizing size distributions of nanoparticles. The average size (20 nm) is within the expected 

range of particle sizes between 15 to 30 nm. 

In addition, to quantitatively determine the colloidal stability of the dispersions, the nanofluid 

stability was characterized using an Ultraviolet–visible spectrophotometer. Three of the considered 

nanoparticle concentrations (i.e., 0.001%, 0.003%, 0.005%, and 0.01%) were prepared and the 

time taken for sonication was about 60 min. Next, the stability of ZnO nanoparticles was evaluated 

by measuring the absorption of the suspensions after 8 h. According to this approach, the 
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absorbency of the nanofluids with different concentrations of ZnO nanoparticles was determined 

at 353 nm wavelength. By increasing the sediment time, the absorbance of the nanoparticles was 

decreased. Regarding the colloidal stability of the ZnO nanoparticles which is illustrated in Fig. 5, 

the relative concentration was maintained over 0.94% after 8 h compared with the initial 

concentrations which demonstrates the stability of the ZnO nanoparticles employed in this study. 

The interfacial tension of the chemical systems was determined using a Krüss tensiometer. The 

measured interfacial tension of the toluene-acetone-water and butyl acetate-acetone-water systems 

containing different amounts of ZnO nanoparticles has been shown in Fig. 6. It was obvious that 

by increasing ZnO concentration, interfacial tension found to be decreased, especially at low 

concentrations. In fact, by adding nanoparticles and increasing its concentration, interfacial tension 

gradually decreases due to the nanoparticles adsorption at the interface of the droplets. This 

reduction becomes milder with further increase in nanoparticle concentration. 

 

2.3. Experimental procedure  

All experiments were carried out at temperature 20±1oC, after mutually saturating both phases 

before adding acetone and nanoparticles into the dispersed phase in order to avoid the excessive 

dissolution of the dispersed phase into the continuous phase. After dissolving the solute into the 

dispersed phase, the frequency and amplitude of the pulsator were next adjusted to the desired 

values. After filling the column with the heavy phase, the light phase was introduced. The interface 

location was then maintained at the desired height, and the system was allowed to reach steady 

state after about 90–120 min depending on the phase flow rates, pulsation intensity and the 

particular liquid–liquid system used. Then the drop sizes were measured by taking digital images 

along the column by Nikon D3100 camera in each experiment. Five inter-plate regions of active 
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section of the setup were chosen for capturing the photos. These regions that were equidistant from 

each other are pointed out in Fig. 1. It is found that the curved surface of the glass extraction 

column and significant differences between air and the glass refractive indices leads to a parallax 

deformation of the objects photographed in the extraction column. In order to omit this 

phenomenon, a container which filled with water was attached to the extraction column and the 

photographic approach was used to calculate the metal rod size of the trays holder served as the 

reference for the drop size measurements. Therefore, the actual size of each drop was calculated 

by comparison of metal rod size of the trays holder as an index with its size in the images utilizing 

AutoCAD software. In each image, about 300 drops were analyzed to guarantee the statistical 

significance of the determined Sauter mean drop diameter. Sauter-mean drop sizes were calculated 

using Eq. (1).  

3 2

32

1 1

n n

i i i i

i i

d n d n d
 

             (1) 

The observed drops had mainly spherical shapes, but in some cases ellipsoidal shapes were 

observed which characterized by their major axis (dH), and their minor axis (dL), representing the 

largest distance between two points on a drop and the largest length of a line, at an angle of 90° to 

the major axis. Accordingly, the drop diameter with an equivalent sphere was determined using 

Eq. (2). 

23
, ,i H i L id d d

          (2) 

It should be noted that measurements for Sauter-mean drop size determination were made in 

triplicate to verify experimental reproducibility and the obtained average data were considered for 

each run. Also the average absolute value of the relative deviation (AARD) was used to compare 

the predicted results with the experimental data. It is defined as follows: 
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1

Experimental value - Calculated value1

Experimental value

N

i

AARE
N 

 
     (3) 

where N is the number of points. 

The experiments covered a range of dispersed and continuous phases flow rates from 2 to 8 l/h and 

a range of pulsation intensity (amplitude × frequency) from 0.6 to 1.5 cm/s. Under the pulsing 

conditions, the rotameter was affected by the pulsation. Therefore, the flow rate of each phase was 

calculated by determining the volume of the liquid passed through the rotameter in 5-10 min 

(depending on the pulsation intensity) to ensure the accuracy of the measured flow rates. Four 

photos, for example, have been shown in Fig. 7, demonstrating drop sizes variations versus ZnO 

nanoparticle concentration. 

 

3. Results and Discussion  

3.1. Influence of adding nanoparticles 

The influence of ZnO nanoparticle concentration on the mean drop size is shown in Fig. 8 at three 

different pulsation intensities. As shown in this figure, drop sizes decrease with augmentation of 

ZnO nanoparticle concentration which indicates stability of nanoparticles. According to Fig. 6, 

ZnO nanoparticles can reduce the interfacial tension of two chemical systems and consequently 

increase drop breakage, albeit not to the quantity of surfactants. In fact, nanoparticles can adsorb 

at the two immiscible fluids interface and consequently prevent from the coalescence of the 

dispersed droplets due to the fact that they provides forming 3D network or steric hindrance 

between drops (Aveyard et al., 2003; Binks, 2007). Therefore, as can be seen in Fig. 6, introducing 

the nanoparticles in the liquid-liquid system leads to the reduction in interfacial tension which 

results in the formation of smaller drops. Further applying nanoparticles in the system, leads to 
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decreasing mean drop size, although the reduction rate in d32 becomes slower in concentrations 

above 0.005 wt%, which is also achieved in a mixer-settler extractor (Raji-Asadabadi et al., 2013). 

In some other studies, it is also observed that the slop of mean drop size reduction is sharper at the 

first concentration of adding nanoparticles (Aveyard et al., 2003; Khakpay et al., 2009; Skelland 

and Slaymaker, 1990; Tcholakova et al., 2004). It is because of the fact that the dispersed drops 

reach the saturation coverage with ZnO nanoparticles when the concentration increases. Therefore, 

excess content of nanoparticles cannot be adsorbed at the interface and accordingly further increase 

in nanoparticle concentration cannot significantly influence the mean drop size. Moreover, 

increasing nanoparticle concentration increases the probability of sedimentation of nanoparticles. 

It is observed that the steeper reduction in mean drop size is achieved when the first concentration 

is added to liquid-liquid dispersions. On the other hand, decreasing mean drop size by adding 

nanoparticles does not permanently lead to the enhancement of interfacial area available for mass 

transfer. In fact, according to Ashrafmansouri and Nasr Esfahany (2015), at higher and lower 

particular nanoparticle concentrations, smaller overall mass transfer coefficient can be observed. 

Induced micro-convection and Brownian motion of nanoparticles are dominant in low volume 

fractions leading to enhanced mass transfer rate. They also revealed that deteriorated mass transfer 

in higher nanoparticle volume fractions is mainly because of aggregation and reduction in free 

volume of nanoparticles. 

Fig. 8 also shows that the reduction of drop size with adding nanoparticles decreases with 

increment of pulsation intensity. At lower power input (Af = 0.8 cm/s), the decrement rate of mean 

drop size is 24% and 21% for toluene-acetone-water and butyl acetate-acetone-water by adding 

0.01 wt% ZnO nanoparticles into the pure system. However, this reduction is about 16% and 18% 

respectively by dispersing same nanoparticle concentration at high power input (Af = 1.10 cm/s). 

Fig. 3 
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It can be inferred that the drop sizes are mainly influenced by agitation at high pulsation intensities 

and the influence of other parameters such as adding nanoparticle becomes insignificant. Similarly, 

this behavior is also observed for chemical systems containing surfactants as well (Khakpay et al., 

2009; Tolosa et al., 2006).  

 

 

3.2. Effect of Phase Flow Rates on mean drop size 

The effect of dispersed and continuous phase flow rate on drop sizes with and without the presence 

of ZnO nanoparticles is shown in Fig. 9 and Fig. 10 respectively. It is observed that an increase in 

dispersed phase flow rate leads to formation of larger drops due to an increase in the number of 

droplets and higher coalescence rate because of consequent higher holdup (Akhgar et al., 2017). 

According to Fig. 10, mean drop size is directly proportional to continuous phase flow rate. This 

process takes place due to the reduction of slip velocity between dispersed phase droplets and the 

continuous phase which dominants drops coalescence in comparison with their breakage. In fact, 

drag forces between the droplets and the bulk continuous phase increase with incrementing the 

continuous phase flow rate which leads to the limitation in the drops movements and an 

enhancement in drops coalescence, thereby increasing mean drop size. Moreover, as can be 

obtained by comparing the behavior of mean drop size in two different chemical systems, the 

influence of phase flow rates on mean drop size in toluene-acetone-water is as strong as that in 

butyl acetate-acetone-water. It is also observed that the presence of nanoparticles does not 

significant impact on the variation of mean drop size versus phase flow rates. 
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3.4. Effect of the Pulsation Intensity on mean drop size 

The effect of pulsation intensity on the mean drop size is shown in Fig. 11 for two liquid systems 

with five different concentrations of ZnO nanoparticles. The results show that mean drop size 

varies inversely as pulsation intensity and it declines with increment of power input in both liquid 

systems. This reduction is due to the intense collision of the organic phase droplets with the 

internals due to higher turbulence energy input and increasing Laplace pressure which causes the 

drops breakage to overcome their coalescence as similarly reported by Desnoyer et al. (2003) and 

Raji-Asadabadi et al. (2013). Furthermore, it is observed that presence of nanoparticles decreases 

the reduction rate of drop size versus pulsation intensity. For example, decrement rate of 25% and 

18% is observed in mean drop size by varying pulsation intensity from 0.60 cm/s to 1.50 cm/s for 

pure toluene-acetone-water and butyl acetate-acetone-water respectively, while it is found to be 

about 15% and 10% for chemical systems with 0.01wt% ZnO nanoparticles. 

 

3.5. Drop Size Distribution  

The drop size distribution in pulsed sieve-plate extraction columns is mainly influenced by the 

interplay between drop breakage and coalescence of drops. However, it is achieved that drops 

breakage governs the drop size distribution in the industrially relevant operating range of pulsed 

extraction columns (Tsouris and Tavlarides, 1994). Since the drops are coarsely dispersed at the 

initial stages during experiments, the Sauter mean diameter considerably declines in the direction 

of the flow rate of the dispersed phase as a result of frequent breakage at sieve plates, tending to a 

constant value. Moreover, it is seen that the drop size distributions are broader in the initial stages, 

becoming narrower and shifting towards smaller drop sizes along the column until a steady-state 

distribution is achieved. Regarding the evaluation of drop size distribution and irrespective of 
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different nanoparticle contents, the influence of operating parameters (i.e., pulsation intensity and 

dispersed and continuous phase flow rates) on drop size distribution is illustrated in Fig. 12 and 13 

for toluene-acetone-water and butyl acetate-acetone-water respectively. It is found that drop size 

distribution shifts to the left and small droplets densities increases with an increment in pulsation 

intensity due to the fact that smaller drops form narrower and more homogeneous distributions 

because of presence of smaller eddies in liquid systems (Chen and Middleman, 1967). Moreover, 

it is observed that the influence of power input overrides the effect of interfacial tension at high 

pulsation intensity which results in similar drop size distribution in both chemical systems in 

identical conditions, although the interfacial tension has considerable impact on the shape of the 

distribution curves at lower pulsation intensity. It is generally revealed that in the absence of 

pulsation, interfacial tension and buoyancy are the cause of the drop breakup (Kumar and Hartland, 

1996; Yadav and Patwardhan, 2008), while in the presence of pulsation, a smaller drop size is 

formed, and the drop size distribution is less spread out in higher pulsation as a consequence of an 

intensified collision between the drops and the internal plates and the internal wall, which causes 

a higher breakage rate (Gholam Samani et al., 2012; Khajenoori et al., 2015; Ousmane et al., 2011; 

Usman et al., 2009). 

According to Fig. 14 and Fig. 15, an increase in dispersed phase flow rates leads to wider drop 

size distribution because of higher coalescence rate, while the continuous phase flow rate has 

negligible impact on drop size distribution which is probably because of low breakage frequency. 

It is also reported by previous investigators that more easily coalescence of drops will take place 

in liquid-liquid systems with higher interfacial tension (Treybal, 1981). 
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The effect of different nanoparticle concentrations on the drop size distribution for two different 

chemical systems is shown in Fig. 14 at pulsation intensity of 0.95 cm/s and dispersed and 

continuous phase flow rates of 2 and 4 l/h, respectively. From this figure, an interesting observation 

can be made. An increment in power input increases the small droplet densities more remarkable 

for chemical systems in the presence of nanoparticles compared to those for pure systems. It is 

also observed that drop size distributions in different nanoparticle concentrations are not 

significantly distinctive and are almost similar. However, since drops size distribution is found to 

be narrower for 0.01% in both chemical systems, it can be obtained that more nanoparticle 

concentrations can lead to more droplet breakage which can be referred to the internal turbulence 

caused by the nanoparticles Brownian motion inside each drop which is believed to intensify drop 

breakage (Krishnamurthy et al., 2006). In some studies, it is reported that the influence of 

interfacial tension is significantly high on drops coalescence that can be considered as the only 

affecting factor (Bikerman, 2013; Oppermann, 1941).  

 

  

3.6. Predictive Correlation for Mean Drop Size 

Regarding the prediction of mean drop size, the following correlation is proposed in terms of 

operating parameters including pulsation intensity and dispersed and continuous phase flow rate, 

physical properties of chemical systems and weight fraction of nanoparticles by dimensional 

analysis methods using SPSS software: 

 
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where g represents acceleration due to gravity (m/s2), Af represents pulsation intensity,   and   

denote the density and viscosity of each phase, and U is the superficial velocity of each phase. The 

influence of nanoparticle concentration is considered by   which represents the weight fraction 

of nanoparticles. The comparison of experimental data with those calculated by Eq. (4) is 

illustrated in Fig. 15. This figure shows the accuracy of the derived equation to predict mean drop 

sizes. The AARE for Eq. (4) is found to be about 7.47%. 

 

 

3.7. Prediction Correlation for Drop Size Distribution  

Many researchers have proposed a number of probability distribution functions for prediction of 

drop size distribution in liquid-liquid extraction systems that were shown in Table 4. The 

probability density has been taken into consideration as the ratio of number of drops with a specific 

diameter to the total number of drops which is called number density. In these methods, a non-

linear regression analysis is required to fit the theoretical distribution functions and to determine 

  and   parameters. 

 

However, maximum entropy approach is another method which is recently developed in order to 

evaluate drop size distribution in extraction columns and it is found that maximum entropy method 

has better predictive ability to predict experimental data (Asadollahzadeh et al., 2017, 2016, 2015). 

Therefore, this method is considered in order to predict drop size distribution in the column which 

can be expressed as follows: 

2 3

0 1 1 2 2( ) exp( ( ) ( ))n i iP d f d f d              (5) 
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where λ0, λ1 and λ2 are Lagrange multipliers which have to be determined for each particular 

solution. The following constraints for drops size distribution can be defined: 

0
ln( ) ( )S k P P d d
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0
( )k kPf d d F
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            (7) 
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            (8) 
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d
P d d d d

d



           (10) 

Based on the abovementioned constraints, the Lagrange multipliers are determined and 

consequently the probability drop diameter distribution can be achieved in terms of operating 

parameters including pulsation intensity and low rate of dispersed and continuous phase, physical 

properties of liquid-liquid systems and weight fraction of nanoparticles. The following correlation 

is obtained: 

 
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        
     (11) 

The values of constant parameters, C1 to C7 in Eq. (11), are presented in Table 5. Regarding the 

AARE of Eq. (11), it can be obtained that maximum entropy approach has a good predictive ability 

to determine drop size distribution in a horizontal extraction column and satisfactory agreement 

between experimental and calculated data has been observed.  

 



19 
 

4. Conclusions 

In this study, mean drop size and drop size distribution in a horizontal pulsed sieve-plate extraction 

column is investigated for toluene-acetone-water and butyl acetate-acetone-water (mass transfer 

direction from dispersed to continuous phase) with dispersing 0.001, 0.003, 0.005 and 0.01 wt% 

ZnO nanoparticle concentrations into the dispersed phase in order to evaluate the effect of presence 

of nanoparticles on drops behavior. It was observed that addition of various contents of 

nanoparticles leads to the reduction of mean drop size due to the decrement of interfacial tension. 

In fact, the Brownian motion of nanoparticles inside dispersed drops intensify drops breakage 

which results in internal turbulence, thereby decreasing interfacial tension. Accordingly, applying 

nanoparticles shifts drop size distributions to the left and increases the density of small droplets as 

well. Furthermore, regarding better understanding the influence of affecting parameters on drop 

size and its distribution, an empirical correlation is proposed for predicting the mean drop size as 

a function of the operating variables, the physical properties of the system, and concentration of 

the nanoparticles with an Average Absolute Relative Error (AARE) of 7.47%. For prediction of 

drop size distribution, the maximum entropy principle is found to be able to estimate the 

experimental data with satisfactory agreement. The AARE of the Lagrange multipliers in this 

regard are from 7.48% to 8.95%. 
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Figure 1. A schematic diagram of the horizontal pulsed sieve plate column. Points 1 to 5 indicate the inter-

plate regions of the column chosen for capturing the photos. 

 

 

 

Figure 2. Drops movement in each compartment during the quiescent portion of the pulsation (a) Left to 

right stroke and (b) Right to left stroke 
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Figure 3. XRD pattern of ZnO nanoparticles 

 

 

Figure 4. Particle size distribution of ZnO nanoparticles 
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Figure 5. Relative supernatant concentration of ZnO nanoparticles as a function of the elapsed time for 

0.001, 0.003, 0.005, and 0.01 wt% of ZnO nanoparticles 

 

 

Figure 6. Interfacial tensions variation versus ZnO concentrations for toluene-acetone-water and butyl 

acetate-acetone-water 
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Figure 7. Four photos taken due to drops at Af = 0.8 cm/s, Qd = 2 L/h and Qc = 4 L/h. (A) 0.001 wt%, (B) 

0.003 wt%, (C) 0.005 wt%, and (D) 0.01 wt% 

 

Figure 8. Influence of ZnO nanoparticle concentration on mean drop size at constant pulsation intensity of 

1.1 cm/s, dispersed phase flow rate of 2 l/h and continuous phase flow rate of 6 l/h for toluene-acetone-

water (T-A-W) and butyl acetate-acetone-water (B-A-W). 
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Figure 9. Influence of the continuous phase flow rate on mean drop size for (a) toluene-acetone-water and 

(b) butyl acetate-acetone-water at constant pulsation intensity of 0.8 cm/s and dispersed phase flow rate of 

4 l/h for different nanoparticle concentrations. 
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Figure 10. Influence of the dispersed phase flow rate on mean drop size for (a) toluene-acetone-water and 

(b) butyl acetate-acetone-water at constant pulsation intensity of 1.1 cm/s and continuous phase flow rate 

of 6 l/h for different nanoparticle concentrations. 
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Figure 11. Influence of the pulsation intensity on mean drop size at constant dispersed and continuous 

phase flow rate of 4 and 6 l/h for (a) toluene-acetone-water and (b) butyl acetate-acetone-water for different 

nanoparticle concentrations. 
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Figure 12. Influence of (a) pulsation intensity at constant phase flow rate of 2 l/h, (b) dispersed phase flow 

rate at constant pulsation intensity of 0.80 cm/s and continuous phase flow rate of 2 l/h and (c) continuous 
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phase flow rate at constant pulsation intensity of 0.80 cm/s and dispersed phase flow rate of 2 l/h on drop 

size distribution for toluene-acetone-water. 
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Figure 14 Influence of (a) pulsation intensity at constant phase flow rate of 2 l/h, (b) dispersed phase flow 

rate at constant pulsation intensity of 0.80 cm/s and continuous phase flow rate of 2 l/h and (c) continuous 

phase flow rate at constant pulsation intensity of 0.80 cm/s and dispersed phase flow rate of 2 l/h on drop 

size distribution for butyl acetate-acetone-water 

 

 

Figure 14. Influence of presence of ZnO nanoparticles on drop size distribution in different concentrations 

for (a) toluene-acetone-water and (b) butyl acetate-acetone-water. 
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Figure 15. Comparison of experimental data and those obtained from Eq. (4). 

 

 

 

 

 

 

 

Table 1. Geometrical characteristics of the column used 

Material of construction the column glass 

Material used for plates, spacers and rod Stainless steel 

Column length (m) 1.65 

Column diameter (cm) 7 

Upper and lower settler diameter (cm) 9 

Upper settler length (cm) 50 

Lower settler length (cm) 50 

Holes pitch (mm) 4 

Holes diameter (mm) 2 
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Plates thickness (mm) 1 

Plate spacing (cm) 1* , 6** 

Average free area of the plates (%) 0.11 

* spacing between two individual plates in a pair 

** spacing between two pairs in a cell 

 

 

Table 2. Properties of systems used 

Chemical systems Toluene-acetone-water (T-A-W) Butyl acetate-acetone-water (B-A-W) 

Physical properties   kg/m3   mPa.s    mN/m   kg/m3   mPa.s   mN/m 

Organic phase 865 0.579 
36.1 

881 0.68 
14.4 

Aqueous phase 995 1.17 997 1.14 

 

 

Table 3. Properties of ZnO nanoparticles 

Parameter Value 

Purity > 99% 

Diameter 10 - 30 nm 

Density 5.606 g/cm3 

Color White 

Morphology Nearly spherical 

Crystal phase Single crystal 

 

 

Table 4. Probability distribution functions for liquid–liquid extraction systems. 

Name Function Reference 

Normal  
2

1
exp

2 2
n

d
P d



 

  
   

   

 (Moreira et al., 2005) 
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Log-normal  
2

1 ln
exp

2 2
n

d
P d

d



  

  
   

   

 (Moreira et al., 2005) 

Log-normal  
2

exp lnn

d
P d

dqd






  
   

   

 (Rinconrubio et al., 1994) 

Gamma  
 

 exp
Γ 1

nP d d d



 


 (Rinconrubio et al., 1994) 

Weibull    1expn i iP d d d     (Tung and Luecke, 1986) 

 

Table 5. Constant parameters and AARE values for λi in maximum entropy approach. 

Maximum 

entropy approach 
C1 C2 C3 C4 C5 C6 C7 %AARE 

0   1.51 -0.63 -0.42 -0.56 -0.446 0 0 7.48 

1  -91.5 -0.79 3.76 0.81 0.57 0 0 8.95 

2  156.7 2.44 8.83 1.79 2.16 0.69 4.52 8.16 

 

 

 

 

 

 

 

 


