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Abstract  

This study deals with the experimental evaluation of some relevant ash samples 

collected from the flue gas filters of a hazardous waste incinerator plant. The 

experimental analysis focuses on size, distribution and dielectric properties of the 

samples. The reported results reveal the presence of nanoparticles in the samples and 

the possibility to use dielectrophoresis for their handling. The study exploits also 

numerical simulations in order to investigate the behavior of nanoparticles with size 

range from 50 to 150 nm, which is fructified as a micro channel - working unit used 

as a particulate trap. Based on the experimental data and a proposed mathematical 

model, the concentration profile of nanoparticles suspension inside a micro fluidic 

separation device is calculated and the performance of the device is analyzed in terms 

of three new specific quantities of separation process, called Recovery, Purity and 

Separation Efficiency. 
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Introduction  

Timisoara (45°46' N, 21°26' E) is a city located on the south-eastern edge of the 

Pannonia plain, and lies at an altitude of 85 m, being one of the largest Romanian 

cities, with a population of over 300 thousands inhabitants and more than 170 

thousands automobiles. The air quality in urban areas is determined by the intensity 

of emissions (Sbrizzai et al. 2005; Rickerby & Morrison 2007). The principal sources 

of pollution are from transportation (emission from traffic), industrial and households. 

The main pollutants tend to be airborne particles, sulphur dioxide, nitrogen dioxide, 

carbon monoxide, ozone and volatile organic compounds (VOCs).  

Health effects of air pollutants, i.e. nanoparticles, is an old issue in cities and urban 

areas around the world, but became evident during severe air pollution episodes in the 

first part of the 21- th century. Once the association between the existence of fine 

particles suspended in atmosphere and their negative impact on the human health has 

been proved clearly, the problem of the control of the toxic emissions has become of 

great scientific interest. Recent health effects studies have shown an association 

between existing levels of fine particles (size, concentration) and health effects such 

as increased respiratory illness, cardiopulmonary morbidity, and premature mortality 

(Minutolo et al. 2010; Rickerby & Morrison 2007). 
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From a public health standpoint, the size of a particle is as important as its 

composition, recent research showing that although raw materials may not be 

dangerous, they can become toxic under the form of nanoparticles. Although the 

nanoparticles have smaller masses than microparticles, their number is at least four 

orders of magnitude higher than the number of all other particles found in the flue gas. 

Incinerator-related activities result in the emission of a host of  air pollutants that 

adversely affect public health and the environment, including nitrogen oxides (NOx), 

hydrocarbons (HC), particulate (PM), carbon monoxide (CO), which causes lung 

irritation and aggravates diseases such as asthma, chronic bronchitis, and emphysema 

(Chang & Huang 2001). In this context, the problem of obtaining information about 

the composition and dispersion of different resulted combustion residues is a first and 

fundamental step. The transport process of the components is investigated 

numerically with the CloseView software. The input program data are the 

concentration and the chemical properties of the components detected experimentally 

in the combustion chimney. Our study takes into account the effects that the height of 

the combustion chimney, the velocity and the direction of the wind has on the 

dispersion process. The concentration profiles are calculated for a geometry specific 

to the city map of Timisoara. This analysis provides relevant information on the 

distribution of the pollutants and the most exposed zones of the city. In this paper we 

take a close view of pollutant dispersion in the environment, how the wind and 

atmospheric condition affects the dispersion for point like emission sources. As a 

result of highlighting for this micro pollutants by the mentioned method and 

considering that emissions sources are generally equipped with filters able to retain 

only micro particles, usual methods (retention and separation) have not been 

successful for the separation of nanoparticles (Lungu et al. 2010). The most promising 

technique for nanoparticle trapping and controlled spatial separation is a method 

based on dielectrophoresis (DEP), phenomenon in which a spatially non-uniform AC 

electric field induces a dipole moment in a dielectric particle. Hence, the particle 

undergoes a DEP motion under the resulting translational force. This force does not 

require electrically charged particles; the strength of the force depends on the medium 

and particle’s electrical properties, particle’s shape and size, and on the applied 

electric field amplitude and frequency (Pethig 2010; Neculae et al. 2012; Green et al. 

2002).  

 

Materials and Methods  
Hazardous waste incineration is one of the widely used waste disposal technologies 

which both reduces waste volume and NOx amount and recovers energy as a last 

alternative of judicious use. This technology complies with specific regulations that 

establish a threshold for direct VOC emissions or other forms of spreading volatile, 

powder and other waste gases type at the stack of incineration plants. 

Filtration of submicron particles suspended in flue gas is an important technological 

challenge, as in urban environment the burning processes including incinerators of 

waste or diesel emissions are responsible for the emission of a significant amount of 

nanoparticles (Sbrizzai et al. 2005). The presence in the environment of nanoparticle 

with size ranging from 50 nm to 200 nm has a profound impact on human health 

(Rickerby & Morrison 2007). Once inhaled, due to their tendency to remain trapped 

in the inner respiratory ways, infiltrate into the blood and cannot be eliminated, 

because the macrophage cells cannot identify them. Inhaled nanoparticles may 
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generate free radicals, affect the DNA and alter the genes, being responsible for 

mutagens and carcinogenic effects or causing a variety of lung-disease typologies. 

From a public health standpoint, the size of a particle is as important as its 

composition, recent research showing that although raw materials may not be 

dangerous, they can become toxic under the form of nanoparticles (Rickerby & 

Morrison 2007; Minutolo et al. 2010). Although the nanoparticles have smaller 

masses than microparticles, their number is at least four orders of magnitude higher 

than the number of all other particles found in the flue gas. As a direct and immediate 

consequence, the filtration of nanoparticles is an important technological challenge, 

as they are produced in large quantities from material synthesis and combustion 

emission. Sources of polluting emissions are generally equipped with various filters 

that capture the micron particles, but permit nanoparticles to escape in atmosphere 

(Chang & Huang 2001; Lungu et al. 2010). In many scientific and technical areas, a 

considerable interest is shown to the separation of nanoparticles in accordance with 

their physical or chemical characteristics. The methods utilizing electric fields are 

emerging as most promising techniques for nanoparticle manipulation, namely those 

based on dielectrophoresis (DEP): a phenomenon in which, under spatially non-

uniform AC or DC electric fields, dielectric particles move because of the interaction 

of the dipole induced in the particle and the applied field gradient. DEP methods can 

be used in many forms to manipulate and more generally, control the position, 

orientation and velocity of submicron scale particles. DEP force does not require 

electrically charged particles; the strength of the force depends on the medium, 

particle’s electrical properties, particle’s shape and size, and on the applied electric 

field frequency (Pethig 2010; Neculae et al. 2012). Since the relative dielectric 

polarization of the nanoparticles depends on the driving frequency of the applied 

electric field, an alternating (AC) electric field is usually applied to generate DEP 

forces of different magnitudes and directions. In classical dielectrophoresis, the 

positive DEP force attracts particles into the regions of strong electric fields, while 

negative DEP force repels them from those regions (Green et al. 2002; Çetin & Li 

2011). More recently, using advanced microelectrode fabrication techniques, the 

technology has moved into the submicrometer world so that nanoparticles can now be 

characterized and separated. The manipulation of nanoparticles in microsystems by 

using DEP forces has many existing and potential applications, presenting the 

advantages of voltage-based control and dominance over other forces: in the range 

above a few millimeters, the electrical forces are rather ineffective, but in the 

micrometer (and submicrometer) scale the electrical forces dominate. Microfluidics 

involves the manipulation of nanoparticles within a microscale chip. Within 

microfluidic systems, the manipulation of nanoparticles is of fundamental importance, 

including patterning, focusing, sorting, trapping, handling and separation (Zhang et 

al. 2010).  

For the modern hazardous waste incineration plants, the current standards provide 

strict limits both for PM2.5 and indirect nanoparticle emissions released as heavy 

metals that are more or less volatile at high temperatures (Strambeanu & Demetrovici 

2009; CD 438/2006). 

The identification of the primary composition of stack emissions has led to the 

conclusion that some improved particulate retention systems were effective in 

removing about 99.99% of particles, with similar efficiency in reducing particles of 

smaller diameter (Buonanno et al. 2011). However, it has been found that the boiling 
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points of incinerated elements have special significance: higher boiling point elements 

like were frequently identified in larger particles, while lower boiling point elements 

like arsenic and cadmium were more common in ultrafine particles whose toxicity 

level they increased (AEA 2012). 

 

Table 1. Emission limits recommended for incinerators of hazardous waste and 

sludge in treatment stations (CD 438/2006) 

 
 

While incineration of any kind of waste has a small contribution to anthropogenic 

nanoparticle emissions (CD 438/2006; AEA 2012; Buonanno et al. 2011), there are 

studies that attempt to establish a direct correspondence between thermal waste 

elimination and the statistical parameters of population health (Buonanno et al. 2011; 

BS 2005).  

For instance, particle size distribution by specific particle weight may cause serious 

errors, especially in hazardous waste incinerators equipped with catalytic systems for 

reducing nitrogen oxides, which may actually double the PM2.5 emissions (BS 2005). 

Most stack emissions contain ultrafine particles of the most dangerous type and fabric 

filters with Teflon membrane are ineffective against such particles, especially those 

under 200-300 nm which are considered extremely harmful to health.  

Most current modelling methods do not take into consideration the particles that are 

reformed from atmospheric gas emissions far from the incinerator stack, although a 

number of studies have shown how in 95% of cases ultrafine heavy metal particles 

combine with polynuclear aromatic hydrocarbons (PAH) to produce PM3 or smaller 

conglomerates. PAHs are toxic, mutagenic, teratogenic and cancer-causing. Such 

combinations increase the lung cancer risk by almost eight times (BS 2005). 

Timisoara (45°46' N, 21°26' E) is a city on the South-Western border of the Pannonian 

Plain. Situated at an altitude of 85 m, it is one of Romania’s largest cities, with over 

300,000 inhabitants and more than 170,000 cars. Starting with 2001, a hazardous 
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waste incineration plant built in compliance with the EC construction and operation 

standards has been in operation in the city’s southern industrial area. 

The study investigates the behavior of nanoparticles with size ranging from 50 to 150 

nm in a DEP-based microsystem, which consists in a microchannel-working unit of a 

particulate trap. After a brief presentation of the theoretical model, we proceed to the 

experimental determination of the key characteristics of the particles suspended in 

flue gas: the size distribution of the submicron particles collected from the flue gas 

filters of a hazardous waste incinerator plant and their dielectric properties are 

evaluated. Based on the experimental data and the proposed model, the concentration 

profile of nanoparticle suspension inside the microfluidic separation device is 

calculated and the performance of the device is analyzed in terms of new specific 

quantity of separation process, called Filtration rate. The final goal of the study is to 

identify a suitable way to predict accurately the nanoparticle entrapment and find the 

optimal values of the control parameters for separation process, to be useful in 

designing of microfluidic devices for separating nanoparticles from combustion 

gases. 

 

Theoretical consideration 

The theoretical approach of particulate diffusion in the atmosphere is based on Fick’s 

second law: 

 
𝑑𝑐

𝑑𝑡
= 𝐷

𝑑2𝑐

𝑑𝑟2
+ 𝐺(𝑐)                                                    (1) 

   

This equation is the mathematical expression of concentration c in time t in a space-

time coordinate point (r, t). The G(c) function defines the nanoparticle content in the 

sedimentable particle flow released at the stack. The diffusion coefficient (D) is 

proportional with the temperature (T) and indirectly proportional with the amount of 

diffusing particles, as well as their form. The diffusion coefficient has a large range 

in gases: D ~ 10-5 m2/s. For colloidal spherical particles, it is calculated with the 

Stokes-Einstein relation: 

 

 𝐷 =
𝑘𝑇

6𝜋
(𝑝1 + 𝑝2)ℎ                                (2)  

 

where:  k – Boltzmann’s constant; h – dynamic viscosity coefficient; p1,2 – average 

radii of sedimentable / non-sedimentable particles. 

The integration of equation (1) can lead to precise analytical solutions, but it requires 

certain initial conditions that can frequently differ from those required for finding 

solutions for similar differential equations without physical-chemical signification.  

In such cases, the numerical integration methods usually lead to experimentally 

reproducible models with satisfactory results. The transport of settled particles 

experimentally defined below was numerically shaped through the original CloseView 

program (Strambeanu et al. 2016). The time averaged DEP force acting on a spherical 

particle situated in an AC electric field can be written as (Morgan & Green 2003): 

 

 2 232 ( )DEP m R R Ia K V V      F ,                 (3) 
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where we denoted by a  the particle radius,   the angular field frequency, and VR, 

respectively VI  the real and imaginary part of the electric potential phasor, 

�̃� = 𝑉𝑅 + 𝑗𝑉𝐼
̈ , with 𝑗 = √−1. For a homogeneous medium, the electric potential 

satisfy the Laplace equation: Δ2�̃� = 0. KR (ω)  is the real part of the complex quantity 

  

   ( ) 2p m p mK        ,                                  (4) 

  

named as Clausius–Mossotti (CM) factor, which is a measure of the effective 

polarizability of the particle. p  and 
m  are the complex dielectric permittivities of 

particle and medium. The complex permittivity is defined as  j     , 

where   is the electrical conductivity.   

The CM factor depends on the dielectric properties of the particle and medium and on 

the frequency of the applied field; at low frequencies the sign is determined by the 

electrical conductivities of the particle and the medium and at higher frequencies by 

the permittivities. The variation in this factor results in a frequency-dependent 

dielectrophoretic force that is unique for a particular type of particle. Therefore, DEP 

is an effective tool for separating particles, based solely on their dielectric properties 

and size. When the sign of KR is positive, the particle is attracted to the locations of 

electric field intensity maxima and repelled from the minima, phenomenon known as 

positive dielectrophoresis (pDEP). The opposite occurs when KR is negative, situation 

referred to as negative dielectrophoresis (nDEP).  

A typical DEP-based separation device has parallel interdigitated bar electrodes 

placed on the bottom surface is illustrated in Fig. 1.  

 

 
Figure 1. Schematic representation of experimental device used for DEP separation 

 

In most of the reported models, due to the symmetry of the geometry and considering 

the electrodes much longer than their width, the problem is treated in two dimensions 

and the electrodes' height is neglected. In our study, in order to have a more realistic 

description of the experimental device, a 3D geometry and a detailed description of 

the electrodes shape are used. Anyway, taking into account the periodic distribution 

of the electrodes, the numerical calculations of the DEP force and the concentration 

field can be performed considering as computational domain only a so called "basic 

unit cell", which fully describes the entire system, except the vicinity of the walls. The 

geometry of the computational domain, together with the associated boundary 
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conditions necessary to solve the Laplace equation for electric potentials 
RV  and 

IV

are presented in Fig. 2. 

 

 
Figure 2. The geometry of the computational domain and the associated boundary 

conditions for the electric potentials. The solid lines indicate the basic unit cell 

 

The macroscopic behavior of a suspension of spherical particles of radius a in a fluid 

of viscosity   is modeled by considering the mechanical equilibrium between an 

external force F (DEP force in this case) and the Stokes drag force. For small particles 

(i.e. nanoparticles), the dynamics of the system is governed by the following system 

of equations (Neculae et al. 2012):  
22

9

a


 v u F ,                                                   (5a) 

 0
C

t


  


j ,  where C D C  j v                             (5b) 

Here u and v are the fluid and particle velocities, t is the time, j is the particle flux, D 

is the diffusion coefficient of the particles, and C is the particle volumic concentration. 

The fluid flow field inside the separation device, u, is calculated by solving the 

classical Navier-Stokes equation in the compressible case, together with the 

corresponding boundary conditions. For the obtained DEP-force and fluid flow field, 

the particle concentration is evaluated by numerically integrating equations (5a) and 

(5b). This calculated particle concentration field gives information at a local scale, 

showing how the particles are attracted on the margins of electrodes and the influence 

of the main parameters of the problem on this process. For the analysis of the filtration 

process we define the novel quantity named Filtration rate (F), which describes the 

process in terms of nanoparticles entrapment at the electrodes, related to the 

concentration distribution: 

 

1   [%]
input output

output input

input

C C
F C C

C


                  (6) 
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where Cinput and Coutput are the mean concentrations of suspended nanoparticles at the 

input and the output surfaces of the device, respectively, as schematically sketched in 

Fig. 3. 

 

 
 

Figure 3. Schematic representation of the separation device revealing the parameters 

used for defining the Filtration rate 

 

This proposed quantity gives the global information on the filtration process, and can 

be used in order to evaluate the efficiency of the filtration process. 

At the end of this theoretical section is important to conclude that the electrokinetic 

forces depend in a complex manner on system dimensions, frequency, field, etc. In 

separation systems, the buoyancy force can be sometimes significant but often the 

magnitude of this force is much lower than the other forces acting on nanoparticles. 

 

Results and Discussion 

 

Emissions measurements 

Incineration activities generate atmospheric pollutant emissions with a harmful effect 

on health and the environment, including NOx, hydrocarbons (HC), particulates, 

carbon monoxide (CO) that cause lung damage and aggravate diseases like asthma, 

chronic bronchitis, emphysema etc. (Zhiqiang et al. 2000; Popescu et al. 2011). 

Consequently, obtaining information about the composition and dispersion of various 

combustion components is the first essential step to take against polluting emissions. 

The system of continuous monitoring of the particulates at stack is shown in Table 2. 

The system measures the emissions every two minutes. The analyser sends the data 

to the central command-control unit that compares it to the admissible values and 

adjusts the flow chart. 

The particle transport was modelled numerically with the original CloseView 

software. The study quantified the effects that the height of the stack identified as 

point source and the wind speed and direction have on the continuous particle 

dispersion process. The concentrations were calculated for the geometry specific to 

the city map of Timisoara, for the last five years (2011-2016). The graphic 

representation of the particulate dispersion statistics for the last five years reveals the 

areas of the city that are mostly exposed to nanoparticle emissions at the incinerator 

stack (Figure 4). These are represented by the SE–NW sectors, reproducible with 3-

5° deviations every year. 
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Table 2. Data about the measuring and control equipment 

Parameter Method Equipment 

Particulate Triboelectric DURAG D-RX250 System 

Flow rate Prandtl congestion tube DURAG D-RX250 System 

Humidity Capacimetry Calibrated condenser 

Temperature Thermo-electrical Thermocouples, thermal resistors 

 

Some references indicate that the waste incineration plants generate relevant amounts 

of fine and ultrafine particulates, as the current standard value for particulate 

emissions (10 mg/Nm3) provides a filter retention rate of only 5-30% for PM2.5 and 

0% for PM1 (BS 2005). 

As a result, a fraction ranging within the above-mentioned limit values consists of 

non-sedimentable nanoparticles that can affect a city area far larger than that revealed 

by the statistical calculations of long-term particulate emissions which determine the 

particulate number and size, but not the particulate flow rate at the stack or the 

imissions (AEA 2012; BS 2005). 

 

 
Figure 4. Prevailing particulate dispersion at the stack of the incineration plant (2011-

2015) 

 

Such considerations have underlined the necessity to investigate the technical 

possibilities of limiting nanoparticle emissions. These are to be applied at the emission 

point source represented by the flue gas evacuation system of the hazardous waste 

incinerator, in relation to the specific context of the area where the incinerator is 

located. 

 

Flue gas filtration 

In order to obtain relevant input data for the simulations, we investigated three probes, 

named as A, B and C, consisting in samples of ash resulted from the combustion of 

different wastes, collected monthly from filters of Pro Air Clean Timisoara hazardous 

waste incinerator, within a period of three months. These probes were analyzed from 

dimensional and dielectric point of view. For dimensional characterization, we 

prepared for each of the three probes a mixture of 5 mg ash in 100 ml distilled water 

at room temperature, and put it to rest for 20 minutes, in order to decant the 
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microparticles. Then we collected the remained slurry liquid and analyzed the particle 

size/concentration distribution using a Nano Sight LM 10 nanoparticle visualization 

system, based on nanoparticle-tracking analysis method. Fig. 4a-4c illustrate the 

particle size/concentration distribution for the three probes. The distribution diagram 

indicates that it contains four significant groups of nanoparticles, having sizes of 55 

nm, 100 nm, 155 nm, and 275 nm, respectively.  

These diagrams show that the gas resulting from the combustion of waste contains 

nanoparticles, nanoparticles having radii ranging from 50 to 200 nm, considered 

potentially harmful for human health. For each of the three probes one observe higher 

concentrations for particles with radii of about 50 nm, 100 nm, and 150 nm, values 

that will be considered relevant in our future analysis. The efficiency of the filtration 

process can be evaluated by calculating the Filtration rate (6) for different values of 

problem's parameters. The computation is performed using an iterative procedure: the 

output concentration in one unit cell is considered the input concentration for the next 

unit cell, in order to describe the cumulative effect of the filtration inside the 

dielectrophoretic device. This type of analysis allows an estimation of the necessary 

number of cells (or electrodes) in order to obtain a certain desired filtration rate, when 

the other parameters of the problem are fixed. The results presented in Fig. 5-a show 

that in the case of particle having size of 100nm, a desired filtration rate of 90% can 

be obtain by using about 30 electrodes when applying a voltage of 24 V, about 60 

electrodes for 18 V, and nearly 200 electrodes for an applied voltage of 12 V. 

 

 
Figure 5. Change in average annual angular dispersion depending on atmospheric 

conditions (2011-2015) 

 

When we analyze the effect of particle radiion the filtration capacity, the results 

presented in Fig. 8-b predict that, for example, when the applied voltage is 18 V, 

particles of 150 nm are completely captured after 10 electrodes, for particles of 100 

nm we need about 150 electrodes for the complete capture, while for the particles of 

50 nm are captured less than 60% even if one use devices with 250 electrodes. 

The next step of our research activity will focus on the validation of the theoretical 

model. Some preliminary but promising experimental results were already obtained. 
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                            (a)                                                               (b)     
 

(c) 

Figure 6. Particle size/concentration distribution diagram for probes a, b and c, after 

20 minutes of decantation 

 
 

                           (a)                                                             (b) 

Figure 7. Calculated filtration rate versus number of cells for a) particles with a = 100 

nm at three different applied voltages and b) particles with three different radii at an 

fixed applied voltage of V0 = 18 V (d = l = 100 µm, w = 2 µm) 

 

The tests performed with a DEP-based separation device having l = d = 100 µm and 

H = 1000 µm reveal that in the absence of the applied voltage the particles are not at 

all attracted to the electrodes (Figure 6-a), while once applied an AC voltage of 12 V 

the dielectrophoretic effect appears (Figure 6-b). More than that, the concentration of 
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captured particles clearly diminishes while we depart from the input region, which is 

in concordance with our simulations. 

 
       

                            (a)                                                    (b)   

Figure 8. DEP-based separation device with l=d=100 µm; a) before fumigation, b) 

after fumigation, successive snapshots, U=12V, AC, 50Hz, time of fumigation t=30s 

 

After this qualitative validation, a quantitative evaluation of the concentration of 

nanoparticles captured at the electrodes, at different distances from the input of the 

device, is necessary in order to give a solid validation of the model. 

 

Conclusions 

We introduced a theoretical model and applied it to a physically realistic problem, and 

then we predict a novel mechanism of particle entrapment, which is not only 

fundamentally different from the one conventionally known but also, is proven to be 

efficient at small scales. The particle concentration distributions for a typical 

interdigitated electrodes array are calculated using the proposed theoretical model. 

The efficiency of the manipulation process is discussed in terms of Filtration rate, for 

different values of particle radius and applied voltage. The optimal parameters of the 

separation process can be determined through a detailed numerical study performed 

in the frame of the proposed mathematical model and used for designing more 

efficient separation devices. 
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