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Résumé 

Les nanotechnologies sont considérées comme une technologie clé du XXIe siècle [1] et ont 

permis de réaliser des progrès considérables dans divers secteurs importants, notamment 

l'agriculture, l'énergie, les soins de santé, l'électronique, les soins personnels et la protection 

de l'environnement. L'utilisation généralisée des nanotechnologies dans ces secteurs devrait 

faire grimper le marché mondial des nanotechnologies à plus de 62,8 milliards d’USD d'ici 

2031 [2]. 

Avec l'augmentation de l'utilisation des nanomatériaux manufacturés (ENM) dans les produits 

industriels et de consommation, une plus grande quantité d'ENM se retrouvera probablement 

dans les flux de déchets à la fin de leur vie et sera potentiellement rejetée dans 

l'environnement. Actuellement, on estime que plus de 300 000 tonnes métriques d’ENM sont 

rejetées chaque année dans les décharges, le sol, l'eau et l'air [3]. 

Malgré les risques potentiels connus pour la santé et l'environnement de l'exposition aux 

nanomatériaux manufacturés (ENM) [4–7], il n'existe actuellement aucune réglementation 

concernant l'élimination sûre des ENM à la fin de leur cycle de vie. Cette absence de 

réglementation est d'autant plus préoccupante que le volume des nanodéchets (NW), ou 

déchets contenant des ENM, devrait augmenter. Il existe un besoin croissant de cadres 

réglementaires sur la gestion des NW [8, 9], et il est important de comprendre comment les 

NW sont affectés par les systèmes actuels de gestion des déchets. Bien que des quantités 

croissantes de déchets non dangereux soient recyclées [10], les risques potentiels et les 

incertitudes associés aux déchets non dangereux ont conduit à une préférence pour la gestion 

des déchets non dangereux par le biais d'installations centralisées de valorisation énergétique 

des déchets, telles que l'incinération. 

Des recherches récentes ont montré que les nanomatériaux manufacturés peuvent survivre au 

processus de combustion dans l'incinération des déchets et se retrouver dans les gaz de 

combustion [10–13]. Cependant, on connaît mal l'efficacité des technologies actuelles 

d'épuration des gaz de combustion pour éliminer les ENM dans les usines d'incinération des 

déchets. Un type de technologie d'épuration des gaz de combustion couramment utilisé dans 

les UIOM est le laveur humide, qui est principalement conçu pour traiter les polluants acides. 

Les laveurs sont connus pour leur faible efficacité à collecter les particules inférieures à 5,0 

µm. Cependant, une étude de Kim et al. [14] a montré que, dans certaines conditions, un 

épurateur peut collecter efficacement des particules inférieures à 1,0 µm. Les laveurs offrent 
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une certaine flexibilité dans le traitement des gaz de combustion, notamment la capacité de 

traiter les polluants acides et de traiter les PM inflammables/explosives dans les gaz de 

combustion à haute température. C'est pourquoi les laveurs sont souvent présents dans les 

usines d'incinération de déchets dangereux [15]. Les laveurs sont également employés dans 

d'autres applications industrielles telles que la production de semi-conducteurs et de ciment, 

où l'on sait que des particules de taille nanométrique sont émises pendant les processus de 

fabrication [16, 17]. Plusieurs études ont examiné l'influence des paramètres de 

fonctionnement d'un épurateur sur la collecte de PM > 1,0 µm [18–22], et quelques-unes se 

sont concentrées sur l'optimisation des paramètres de fonctionnement des épurateurs [23–26]. 

Cependant, à notre connaissance, aucune étude n'a été réalisée pour évaluer les performances 

d'un épurateur par aspersion concernant la collecte de nanoparticules dans des conditions 

d'incinération de déchets. 

La présente thèse vise à évaluer les performances d'un laveur à échelle pilote concernant la 

collecte de nanoparticules contenues dans un gaz de combustion représentant les conditions 

d'un laveur à pulvérisation d'une usine d'incinération de déchets dangereux en termes de 

rapport hauteur/diamètre, de rapport liquide/gaz, de températures d'entrée/sortie du gaz, 

d'humidité du gaz, de temps de résidence du gaz, et de régime d'écoulement du gaz, de 

diamètre des gouttelettes et de concentrations des particules. De plus, l'influence de trois 

facteurs opérationnels indépendants - le débit de gaz, le débit de liquide et le diamètre des 

gouttelettes - sur la collecte des nanoparticules de carbone par un épurateur à l'échelle pilote a 

été étudiée en utilisant la méthodologie de conception Box-Behnken. 

Les travaux de recherche décrits dans cette thèse ont été soutenus par l'Agence pour la 

Transition Ecologique - ADEME - (Subvention No. TEZ19-002) et la Région Pays de la Loire 

en collaboration avec le Groupe Séché Environnement en tant que partenaire industriel. La 

thèse a été réalisée au laboratoire GEPEA du Département systèmes énergétiques et 

environnement (DSEE) d'IMT Atlantique - Campus de Nantes entre le 1er novembre 2019 et 

le 28 février 2023. Le manuscrit est organisé comme suit : 

Le chapitre I propose une revue bibliographique qui vise à résumer la définition, les types et 

la production des nanomatériaux sur la base des travaux publiés. Il examine également les 

impacts potentiels des nanomatériaux sur la santé et l'environnement. Compte tenu de 

l'absence actuelle de réglementation sur l'élimination sûre des nanomatériaux en fin de vie, 

cette revue examine les différentes méthodes actuellement utilisées pour traiter les 

nanodéchets. Un accent est ensuite mis sur le devenir des nanomatériaux dans les usines 



 

7 | P a g e  

 

d'incinération des déchets. Le deuxième objectif de ce chapitre est d'examiner la technologie 

d'épuration par voie humide, notamment son principe de fonctionnement, les différents types 

de laveur, les applications industrielles et les différents mécanismes de collecte des particules. 

Enfin, ce chapitre examine l'influence du débit de gaz, de la température du gaz, du taux 

d'humidité du gaz, du débit de liquide et du diamètre des gouttelettes sur l'efficacité de 

collecte des particules d'un épurateur humide. 

Dans le chapitre II, les matériels et méthodes utilisés dans cette thèse sont présentés. Le 

dispositif expérimental est décrit, y compris sa conception pour imiter un épurateur à 

pulvérisation à grande échelle rencontré dans la ligne de traitement des gaz de combustion 

d'une usine d'incinération de déchets dangereux en termes de rapport hauteur/diamètre, de 

rapport liquide/gaz, de températures d'entrée et de sortie du gaz, d'humidité du gaz, de temps 

de résidence du gaz, de régime d'écoulement du gaz, de diamètre des gouttelettes et de 

concentration des particules. L'aérosol étudié est également décrit, ainsi que les appareils 

utilisés pour générer et compter l'aérosol. Les pulvérisateurs de gouttelettes utilisés sont 

décrits, ainsi que la méthode de calcul des particules collectées dans l'eau de rejet. La 

méthodologie expérimentale générale et le plan d’expériences Box-Behnken sont également 

décrits. Les résultats du transfert des nanoparticules vers l'eau de rejet sont également 

présentés dans ce chapitre, ainsi qu'une discussion sur la collecte des nanoparticules par les 

parois de l'épurateur et l'appareil à buses. Enfin, étant donné la technologie de pulvérisation 

utilisée dans ce travail, l'effet secondaire possible de la modification de la configuration de la 

buse est discuté. 

Le chapitre III présente les résultats expérimentaux obtenus en utilisant la méthodologie de 

conception Box-Behnken. Pour les modèles BBD qui se sont avérés statistiquement 

significatifs, les équations de régression sont utilisées pour prédire les réponses et les résultats 

sont comparés aux données expérimentales. Des graphiques de surface montrant l'influence 

combinée de deux facteurs indépendants (tout en maintenant le troisième constant) sont 

également tracés. À l'aide du logiciel Design Expert V13, les conditions de fonctionnement 

optimales qui maximisent les réponses de l'épurateur à l'échelle pilote sont déterminées, et des 

essais expérimentaux de confirmation sont effectués.  

Le chapitre IV présente un modèle de collecte des particules qui tient compte des 

contributions individuelles des mécanismes d'impaction inertielle, de diffusion brownienne, 

d'interception et de thermophorèse. Les paramètres clés du modèle, tels que la vitesse de 

sédimentation des gouttelettes, la vitesse relative gouttelette-particule, la compacité des 
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gouttelettes dans le laveur et la densité effective des particules, sont estimés. Un ajustement 

du modèle est ensuite effectué pour sélectionner, parmi les différents auteurs examinés dans le 

chapitre I, un modèle mécanistique qui s'adapte le mieux aux résultats expérimentaux dans 

des conditions nominales. Une analyse de sensibilité est menée pour examiner l'influence de 

la densité effective des particules, de la densité de tassement (compacité) des gouttelettes et de 

la vitesse relative gouttelettes-particules sur l'efficacité de collecte de l'épurateur. L'influence 

du débit de gaz, du débit de liquide et du diamètre des gouttelettes est également étudiée à 

l'aide du modèle mécanistique sélectionné. Enfin, la robustesse du modèle mécanistique est 

testée en comparant les résultats à ceux de trois séries expérimentales DOE (série 6, série 13 

et série 15). 

Mots clés : Incinération, épurateur par pulvérisation, nanoparticules, efficacité de la collecte, 

conception de Box-Behnken 
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Abstract  

As the use of engineered nanomaterials (ENM) in industrial and consumer products increases, 

a larger amount of ENM will likely end up in waste streams at the end of their life and 

potentially be released into the environment. Currently, it is estimated that more than 300,000 

metric tons of ENM are released into landfills, soil, water, and air each year [3]. 

Despite the known potential health and environmental risks of exposure to engineered 

nanomaterials (ENM) [4–7], there are currently no regulations addressing the safe disposal of 

ENM at the end of their life cycle. This lack of regulation is particularly concerning as the 

volume of nanowaste (NW – waste containing ENM) is expected to increase. There is a 

growing need for regulatory frameworks on NW management [8, 9], and it is important to 

understand how NW is affected by current waste management systems.  

Recent research has shown that engineered nanomaterials (ENM) can survive the combustion 

process in waste incineration and end up in flue gas[10–13]. However, there is a limited 

understanding of how effective current flue gas cleaning technologies (FGCT) are at 

removing ENM in waste incineration plants (WIP). One type of FGCT commonly used in 

WIP is a scrubber, which is primarily designed to treat acid pollutants. Scrubbers are known 

to have low efficiency for collecting particulate matter (PM) smaller than 5.0 µm. However, a 

study by Kim et al. [14] found that under certain conditions, a scrubber can effectively collect 

PM smaller than 1.0 µm. Several studies have investigated the influence of the operating 

parameters of a scrubber on the collection of PM > 1.0 µm [18–22], and a few were focused 

on optimizing the operating parameters of the scrubbers [23–26]. However, to our knowledge, 

no study has been carried out to evaluate the performance of a spray scrubber concerning 

nanoparticle collection under waste incineration conditions. The present thesis aims to 

evaluate the performance of a pilot-scale scrubber concerning nanoparticle collection 

contained in a flue gas representing the conditions of a hazardous waste incineration plant 

spray scrubber in terms of height-to-diameter ratio, liquid-to-gas ratio, gas inlet/outlet 

temperatures, gas humidity, gas residence time, and gas flow regime, droplet diameter and 

particle concentrations. Also, the influence of three independent operating factors - gas 

flowrate, liquid flowrate and droplet diameter on the collection of carbon nanoparticles by a 

pilot-scale scrubber was investigated using the Box-Behnken design methodology. 
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of droplets fall 
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 or Factor B Liquid flowrate [m3.s-1] 
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Predicted response at a particle diameter of 62 nm [-] 
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Packing density [-] 

 
Relaxation time of particle [-] 

ɸ1 Outbound gas phase particle flux [-] 

ɸ2 Particle flow transferred to the liquid phase [-] 
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Single droplet collection efficiency due to Brownian 
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Single droplet collection efficiency due to Interception 
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Single droplet collection efficiency due to 
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[-] 

 
Single droplet collection efficiency due to gravitational 
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[-] 
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Abbreviations 
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Nanotechnology is considered a key technology of the 21st century [1] and has led to 

significant progress in various important industries, including agriculture, energy, healthcare, 

electronics, personal care, packaging, and environmental remediation. The widespread use of 

nanotechnology in these sectors is expected to increase the global nanotechnology market to 

over 62.8 billion USD by 2031 [2]. 

As the use of engineered nanomaterials (ENM) in industrial and consumer products increases, 

a larger amount of ENM will likely end up in waste streams at the end of their life and 

potentially be released into the environment. Currently, it is estimated that more than 300,000 

metric tons of ENM are released into landfills, soil, water, and air each year [3]. 

Despite the known potential health and environmental risks of exposure to ENM [4–7], there 

are currently no regulations addressing the safe disposal of ENM at the end of their life cycle. 

This lack of regulation is particularly concerning as the volume of nanowaste (NW – waste 

containing ENM) is expected to increase. There is a growing need for regulatory frameworks 

on safe NW management [8, 9], and it is important to understand how NW is affected by 

current waste management systems. While increasing amounts of NW are recycled [28], the 

potential risks and uncertainties associated with NW have resulted in a preference for NW 

management via centralized waste-to-energy facilities such as incineration. 

Recent research has shown that engineered nanomaterials (ENM) can survive the combustion 

process encountered during waste incineration and end up in flue gas [10–13]. However, there 

is a limited understanding of how effective current flue gas cleaning technologies (FGCT) are 

at removing ENM in waste incineration plants (WIP). One type of FGCT commonly used in 

WIP is a scrubber, which is primarily designed to treat acid pollutants. 

Scrubbers offer flexibility in flue gas treatment including the ability to treat acid pollutants 

and handle flammable/explosive PM in high-temperature flue gases. This makes scrubbers 

often present in hazardous waste incineration plants [15]. Scrubbers are known to have low 

efficiency for collecting particulate matter (PM) smaller than 5.0 µm. However, a study by 

Kim et al. [14] found that under certain conditions, a scrubber can effectively collect PM 

smaller than 1.0 µm. 

Scrubbers have also been reported to be used in other industrial applications such as 

semiconductor and cement production, where nano-sized particles are known to be emitted 

during manufacturing processes [16, 17]. Several studies have investigated the influence of 
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the operating parameters of a scrubber on the collection of PM > 1.0 µm [18–22], and a few 

were focused on optimizing the operating parameters of the scrubbers [23–26]. However, to 

our knowledge, no study has been carried out to evaluate the performance of a spray scrubber 

concerning nanoparticle collection under waste incineration conditions. 

The present thesis aims to evaluate the performance of a pilot-scale scrubber concerning 

nanoparticle collection contained in an incineration flue gas representative of the conditions 

of a hazardous waste incineration plant spray scrubber in terms of height-to-diameter ratio, 

liquid-to-gas ratio, gas inlet/outlet temperatures, gas humidity, gas residence time, and gas 

flow regime, droplet diameter and particle concentrations. Carbon nanoparticles are the 

aerosols investigated in this thesis. Also, the influence of three independent operating factors - 

gas flowrate, liquid flowrate and droplet diameter on the collection of carbon nanoparticles by 

a pilot-scale scrubber was investigated using the Design of Experiment (DOE) - Box-Behnken 

design methodology. 

The research work described in this dissertation was supported by The Agency for Ecological 

Transition – ADEME – (Grant No. TEZ19-002) and Région Pays de la Loire in collaboration 

with Séché Environnement Group as an industrial partner. The thesis was been carried out at 

the Département systèmes énergétiques et environnement (DSEE) GEPEA laboratory of the 

IMT Atlantique – Campus de Nantes and is scheduled from 1st November, 2019 to 28th 

February, 2023. The manuscript is organized as follows: 

Chapter I proposes a bibliographic review that aims to summarize the definition, types, and 

production of engineered nanomaterials (ENM) based on published works. It also examines 

the potential health and environmental impacts of ENM. Given the current lack of regulations 

on the safe disposal of ENM at the end of its life, this review looks at the various methods 

currently used for treating waste containing ENM. A focus is then placed on the fate of ENM 

in waste incineration plants. The second objective of this chapter is to examine wet scrubbing 

technology, including its operating principles, types, industrial applications, and the various 

particle collection mechanisms involved in a scrubber. Finally, this chapter reviews the 

influence of key operating conditions such as the gas flow rate, gas temperature, gas humidity 

rate, liquid flow rate, and droplet diameter on the particle collection efficiency of a wet 

scrubber. 

In chapter II, the materials and methods used in this thesis are presented. The experimental 

setup is described, including its design to mimic a full-scale spray scrubber present in the 
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flue-gas cleaning line of a hazardous waste incineration plant. The aerosol being studied is 

also described, along with the apparatus used for generating and counting the aerosol. The 

droplet collectors used are described, as well as the method for calculating the collected 

particles in the discharge water. The general experimental methodology, the Box-Behnken 

design, is also described. The results of the transfer of nanoparticles to the discharge water are 

also presented in this chapter, along with a discussion of the nanoparticle collection by both 

the walls of the scrubber and the nozzle apparatus. Finally, given the spraying technology 

used in this work, the possible secondary effect of modifying the nozzle configuration is 

discussed. 

Chapter III presents the experimental results obtained from the Box-Behnken design (BBD) 

methodology. The Design Expert V13 software is used for the experimental data analysis and 

interpretation of the proposed BBD models (regression equations). For the BBD models that 

were found to be statistically significant, the regression equations are used to predict the 

responses and the results are compared to the experimental data. Surface plots showing the 

combined influence of two independent factors (while keeping the third constant) are plotted. 

Using the Design Expert V13 software, the optimal operating conditions that maximize the 

responses by the pilot-scale scrubber are determined, and confirmatory experimental runs are 

conducted.  

In Chapter IV, a particle collection model that considers the individual contributions of 

inertial impaction, Brownian diffusion, interception, and thermophoresis mechanisms is 

presented. The key model parameters, such as the droplet settling velocity, the droplet-particle 

relative velocity, the droplet packing density, and the particle effective density, are estimated. 

A model fitting is then carried out to select a final mechanistic model from the various authors 

reviewed in chapter I that "best fits" the experimental results at nominal conditions. A 

sensitivity analysis is conducted to examine the influence of the particle effective density, 

droplet packing density, and droplet-particle relative velocity on the collection efficiency of 

the scrubber. The influence of the gas flow rate, liquid flow rate, and droplet diameter is also 

investigated using the selected mechanistic model. Finally, the mechanistic model is tested for 

robustness by comparing its results to those of three DOE experimental runs (Run 6, Run 13, 

and Run 15). 
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1.1 Introduction  

In this chapter, efforts have been made to establish the definition, the types and the production 

of engineered nanomaterials (ENM) from published works. A literature review has also been 

carried out on the potential health and environmental effects of ENM. Given the current lack 

of regulations on the safe disposal of ENM at end-of-life, an attempt has been made to report 

the various method by which nanowaste (i.e., waste containing ENM) are treated today. A 

focus is then made on the fate of ENM in waste incineration plants. 

The second objective of this chapter is targeted at wet scrubbing technology. Specifically, the 

operating principles, the types, the industrial application and various particle collection 

mechanisms involved in a wet scrubber.  

Lastly, this chapter ends with a review of the influence of key operating parameters such as 

gas flowrate, gas temperature, gas humidity rate, liquid flowrate and droplet diameter on 

particle collection efficiency by a wet scrubber. 

1.2 Nanomaterials 

There is currently no global consensus on the definition of a nanomaterial (NM). Saner at al. 

[29] reported that over 27 definitions of NM are given by various national and transnational 

bodies. The International Organization for Standardization (ISO) defines a “nanomaterial as a 

material with at least one external dimension or an internal structure or surface structure in the 

nanoscale (1 to 100 nm)” [30].  

In the United States, the Environmental Protection Agency (EPA) defines a nanomaterial as a 

“chemical substance that is solid at 25 °C and standard atmospheric pressure, that is 

manufactured or processed in a form where the primary particles, including aggregates and 

agglomerates, are in the size range of 1–100 nm in at least one dimension, and that is 

intentionally manufactured or processed to exhibit unique and novel characteristics or 

properties because of their size” [31].  

Recently, the European Commission (EC) [32] revised its definition of a nanomaterial to be a 

natural, incidental, or manufactured material consisting of solid particles present, either on 

their own or as identifiable constituent particles in aggregates or agglomerates where 50% or 

more of these particles in the number-based size distribution fulfills at least one of the 

following conditions: 



Chapter I State of the art 

29 | P a g e  

 

 one or more external dimensions of the particle are in the size range of 1 nm to 100 

nm; 

 the particle has an elongated shape, such as a rod, fiber or tube, where two external 

dimensions are smaller than 1 nm and the other dimension is larger than 100 nm; 

 the particle has a plate-like shape, where one external dimension is smaller than 1 nm 

and the other dimensions are larger than 100 nm 

The ISO, EPA and EC definitions of nanomaterials do refer to the size or structure of the 

materials. The EPA definition goes further to emphasize the novel properties (like catalytic 

activity, chemical reactivity, or electrical conductivity) of the material. Source emphasis is 

further placed by the EC definition to include manufactured, natural and incidental 

nanomaterials. Broadly speaking, nanomaterials can be produced from two origins; Natural 

and synthetic sources (Figure 1). Natural nanomaterials are formed via different 

biogeochemical processes and include sources such as chemical weathering processes, 

volcanic eruptions, lightning and flash-pyrolysis [33, 34]. It is estimated that about 342 

megatons of natural nanomaterials are present in the Earth’s atmosphere annually [35]. 

Examples of both organic and inorganic sources of natural nanomaterials are shown in  Figure 

1 below. 

Organic NMs

Natural 
nanomaterials

Inorganic NMs

Engineered NMs

Synthetic 
nanomaterials

Incidental NMs

Example:
Peptides, 
peptidoglycans
and proteins 

Example:
Volcanic ash 

(zinc, cadmium, 
sulfur and lead)

Example: 
Commercial 

NMs 
(graphene and 

fullerene)

Example:
Car exhaust (soot)
Plastic degradation

(nanoplastics) 

Sources of 
Nanomaterials

 
Figure 1 Sources of nanomaterials 

Synthetic nanomaterials are formed from human (anthropogenic) activities and are classified 

into engineered (intentional) and unintentional nanomaterials. Hochella et al. [35] estimate 

that 10.3 megatons of synthetic nanomaterials are released into the atmosphere yearly. 

Although synthetic NM have a smaller volume in the environment compared to natural NM, 
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they are considered potentially hazardous to both humans and the environment and thus, are 

labeled as pollutants. Indeed, the unique physical (e.g., size, shape, surface area, and number 

concentrations), chemical (e.g., surface reactivity, stability, and solubility), optical, thermal 

and electrical properties that make engineered NM desirable in numerous industrial and 

consumer applications could also lead to their increase toxicity. The present study emphasizes 

intentionally produced synthetic engineered nanomaterials (ENM). 

1.2.1 Engineered nanomaterial market 

The wide adoption of nanotechnology in vital sectors of the economy such as semiconductors, 

agriculture, health care, packing and personal care products has led to rapid growth in the 

production of ENM for commercial usage. Classifications of ENM either based on their 

synthesis or their structure exist in the literature [6, 36–38]. Engineered nanomaterials are 

generally classified into four groups; Organic-based, inorganic-based, carbon-based, and 

composite-based nanomaterials (Figure 2) [38].  

Composite -
based 

nanomaterials

Carbon-based 
nanomaterials

Organic-based 
nanomaterials

Inorganic-
based 

nanomaterials

Engineered 
Nanomaterials

 
Figure 2 Types of Engineered nanomaterials 

Inorganic-based nanomaterials comprise metal (e.g., copper, iron and zinc.) and metal oxide 

nanomaterials (e.g., titanium dioxide (TiO2) and copper oxide (CuO)). While organic-based 

nanomaterials exclude carbon materials and include dendrimers, cyclodextrin, liposomes, and 

micelle. Carbon-based nanomaterials comprise graphene, carbon fiber, fullerene, carbon black 

(soot) and carbon nanotubes. The combination of two or the three types of ENM mentioned 

above give a composite-based nanomaterial. 

According to market experts [2], the global ENM market will grow at a 14.6% compound 

annual growth rate (CAGR) from its 2021 value of $16.3 to $62.8 billion by 2031. The global 

carbon ENM market is expected to reach $31.6 billion by 2031 from a value of $2.9 billion in 
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2021[39]. This shows that the carbon ENM market is growing at a higher CAGR (27.7%) 

than the overall ENM market. The present work focuses on carbon nanoparticles i.e., a 

carbon-based ENM with all its external dimensions in the size range of 1 – 100 nm.  

1.2.2 Health and Environmental effect of engineered nanomaterials 

To determine the potential effects of ENM on humans and the environment, it is relevant to 

understand their likely exposure pathways. The human body comes in contact with released 

NM either through the skin, the lungs, or the gastrointestinal tract. Figure 3 shows a 

representative possible pathway by which released ENM could end up in the human body. 

Exposure to nanoparticles has been associated with neurological (Alzheimer's and 

Parkinson's)  diseases [40], and respiratory and cardiovascular diseases [7, 41]. In the 

environment, the formation of dust-cloud and light absorption by certain nanoparticles is 

linked to the depletion of the ozone layer [42, 43]. In aquatic organisms and lower plants, 

studies have reported that the presence of nanoparticles in a medium leads to 

bioaccumulation, physical abnormalities, and an increased death rate [44–46]. 
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Figure 3 Effects and potential release pathways of ENM  

1.2.3 End-of-life management of engineered nanomaterials 

To date, there are no national or global regulations targeted at the safe disposal of ENM at 

their end-of-life. As such, nanowaste (NW - waste containing ENM) follows conventional 
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waste management pathways such as recycling, composting, incineration and landfilling. 

Several investigations have been carried out to model the possible destination of ENM at their 

end of life [47–52]. Insight into where existing and future NW end up could help establish 

their fate in these facilities and thus proper NW management guidelines. An increasing 

amount of NW are recycled typically in the construction industry for the production of high-

strength concrete aggregates [53] or to increase the corrosion protection steel [28]. 

Biodegradable NW are treated via composting [54–57], however, the majority of NW today 

ends up in either waste incineration or landfills [52, 53, 58]. Gottschalk et al. [51] reported 

that the incineration of products containing ENM (in addition to sewage sludge and 

wastewater sources) is the major source of environmental release of ENM. 

1.2.4 Incineration of engineered nanomaterials 

As stated above, the majority of ENM at end-of-life end up undergoing thermal incineration 

and/or being landfilled. In incineration, bulk or product-containing ENM are thermally treated 

at a temperature of 850 – 1100 0C, with high oxygen/fuel contact for at least 2 seconds 

residence time in the post-combustion zone of the incineration furnace. There are however 

limited studies on the fate of ENM during waste incineration. As such significant knowledge 

gap on the overall fate of nanoparticles during incineration still exist. Three (3) numerical 

studies were identified in the literature on the incineration of ENM [52, 59, 60]. Eighteen (18) 

experimental studies can be reported from the literature review of which five (5) are full-scale 

studies [10, 12, 61–63] and thirteen (13) are lab or pilot-scale studies [11, 64–75] (Figure 4). 
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Figure 4 Published studies on the incineration of ENM-containing wastes 

1.2.4.1 The fate of engineered nanomaterials in the combustion chamber 

Several factors play a vital role in determining the fate and behavior of ENM during 

incineration. Mueller et al. [52] reported that if the ENM are free or loosely bonded to a 
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substrate, they can be easily released during incineration, thus, joining the flue gas. If the 

ENM is however tightly bonded to another material, they are more likely to be accumulated in 

the bottom ash during incineration. The second factor to consider is the melting or boiling 

temperature of the ENM. If the boiling point of an ENM is lower or equal to the combustion 

temperature, the ENM will likely evaporate and re-condensate during incineration and hence 

join the flue gas stream. Thus, the ENM is unlikely to return to its nanoscale. On the other 

hand, if the combustion temperature is lower than the boiling point of the considered ENM, 

the ENM is more likely to retain its form during incineration [52, 76]. Also, Froggett et al.  

[77] reported that the thermochemical stability of ENM should be considered in determining 

the fate of ENM during incineration. Actually, for the ENM currently investigated, the 

majority of the ENM ended in the bottom ash during incineration [10, 12, 63, 78] except for 

the incineration of C60 fullerenes as reported by Vejerano et al. [11]. A fraction of the ENM 

does however join the flue gas as was the case in the study by Walser et al. [10] where up to 

mass efficiency 45% (in mass concentration) of the 1 Kg of cerium oxide nanoparticles (nano-

CeO2) introduced into the incineration furnace ended up in the flue gas. Some authors 

observed the morphological or chemical transformation of the ENM after incineration [64, 78] 

others did not [10, 11, 13]. It should be noted that the conclusions concerning morphological 

and chemical transformation, from the different authors cited above, are derived from the 

properties of the bulk ENM materials investigated by those authors and as such may not be 

extended to all ENM or even to the same ENM under different conditions. Existing 

knowledge gaps on the incineration of ENM need to be bridged as the presence of ENM in 

waste streams has been reported to result in increased emissions of some polycyclic aromatic 

hydrocarbons (PAHs) and polychlorinated-dibenzo-p-dioxins dibenzofurans (PCDD/Fs) 

species during incineration [79, 80].  

1.2.4.2 The fate of engineered nanomaterials in flue-gas cleaning technology 

To account for the ENM that joined the flue gas during waste incineration, Walser et al. [10] 

investigated the nano-CeO2 removal efficiency by the flue gas cleaning technology (FGCT) 

units consisting of an electrostatic precipitator, a selective non-catalytic reduction (SNCR) 

and a wet scrubber present in a full-scale municipal waste incineration (MSWI) plant with a 

grate firing furnace. The authors reported a nano-CeO2 mass collection efficiency greater than 

99.9% in mass concentration. Lang et al. [62] obtained similar results (>99.9%) when they 

investigated the collection efficiency of nano-CeO2 in a pilot-scale incineration plant with a 

rotary furnace and a spray absorber, a fabric filter, 2-stage wet scrubber and a SCR as the 
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FGCT units. Baran and Quicker [12] reported a nano-BaSO4 removal efficiency of over 

99.85% by the combined treatment of an evaporating cooler, a fabric filter, and a SCR in a 

MSWI plant with a grate firing furnace. Oischinger et al. [61] found a collection efficiency of 

99.6% – 99.99% for nano titanium dioxide (nTiO2) incinerated in a MSWI plant with a 

cyclone, a spray dryer, a bag filter and a 2-stage scrubber as the FGCT units. Whether these 

high collection efficiencies can be generalized for other types of ENM is left to be 

investigated. The authors above did not mention the specific ENM collection efficiency by 

each of the FGCT units but reported only the combined ENM removal efficiency by all the 

units composing the FGCT. As the various FGCTs in a WIP are not the final destination of 

the collected or treated pollutants, it is essential to investigate the individual FGCT unit ENM 

collection efficiency. In the case of a wet scrubber, the discharged pollutant-containing water 

is could be sent to water treatment facilities not capable of handling ENM. 

1.3 Particle size distribution in a waste incineration plant 

Several authors have characterize the particle size distribution in an incineration flue gas at 

various location along the flue gas cleaning units [81–83]. In a MSWI plant with a fuel rate of 

9-10 Mg.h_1, a fabric filter and a wet SCR, Buonanno et al. [83] reported a particle size range 

in number of 5.5 – 800 nm with a mode in number distribution shifting between 60 and 100 

nm at peak emission. Similarly, in a MSWI plant with a fuel rate of 23 MW, a moving grater 

furnance, a wet scrubber, a wet ESP and a fabric filter, Maguhn et al. [81] observed a PSD in 

number of 17 – 30000 nm with a modal range of 70 – 167. For Cernuschi et al. [84] in a 

moving grater furnance and an ESP, a SCR and a fabric filter as the FGCT units with a fuel 

rate of 900 – 1200 Mg.d-1, the particle size ranged from 7 – 2500 nm in number concentration 

with a modal number distribution of 32 nm. Similarly, Zeuthen et al. [85] reported a PSD in 

number of 14 – 800 nm with a model value of 167 nm from the incineration of waste in a 

grate furnance and a fabric filter and a wet scrubber as the FGCT units. 

1.4 Wet scrubbing technology 

A wet scrubber is FGCT unit designed primarily to treat inorganic pollutants (i.e., sulfur 

dioxide, chromic acid, hydrogen sulfide, ammonia and chloride fluorides) contained in 

industrial exhaust gas streams. Scrubbers are also reported to treat particulate matter (> 1.0 

µm), heavy metals, trace organics, and odors [20, 86]. Employing spray nozzles or orifices, 

liquid collectors (e.g., water droplets but also a continuum of liquid such as forms or bubbles) 
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are atomized and dispersed into the gas stream to simultaneously absorb and neutralize 

gaseous pollutants. Particle capture consists of a physical absorption process by which 

droplets trap particles through agglomeration, adherence, or encapsulation. A mist collector is 

used to recover suspended liquid droplets from the gas stream. The liquid containing the 

pollutant is collected at the bottom of the scrubber and treated before disposal. Often, a wet 

scrubber is composed of two or more scrubbers in a series or multiple stages of spraying 

liquids. This is done so that an individual scrubber or stage can use an absorbent specific to a 

pollutant. An example of this is commonly found in waste incineration, where a stage of the 

scrubber or the first scrubber uses a basic-based absorbent solution (e.g., a lime-based slurry 

of CaCl2) to remove acid pollutants followed by a second stage or second scrubber of an acid-

based absorbent solution to neutralize basic-based pollutants. Higher removal efficiencies are 

possible in a multistage scrubber system than would otherwise be possible with a single-stage 

scrubber. Wet scrubbers are broadly oriented as cross-flow, countercurrent flow, or co-current 

flow. In a co-current wet scrubber (Figure 5a), the flue-gas and the spraying liquid droplets 

travel in the same direction. In a countercurrent wet scrubber, the flue-gas enters the scrubber 

at the bottom before coming in contact with the liquid droplets traveling in the opposite 

(gravity) direction (Figure 5b).  
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b) Counter-current wet scrubber 

Figure 5 Schematic of co-current and counter-current wet scrubber 

Wet scrubbers have certain advantages compared with other operation units of FGCT such as 

electrostatic precipitators (ESP) and bag filters. For the same volume of flue-gas treated, wet 
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scrubbers are more compact and occupy smaller spaces than bag filters or ESP. Scrubbers also 

have a lower investment cost and similar operation and maintenance costs than ESPs and bag 

filters [87]. Although ESP and bag filters are primarily designed for particle removal due to 

their high collection efficiencies, wet scrubbers are preferred when the particles are 

hygroscopic, flammable, corrosive, or in a gas stream with high temperature (for exhaust 

waste heat reduction purposes) or moisture content. In waste incineration plants, wet 

scrubbers are used in various configurations with other operation units of FGCT such ESP, 

bag filter, and cyclones to treat (particle) pollutants contained in the flue-gas before stack 

release. A drawback of wet scrubbers is that they generate waste in the form of discharge 

sludge which requires treatment before disposal. Also, downstream corrosion could occur 

except if the added moisture is adequately removed from the gas downstream of the scrubber. 

1.4.1 Operating principles 

The principle of operation of a typical wet scrubber consists of the generation of droplets in a 

moving gas stream to create a medium of high particle-droplet interaction (or gas absorption 

i.e., transfer of gaseous pollutant from the gas stream to the liquid phase) with the ultimate 

collection of the particles by impingement upon contact with the droplets or droplets films on 

the scrubber walls [88]. To achieve this, a scrubber consists of six (6) components; a fan-

powered flue-gas control system, an inlet, a series of spray nozzles, a water source, a mist 

eliminator and an outlet. Depending on the scrubber type, the operations or the components of 

the scrubber could be somewhat different. 

1.4.2 Types of scrubbers 

Several types of wet scrubbers (Figure 6) exist to treat specific pollutant(s) released from 

industrial processes. This section discusses the major types of wet scrubbers encountered in 

industrial applications.  

Spray scrubbers are one of the commonest types of scrubbers in use. In a spray scrubber, 

flue-gas enters the scrubber where it contacts liquid droplets produced by spray nozzles. The 

droplets can be directed perpendicular, counter, or in the same direction as the gas stream. In a 

counter-current scrubber, the flue gas stream enters at the bottom of the scrubber and flows 

upward while the spray droplets travel downward from nozzles placed on the walls of the 

scrubber or mounted on nozzle heads at the radial center of the scrubber, several nozzle stages 

possibly placed along the height of the scrubber. Water droplets capture particles in the gas 
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stream through impaction, Brownian diffusion and interception mechanisms [14, 20]. Large 

droplets settle under gravity to the bottom of the scrubber and impaction forming liquid films 

on the internal walls of the scrubber. Several authors have investigated the removal of 

particles by a spray scrubber [22, 89–91]. 

Packed bed scrubbers contain layers of packing material such as Raschig rings, woodchips, 

spiral rings, or Berl saddles to increase the gas-liquid contact. Packed scrubbers are primarily 

designed to treat acid gases as the collection of particles by these scrubbers leads to a 

progressive clogging of the packing which requires additional maintenance costs. Packing 

materials come in different types and sizes. Pollutant removal efficiency and liquid 

distribution improve with a decrease in the sizes of the packing materials but this lead to an 

increase in pressure drop  [92]. Other parameters to consider when designing a packed bed 

scrubber include the packing-to-scrubber diameter to limit wall effects, the pressure drop, the 

height of the packed-bed scrubber, the packing method and the liquid distribution [92].  
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Figure 6 Types of scrubbers 

Tray scrubbers comprise a column with punctured, perforated, or woven trays placed 

horizontally in the scrubber. The trays are continuously washed by the collecting liquid which 

is flowing from the top and across the trays to the bottom of the scrubber so that the clogging 
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of the tray is minimized. Tray towers are ineffective for the removal of particles with 

diameters less than 1.0 µm but have up to 97% removal efficiency for PM > 5 µm [93].  

By far, venturi scrubbers are the most common types of scrubbers employed in industrial 

flue-gas treatment. This is partly due to their higher collection efficiency of particles less than 

1.0 µm when compared to other types of wet scrubbers. A venturi consists of three sections; a 

converging duct section, a straight section (throat) and a diverging section. The scrubbing 

liquid is introduced upstream of the throat before being atomized by the turbulence in the 

throat section, resulting in to increase in the gas-liquid contact. To separate the entrained 

droplets in the gas stream, a centrifugal separator is used. Several researchers have studied the 

capture of particles by a venturi scrubber [94–97]. Jones et al. [98] described the operation of 

a venturi scrubber where the collecting liquid enters the scrubber at the throat before being 

evenly dispersed. The flue-gas enters the venturi scrubber upstream using an induced-draft fan 

typically located after the cyclonic separator. A gas-liquid collision occurs at the venturi 

throat, where the liquid then accelerates and gets interrupted. The gas then decelerates in the 

diverging section; where further particle-droplet interactions occur but also significant droplet 

coalescence before droplet removal by centrifugal force. Various authors have reported the 

working principles of a gravitational scrubber [14], a flooded bed scrubber [99] and a spray 

scrubber [100]. Other types of wet scrubbers include charged scrubbers, orifice scrubbers, 

flooded-bed scrubbers and cyclone scrubbers. While these scrubbers represent an innovative 

attempt to improve the collection efficiency of the conventional scrubbers previously 

discussed. They are not discussed here as they are not widely used in industrial applications 

such as waste incineration. 

1.4.3 Applications of scrubbers 

Wet scrubbers may be employed in a range of industrial processes to minimize the 

environmental release of pollutants. Scrubbers are widely used in industries such as cement, 

fertilizer, mining activities, chemicals, paper, incineration, steel and metal finishing. Figure 7 

shows some of the industrial applications of a scrubber [101]. 
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Figure 7 Application of scrubbers 

Scrubbers have also been reported to be employed in treating pollutants from the production 

of ferrous metals (foundry cupolas), boilers that run on wood shavings (bark boilers 

scrubbers) and in asphalt production [101].  

1.5 Particle collection mechanisms in a wet scrubber 

Particle collection by a droplet in a wet scrubber is governed by several mechanisms. These 

mechanisms include impaction, Brownian diffusion, interception, phoretic forces, 

condensation, electrostatic attraction and gravitational settling. Depending on the particle size 

and the operating conditions of the scrubber, a droplet can collide with a particle in several 

ways. To determine the collection efficiency, usually, both the droplet and the particle are 

assumed to be spherical. The scrubber’s overall collection efficiency is calculated as a 

function of the various mechanisms and this collection efficiency is defined as the fraction of 

particles in the scrubber that are swept-out by the droplets i.e., that collide with the droplets 

and stay retained. Generally, it is assumed that particle collection occurs if there is a droplet-

particle collision. A discussion of the main collection mechanisms involved with particle 

collection in a wet scrubber is as follows. 
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1.5.1 Inertial impaction mechanism,  

Inertial impaction is the dominant particle collection mechanism in a wet scrubber for 

particles with diameters larger than 1.0 µm or a flue gas stream with a velocity greater than 

0.3 m.s-1 [102–104]. However, Kim et al. [105] reported that the impaction mechanism could 

begin to act on particles of diameters as low as 0.05 µm. Impaction acts primarily on the 

particle inertia and the flow field around a droplet [106]. Impaction occurs when a particle has 

sufficient inertia to maintain its trajectory in a moving gas streamline until it strikes a droplet 

(Figure 8). Stokes number (Stk) is the dimensionless parameter that represents the inertial 

impaction mechanism and is defined as the ratio of particle response time to the gas 

characteristic time scale [107]. Particles with large Stk numbers are easily captured by 

droplets due to the impaction mechanism [108]. Reynolds number (Re) characterizes the flow 

field around a droplet. It is another important parameter that determines particle capture due 

to impaction mechanism [109]. As Re increase, particle collection due to impaction have been 

reported to improve [109]. 
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Figure 8 Impaction collection mechanism 

Mathematically, the Stokes number is given by the following equation: 

 

(1) 

Where  is the particle density kg.m-3,  is the particle diameter (m), D is the droplet 

diameter (m), µ is the gas viscosity (Pa.s) and U is the relative velocity between particles and 

liquid droplets (m.s-1). 
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Several authors have investigated the single droplet particle collection efficiency considering 

impaction. Table 1 below presents the main models encountered in the literature. Licht et al. 

[104] proposed an analytical model for wet scrubbers by assuming a proportionality to the 

stokes number (Stk). However, Kim et al. [14] found the model by Licht et al. [104] not 

suitable for the moment equation used for a lognormal distribution and proposed the semi-

empirical impaction model for the range of Stokes number shown in Table 1 below. Kim et al. 

[14] derived their model in a gravitational wet scrubber with a liquid-to-gas ratio of 0.025 to 

0.05, a relative velocity of 10 to 150 cm.s-1 and a particle diameter of 0.01 to 5.0 µm.  

Slinn et al. [110] used dimensional analysis coupled with experimental results to find the 

mathematical expression for single rain droplet particle collect efficiency due to the impaction 

mechanism. Bae et al. [111] modified the model by Slinn et al. [110] (Table 1) to a form 

suitable for the moment method in their study of below-cloud particle scavenging. Bae et al. 

[111] investigated their model for an air temperature of  0 to 30 0C, RH of 0.5 to 1.0, rain 

intensity of 1.0 mm.h-1 and particle diameter of 0.1 to 10 µm. 

Calvert et al. [112] derived a mechanistic model due to the impaction collection mechanism in 

a venturi scrubber. The authors made the following assumptions: 

 Particles are captured only by atomized liquid 

 The mechanism for particles to collect on single droplets is determined by the relative 

velocity of the droplet and the air 

 The acceleration of droplets is calculated using a linear approximation of the drag 

coefficient for accelerating droplets  

In deriving the impaction model in a reverse jet scrubber, Lim et al. [20] made three 

assumptions: 

 In the complex reverse jet scrubber, it is assumed that the diameter (D) and 

concentration of the spray droplets remain constant and unchanging and that there is 

no interaction between the droplets. 

 The spray droplets immediately and completely cover the spray chamber upon 

injection. 

 There is no pressure or force applied to the spray droplets, and particles adhere to the 

droplets' surface upon contact 

Lim et al. [20] argued that the model could be used in reverse jet (counter-current) scrubber 

where large gas-liquid interfacial are, long residence time and high relative velocities exists. 
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The authors tested their model for a liquid flowrate of 31 to 57 cm3.s-1, droplet velocity of 

1000 to 5000 cm.s-1, droplet diameter of 440 to 600 µm and gas flowrate of 50 to 200 cm.s-1. 

 

Table 1 Particle collection based on impaction mechanisms 

Authors Year Model Condition Remark 

Walton and 

Woolcock 

[113] as 

cited by 

Davenport 

et al. [114] 

1960 

 

- 

A 

theoretical 

model for 

atmospheri

c PM 

scavenging 

Licht et al. 

[104] 
1988 

 
- 

Analytical 

model for 

wet 

scrubber 

Kim et al. 

[14] 
2001 

 , 

  

For Stk ≤ 0.5 

For Stk > 0.5 

A semi-

empirical 

model for 

Gravitation

al wet 

scrubber 

Calvert et 

al. [112] 
1970 

 
- 

mechanisti

c model in 

a venturi 

scrubber 

Lim et al. 

[20] 
2006 

 

 

 

for Stk ≤ 1.0 

for 1.0 < Stk ≤ 3.0 

for Stk ≥ 10.0 

A semi-

empirical 

model for 

reverse-jet 

scrubber 

Bae et al. 

[111] 
2009  - 

A 

theoretical 

model for 

atmospheri

c PM 

scavenging 

Slinn et al. 

[110] 
1983 

 

 

 

- 

Where Re is the droplet Reynolds number and Vt is the droplet terminal velocity 
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1.5.2 Brownian Diffusion mechanism,  

The collection of fine particles is governed by Brownian diffusion. In diffusion, the random 

motion of a particle in the flue gas as a result of the particle's constant collision with the 

gaseous molecules leads a particle to be collected by a droplet (Figure 9) as the particles move 

from regions of high concentration to regions of low concentration. Thus, particle removal 

due to the Brownian mechanism increases as the particle size is decreasing. Particles smaller 

than 0.1 µm are reported to be effectively collected as a result of Brownian diffusion [106]. 

Kim et al. [14] revealed that the diffusion-dominant region starts at a particle diameter lower 

than 0.05 µm. 
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Figure 9 Brownian diffusion mechanism 

, Peclet number is the dimensionless parameter that describes the Brownian diffusion 

mechanism and is defined as: 

 

(2) 

 is the particle diffusion coefficient: 

 

(3) 

Where T is the gas absolute temperature,  is the Boltzmann constant and  the 

Cunningham slip correction factor. 

Several authors have proposed particle collection efficiency of a single droplet sphere based 

on the diffusion mechanism as presented in Table 2 below. Fuchs [115] proposed a theoretical 
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model for the diffusion mechanism using dimensional analysis based on mass transfer. Bae et 

al. [111] proposed a diffusion model in their study of below-cloud particle scavenging. Bae et 

al. [111] investigated their model for an air temperature of  0 to 30 0C, RH of 0.5 to 1.0, rain 

intensity of 1.0 mm.h-1 and particle diameter of 0.1 to 10 µm. Carotenuto et al. [116] reported 

a theoretical diffusion model based on atmospheric aerosol scavenging. The authors validated 

their model in a wet electrostatic scrubber of gas flow of 170 L.s-1, liquid flow of 120 ml.min-

1, droplets with diameters between 225 and 950 µm and particles with sizes from 0.68 to 6 

µm. Fan et al. [117] developed a single droplet collection efficiency based on diffusion (Table 

2) in a conventional spray scrubber using a condensation growth dynamic model fro particle 

sizes 0.01 to 10 µm. Jung and Lee [118] developed an analytical particle collection model due 

to the diffusion mechanism by considering the collection of particles in a system comprising 

multiple fluid spheres such as water droplets. The authors developed a model that describes 

the efficiency of particle collection due to diffusion, which takes into account the packing 

density (α) and the Peclet number (Pe) for both solid spheres and bubbles (Table 2). 

Table 2 Particle collection models based on diffusion mechanisms 

Authors Year Model 
Conditio

n 
Remark 

Fuchs 

[115] 

cited by 

Davenport 

et al. [114] 

197

8 
 

- 

A 

theoretical 

model 

involving 

mass 

transfer 

Jung and 

Lee [118] 

198

8 

 

- 

Semi-

empirical 

model 

Bae et al. 

[111] 

200

9  
- 

Theoretical 

model for 

atmospheri

c PM 

scavenging 

Carotenut

o et al. 

[116] 

201

0  - 

Theoretical 

model 

based on 

atmospheri

c aerosol 

scavenging 

Fan et al. 

[117] 

201

0 
 

- 

Analytical 

model for a 

spray 

scrubber 
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Where Sc is the particle Schmidt number, Re is Reynolds number, Pe is Peclet number,  

 is packing density, σ is viscosity ratio of water to air, K and J are hydrodynamic factors 

1.5.3 Interception mechanism,  

Particles traveling in a gas stream may not always depart from the flow stream of the gas. In 

such a case, a particle may still be collected when the particle passes within one particle 

radius from the droplet surface. This collection mechanism called interception holds for 

intermediate-sized particles with negligible inertia, gravitational settling and Brownian 

motion and hence can follow the gas stream at angles far less than 90° until they are engulfed 

by a droplet [119]. Particle capture by interception mechanism increases when the density of 

droplets increases.  
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Figure 10 Interception mechanism 

The interception parameter R, defined as the ratio of particle diameter to the liquid droplet 

diameter, represents the dimensionless parameter describing the interception mechanism: 

 
(4) 
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Table 3 is a summary of the mathematical expressions from various authors for the particle 

collection due to interception mechanisms. Similar conditions were reported for the model 

derivation as was for impaction (Table 1) and interception mechanism (Table 2). 
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Table 3 Particle collection models based on interception mechanisms 

Author

s 
Year Model 

Conditio

n 
Remark 

Fuchs 

[115] 

196

4  
- 

A 

theoretica

l model 

involving 

mass 

transfer 

Jung 

and 

Lee 

[118] 

198

8 
 

- 

Semi-

empirical 

model 

Bae et 

al. 

[111] 

200

9  
- - 

     

Fan et 

al. 

[117] 

201

0  
- 

Analytical 

model for 

spray 

scrubber 

1.5.4 Other collection mechanisms 

When temperature differences and water vapor concentration exist in a scrubber, 

thermophoresis and diffusiophoresis may be exerted on the particles [120]. Diffusiophoresis 

( is the motion of particles suspended in a gas stream due to the concentration gradient 

in a multi-component gas. In a wet scrubber, the particles will tend to move toward the air 

molecules which are heavier than the water vapor molecules. In literature, many authors have 

reported the effect of diffusiophoresis on the particle collection efficiency scrubbers [121, 

122]. Sparks and Pilat [121] proved that negative diffusiophoresis (droplet evaporation) could 

cause poor scrubber performance, especially for fine particles, while positive diffusiophoresis 

(condensation) could result in improved particulate collection. 

A related phenomenon is thermophoresis . In this area, the temperature gradient 

across or between molecules in a gas stream tends to transport the particles from a higher to a 

lower temperature region or droplet [123]. Gas molecules have a kinetic energy that fluctuates 

depending on temperature gradient and can alter the motion of particles in the gas. Gas 

molecules exert greater forces on the hot side of particles than on the cold side which causes 

the particles to move towards the colder side i.e., a droplet. Several authors reported that the 
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intermediate region (Figure 11) also known as the Greenfield gap where neither of the three 

principal particle collection efficiency in a scrubber is dominant, is dominated by 

thermophoresis and diffusiophoresis [123–125]. The mathematical expression for the 

contribution of the thermophoresis mechanism was reported Waldman and Schimdt [126], 

and Skelland [127] as cited in Davenport et al.[114] as shown in equation (5) below. 

 

(5) 

Where   is the mean free path length of gas molecules (m),  is the Prandtl number of gas, 

 is the terminal settling velocity of a droplet (m.s-1),  is gas inlet temperature (K),   is 

droplet surface temperature (K), Ka and Kp are thermal conductivity of gas and particle 

(Kg.m.s-3.K-1) respectively. 

If significant evaporation or condensation takes place, Stefan flow can impose a 

supplementary aerodynamic impact on particle motion. Stephan flow is the movement of 

particles resulting from gas molecule motion which exerts a force in the direction of the flow. 

Stephan flow is sometimes considered a type of diffusiophoresis [128]. Stephan flow occurs 

near a surface that is either evaporating or condensing. The vapor causes the particles to move 

with the gas molecules toward the droplet where the capture of the particles [129]. For 

condensation, Stephan flow is occurring in the direction of the liquid surface, however, the 

evaporating vapor leads to the revers and hinders the collection of particles in the scrubber. 

Lastly, the application of electrostatic forces (  in conventional scrubbers to enhance 

their submicronic particle capture has attracted the interest of many researchers [116, 130–

132]. Electrostatic charges are the introduction to the droplets, the particles or both. The 

electrostatic force is an important mechanism responsible for fine particle collection when the 

collector has an opposite electric charge to the particle. According to Jaworek et al. [133] five 

(5) forms of electrostatic scrubbers considering different methods of charging the particles 

and the droplets are found in the literature [130]: 

 Both droplets and particles are oppositely charged and particle capture by droplets 

occurs as a result of Coulomb forces 

 Droplets and particles are charged to the same polarity. The arising repulsive force 

drives the particles onto the chamber walls, where they are washed out. 
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 Equal number of positively and negatively droplets are charged while the particles are 

negatively charged. In this case, the positively charged droplets capture negatively 

charged particles due to attractive Coulomb forces, and finally, they coagulate with 

negatively charged droplets. 

 Particles are charged to either polarity and the droplets are uncharged, so that 

electrostatic capture mainly occurs due to an image charge on the droplet. 

 Droplets are charged to a polarity while the particles are left uncharged, thus, particle 

capture occurs due to image charge induced on the particle electrostatic charges. 

1.5.5 Single droplet collection efficiency,  

As previously discussed in this chapter, although primarily designed to treat acid pollutants, a 

wet scrubber could be efficient for the removal of particles from industrial flue gas. The basis 

of the performance of a wet scrubber lies in understanding the particle capture by a single 

droplet. Kim et al. [14] reported that the collection efficiency of a single droplet in a scrubber 

is the sum of the impaction efficiency, diffusion efficiency and interception efficiency. Other 

authors such as Wu et al. [22] have proposed the addition of other particle collection 

mechanisms such as gravitational settling. Yet, it is not uncommon to find single droplet 

collection efficiency involving phoretic and electrostatic forces [116]. The simplest way of 

approximating single droplet collection efficiency is to sum the contributions from different 

mechanisms assuming the interdependence between mechanisms  [134]: 

 
(6) 

Where  is the particle collection due to gravitational settling. 

An alternate approach that considers the interdependence of the contributions of the collection 

mechanisms is to assume that the particle removal by a single droplet is the product of the 

different mechanisms [22, 135] i.e., that the mechanisms act in series [136]: 

 
(7) 

Calculations gotten this way have revealed that there is a coupling effect between Brownian 

diffusion and inertial impaction for particles in the intermediate-sizes [135]. 
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Figure 11 Overall collection efficiency and individual contribution of each mechanism 

(adapted from Ardon-Dryer et al.[124]) 

The overall collection efficiency is obtained based on the total dispersed droplets in the entire 

volume of the scrubber. This is calculated from the single droplet model (7) and involves a 

discrete material balance equation for the particles in a cell volume [22]. The overall 

collection efficiency as shown in Figure 11 above is expressed as [103]:  

 
(8) 

Where  is the liquid flow rate (m3.s-1),  is the gas flow rate (m3.s-1),  the terminal 

settling velocity of droplets (m.s-1),  the gas velocity in the tower (m.s-1),  the height of the 

tower (m). 

1.5.6 Role of scrubber walls on overall particle collection efficiency 

In a wet scrubber, it is unavoidable that droplets will collide with the walls of the scrubber 

and either spread, break, rebound, stick or splash. Thus, the scrubber walls play an important 

role in the overall particle collection efficiency. Indeed, water droplets deposited on the 

scrubber wall form a thin liquid layer (film) flowing down along the wall. This could in 

theory provide additional deposition surface for particles. Ali et al. [137] confirms this when 

they reported that particle collection does take place by the liquid film on the walls of a 

centrifugal wet scrubber. However, in a venturi scrubber, Viswanathan et al. [138] reported 

that the scrubber wall liquid layer does not participate in the particle collection. Whether this 

is true for a spray scrubber involved in the collection of nanoparticles is yet to be established. 

The Lagrangian approach can be used to predict if a particle will strike a wall liquid film but 
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the succeeding motion of the particle within the liquid film depends on the surface tension of 

the collecting liquid surface [137]. According to Pemberton et al. [139] if the motion energy 

of a particle is greater than the surface tension of the collecting liquid, the particle will be 

collected. Experimentally, it remains challenging to ascertain the collection of particles only 

by direct contact with droplets while ignoring the wall liquid film. But an attempt is made in 

the present work to estimate the fraction of the nanoparticles that are collected by the scrubber 

walls. 

1.6 Influence of operating parameters on wet scrubbing 

From the literature review, wet scrubbers are reported to be inefficient or very poorly efficient 

for the collection of a particle with diameters smaller than 1.0 µm [104, 140], however, Kim 

et al. [14] revealed that suitable operating conditions, particles much smaller than 0.1 µm in 

diameters can be effectively collected using scrubbers. Thus, the following section discusses 

the effect of certain key operating parameters on the particle collection by a wet scrubber by 

exploring published works. Although not an operating parameter, the influence of the particle 

diameter is also presented. 

1.6.1 Gas flowrate 

The gas flowrate in a scrubber could (dis)favor the collection of particles by a given 

mechanism, thus affecting the overall performance of the wet scrubber [22, 141]. In their 

work on the modeling of PM (1–3 µm) collection efficiency by a spray scrubber with twin-

fluid air-assist atomizers, Mohan et al. [103] revealed that at a constant liquid flowrate of 

16.67.10-6 m3.s-1, an increase in the gas flowrate (from 1.10-6 m3.s-1 to 5.10-6 m3.s-1) led to an 

improvement in the particle collection efficiency of the scrubber. Similar conclusions were 

reached by Lim et al. [20] in their study to predict the particle collection efficiency of a 

reverse jet scrubber. Lim et al. [20] argued that the increase in the collection efficiency as the 

gas flowrate increased as a result of an increase in the relative velocities between the droplets 

and the gas (particles). In a spray scrubber, Wu et al. [22] obtained an increment of the dust 

(20 µm in diameter) removal efficiency from 90.7% to 95.6% when they studied the impact of 

varying the gas flowrate from 79 to 129 m3.h-1. Wu et al. [22] also reported an increase in the 

dust removal efficiency from 80.9% to 94.8% when the gas flowrate of a sieve-tray spray 

scrubber was increased from 83 to 136 m3.h-1. Wu et al. [22] associated this improvement to 

improve inertia collision with higher gas flowrate. In their research on the study of the 



Chapter I State of the art 

52 | P a g e  

 

removal efficiency of dust in a self-priming venturi scrubber, Ali et al [142] also concluded 

that a higher gas flow led to a higher removal efficiency due to improved relative velocity 

between gas and droplets in the throat section. Generally, as the gas flowrate in a scrubber 

increases, the particle collection is improved [95, 143]. This is not always the case. Meikap et 

al. [144] conducted experimental studies on the scrubbing of fly ash (2–15 µm) in a novel wet 

scrubber using water as the scrubbing medium. Beyond a gas flow rate of 4.2.10−3 Nm3.s-1, 

the collection efficiency did not improve with an increase in the gas flowrate but was instead 

limited due to coalescence which led to reduced bubble reformation. Lee et al [145] reported 

that higher gas flowrates do indeed favored the collection of sub-micrometer particles smaller 

than 1 µm. Lee et al [145] argues that the gas-liquid contact for effective particle collection is 

well established for larger particles even at low gas flow rates. 

1.6.2 Gas temperature 

A change in the flue gas temperature in a wet scrubber could play a significant role in the 

collection of particles by the scrubber. The gas temperature could also modify other influent 

parameters such as the droplet diameter, droplet evaporation rate and gas flowrate. Darbandi 

et al. [146] conducted CFD modeling to investigate the forces responsible for the collection of 

nanoparticles in a wet scrubber. The authors varied the flue gas temperature from 1000C to 

3000C increasing the collection efficiency. The temperature gradient positively impacted the 

collection of particles due to the diffusiophoresis mechanism. Fan et al. [147] presented in 

their paper the experimental collection of coal-fired particles (PM2.5) by a condensation 

scrubber. For the particle size 1.0 m to 3.0 m, the removal efficiency was higher (15% to 

35%) when the inlet gas temperature was set at 95 0C than it was when the gas temperature 

was at 35 0C (8% to 35%). The authors attributed this to heterogeneous nucleation and 

particle collection due to the diffusiophoresis mechanism as a result of the temperature 

gradient. 

1.6.3 Gas humidity rate 

The collection of particles in a flue gas in a wet scrubber could be improved if the particles 

are grown into larger ones by a preconditioning technique such as heterogeneous 

condensation of water vapor with the particles acting as nuclei [21, 148–151]. The grown 

particles can then be efficiently collected by an inertial mechanism or a mist separator. 

Heterogeneous condensation of water vapor is most suitable for gas streams with significant 
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humidity content. Steam is injected in the gas inlet or above the scrubbing liquid inlet to 

saturate the wet scrubbers with water vapor which leads the latter to condense on the fine 

particles and to grow their volume. Several authors have investigated this effect on the 

removal of fine particles in a scrubber. The influence of humidity on the removal of a fine 

particle by a wet scrubber was studied by Yang et al. [117]. The authors found that an 

increase in the gas inlet steam led to an increase in the amount of condensable water on the 

particle surface. This resulted in the improvement of the collection efficiency from 50 to 85%. 

Huang et al. [152] attained a significantly enhanced collection efficiency of particles with 

diameters less than 150 nm by mixing saturated steam at 100°C with a normal temperature 

waste stream permitting submicron particles to grow into micron sizes. At a liquid-to-gas ratio 

of 2.5 l.m-3, the removal efficiency of particles less than 100 nm by the venturi scrubber was 

greater than 90%. Fan et al. [153] conducted experimental studies on the removal of coal-fired 

fine particles (PM2.5) by a condensation scrubber. The authors added steam to the gas inlet. 

This resulted in the improvement of the removal of fine particles as the amount of 

condensable water vapor increased leading to the condensation growth of particles.  

1.6.4 Liquid flowrate 

The liquid flow rate is another very important operating parameter in a wet scrubber. Lehner 

et al. [154] investigated the aerosol (PM3.0) collection efficiency of a venturi scrubber 

working in self-priming mode (i.e., operating without an external pump). The authors found 

that, as the liquid flowrate increased from 1.5 to 3.0 L.m-3 the collection efficiency for the 

entire particle range also increased. Lehner et al. [154] attributed this to the increase in the 

interfacial surface for particle collection at higher liquid flow rates. Meikap et al. [144] 

reported that at a constant gas flow rate of 3.0 × 10−3 Nm3.s-1 in a multi-stage bubble column 

scrubber, the fly-ash (2 - 15µm) collection efficiency increases as the liquid flow rate is 

increased. Meikap et al. [144] argued that this was due to an increase in the dispersed phase 

hold-up and interfacial contact area. Meikap et al. [144] conclusion was supported by the 

investigation made by Calvert et al. [112]. Likewise, as the liquid flowrate increases, the 

number of collectors also increases leading to a better droplet-particle collision. A similar 

conclusion was reached by Wu et al. [22] when they developed a mathematical model to 

investigate the dust removal efficiency of wet flue gas desulfurization systems. The overall 

spray scrubber collection efficiency increased as the liquid flowrate increased from 1.32 m3.h-

1 to 2.26 m3.h-1.  Wu et al. [22] determined that more intense moving droplets increased the 
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chances of particle capture. Vasudevan et al. [125] conducted lab-scale studies using a spray 

scrubber to treat the flue gas stream from a fixed bed gasifier. Vasudevan et al. [125] reported 

that, as the spray liquid flow rate increased from 25 ml.min-1 to 30 ml.min-1, collection 

efficiency improved from 50.3% to 60%. Vasudevan et al. [125] attributed this to an increase 

in the number of droplets due to higher liquid flowrate. 

1.6.5 Droplet diameter 

The droplet diameter plays an important role in the collection of particles by a wet scrubber. 

Danzomo et al. 2012 [155] developed a model for the collection efficiency of particles in a 

counter-current scrubber at different droplet sizes of 500 µm, 1000 µm, 1500 µm and 2000 

µm. For 5 µm and 10 µm particle sizes, the collection efficiencies were found to be 89.7% 

and 98.2% at 500 µm droplet diameter and for a liquid-to-gas ratio of 0.7 l.m-3. As the droplet 

diameter increased to 2000 µm, the collection efficiency at 5 µm and 10 µm decreased to 

43.9% and 58.8% respectively. Simin et al. [91] investigated the scrubbing of urea duct 

particles in a spray scrubber using CFD simulations. As the droplet diameter increased from 

200 µm to 1000 µm, the collection efficiency at particle size 40 µm decreased. Simin et al. 

[91] concluded that the droplet diameter is negatively correlated to the collection efficiency 

thus, the surface area for particle collection increases with decreasing droplet diameter. Rafidi 

et al. [156] developed a model to predict the removal of particles in a spray scrubber and 

compared the results with experiments from a full-scale spray scrubber in a coal-fired power 

plant. Rafidi et al. [156] reported that the collection efficiency increased as the droplets 

became smaller. The authors argued that smaller droplets have higher velocities, thus 

increasing relative velocities between the droplets and the particles, resulting in a higher 

Stokes number and hence higher collection efficiency by impaction. Claudia et al. [116] 

developed a mathematical model to evaluate particle capture efficiency in a wet electrostatic 

scrubber. The authors found that the model predicted a decrease in the capture efficiency for 

particle sizes 100 nm and 1 µm with an increase in droplet sizes. As droplet sizes increases, 

both the collisional efficiency and the droplet–particle contact probability are increased and 

an improvement of removal efficiency is obtained. Larger particles (5 µm) did not witness an 

increase in the capture efficiency even when the droplet diameters were smaller. Claudia et al. 

[116] concluded that the effect of a lower collisional efficiency competed with the increase of 

droplet–particle contact probability leading to lower capture efficiency. 
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1.6.6 Particle diameter 

The diameter of the particle in a flue gas is arguably the most important parameter in 

determining its collection by a wet scrubber [91, 125]. Lee et al. [145] evaluated the 

performance of a turbulent wet scrubber to effectively remove dust particles arising from a 

coal-powered thermal power plant. Lee et al. [145] disclosed that an increase in the fly ash 

particle diameter from 0.65 µm to 5.0 µm led to an increase in the removal efficiency from 

43% to 100%. A similar tendency was observed in a venturi scrubber by Mi et al. [94], where 

the overall removal efficiency improved from 92.7% to 95.1% as the particle size increased 

from 10 µm to 45 µm. In a study involving a sieve-tray spray scrubber by Wu et al. [22], the 

dust collection efficiency improved from 14.8% to 99% as the particle size increased from 1 

µm to 20 µm. In a spray scrubber, Keshavarz et al. [157] achieved a significant increase in the 

particle collection efficiency from 60% at a particle size of 0.5 µm to almost 90% at a particle 

size of 4.5 µm. A laboratory experiment to measure the collection efficiency of aerosol 

particles by water drops was studied by Pranesha and Kamra [158]. The authors reported that 

the collection efficiency increased with an increase in particle size. Pranesha and Kamra [158] 

also suggested that with an increase in particle diameter, the collection efficiency may attain 

an upper limit which may be less than one. Simin et al. [91] observed a similar tendency at a 

particle size of 10 µm with a maximum collection efficiency of 97% in spray scrubber. 

Another point to consider is that several authors [14, 124, 131, 132, 156, 158–160]  have 

reported a tendency of the particle collection efficiency to increase with particle diameter, 

then dip in the intermediate region around 0.1 µm to 0.6 µm and then increase till it reaches 

100% as the particle diameter increases. As particle diameter increase, the collection due to 

the impaction mechanism improves leading to the overall performance of the scrubber. Pilat 

et al. [132] confirmed this when they calculated the particle collection efficiencies of single 

droplets considering impaction, diffusion, diffusiophoresis and thermophoresis. The particle 

collection efficiency improved (30% to 88%) with increasing particle size (0.25 µm to 4 µm) 

predominantly due to the inertial impaction mechanism.  
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1.7 Overview of experimental and theoretical studies about particle 

removal by wet Scrubber 

Table 4 Summary of studies on particle removal in wet scrubber 

Scrubber 

type 
Authors 

Numerical 

studies 

Experimental 

studies 

(Lab- vs. 

Large-scale) 

Particle 

size(µm) 

Droplet 

size (µm) 

Gas 

temperature 

(K) 

Ratio 

liquid/gas 

(-) 

Air/gas 

flow rate 

(m3/h) 

Liquid flow 

rate (m3/h) 

Fractional/Overall 

efficiency (-) 

 

Mohan et al. 

(2008) 
- Lab 2 - 200 80 - 200 343 - 353 N.I. 

15.79 - 

28.58 
0.03 - 0.12 Eff = 94.23% 

Tomb et al. 

(1972) 
- Lab 0.68 - 10 225 - 950 N.I. N.I. 300 

0.100 - 

0.750 

Eff(dp=0.68 

µm)=15% 

Eff(dp=2.5 

µm)=32% 

Eff(dp>3.5 

µm)=35% 

 Kim et al. 

(2001) 

Numerical approach 

considering 

Impaction, Diffusion 

& Interception 

- 0.1 - 8 100 N.I. 
0.025 - 

0.05 
N.I. N.I. 

Eff(dp=0.1 µm) =9-

20% 

Eff(MPPS=1 

µm)=1.8-4% 

Eff(dp>6 µm)=100% 

Danzomo et 

al. (2012) 

A new analytical 

approach considering 

Impaction 

- 
5,10 

(PM10) 

500 - 

2000 
N.I. 0.7 – 2.7 10.4×104 209.736 

Eff(dp=5µm)=43.80-

99.98% 

Eff(dp=10 

µm)=58.72-100% 

 Muller et al. 

(2001) 
- Lab 0 - 400 N.I. N.I. N.I. 795 0.8-1.1 Eff = 96-99.9 % 

Vasudevan 

et al. (1985) 

Analytical approach 

considering heat 

transfer, mass 

transfer, 

condensation, 

nucleation, 

temperature and flow 

fields, and phoretic 

phenomena 

Lab 0.1 - 12.3 

90 653 15×10-4 0.78 12×10-4 Eff = 26.70% 

70 653 19×10-4 0.78 15×10-4 Eff = 50.3% 

60 653 20×10-4 0.78 18×10-4 Eff = 60% 

90 523 15×10-4 0.78 18×10-4 Eff = 36.7% 

70 523 19×10-4 0.78 15×10-4 Eff = 61.5% 

60 523 20×10-4 0.78 18×10-4 Eff = 70.5% 

60 523 50×10-4 0.324 18×10-4 Eff = 82 % 

 Biswas et 

al. (2008) 
- Lab 2 - 200 80 - 200 343 - 353 

15.9 - 

108.1×10-4 
11.1 - 20.1 

30 - 120×10-

3 

(hydrodynamic 

study) 

 Centner et 

al. (1989) 

Analytical models 

considering inertial 

impaction, turbulent 

diffusion and 

coalescence induced 

by turbulence 

Lab N.I. 25 293 N.I. 
1000 - 

2000 
0.075 - 0.3 

For Qliquid = 0.150 

m3/h 

Eff(dp = 0.5 µm) 

=20-62 % 
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 Lim et al. 

(2006) 

Numerical approach 

considering 

Impaction, 

Interception and 

Brownian diffusion 

- PM10 
100 - 

2000 
N.I. N.I. 300.6 

0.0468 - 

0.2052 

Eff(dp=0.5 µm) 

=40% 

Eff(dp=2 µm)=90% 

Eff(dp>4 µm)=95-

99.9% 

 Bianchini et 

al. (2016, 

2018)  

An existing 

mathematical model 

considering 

interception  

Lab PM2.5 100 323 - 328 N.I. 36 0.1 - 1 
Eff  >99.9% 

Eff = 28.25% 

Hu et al. 

(2021) 
- Lab 

0.268 - 

125 
N.I. 289.2-289.6 N.I. 12024 1.35 

Eff = 95.59% to 

96.81% 

VWS 

 Bianchini et 

al. (2016) 
- Lab PM2.5 

40 

323 - 328 N.I. 31 

0.3 
Eff = 60.36% 

(PM2.5) 

VWS+BC

WS 
N.I. 0.3 

Eff = 89.75% 

(PM2.5) 

IWS 
 Zheng et al. 

(2018) 

Analytical approach 

considering 

impaction, 

interception 

diffusiophoresis 

thermophoresis and 

diffusion 

Lab 0.1 - 10 N.I. 323 - 363 N.I. 180 5 Eff = 24 – 85% 

CWS 

Elisa 

Achiles and 

Guerra 

(2020) 

- Lab PM2.5 
77.1 – 

271.5 
N.I. 0.10 - 0.43 N.I. N.I. Ef f = 98.44% 

Krames and 

Büttner 

(1994) 

- Lab PM10 5 - 100 293 0.05 – 0.25 500 - 2500 1200 Eff = 99.2% 

CPWS 
Zhang et al. 

(2020) 
- Lab PM100 N.I. N.I. N.I. 216 - 837 0.54 Eff = 99.85% 

SPWS 
S. H. Huang 

et al. (2020) 

A dimension-

reduction method 

Numerical approach 

- 
1.5, 2.28, 

and 2.9 
N.I. 

N.I. N.I. N.I. N.I. 

25%>Eff<80% 

CDS 
Bertinat 

(1980) 

Numerical 

calculations 
- 0.2 100 N.I. 0.001 N.I. N.I. ≥99.9% 

OWS 
Cho et al. 

(2020) 
- Lab PM5 N.I N.I N.I 192 - 270 N.I 

99.7% for PM ≥ 

2.5µm, 89.4% for 

1.0 < PM ≤ 2.5 µm, 

62.1% for 0.5 < PM 

< 1.0, and 36.5% for 

PM ≤ 0.5 µm 

EWS 
 Pilat et al. 

(1974) 

Numerical approach 

considering diffusion, 

impaction and 

electrostatic forces 

Lab 0.05 - 5 50 293 590 N.I. N.I. 

Exp.: Uncharged 

conditions: 68.8% 

Charged conditions: 

93.6% 

Theo.: Uncharged 

conditions: 17.4% 
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Charged conditions: 

near 100% 

 Zhao and 

Zheng 

(2008) 

Monte Carlo method 

for population 

balance considering 

impaction, 

interception, 

diffusion & 

electrostatic attraction 

- 0.08-20 1000 433 200×10-4 61072.56 N.I. 

Uncharged particle 

and droplet: 5% 

Charged particles: 

25% 

Charged droplets: 

70% 

Particles and 

droplets were 

oppositely charged: 

> 99% 

Carotenuto 

et al. (2010) 

Innovative 

mathematical model 

considering 

impaction, 

diffusiophoresis 

thermophoresis 

interception, 

diffusion & 

electrostatic attraction 

- 0.1 – 5.0 100 - 500 298 N.I. 1700 0.5 Eff > 99.5% 

 Ha et al. 

(2010) 
- Lab 0.3-0.9 192 N.I. N.I. 1.2 0.048 Eff = 97% 

Su et al. 

(2020) 
- Lab PM10 249.5 N.I. 

0.017 – 

0.125 
180 N.I. 

Maximum Eff. 

increase of 40% & 

60% 

 Di Natale et 

al. (2015) 
- Lab 

0.01 - 

0.45 
290 

Atmospheric 

temperature 

0.88 & 

1.15 

0.170 – 

0.222 
0.195 

Uncharged particles 

and droplets: very 

small removal 

efficiency 

Charged droplets: 

35% 

Particles and 

droplets were 

oppositely charged: 

91% 

Bandyopadh

yay and 

Biswas 

(2007) 

- Lab 9.82 102.3 305 ± 1 30 x 10-4 22.3 0.066 Eff = almost 100 % 

 Ru et al. 

(2017) 

Empirical models 

considering 

impaction, 

interception, 

diffusion & 

electrostatic attraction 

Lab 

PM10 

and PM 

2.5 

Mean 

diameter 

150 

295.8 ± 1.5 N.I. N.I. 0.18 

Exp.: 88% (PM2.5) 

& 94% (PM10) 

Theo.: good 

agreement with the 

experimental results 

U-TS 
 Zhou et al. 

(2017) 

Empirical models 

considering 

impaction, 

interception & 

Lab 

2 

2000 323 - 333 1.5 – 2.5 
103.2 – 

348.3 
N.I. 

Exp. Eff = 29.8%, 

Theo. Eff = 28.6% 

5 
Exp. Eff = 88.5%, 

Theo. Eff = 87.2% 
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diffusion 
10 

Exp. Eff = 97.3%, 

Theo. Eff = 97.3 % 

TWS 
 Lee et al. 

(2013) 
- Lab 0.65 - 20 N.I. N.I. N.I. 

307.8 - 

457.2 
N.I. 

0.5 < dp ≤ 1𝜇m: Eff 

increases from 52 to 

97.5% 

dp ≥ 2: Eff = 100% 

457 N.I. 

0.5 < dp ≤ 1𝜇m: Eff 

increases from 67 to 

98.5% 

dp ≥ 2: Eff = 100% 

VWS 

 Ali et al. 

(2013) 

Mathematical model 

considering 

impaction 

Lab 1 N.I. N.I. N.I. N.I. 0.3 - 1 Eff = 99.5% 

 Mi and Yu 

(2012) 
- Lab 

40 

N.I. N.I. 5×10-4 4000 2 

Eff = 95.1% 

10 Eff = 92.7% 

 Tsai et al. 

(2005) 
- Lab 

0.05 - 

0.478 
N.I. 523 ± 293 

1.17 

10.8 N.I. Eff = 80 – 96% 1.50 

1.80 

 Bal et al. 

(2019) 
- Lab 2.8 - 50 N.I. 303 - 305 N.I. 2.09 – 4.18 N.I. Eff = 99.91% 

Ahmed et al. 

(2018) 

Eulerian–Lagrangian 

approach considering 

inertial impaction  

- 1.0 N.I. N.I. 2 & 2.5 N.I. N.I. Eff = 97 – 98% 

 Kim and 

Park (2020) 

New approach based 

on one-dimensional 

mass, momentum and 

energy equations 

considering 

impaction 

- 0.47 - 1.5 N.I. 
atmospheric 

temperature 

0.00144 & 

0.00173 
N.I. N.I. Eff = 79 – 99% 

Attaullah et 

al. (2020) 

Calvert and Mohebbi 

approach considering 

inertial impaction  

- PM1 20 - 80 N.I. 0.5 to 2 N.I. N.I. >65% Eff < 100% 

 Huang et al. 

(2007) 

Empirical approach 

based on Calvert’s 

theory (Impaction) 

Lab 
0.05 – 

0.478 
N.I. 298 

1.5 12 

N.I. 

Theo. Eff > 75% 

2.0 15 

Exp. Eff = 21 – 90% 

2.5 18 

HAS 
Cui et al. 

(2017) 

Fourth-order Runge-

Kutta approach 

considering 

impaction,  

diffusiophoresis 

thermophoresis & 

diffusion 

Lab 0.01 - 10 600 288 N.I. 2.59 2.16 

Eff. PM10 = 100% 

Eff. PM5 = 100% 

Eff. PM2.5 = 83% 

WFGDS 

 

 

 Wu et al. 

(2019) 

A novel droplets 

swarm model + 

adaptation of 

impaction model 

Lab 1 - 50 N.I. N.I. N.I. 79 – 129 1.5 

Theo: Eff = 88.37 – 

88.9% 

Exp: Eff = 88.9 – 
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 91.7% 

 Huang et al. 

(2020) 

A dimension-

reduction 

method/Numerical 

approach 

- PM10 2000 343.15 N.I. 10000 132 Eff = 10 -100%  

Rafidi et al. 

(2018) 

Euler–Lagrange CFD 

approach considering 

inertial impaction & 

Brownian diffusion 

Lab 2 - 3.5 
1100 - 

2100 
300 - 360 3.1 – 9.1 N.I. N.I. 

Theo.: Eff = 47 – 

76% 

Exp.: Eff = 45 – 

86% 

Zhang et al. 

(2021) 
- Large 

PM1 

,PM1-2.5,  

PM2.5-10 

N.I. 322 - 332 N.I. 1500–3000 4.5–10 Eff = 45.2–28.3% 

Yang et al. 

(2010) 
- Lab 

0.023 – 

9.314 
N.I. 313 - 393 15 99.5 1.05 Eff=40-85% 

 Chen et al. 

(2018) 
- Large 0.1 - 100 N.I. 298 10 

1.5293.107  

- 

2.2939.107 

N.I. 

(OST), Eff = 77.2% 

(TST), Eff = 84.3% 

(FST), Eff = 87.2% 

Where N.I.: No information, SWS: spray wet scrubbers, VWS: venturi wet scrubber, BCWS: bubble column wet scrubber, EWS: Electrostatic wet scrubber, TWS: 

turbulent wet scrubber, WFGDSS: wet flue gas desulfurization scrubber, OST: Open scrubbing tower, U-TS: U-type scrubber, TST: tray scrubbing tower, FST: 

Flow pattern control device scrubbing tower, HAS: heat absorbing scrubber, IWS: Innovative wet scrubber, CDS: Charged-Droplet scrubber, CWS: Cyclone wet 

scrubber, CPWS: composite wet scrubber, SPWS: sieve plate wet scrubber, OWS: orifice wet scrubber 

Table 4 presents a summary of experimental and numerical studies on the collection of 

particles in a wet scrubber. The tables shows that they are indeed several studies on the 

collection of particles by a wet scrubber, but no study was found specifically dedicated to 

removal of nanoparticles by a spray scrubber under waste incineration. 
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1.8 Conclusions of the chapter 

In this chapter, a literature review was carried out on nanomaterials and wet scrubbing 

technology. 

The conclusion for the nanomaterial section includes: 

1. Several definitions of nanomaterials exist with the EU commission definition 

emphasizing the source, the US Environmental Protection Agency highlighting the 

chemical novelty of the material while the ISO stresses the size range of the material. 

2. There are no international guidelines on the safe disposal of nanomaterials at end-of-

life as such nanowaste currently follows conventional waste management pathways. 

3. In waste incineration, several studies have reported that after combustion, the majority 

of the nanomaterials end up in the bottom ash in their nano-sized form. But, a fraction 

of the nanomaterials were also found in the fly ash. 

The conclusion for the wet scrubbing section includes: 

4. A wet scrubber does participate in the collection of PM even though it is principally 

designed to treat acid gases 

5. There exist a variety of scrubbers such as tray, venturi and spray scrubbers that are 

employed in various industrial applications such as asphalt production waste 

incineration and cement production plants 

6. The collection of particles larger than 5.0 µm in a wet scrubber is governed by the 

impaction mechanism while 0.1 µm is captured by Brownian diffusion. A particle may 

still be collected by interception mechanism if it comes within one particle radius of a 

droplet. Other mechanisms involved in a scrubber include gravity, phoretic and 

electrostatic forces. 

7. Generally, the gas flowrate, the liquid flowrate, the gas humidity rate and the particle 

diameter are positively correlated to the particle collection efficiency of a scrubber. 

Conversely, the droplet diameter is inversely correlated to the scrubber performance.
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Chapter 2: Materials and methods 

 

 



2.1 Introduction 

This chapter presents the materials and methods used in this thesis. The experimental setup is 

described in this section. The setup was designed to be representative of a full-scale spray 

scrubber present in the flue-gas cleaning line of a hazardous waste incineration plant in terms 

of the height-to-diameter ratio, liquid-to-gas ratio, gas inlet, and outlet temperatures, gas 

humidity, gas residence time, gas flow regime, droplet diameter and particle concentration. 

The aerosol investigated is also described, as well as the apparatus used for aerosol generation 

and counting. This section also describes the droplet collectors used and the method employed 

to evaluate the collected particles in the discharge water. Lastly, the general experimental 

methodology – Box–Behnken design is also reported. 

2.2 Description of the experimental setup 

2.2.1 Incineration plant – Full-scale spray scrubber  

The full-scale spray scrubber is part of a configuration of four spray scrubbers operating in 

series present in the flue-gas treatment line of the Salaise II hazardous waste incineration 

plant (WIP). The plant is operated by the company Séché Environnement/Trédi. The 

hazardous WIP (Figure 12) is typically fed with waste containing halogens and sulfur 

compounds. To treat and perform an energy valorization of the waste, the WIP is composed of 

a rotary kiln for the combustion and post-combustion steps capable of attaining high 

temperature (11000C), while the energy recovery step consists of a boiler. The fumes 

treatment step is based on an electrostatic precipitator and four spray scrubbers for particle 

capture and gaseous compounds reaction and separation. The first scrubber is operated in a 

co-current mode while the other three scrubbers are counter-current spray scrubbers. The full-

scale scrubber considered in the present thesis is the second spray scrubber operating in 

counter-current mode (Figure 12).  
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Figure 12 Full-scale Industrial unit TREDI Salaise-2 © Groupe Séché Environnement 

The full-scale spray scrubber considered for pilot-scale investigation has a height of 15 m and 

a diameter of 2.7 m. Water is used as the collection liquid and is supplied by 30 spray nozzles 

at 4 levels located inside the scrubber. The typical liquid-to-gas ratio encountered ranges from 

2 – 12 L.m-3. Further parameters of the full-scale scrubber are shown in Table 5. 

2.2.2 Pilot-scale spray scrubber 

The pilot scrubber was designed to allow as much as possible a scale similitude regarding gas 

phase residence time compared with the full-sale scrubber considered in the flue gas treatment 

line of the Salaise II plant. When scaling down the full-scale scrubber to the pilot-scale 

scrubber, it was important to consider both the geometric and the dynamic similarities. To 

achieve this, a similitude of the gas residence time was selected. The geometric similarities 

criteria between the full-scale scrubber and the pilot-scale scrubber were accounted for in the 

form of dimensioning the length, width, and height of the pilot-scale scrubber. The dynamic 

similarities (i.e., Hydrodynamic and thermal) were accounted for in the form of the gas 

velocity, the Reynolds number, and the temperature gradient. For that purpose, the following 

design and operating parameters are kept constant between the full-scale and the pilot-scale 

scrubbers: 

(i) The design parameters- 

 the ratio between the height (h) and the diameter (d) of the column h/d 

 the same droplet diameter at the outlet of the spraying nozzle 

 

(ii) The same flow properties- 
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 the turbulent flow regime 

 the ratio of the liquid flow rate (QL) to the gas flow rate (QG) QL/QG 

 

(iii) The same thermodynamic parameters- 

 The same inlet (200°C) and outlet (70°C) temperatures 

 The same humidity conditions i.e., a mixing ratio of 15% (g of water/g of air) at the 

inlet i.e., approximately 1% relative humidity or 90 g/m3 absolute humidity  

 

(iv) The same particle concentrations and distributions at the inlet of the scrubber i.e., at 

the outlet of the electrostatic precipitator 

 

The full-scale data were obtained from the NANOWET project report [65] in which the mass 

characterization of particles in the flue gases of the incineration plant operated by Séché 

Environnement (Salaise II) was conducted in normal operations of the plant. The full-scale 

and the pilot-scale scrubbers design and operating parameters are presented in  

Table 5 Full-scale and pilot-scale spray scrubbers parameters at nominal conditions 

Parameters  
Specifications Trédi 

(Salaise II, outlet ESP) 

Pilot-scale 

scrubber 

Height of scrubber, h  15 m 1.9 m 

Diameter of scrubber, d  2.7 m 0.3 m 

h to d ratio 5.55 6.3 

Number of nozzles 
30 spray nozzles (3 

nozzles/5m) 

20 nozzles 

4 stages 

Gas nature Flue-gas Room air 

Gas flowrate, QG 50 to 60,000 Nm3.h-1 45 Nm3.h-1 

Relative humidity  Inlet 1% (200°C) 1% 

Gas temperature  
T inlet = 200 - 240°C 

T outlet = 55 - 75°C 

T inlet = 200°C 

T outlet = 70°C 

Gas velocity, Ug 3 m.s-1 0.2 m.s-1 

Reynolds number, Re >30000 ~3000 

Gas residence time  5 s 5 s 

Liquid to Gas ratio 2 - 12 l.m-3 ~5 l.m-3 

Droplet diameter, D 70 µm (ratio G/L: 0.2Nm3/l) 70 µm at 10 bar 
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Droplet residence time, TD No information 1 s 

Droplet velocity No information 13.8 m.s-1 

Particle concentration (after ESP) 
dN/dlogdp ~ 106 (part.cm-3) 

dp modal=0.3µm 
- 

 

Table 5 indicates a significant difference in gas velocity between the full-scale scrubber (3 

m.s-1) and the pilot-scale scrubber (0.2 m.s-1). While the gas velocity mainly impacts the gas 

residence time i.e., the particle residence time, which has been maintained at a constant value 

(5 s) for both the full-scale and pilot-scale, higher gas velocities such as those in the full-scale 

scrubber may also have secondary impacts on the flow patterns, liquid-to-gas ratio, droplet 

size, and droplet velocity which in turn could affect the performance of the scrubber. 

It should be noted that the complex matrix of pollutants encountered in the WIP flue gas 

treatment lines at the inlet of the scrubber was drastically simplified at the lab scale. A 

controlled particle size distribution and number concentration of carbon nanoparticles were 

injected, as particulate matter, into the gas flow feeding the pilot. Figure 13 shows the 

schematic of the experimental test setup. 
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Figure 13 Scheme of the experimental setup 

To operate the setup (Figure 13), the laboratory ambient air is supplied to the test bench by a 

centrifugal fan located downstream of the scrubber. The ambient air is filtered by passing 

through a G4 and an F9 filters to remove PM from the airflow before entering the pilot. To be 

representative of thermodynamic conditions encountered at the inlet of the full-scale scrubber, 

the airflow is heated in two steps: first heated to 70°C by a heating resistor placed in the flow 

and the second heating step is performed by an injection of steam whose mass flows depends 

on the air flowrate. The airflow is further heated to 200°C by a second heating resistor 

positioned on the surface of the air duct. At this point, carbon nanoparticles generated by the 

DNP 2000 (Palas) particle spark generator are injected. Water serves as the liquid collector 

and the water temperature was set to 60°C to attain the target gas outlet temperature of 70°C. 

A photograph of the pilot scrubber and its associated apparatus is shown in Figure 14. 
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Figure 14 Photograph of the experimental setup 

Single orifice spray nozzles with external diameters of 0.45 mm located at four different 

levels inside the scrubber supplied the water to the setup (Figure 15). 

 
Level 1(bottom) 

 
Level 2 

 
Level 3 

 
Level 4 (top) 

 

Figure 15 Image of nozzles at four different spray headers 

While the liquid flowrate and droplet diameter are theoretically independent, in practice they 

are partially correlated given the spraying technology (spray nozzles) employed. To account 

for this, the number and the location of the nozzles were adjusted accordingly. Given that this 

step could introduce secondary effects, three different experimental conditions were 

investigated to determine the influence of nozzle configuration modification on the collection 

efficiency. Particle counting was conducted upstream and downstream of the scrubber by the 
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SMPS (Grimm) to quantify the particle collection efficiency of the scrubber. Gas dilutions 

were also performed before particle counting to lower the high humidity and/or temperature 

of the gas so that stable and repeatable particle size measurements were obtained as the effects 

of condensation and nucleation were minimized. 

2.2.3 Collection efficiency measurement 

The nanoparticle collection efficiency of the scrubber is determined by measuring the 

concentration and particle size distribution of the upstream and downstream sampling points. 

A measurement lasted for a total of 40 minutes consisting of 5 scans of upstream 

measurement and another 5 scans of downstream measurement. The fractional collection 

efficiency, i.e., the collection efficiency of the scrubber for a specific particle diameter, is 

calculated according to the following expression: 

 
(9) 

 

Where dpi = characteristic diameter of the ith particle size range (in nm). 

To establish repeatable and reproducible experimental results, the experimental campaigns for 

each operating condition were conducted four times over two days as presented in Figure 16. 

Tests A and B were conducted on the same day with a 30 minutes modification and re-

establishment of the operating conditions before Test B is performed. Similarly, Tests C and 

D were conducted 24 hours later.  

Te
st

 (
-)

Duration (Hours)

A

B

C

D

Start 1 0H40 01H10 01H50 Start 2 0H40 01H10 01H50

 
Figure 16 Breakdown of the experimental test procedure (not drawn to scale) 
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2.2.4 Measurement of uncertainty 

The uncertainty due to conducting the same measurement four times may be more significant 

than the uncertainty in a single experimental measurement if the results obtained from 

repeating the measurement are not consistent and reproducible or if there is a high degree of 

variation in the results. This variability can be caused by factors such as errors in the 

equipment (SMPS and DNP particle generator), human errors, or variables that were not able 

to be controlled during the experiment. The uncertainty in the 20 sampling measurements (A1 

to D5) shown in Figure 16 was calculated using the standard error (SE) which in turn was 

calculated from the standard deviation (SD). SD was calculated with the assumption that the 

measurement errors follow a normal distribution. The standard deviation is a measure of the 

spread of the data and is calculated using the formula: 

 

(10) 

Where  is each measurement,  is the mean of the measurements and N is the total number 

of measurements. 

The standard error (SE) is shown on the collection efficiency curves as an error bar calculated 

for each particle size collection efficiency as follows: 

 (11) 

2.3 Aerosol Investigated  

The incineration of waste-containing nanoproducts could lead to the release of nanomaterials 

from the bulk material. Likewise, depending on factors such as the precursor, combustion 

temperature and oxygen concentration, nano-sized particles could be released in the gas phase 

during waste incineration. To represent the particle size distribution (PSD) present in the flue 

gas downstream of the electrostatic precipitator, carbon nanoparticles are generated by a 

nanoparticle spark generator (DNP 2000 PALAS) by generating a jump spark between two 

graphite electrodes under high voltage.  

A scanning electron microscope (SEM) observation (Figure 17) of the carbon nanoparticles 

collected on a sampling filter positioned downstream to the DNP spark generator at room 

temperature shows that the generated carbon nanoparticles coagulated to form agglomerates.  
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Figure 17 SEM observation of carbon nanoparticle agglomerates generated by the DNP 

2000 generator (Palas) 

2.3.1 Carbon particle generator and measurement equipment 

2.3.1.1 Defined Nano Particle (DNP) 2000 PALAS spark generator 

As stated earlier, the generation of carbon nanoparticles in this work was done by using the 

DNP 2000 (Palas) spark generator. The DNP 2000 generates nano-scale carbon particles by 

spark discharge produced from two opposing cylindrical graphite electrodes (Figure 18). The 

generated particles are transported by a stream of nitrogen gas at a volume flow of 4.5 l.min-1 

acting as a carrier gas. Given the high number concentration of the primary nano-sized 

particles (>107 particles.cm-3), the particles coagulate to form agglomerates. Particle 

agglomeration is minimized by utilizing an exact dilution of the generated particles with clean 

compressed air at 40 l.min-1 volume flow. The consumption of electrodes is automatically 

compensated by the adjustment of the electrodes. The size distribution of the generated 

carbon particles depends on the spark frequency (13 – 200.s-1) and the dilution air flow rate. 

During the experiments, the spark frequency was adjusted to the highest by setting the storm 

current button of the high-voltage supply to 999V. To maintain the reproducible and constant 

operation of the generated, the generator flow channel was periodically cleaned of deposited 

particles by using cotton buds dipped in liquid ethanol. Occasionally, consumed electrodes 

were replaced by new ones. 
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Figure 18 Principle of the spark generator 

2.3.1.2 Particle counter and mobility particle sizer SMPS, Grimm  

The most commonly used particle sizing instrument, the Scanning Mobility Particle Sizer 

(SMPS Grimm) was used in this work to quantify the number and size distribution of carbon 

particles generated by the DNP 2000 (Palas). The SMPS consists of a Differential Mobility 

Analyzer (DMA) and a Condensation Particle Counter (CPC). The SMPS operates on the 

principle of electrostatic classification of charged particles and sizes particles based on their 

mobility equivalent diameter for particle number concentration from 10 to 1000 nm in 23, 43, 

or 64 size channels for particle concentration in a range of 0 - 107 particles.cm-3 and sampling 

flow of 0.3 l.min-1. The operation of the SMPS consists of initially neutralizing sampled 

particles with a bipolar charger. The particle air flow then enters the DMA column into a 

space between the wall and a central electrode. Monodisperse particles in a narrow range of 

electrical mobility exit the DMA and subsequently enter the condensation particle counter 

(CPC), where the particles grow into large sizes due to exposure to butanol vapor. This permit 

the particles to be detected by a laser light scattering device. The particle size in mobility 

diameter is determined by combining this information with knowledge of the charging 

probability. Coupled with the particle counting capability of the CPC, size distributions are 

obtained. The measurement of a size distribution requires the instrument to scan through a 

range of voltages which is typically on a timescale of five minutes. 

2.3.2 Dilution before counting/sampling 

As particle sampling is realized by sampling probes connected to heating lines that are 

introduced into the gas flow, upstream and downstream of the scrubber. It was vital to 

maintain isokinetic sampling. Isokinetic sampling is important when measuring the particle 

size distribution (PSD) as it ensures that the particles being measured are representative of the 

population in the sample and that the measurement is not biased by the flow conditions of the 

sample. According to the literature, for the sampling of submicronic and nano-sized particles, 
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the isokinetic sample error is insignificant [128]. Arouca et al. [189] reported that the 

isokinetic sampling conditions for nano-sized particles (12-130 nm) do not depend on the 

sampling velocity, the flowing duct flow rate, or on the diameter of the sampling nozzle. To 

that effect, no additional modification of the sampling probes was made for the various gas 

flowrates investigated. However, to avoid surpassing the maximum allowed operating particle 

concentration, temperature and humidity of the SMPS, a two-step dilution was implemented. 

The first dilutor was operated at 150oC while the second (a VKL diluter) was at room 

condition. In the VKL dilution system, dilution occurs by homogeneous mixing of a definite 

amount of clean air with a definite amount of aerosol (Figure 19). The ratio of the mixed amount 

of aerosol and clean air is predetermined and stable during dilution. The two dilutions gave a 

combine dilution factor of around 1: 100. 

 
Figure 19 VKL 100 dilution system © Palas 

2.3.3 Carbon particle size distribution and concentration 

A measurement of the particle concentration distribution upstream of the pilot scrubber at 

nominal conditions was performed. Figure 20 represents the average PSD and the cumulative 

frequency distributions measured over 4 different sampling periods. 
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Figure 20 Particle size distribution of carbon nanoparticles upstream of setup at nominal 

conditions (average for N:4; standard deviation) 

https://www.palas.de/file/dQ2047/image/jpeg/VKL+10+Principle_eng.JPG.jpg?size=1200x700
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The concentrations of nanoparticles were respectively 7.0.106 particles.cm-3 with a particle 

mode between 35 and 42 nm. 

2.4 Liquid collectors 

2.4.1 Droplet characterization 

Droplet diameter and velocity measurements were performed by the Lechler company, which 

is the manufacturer of the spry nozzles used in the study. The Phase Doppler Anemometry 

(PDA) measurements consisting of vertical and horizontal velocity measurements by four 

lasers were implemented. Two lasers for horizontal speed and two for vertical velocity. The 

tests were done with a single orifice hollow cone nozzle 220.185.1Y.AC (Figure 21) at room 

conditions.  

 
 

Figure 21 single orifice hollow cone nozzle 220.185.1Y.AC nozzle 

The measurements were done at different distances (nozzle to laser) and different liquid 

pressures. A summary of the results is presented in Table 6. The PDA uses laser light 

scattering to measure the droplet size and velocity. In Table 6, the mean vertical and 

horizontal velocities for each test condition are presented. The droplet diameters (SMD/D32, 

DV10, DV50 and DV90) presented in Table 6 are statistical measures of the droplet size 

distribution. They represent different percentiles of the droplets in the spray and are used to 

describe the size distribution of droplets. The Sauter Mean Diameter (SMD) also called D32 

represents the mean diameter with the same ratio of volume to the surface area as the droplet 

population. DV10 also known as the surface mean diameter represents the droplet size in 

volume that is exceeded by only 10% of the droplets, meaning 90% of the droplets are smaller 

than this size. DV50 (also known as the median droplet size) represents the droplet size in 

volume that is exceeded by 50% of the droplets, this means that half of the droplets are 
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smaller than this size and half are larger. DV90 represents the droplet size (in volume) that is 

exceeded by 90% of the droplets, meaning only 10% of the droplets are smaller than this size. 

Table 6 Summary of droplet characterization measurement 

   
Droplet diameter Mean velocity 

Pressure 

(bar) 

Volume 

flow 

(L.min-

1) 

Distance 

(mm) 

SMD/D32 

(µm) 

DV10 

(µm) 

DV50 

(µm) 

DV90 

(µm) 

Vertical 

(m.s-1) 

Horizontal 

(m.s-1) 

3 0.1 20* 91.1 54.5 111.6 194.6 5.98 3.59 

3 0.1 70 95.8 64.9 116.8 184.2 4.26 0.68 

3 0.1 150 80.6 44.1 106.4 179 3.26 0.23 

5 0.13 20* 83.9 54.5 101.2 173.8 8.13 5.86 

5 0.13 70 78.3 49.3 96 153.1 5.14 1.04 

5 0.13 150 69.3 38.9 96 158.3 4.23 0.25 

10 0.18 20* 69.2 44.5 81.4 137.9 11.4 7.73 

10 0.18 70 62.8 38 81.4 129.2 5.95 1.13 

10 0.18 150 58 33.7 72.7 120.5 4.59 0.15 

20 0.26 20* 62.9 40.2 74.9 127 16.19 10.89 

20 0.26 70 54.2 31.5 70.6 114 7.61 1.43 

20 0.26 150 49.4 29.3 59.7 105.3 5.31 0.5 

*  Distance considered in the present study and SMD is Sauter Mean Diameter 

 

However, when describing droplet size, a single number is often needed. In the present study, 

the Sauter mean diameter (D32) is used to represent the mean droplet size as it characterizes 

processes such as efficiency studies and mass transfer [190, 191]. In Table 6, for a given 

measurement distance (example 20 mm) a change in the spray pressure leads to the 

modifications of the liquid flowrate, droplet velocity and droplet diameters. As the spray 

pressure increases, the liquid flowrate and the droplet velocities increases. However, an 

increase in the spray pressure leads to a decrease in the droplet diameters (SMD/D32, DV10, 

DV50 and DV90). 
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Figure 22 Cumulated droplet number/surface 

To provide further information about the droplet size distribution, Figure 22 represents the 

cumulative frequency distribution plot (number) and the droplet surface area plot. The 

cumulative frequency distribution plot has a gradual slope indicating a wider droplet size 

distribution. The width of the curve shows a greater variation in droplet size. For the droplet 

surface area plot, the curve is a step curve indicating that the droplet size in terms of droplet 

surface is narrow. 
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Figure 23 Droplet velocity intensity vs (a) Droplet size number distribution and (b) 

Droplet size surface distribution  

Figure 23(a and b) present the droplet velocity intensity against the droplet size number 

distribution and droplet size surface distribution respectively. These plots permits identify the 

relationship between the droplet size and the droplet velocity. Both plots have a positive slope 

indicating that as droplet size increases, droplet velocity also increases. However, larger 

droplet sizes (above 30 µm in number or 80 µm in surface) have much stepper slops as such 

higher velocities. 
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2.4.2 Range of droplet diameter 

The range of droplet diameters used in this work is presented in Table 7. Table 7 also shows 

the liquid flowrate for one nozzle and the liquid pressure corresponding to each droplet 

diameter. One can see that a significant increase in water pressure (from 6 to 25 bars) does not 

significantly give a wider range of droplet diameter. 

Pressure (bar) 

Volume flow per 

nozzle (L.min-1) SMD/D32 (µm) 

25 0.30 60 

10 0.18 70 

6 0.14 80 

Table 7 Range of droplet parameters for a single spray nozzle 

The design droplet parameters were obtained from linear inter and extrapolations of the 

droplet characterization (Figure 24) studies earlier presented in Table 6. It should be noted 

that the characterization studies were conducted for a single spray nozzle in the direction of 

gravity at room conditions. Conducting a spray droplet characterization study in a room 

versus in an in-situ spray scrubber with a  counter-current gas flow rate, gas temperature, and 

relative humidity can lead to significant differences in the results. Other factors that could 

lead to a variation in the results include the presence of other spray nozzles and the geometry 

of the scrubber. All this could result in significant droplet evaporation or condensation or 

coagulation that in turn modify the actual droplet size distribution and velocity.  
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Figure 24 Linear extrapolation of droplet parameters at 20 mm from the nozzle 
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2.5 Methodology 

2.5.1 Overall methodology 
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Figure 25 Overall research methodology 

To evaluate the performance of the pilot-scale scrubber concerning the collection of NPs 

contained in incineration fumes, the research strategy presented in Figure 25 was employed. 

The strategy consists of initially conducting an experimental campaign at nominal conditions 

to quantify the collection efficiency of carbon nanoparticle NP by the pilot scrubber. 

Complementary purge water filtration measurements were carried out to measure the fraction 

of NPs that end up in the discharge water. Also at nominal conditions, experimental 

robustness checks were conducted to measure the collection of NP by the scrubber 

walls/surfaces, when there were no liquid collectors. 

The results of the nominal condition campaigns were used to fit a mechanistic particle 

collection model based on impaction, Brownian diffusion and interception particle collection 

mechanisms. To investigate the influence of key operating parameters (droplet diameter, 

liquid and gas flow rates) on the performance of the pilot scrubber, the design of experiment 

methodology (DOE) was used. The results of the DOE permitted to verification of the 

mechanistic model robustness when the operating parameters were varied. Given the droplet 

spraying technology used, an experimental robustness check was performed to verify the 

influence of varying the nozzles configurations on the pilot scrubber collection efficiency. 
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2.5.2 Design of Experiment 

The conventional method of studying the influence of several independent variables in a 

process on a response(s) involves changing one variable at a time while keeping other 

variables constant. This approach relies on “trial and error” and more importantly, ignores the 

interactions between the independent variables. In a new approach called the Design of 

Experiments (DOE), several independent variables are varied systematically and 

simultaneously to obtain a response or a group of responses. Aside from the advantage of time 

and cost savings, DOE can be used to screen the main variables from a list of several 

variables and can also be used to optimize the variables for desirable response(s). DOE can 

also give insight both about the main effects and interaction effects (i.e., the combined effect 

of multiple variables) on the response(s). DOE involves two stages: a screening stage to 

narrow the critical independent variables under assessment and a response surface 

methodology (RSM) to determine the responses' shape. A common type of RSM, the Box-

Behnken design (BBD), is reported to be more efficient than other types of RSM such as 

central composite, Doehlert matrix, or three-level full factorial designs [192].  

BBDs are not based on complete or fractional factorial designs but are rotatable or nearly 

rotatable second-order designs based on three-level incomplete factorial designs. In the case 

of three independent variables, for example, the design points are positioned in the middle of 

the sub-areas of the edges of the experimental domain, as shown in the graphical plot below 

(Figure 26). 

Y

X

Z
 

Figure 26 Graphical representation of three-factor Box–Behnken design 

The predetermined number of experiments (N) required for the development of the BBD is 

given as: 

 (12) 

Where k is the number of independent variables and Co is the number of center points. 
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2.5.3 Operating conditions for experimental campaigns 

In this work, the main variables were screened using semi-empirical particle collection 

models (mechanistic models) considering impaction, Brownian diffusion and interception 

mechanisms. This was achieved after the mechanistic model results were fitted to the initial 

DOE experimental runs at nominal conditions. Independent variables such as gas flowrate, 

gas temperature, liquid flowrate, droplet diameter and scrubber geometry (height and 

diameter) were originally considered. However, three main independent operating variables 

were identified: gas flowrate, liquid flowrate and droplet diameter. Eight responses (Table 9) 

were selected corresponding to the nanoparticle collection efficiencies at particle sizes 17, 20, 

24, 29, 35, 42, 51 and 62 nm in mobility-equivalent diameters. The range of responses was 

selected to cover particle diameters in the Brownian diffusion region, the intermediate region, 

and the impaction-interception dominant region. 

Table 8 Box–Behnken design responses 

Responses (%) Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 

Particle size (nm) 17 20 24 29 35 42 51 62 

 

The responses were selected bearing in mind the measurement instability resulting from low 

particle concentration generated (by the Palas DNP-2000 generator) and counted (by the 

scanning mobility particle sizer) for particle sizes less than 14 nm or greater than 91 nm. 

 

 

Table 9 Box–Behnken design experimental variables 

Variables Symbol Level 

  -1 0 +1 

Gas flowrate (Nm3.h-1) A 35 45 55 

Liquid flowrate (L.min-1) B 1.6 3.2 4.8 

Droplet sizes (µm) C 60 70 80 

The range of the three independent factors is shown in Table 9. The liquid flowrate is 

obtained by adjusting the number of spray nozzles while maintaining the liquid pressure as 

reported in Table 7. These values represent scaled-down values encountered at the inlet of a 

full-scale spray scrubber in the hazardous WIP operated by our industrial partner Séché 

Environnement. The range at three levels is coded as low (–1), medium (0) and high (+1). 
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Level 0 is the nominal conditions encountered in the full-scale plant. Levels -1 and +1 are 

acceptable lower and upper conditions encountered in the full-scale plant respectively. The 

most commonly used form of RSM, i.e., three-level, three-factorial Box-Behnken design 

(BBD) was employed for the DOE design. Seventeen experimental runs were conducted 

involving twelve factorial runs and five replica runs at central points, as depicted by the dots 

in the cube matrix in Figure 27. Replication was used to estimate the effects of natural process 

variations. The Design-Expert® software, V13 (Stat-Ease, Inc., Minneapolis, MN, USA) was 

used for the BBD model analysis. 
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Figure 27 BBD cube matrix of 17 runs for 3 independent factors and 8 responses 

2.5.4 Statistical analysis of BBD results 

A regression analysis is carried out to determine if a relationship exists between the 

independent variables investigated and the selected responses. If a non-linear relationship 

exists, a second-order quadratic polynomial regression (13) is used to examine the 

relationship between the independent factors A, B, and C and the responses - Y1, Y2, Y3, Y4, 

Y5, Y6, Y7, and Y8. 

 

(13

) 

 

Where Y is the predicted response, 0, is a constant term, 1, 2, and 3 are the regression 

coefficients of linear terms, 11 22 33 are quadratic coefficients, and 12 13 23 are 

interaction terms [193]. 

A test for significance for the overall BBD model equations and the BBD model terms is 

made to validate the regression BBD models. Furthermore, additional checks such as 
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coefficient of determination (R2) and examination of the residuals are also made to test for the 

BBD model lack-of-fit. 

2.6 Qualification of experimental setup 

Before investigating the performance of the pilot-scale scrubber concerning the collection of 

nanoparticles, it is pertinent to isolate the particle collection solely by the liquid collectors 

inside the scrubber, i.e., droplets and liquid wall films. This is done for two reasons; a) the 

influence of a scrubber wall on the performance of the scrubber is much more pronounced in 

the pilot-scale scrubber than in the full-scale scrubber due to a higher surface-to-volume ratio 

and b) liquid collections have a much more significant influence on the scrubber performance 

than the geometry of the scrubber  [149]. In scaling the results of the present work to full-

scale scrubbers, a study of the performance of the pilot-scale scrubber considering 

nanoparticle collection due only to droplet contact may also be relevant. Thus, the following 

subsection discusses the nanoparticle collection by the scrubber contact surfaces (both the 

walls of the scrubber and the nozzle apparatus). Subsequently, the nanoparticle collection due 

only to the liquid collectors (i.e., droplets and liquid wall films) will be deduced from this. 

Given the spraying technology employed in this work, a study of the likely secondary effect 

of the modification of the nozzle configuration is discussed in this section. Lastly, the 

quantification of the transfer of nanoparticles at nominal conditions from the gas phase to the 

liquid phase is made. 

2.6.1 Particle removal efficiency of the pilot-scale scrubber with no liquid injection 

To investigate the nanoparticle removal efficiency by the scrubber when there is no liquid 

flow, i.e., the nanoparticle collection by the inlet surfaces of the scrubber (walls and nozzle 

apparatus), experimental campaigns were conducted at 3 different gas flowrates: 35, 45, and 

55 Nm3.h-1. To maintain the same scrubber temperature (70°C) similar to when there is a 

liquid flow rate, the gas inlet temperature was set to 70°C as against the usual 200°C. While 

the nozzles were physically located over the 4 stages in the scrubber during these tests, no 

liquid flow was supplied. Figure 28 shows a plot of the nanoparticle collection efficiency of 

the scrubber with no liquid injection as a function of particle diameter at different gas 

flowrates. Significant fractional collection efficiency is observed for all particle diameters and 

all gas flow rates, indicating that nanoparticles are collected by the inlet surfaces of the 

scrubber.  
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Figure 28 Nanoparticle collection efficiency by the scrubber with no liquid injection at 

varying gas flowrates at 70°C - 1% RH (average for N: 4; standard deviation) 

The collection of particles by the scrubber walls and nozzles is similar for both gas flowrates 

of 35 and 45 Nm3.h-1. However, a slight increase in the particle collection efficiency due to 

particle collection of walls is observed at 55 Nm3.h-1 gas flowrate. Moreover, the results 

indicate that the particle collection efficiency due to walls (no liquid injection) increases when 

decreasing the particle diameter, varying from 10 to 20% for a particle diameter of 80 and 20 

nm respectively.  

According to Nerisson et al. [194] the main mechanisms responsible for particle collection 

onto walls are: 

 Sedimentation under the effect of gravity  

 Impaction under the effect of centrifugal force 

 Brownian and turbulent diffusion 

 Thermal precipitation (thermophoresis) and electrical precipitation 

Thermal and electrical precipitation, which have the potential to influence the boundary layer 

of the gas flow, are considered to be insignificant in these experiments as no electrical forces 

were applied and the gas temperature was maintained constant throughout the scrubber. This 

was achieved by ensuring a constant gas temperature at the inlet and outlet, as well as using 

heat-insulated walls. Additionally, sedimentation, which is the combined effect of drag and 

gravity forces, is also considered to be negligible given the small size of the particles injected 

into the scrubber. Instead, the primary mechanism for particle deposition in the scrubber is 

found to be particle impaction under the effect of inertial forces. This collection mechanism is 

accentuated by an increase in both gas flow rate and particle diameter, and occurs outside of 

the boundary layer. When the scrubber is operated with liquid, particle deposition by turbulent 
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impaction can occur if the particles receive sufficient energy from the droplets to leave their 

fluid flow line and impact the walls. 

The particle collection by Brownian diffusion occurs for low inertia particles having 

penetrated the viscous sub-layer next to the wall when submitted to turbulent diffusion forces 

in the flow buffer layer. The influence of the gas flowrate on the particle collection observed 

in Figure 28, could be explained by the increase of the turbulent diffusion of the low inertia 

particles for the higher gas flowrate and by the inertial impaction on the scrubber walls of the 

larger particles.  

Indeed, Lancaster et al. [149] obtained similar results in a wet scrubber where they injected 

steam (but not liquid flow) in a saturated air at 20°C and flowrate of 45 ft.sec-1 for the 

collection of particles with diameter 1.0 µm. The authors reported than up to 33% of dust 

particles was collected by wall deposition principally due to impaction mechanism. 

In Figure 29, the PSD upstream and downstream of the scrubber operating with no liquid 

injection is presented. No significant particle aggregation phenomena in the scrubber are 

observed as there is no overall shift of the PSD from upstream to downstream. However, the 

presence of vapor can promote adhesion forces, leading to the phenomenon of condensation 

and aggregation of particles. In this case, the modal diameter of the particles tends to increase 

from the upstream to the downstream direction. This is likely due to the smallest particles 

undergoing condensation and aggregation to form larger particles, which can explain why the 

efficiency is higher for particles with a diameter of 20 nm compared to those with a diameter 

of 80 nm (Figure 28). 
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Figure 29 Particle size distribution upstream and downstream of the scrubber operating 

with no liquid injection at varying gas flowrates (average for N:4; standard deviation) 

Thus, the walls of the pilot-scale scrubber do participate in the collection of nanoparticles 

even when there are no liquid collectors. Note that these tests were performed at a constant 

temperature of 70°C at the inlet and outlet of the scrubber for technical reasons (preserving 

the integrity of the fibrous filter at the outlet of the pilot-scale scrubber), thus neglecting 

deposition by thermophoresis. 

Table 10 Carbon nanoparticle relaxation time 

dp (nm) 12 14 17 20 24. 29 35 42 51 62 75 91 

 (10-8) 1.12 1.34 1.61 1.94 2.34 2.84 3.46 4.23 5.21 6.47 8.10 1.03 

Where  is the dimensionless particle relation time and dp is particle diameter (nm) 

Table 10 shows the dimensionless particle relation time ( ) as a function of particle diameter. 

 is estimated from the expression in the study of Nerisson et al.[194]. Particle relaxation 

time is the time required for a particle to adjust to the local gas flow velocity and is inversely 

proportional to the particle diameter. For particles with a short relaxation time, their motion is 

more closely aligned with the gas flow velocity, and they are more likely to be transported 

farther into the scrubber before being deposited. In the case of  

Table 10, diffusion and diffusion-impaction mechanisms are more likely to be the dominant 

deposition mechanisms. 

2.6.2 Influence of nozzle configurations on the particle collection efficiency 

Spray nozzles located on nozzle heads at four (4) distinct locations in the scrubber supply the 

water droplets inside the pilot-scale scrubber. To conduct experimental tests at different liquid 
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flowrates corresponding to a constant droplet diameter, the number and location of the spray 

nozzles are varied accordingly. This could have secondary effects on the operating parameters 

investigated in this work. Thus, three different tests, described in Table 11, were performed to 

investigate the influence of nozzle location on the performance of the pilot-scale scrubber. 
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Table 11 Nozzle configurations for test A, B and C 

Test A: Gas flowrate: 35 Nm3.h-1, liquid flowrate: 1.6 L.min-1 & droplet diameter: 70 µm 

Spray stage 
Number of nozzles 

a1 configuration a2 configuration a3 configuration 

Stage 4 1 0 2 

Stage 3 3 9 4 

Stage 2 3 0 2 

Stage 1 (bottom) 2 0 1 

Total nozzles 9 9 9 

Test B: Gas flowrate: 45 Nm3.h-1, liquid flowrate: 3.2 L.min-1 & droplet diameter: 70 µm 

Spray stage 
Number of nozzles 

b1 configuration b2 configuration 

Stage 4 3 4 

Stage 3 6 5 

Stage 2 6 5 

Stage 1 (bottom) 3 4 

Total nozzles 18 18 

Test C: Gas flowrate: 45 Nm3.h-1, liquid flowrate: 4.8 L.min-1 & droplet diameter: 60 µm 

Spray stage 
Number of nozzles 

c1 configuration c2 configuration 

Stage 4 4 4 

Stage 3 5 6 

Stage 2 5 4 

Stage 1 (bottom) 3 3 

Total nozzles 17 17 
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The influence of the nozzle location on the collection of nanoparticles by the pilot-scale 

scrubber for the A, B, and C conditions (Table 11) is represented in Figure 30, Figure 31 and 

Figure 32  respectively. For the range of operating parameters tested, little (Figure 30) to no 

(Figure 31 and Figure 32) influence of changing the location of the spray nozzles is observed. 

This conclusion is in line with studies by Keshavarz et al. [157] where the authors compared 

mathematical models and experimental results on the performance of a spray scrubber in 

gaseous pollutants scrubbing and aerosol removing processes. Keshavarz et al. [157]  reported 

that the nozzle locations have no significant effect on the performance of the overall 

efficiency of particles (PM5.0) by the scrubber. 
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Figure 30 Collection efficiency at Test A conditions for varying nozzle configurations 

(average N=4; standard deviation) 
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Figure 31 Collection efficiency at Test B conditions for varying nozzle configurations 

(average N=4; standard deviation) 
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Figure 32 Collection efficiency at Test C conditions for varying nozzle configurations 

(average N=4; standard deviation) 

2.6.3 Quantification of transfer of nanoparticles to liquid-phase 

To quantify the fraction of nanoparticles that is collected by the droplets and transferred to the 

discharged water at nominal conditions, a material balance analyzing the incoming and 

outgoing carbon nanoparticle flows was performed. The mass balance of the particles in the 

pilot setup is given as: 

ɸe = ɸ1 + ɸ2 + 𝝴 (14) 

 

ɸe: inbound gas phase particle flux 

ɸ1: outbound gas phase particle flux 

ɸ2: particle flow transferred to the liquid phase 

𝝴: wall/surface losses 

 

 
Figure 33 Particle/liquid vacuum filtration apparatus 

The particle mass fluxes in the gas phase are determined from the particle size distributions of 

the SMPS spectrometer considering a sphericity assumption on each class of particles. The 

carbon nanoparticle density is also considered. Membrane filtration was used to quantify the 

total mass or flux of particles transferred to the purged water by a vacuum pump (Figure 33). 

Cellulose acetate filters with a 47 mm diameter and a pore size of 0.02 µm were used. The 

filtered liquid was recovered by bypassing the purge water recovered at the bottom of the pilot 

scrubber during nominal operating conditions for a duration of 30 min. A total of 30 L of 

purged water was filtered. 
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The measured nanoparticle flow transferred to the liquid phase (ɸ2) on the filter was found to 

be: 0.0654 g.h-1.  

 

(15) 

Where Pc is particle concentration (#.cm-3), Volp is volume of particle (m3), n is number of 

particle size, QG is gas flowrate (cm3.h-1) and  is the particle density (1279 kg.m-3). 

 

Using the expression above, the mass of inbound gas phase particle flux (ɸe) was calculated 

to be 0.17496 g.h-1. Figure 34 shows the mass balance of the carbon nanoparticles at nominal 

conditions. 

0.0187 g.h-1 

(11%)

0.0654 g.h-1

(37%)

0.0909 g.h-1

(52%)

0.1750 g.h-1 

(100%)
ɸe

ɸ2

ɸ1

 

 
Figure 34 Mass balance of carbon nanoparticles at nominal conditions 

37% of the mass of the carbon nanoparticles is transferred to the liquid phase while 11% is 

collected by the walls of the scrubber. The 11% wall collection represents a much lower value 

than the almost 30% collection previously discussed when there is no liquid flow present in 

the scrubber. This could be attributed to the continuous washing of the scrubber walls by the 

liquid film.   

2.7 Conclusions of the chapter 

This chapter presents the overall research methodology for the study of carbon nanoparticle 

collection by a pilot-scale scrubber operating under waste incineration conditions. The pilot 

scale scrubber was designed and operated to represent a full-scale spray scrubber present in 

the flue-gas cleaning line of a hazardous waste incineration plant in terms of the height-to-
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diameter ratio, liquid-to-gas ratio, gas inlet and outlet temperatures, gas humidity, gas 

residence time, and gas flow regime, droplet diameter and particle concentration. 

It was reported that the experimental setup was equipped with a DNP 2000 (Palas) particle 

generator (for the generation of the carbon nanoparticles), an SMPS (for the counting of the 

PSD of the generated nanoparticles) and a two-step dilution system to lower the flue gas 

particle concentration, gas temperature and humidity conditions. The particle size distribution, 

SEM observation and the particle concentration of the carbon nanoparticles invested were 

also reported in this chapter. The liquid droplet diameter and velocity characterization 

measurements were likewise described. The characterization measurements of liquid droplet 

diameter and velocity highlighted the challenges associated with using spray nozzles. It was 

found that altering the liquid flow rate of the nozzle also led to changes in the droplet 

diameter. 

To investigate the influence of the main operating parameters on the collection efficiency of 

carbon nanoparticles by the pilot-scale scrubber, a Design of experiment methodology - Box 

Behnken design was employed. The three independent operating parameters (variables) 

considered were the droplet diameter, gas and liquid flowrates. 

Three test bench qualifications campaigns were conducted. The first involved quantifying the 

collection of nanoparticles by the scrubber walls at gas flowrates of 35, 45 and 55 Nm3.h-1 in 

the absence of liquid flowrate. It was found that a significant quantity of nanoparticles (up to 

30%) is collected by the walls of the scrubber. Given that spray nozzle were used in this thesis 

to supply the liquid, a second qualification test was carried out involving the investigation of 

the influence of the modification of nozzle configurations on the pilot scrubber collection 

efficiency at three distinct operating conditions. The influence of the nozzle configuration was 

found to be negligible. Lastly, a vacuum filtration measurement of the purged water to 

quantify the transfer of nanoparticles from the gas phase to the liquid phase at nominal 

conditions was conducted. It was found that 37% of the mass of the carbon nanoparticles was 

transferred to the liquid phase while 11% is collected by the walls of the scrubber. 
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Chapter 3: Optimization of nanoparticle 

collection by spray scrubber using Box-

Behnken Design 



 

3.1 Introduction 

This section discusses the experimental results using the Box-Behnken design (BBD) 

methodology. Three operating factors; Gas flowrate (factor A), liquid flowrate (factor B) and 

droplet diameter (factor C) were investigated. The numerical values for these factors were 

presented in chapter 2 (Table 9). Eight responses were selected to cover the particle diameter 

in the Brownian diffusion region, the intermediate region and the impaction-interception 

regions ( 

Table 8). As detailed in chapter II, analysis of variance and fit statistics are first performed to 

verify the adequacy of the BBD models at a 95% confidence level. For the BBD models that 

were found to be statistically significant, the regression equations are used to predict the 

responses and the results are compared to the experimental data. Surface plots, representing 

the combined influence of two independent factors (while keeping the third constant) are then 

plotted. Using the Design Expert V13 software, the optimal operating conditions set that 

maximizes the fractional collection efficiencies (BBD responses) of the pilot-scale scrubber is 

determined and confirmatory experimental runs are conducted. 

3.2 Box-Behnken Design (BBD) responses 

Carbon nanoparticles with sizes from 1 to 100 nm were initially intended to be investigated. 

However, the two extrema of particle size distribution (corresponding to particles lower than 

14 nm and greater than 72 nm, see Figure 20) exhibit too low particle number per size range 

to allow stable fractional efficiency estimation. It was then decided to exclude particle sizes 

for which the SMPS counted less than 3,000 particles upstream of the scrubber. This 

threshold was selected to minimize the uncertainty associated with low particle number count 

by the SMPS. Thus, the range of the BBD responses in this study is between 17 nm to 62 nm 

particle diameters (Figure 35).  
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Figure 35 Range of BBD responses 

Figure 36 presents the average fractional collection efficiency of the pilot-scale scrubber for 

the five (5) replicas of the central points (level 0). The shape of the collection efficiency curve 

is in accordance with earlier studies [14, 130]. Four (4) of the responses Y1, Y2, Y3 and Y4 

corresponding to particle diameters 17, 20, 24 and 29 nm fall to the left part of the efficiency 

curve, i.e., the “diffusion-dominant” region. BBD responses Y5 and Y6 at particle diameters 

35 and 42 nm respectively fall in the intermediate region. The intermediate region 

corresponds to the MPPS where neither diffusion nor impaction-interception mechanisms are 

dominant.  
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Figure 36 Depiction of chosen responses at average nominal conditions 

Indeed, the results of the seventeen (17) BBD experimental runs (Table 19) show that nine 

have their MPPS at 35 nm while another six runs have their MPPS at 42 nm. As such in the 

present work, particle collection at both 35 and 42 nm (Y5 and Y6) is referred to as the 

intermediate region. Also, in Figure 36, responses Y7 and Y8 corresponding to the collection 
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at particle diameters 51 and 62 nm lie to the right part of the curve, i.e., the “impaction-

interception dominant” region.  

3.3 Box–Behnken statistical analysis 

Design-Expert® software, V13 (Stat-Ease, Inc., Minneapolis, MN, USA) is used for the BBD 

model analysis for each of the responses. Analysis of variance (ANOVA) is used to test the 

full BBD model and individual terms in the BBD model for statistical significance, adequacy 

and correctness. Model reduction is carried out in the case of inadequate (non-significant) 

BBD models while BBD model transformation (i.e., square-root transformation or log 

transformation) is performed if the default model explaining the relationship between the 

factors and the responses is found to be unfitting. BBD model statistics considered include:  

 the mean square variation, which is a measure of the sum of squares divided by the 

degrees of freedom (DF);  

 F-value, which compares the source’s mean square to the residual mean square;  

 p-value, which represents the probability that there are no factor effects on the 

responses;  

 Fit-statistics (R-squared, Adjusted R-squared, Predicted R-squared and Adequate 

Precision) 

R-squared represents the amount of variation around the mean explained by the BBD model. 

The Adjusted R-squared measures the amount of variation around the mean explained by the 

model, adjusted for the number of terms in the model. Predicted R-squared represents the 

amount of variation in the new predicted data explained by the BBD. Finally, Adequate 

Precision measures the signal-to-noise ratio. It compares the range of the predicted data at the 

design points to the average prediction error. 

3.3.1 Analysis of Variance (ANOVA) 

To investigate the combined effect of the independent factors (A: Gas flowrate, B: Liquid 

flowrate and C: Droplet diameter) on the responses ( 

Table 8), experiments were performed for different combinations of the operating parameters 

and the results are shown in Table 19 that includes the experimental and predicted values for 

the different combination of factors of the experimental design. Before predicting response 

values using the BBD models, significant terms in the BBD models for each response were 
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found by analysis of variance (ANOVA) and significance was primarily decided by the F-

statistic calculated from the data. The following subsections present the various statistical 

analysis. Responses Y2, Y5 and Y8 are discussed to represent particle diameters in the 

diffusion region, intermediate region and impaction-interception regions respectively.  

3.3.1.1 ANOVA for response Y2 @ 20 nm 

Table 12 shows the summary of the ANOVA test for the BBD model Y2 (fractional collection 

efficiency of nanoparticle with size 20 nm). The Model F-value of 20.86 implies that the 

overall model is statistically significant as there is only a 0.03% (p-value) probability that an 

F-value this large could be attributed to background noise. 

Table 12 Full ANOVA data for Y2 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 756.92 9 84.10 20.86 0.0003 significant 

A-Gas flowrate 10.35 1 10.35 2.57 0.1531 
 

B-Liquid flowrate 332.82 1 332.82 82.55 < 0.0001 
 

C-Droplet diameter 265.65 1 265.65 65.89 < 0.0001 
 

AB 2.25 1 2.25 0.5581 0.4794 
 

AC 0.2025 1 0.2025 0.0502 0.8291 
 

BC 0.1600 1 0.1600 0.0397 0.8478 
 

A² 12.86 1 12.86 3.19 0.1173 
 

B² 8.58 1 8.58 2.13 0.1880 
 

C² 125.18 1 125.18 31.05 0.0008 
 

Residual 28.22 7 4.03 
   

Lack of Fit 12.29 3 4.10 1.03 0.4691 not significant 

Pure Error 15.93 4 3.98 
   

Cor Total 785.14 16 
    

Std. Dev. 2.01  R² 0.9641   

Mean 41.34  Adjusted R² 0.9178   

C.V. % 4.86  Predicted R² 0.7178   
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   Adeq Precision 16.9160   

In  

Table 12, the model terms (B and C) are significant. Factor A is found to be insignificant. All 

the factor interaction terms (AB, AC and BC) together with the quadratic form for the gas 

flowrate (A2) and liquid flowrate (B2) are statistically non-significant (p-value > 0.05). 

Although the Lack of Fit is not significant relative to the pure error i.e., there is a 46.91% (p-

value) chance that a Lack of Fit of 1.03 could occur due to noise, a model reduction is carried 

out to improve the overall BBD model Y2 and thus prevent overfitting the BBD model. This 

model reduction was achieved using the corrected version of the Akaike Information Criterion 

(AICc). The corrected version of the Akaike Information Criterion (AICc) is an adjustment to 

the AIC that accounts for the number of parameters in a model and the sample size. It is used 

to balance the fit of the model to the data (as measured by the likelihood) with the complexity 

of the model (as measured by the number of parameters). The AICc is a measure of the 

relative quality of a statistical model for a given set of data. It adjusts the AIC for small 

sample sizes, providing a more accurate estimate of the model's relative quality.  

Table 13 Reduced ANOVA data for Y2 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 723.57 3 241.19 50.92 < 0.0001 significant 

B-Liquid flowrate 332.82 1 332.82 70.27 < 0.0001 
 

C-Droplet diameter 265.65 1 265.65 56.09 < 0.0001 
 

C² 125.09 1 125.09 26.41 0.0002 
 

Residual 61.57 13 4.74 
   

Lack of Fit 45.65 9 5.07 1.27 0.4373 not significant 

Pure Error 15.93 4 3.98 
   

Cor Total 785.14 16 
    

Std. Dev. 2.18 R² 0.9216    

Mean 41.34 Adjusted R² 0.9035    

C.V. % 5.27 Predicted R² 0.8562    

  Adeq Precision 23.1369    
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Table 13 presents the summary of the ANOVA test for Y2 when non-significant terms are 

excluded. An improvement in the model F-value is observed, from 20.86 to 50.92. The Fit-

statistics also improved: the Predicted R² of 0.8562 is reasonably close to the Adjusted R² of 

0.9035; i.e., the difference is less than 0.2; the signal-to-noise ratio (Adeq. Precision) is 

23.1369 which is greater than the desired value of 4. Hence, the BBD model can be 

effectively applied to investigate the response Y2. 

3.3.1.2 ANOVA for response Y5 @ 35 nm 

Table 14 Full ANOVA data for Y5 

Source Sum of Squares Df Mean Square F-value p-value 
 

Model 212.19 9 23.58 12.33 0.0016 significant 

A-Gas flowrate 6.48 1 6.48 3.39 0.1081 
 

B-Liquid 

flowrate 
57.78 1 57.78 30.23 0.0009 

 

C-Droplet 

diameter 
56.71 1 56.71 29.67 0.0010 

 

AB 7.56 1 7.56 3.96 0.0870 
 

AC 0.3025 1 0.3025 0.1583 0.7026 
 

BC 1.69 1 1.69 0.8842 0.3784 
 

A² 30.81 1 30.81 16.12 0.0051 
 

B² 9.10 1 9.10 4.76 0.0655 
 

C² 45.02 1 45.02 23.56 0.0018 
 

Residual 13.38 7 1.91 
   

Lack of Fit 12.25 3 4.08 14.43 0.0130 significant 

Pure Error 1.13 4 0.2830 
   

Cor Total 225.56 16 
    

Std. Dev. 1.38 
 

R² 0.9407 
  

Mean 34.32 
 

Adjusted R² 0.8644 
  

CV % 4.03 
 

Predicted R² 0.1234 
  

   
Adeq. Precision 15.9736 

  
Table 14 shows the summary of the ANOVA for the fractional collection efficiency at a 

particle diameter of 35 nm (Y5). The overall BBD model is statistically significant as 

represented by the p-value 0.0016 of the model. However, the interaction terms (AB, BC and 

AC) are non-significant (p-value >0.05). The Lack of Fit (F-value of 14.43) is significant. 

There is only a 1.30% (p-value) chance that a Lack of Fit F-value this large could occur due to 

noise. A significant lack of fit could adversely affect the BBD model fitting. 
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Table 15 Reduced model for response Y5 

Source Sum of Squares Df Mean Square F-value p-value 
 

Model 193.53 5 38.71 13.29 0.0002 significant 

A-Gas flowrate 6.48 1 6.48 2.23 0.1639 
 

B-Liquid flowrate 57.78 1 57.78 19.84 0.0010 
 

C-Droplet 

diameter 
56.71 1 56.71 19.47 0.0010 

 

A² 29.15 1 29.15 10.01 0.0090 
 

C² 47.31 1 47.31 16.25 0.0020 
 

Residual 32.03 11 2.91 
   

Lack of Fit 30.90 7 4.41 15.60 0.0093 significant 

Pure Error 1.13 4 0.2830 
   

Cor Total 225.56 16 
    

Std. Dev. 1.71 
 

R² 0.8580 
  

Mean 34.32 
 

Adjusted R² 0.7934 
  

CV % 4.97 
 

Predicted R² 0.5795 
  

   

Adeq. 

Precision 
14.7095 

  

In Table 14, the summary of the ANOVA for Y5 when non-significant terms are removed is 

presented. The model remains significant (F-value of 13.29). However, the large Lack of Fit 

remains significant. The Fit-statistics are improved, particularly the Predicted R² moving from 

0.1234 to 0.5795. This implies that close to 60% of the variation in new data predicted by the 

reduced BBD model for Y5 can be explained by the model. The Adequacy Precision 

(14.7095) is higher than the desired value of 4. The model term A-Gas flowrate is reinstated 

even though it is non-significant (p-value > 0.05) to maintain hierarchy (i.e., A is retained as 

A2 is significant). Thus, considering nothing else can be done to improve the fit of the model, 

the reduced BBD model for response Y5 could be used to navigate the design space but 

keeping in mind that the model may not be a very good predictor of the response in some 

specific areas of the design space. 
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3.3.1.3 ANOVA for response Y8 @ 62 nm 

Table 16 Full ANOVA data for Y8 

Source 
Sum of 

Squares 
Df Mean Square 

F-

value 
p-value 

 

Model 192.75 9 21.42 4.91 0.0238 significant 

A-Gas flowrate 38.28 1 38.28 8.78 0.0210 
 

B-Liquid 

flowrate 
22.45 1 22.45 5.15 0.0576 

 

C-Droplet 

diameter 
35.70 1 35.70 8.19 0.0243 

 

AB 11.90 1 11.90 2.73 0.1425 
 

AC 1.96 1 1.96 0.4494 0.5241 
 

BC 7.02 1 7.02 1.61 0.2450 
 

A² 69.40 1 69.40 15.91 0.0053 
 

B² 2.27 1 2.27 0.5215 0.4936 
 

C² 0.8909 1 0.8909 0.2043 0.6650 
 

Residual 30.53 7 4.36 
   

Lack of Fit 5.52 3 1.84 0.2944 0.8285 
not 

significant 

Pure Error 25.01 4 6.25 
   

Cor Total 223.28 16 
    

Std. Dev. 2.09 
 

R² 0.8633 
  

Mean 43.95 
 

Adjusted R² 0.6875 
  

CV % 4.75 
 

Predicted R² 0.4293 
  

   

Adeq. 

Precision 
8.9278 

  

Table 16 shows the ANOVA for response Y8. With a p-value (0.0238) that is less than 0.05, 

the model is statistically significant. The Lack of Fit is not significant i.e., there is an 82.85% 

chance that a Lack of Fit F-value this large could occur due to noise.  
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Table 17 shows the summary of the ANOVA when non-significant model terms (AB, AC, 

BC, and B²) are omitted. 

 

 

 

 

 

 

 

Table 17 Reduced model for response Y8 @ 62 nm 

Source Sum of Squares Df Mean Square F-value p-value 
 

Model 168.54 4 42.14 9.24 0.0012 significant 

A-Gas flowrate 38.28 1 38.28 8.39 0.0134  

B-Liquid flowrate 22.45 1 22.45 4.92 0.0466 
 

C-Droplet diameter 35.70 1 35.70 7.83 0.0161 
 

A² 72.11 1 72.11 15.81 0.0018 72.11 

Residual 54.74 12 4.56 
   

Lack of Fit 29.73 8 3.72 0.5945 0.7539 
not 

significant 

Pure Error 25.01 4 6.25   
 

Cor Total 223.28 16 
    

Std. Dev. 2.14 
 

R² 0.7548 
  

Mean 43.95 
 

Adjusted R² 0.6731 
  

CV % 4.86 
 

Predicted R² 0.5311 
  

   

Adeq. 

Precision 
10.5446 

  

 

Here again, the overall model remains significant and the model Fit-statistics (predicted R2 

and Adequacy precision) slightly improved.  

The full and reduced ANOVA for responses Y1, Y3, Y4, Y6 and Y7 are not detailed in this 

chapter and are shown in Annex 3-4a. 



Chapter III Optimization of nanoparticle collection by spray scrubber using Box-Behnken 

Design 

 

103 | P a g e  

 

3.3.1.4 Summary of the ANOVA for reduced BBD models 

Table 18 presents the summary of the ANOVA at reduced model terms for all the responses. 

Model term reduction was performed for all the responses thus reducing the terms from nine 

(9) to the values shown as degrees of freedom. All the BBD models in Table 18 are 

statistically significant (p-value < 0.05). In cases, the Adequacy Precision is much higher than 

the desired value of 4, the R2, Adjusted R2 and the predicted R2 are higher than 0.5 and 

reasonably close to each other. 

Table 18 Summary of ANOVA of reduced BBD models  

DOE 

Model 

Sum of 

Squares 

Degrees 

of 

freedom 

Mean 

Square 
F-value 

p-value 

(Model) 

Fit statistics 

Adeq. 

Precision 
R2 Adjusted R2 

Predicted 

R2 

Y1 785.72 5 157.14 69.98 < 0.0001 29.2605 0.9695 0.9557 0.9451 

Y2 723.57 3 241.19 50.92 < 0.0001 23.1369 0.9216 0.9035 0.8562 

Y3 489.17 3 163.06 32.61 < 0.0001 18.5301 0.8827 0.8556 0.7673 

Y4 280.06 3 93.35 21.94 < 0.0001 15.4178 0.8350 0.7970 0.7072 

Y5 193.53 5 38.71 13.29 0.0002 14.7095 0.8580 0.7934 0.5795 

Y6 141.98 5 28.40 12.20 0.0003 14.4141 0.8473 0.7778 0.5659 

Y7 172.12 4 43.03 16.40 < 0.0001 13.3885 0.8454 0.7939 0.6372 

Y8 168.54 4 42.14 9.24 0.0012 10.5446 0.7548 0.6731 0.5311 

 

3.3.2 Examination of residuals 

Model adequacy checking was performed to determine whether the model would adequately 

predict the results. Figure 37 (a), Figure 38(a) and Figure 39(a) present the externally 

studentized residuals vs Run number for responses Y2, Y5 and Y8 respectively (plots for 

responses Y1, Y3 Y4, Y6 and Y7 are shown in Annex 3-4b. These plots verify hidden variables 

that may have affected the responses while conducting the experiments. The scattered and 

randomized nature of the plots gives assurances against trends that may negatively impact the 

analysis. All the data points lay within the limits which shows a good fit of the BBD models. 

The color codes represent the collection efficiency from minimum in blue to the maximum in 

red. 
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(b) Y2 @ 20 nm 

 

Figure 37 Diagnostic plots for Y2 

Figure 37(b), Figure 38(b) and Figure 39(b) show that the normal% probability plot of 

residuals for responses Y1, Y5 and Y8 respectively are normally distributed, as they follow a 

straight line and show no deviation of the variance. Similar behavior is observed in the plots 

for responses Y2, Y3 Y4, Y6 and Y7 (shown in Annex 3-4b). 
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(b) Y5 @ 35 nm 

Figure 38 Diagnostic plots for Y5 
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Given that the normal% probability plots of the responses do not have a definite pattern such 

as an “S-shaped”, the default BBD second-order polynomial models for all the responses 

(Equations (16 to (23) are accepted and no transformation is performed. 
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(b) Y8 @62 nm 

Figure 39 Diagnostic plots for Y8 

3.4 Box–Behnken Design experimental results  

The BBD models (Equations (16 to (23) consisting of regression equations of linear and 

second-order polynomials were fitted to the actual experimental data for the determination of 

predicted responses (i.e., collection efficiency) and are given as follows: 

Y1 = 2.95394 – 0.001862A – 0.011875B – 0.066337C + 0.008887B2 + 0.000435C2 (16) 

Y2 = 3.32517 + 0.040313B – 0.081849C + 0.000543C2 (17) 

Y3 = 2.72667 + 0.034297B – 0.066065C + 0.000439C2 (18) 

Y4 = 2.46608 + 0.026484B – 0.060126C + 0.000409C2 (19) 

Y5 = 1.54003 + 0.024549A + 0.016797B – 0.049526C – 0.000263A2 + 0.000335C2 (20) 

Y6 = 0.870773 + 0.026081A + 0.014453B – 0.032166C – 0.000271A2 + 

0.000216C2 

(21) 

Y7 = - 0.500122 + 0.0407A + 0.010469B – 0.001587C – 0.000423A2 (22) 

Y8 = - 0.360767 + 0.039325A + 0.010469B – 0.002113C – 0.000413A2 (23) 

Y1 has model terms not present in other responses in the diffusion-dominant region. This 

could be due to uncertainty in counting particles as such a low diameter by the SMPS. The 
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experimental and predicted values for the eight nanoparticle collection efficiencies (Y1 to Y8) 

at the design points and the three independent variables in the uncoded form are shown in 

Table 19. The predicted values are very close to the experimental data. This attests to the 

relevance of the proposed BBD models.



 

Table 19 Box–Behnken design matrix for the three independent factors and corresponding responses 

Run 

A: Gas 

flowrate 

(Nm3.h-1) 

B: Liquid 

flowrate 

(L.min-1) 

C: Droplet 

diameter 

(µm) 

Y1 (%) Y2 (%) Y3 (%) Y4 (%) Y5 (%) Y6 (%) Y7 (%) Y8 (%) 

Actual Predicted Actual Predicted Actual Predicted Actual Predicted Actual Predicted Actual Predicted Actual Predicted Actual Predicted 

1 45 1.6 80 36.5 ± 8 35.1 34.4 ± 4 31.7 34.7±5 30.6 34±3 31.6 33.8 ± 3 32.1 33.2 ± 3 32.8 37.3 ± 3 36.5 42.2 ± 4 42.0 

2 55 1.6 70 33.4 ± 5 34.3 32.4 ± 4 32.1 31.4±2 30.8 33.4±1 30.4 32.5 ± 4 29.6 33.6 ± 5 31.5 36.9 ± 2 36.4 43.4 ± 5 42.2 

3 45 3.2 70 44.3 ± 5 41.1 42.1 ± 2 38.5 37.4±3 36.3 36.2±2 34.6 34.1 ± 4 34.1 33.9 ± 3 34.9 40.2 ± 3 39.7 47.0 ± 2 45.8 

4 45 3.2 70 41.5 ± 5 41.1 37.1 ± 5 38.5 36.5±2 36.3 35.9±1 34.6% 33.6 ± 4 34.1 33.9 ± 4 34.9 37.8 ± 5 39.7 42.7 ± 3 45.8 

5 45 3.2 70 38.8 ± 4 41.1 39.3 ± 3 38.5 35.1±4 36.3 33±4 34.6 32.9 ± 5 34.1 34.7 ± 4 34.9 39.2 ± 2 39.7 45.8 ± 4 45.8 

6 55 3.2 60 49.4 ± 7 49.0 47.6 ± 5 49.8 42.9±4 45.3 40.8±3 41.6 36.6 ± 4 38.3 36.8 ± 4 37.9 40.2 ± 7 39.7 46.4 ± 5 46.0 

7 35 3.2 80 41.3 ± 5 41.9 37.2 ± 4 38.1 36.4±6 36.1 35±2 35.8 31.8 ± 5 31.3 33.0 ± 2 30.7 34.1 ± 2 31.3 38.8 ± 4 37.4 

8 35 4.8 70 51.7 ± 7 52.4 46.3 ± 5 45.0 41.8±5 41.8 37.1±5 38.8 34.5 ± 5 33.2 33.4 ± 5 32.8 35.2 ± 4 34.5 43.3 ± 3 41.2 

9 45 3.2 70 39.8 ± 2 41.1 38.7 ± 4 38.5 37.3±5 36.3 34.9±3 34.6 32.8 ± 1 34.1 36.2 ± 2 34.9 39.2 ± 4 39.7 47.0 ± 3 45.8 

10 55 3.2 80 37.0 ± 6 38.2 34.3 ± 4 38.1 30.8±5 36.1 32.9±1 35.8 30.7 ± 2 33.0 32.5 ± 3 34.1 36.1 ± 2 36.5 42.3 ± 5 41.7 

11 45 4.8 80 49.8 ± 5 49.5 47.9 ± 3 44.6 43.2±4 41.6 41.5±3 40.1 37.1 ± 4 37.5 36.5 ± 2 37.4 37.7 ± 2 39.8 42.5 ± 4 45.4 

12 35 3.2 60 52.8 ± 3 52.8 51.4 ± 4 49.8 47.5±2 45.3 41.2±1 41.6 36.6 ± 3 36.5 33.5 ± 6 34.6 32.7 ± 2 34.4 40.1 ± 3 41.6 

13 45 4.8 60 60.4 ± 2 60.4 56.8 ± 4 56.3 52.1±3 50.8 46.6±1 45.8 43.7 ± 2 42.7 42.6 ± 3 41.3 45.1 ± 3 43.0 50.9 ± 3 49.6 

14 45 3.2 70 42.4 ± 8 41.1 37.4 ± 7 38.5 36.7±6 36.3 32.9±4 34.6 33.4 ± 3 34.1 34.2 ± 2 34.9 40.2 ± 3 39.7 49.6 ± 2 45.8 

15 35 1.6 70 38.0 ± 6 38.0 32.1 ± 3 32.1 29.9±4 30.8 27.2±4 30.4 25.6 ± 2 27.9 26.5 ± 5 28.2 29.2 ± 5 31.2 36.1 ± 3 37.9 

16 55 4.8 70 49.1 ± 4 48.7 43.6 ± 3 45.0 41.9±2 41.8 41±2 38.8 35.9 ± 3 35.0 36.8 ± 4 36.2 38.7 ± 2 39.8 43.7 ± 3 45.5 

17 45 1.6 60 45.5 ± 4 46.0 44.1 ± 6 43.4 39.1±6 39.8 37.7±1 37 37.8 ± 2 37.3 37.5 ± 5 36.6 39.9 ± 5 39.6 45.3 ± 3 46.3 
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Figure 40  Experimental (actual) particle removal efficiency versus predicted particle 

removal efficiency for Y2, Y5 and Y8 

In Figure 40, parity diagrams are proposed to compare the BBD model response predictions 

with the actual experimental values. For the responses shown (see Annex 3-4c for other 

plots), the predicted nearly mirrors all the experimental data, again, validating the BBD 

models to make accurate predictions in the design space. 

3.5 Interactions of independent parameters 

This section presents 2D contours and 3D response surface plots as a function of two factors 

(keeping the third-factor constant). These plots are employed to understand both the main and 

interaction effects of the impact of factors A, B and C on the responses Y1, Y2, Y3, Y4, Y5, Y6, 
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Y7 and Y8. The factors A, B and C are studied at their extreme values (Level -1 and Level 

+1). Similar to ANOVA for the responses, a grouping of the responses is made. Response Y2 

is selected to represent the diffusion-dominant region, Y5 for the intermediate region and Y8 

for the impaction-interception mechanism region. To quantify the influence of a factor or the 

interaction between factors on the various responses, the following coded equations ((24(31)  

have been generated using the Design Expert V13 software. 

Y1 = 41.10 – 1.86A + 7.2B – 5.44C + 2.28B2 + 4.35C2 (24) 

Y2 = 38.78 + 6.45B – 5.76C + 5.43C2 (25) 

Y3 = 36.44 + 5.49B – 4.56C + 4.39C2 (26) 

Y4 = 34.62 + 4.24B – 2.86C + 4.09C2 (27) 

Y5 = 33.98 + 0.90A + 2.697B – 2.66C – 2.63A2 + 3.35C2 (28) 

Y6 = 34.89 + 1.66A + 2.31B – 1.90C – 2.71A2 + 2.16C2 (29) 

Y7 = 39.62 + 2.59A + 1.68B – 1.59C – 4.23A2 (30) 

Y8 = 45.89 + 2.19A + 1.68B – 2.11C – 4.13A2 (31) 

Design-Expert software provides prediction equations in terms of actual units (Eqns (16 to 

(23)  and coded units (24(31). The coded equations ((24(31) are useful in identifying the 

relative impact of the factors by comparing the factor coefficients. And would be used 

alongside the surface plots in the following sections. By default, the Design-Expert® software 

carries out regression calculations using the coded units. In this units, the low and high 

settings for each factor are set to -1 and +1, respectively. To obtain the actual equations, each 

term in the coded equations is substituted with its corresponding coding formula as shown 

below [195]: 

 
 

(32) 

3.5.1 Responses Y2 @ 20 nm 

Figure 41(a1-b2) shows the interactive plots of the effect of the gas flowrate (factor A) and 

liquid flowrate (factor B) at constant droplet diameter (factor C) on the collection of 

nanoparticles at a diameter of 20 nm (Y2). Factor A has no influence on Y2. Indeed, from the 

coded equation (25) for Y2, the is no contribution due to Factor A. Similarly, for responses Y3 
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and Y4, there is no influence of factor A (Annex 3-1a). For response Y1, a small and negative 

influence of factor is observed (Annex 3-1a). 

Liquid flowrate (factor B) has a strong and positive influence on Y2. As the liquid flowrate 

(factor B)  increases from 1.6 to 4.8 L.min-1, Y2 increase from about 44% to 56.8% (at factor 

C: 60 µm as shown in Figure 41a) or Y2 increased from 31.1% to about 44% (at factor C: 80 

µm shown in Figure 41b) due principally diffusion mechanism. An increase in the liquid 

flowrate (factor B) improves the droplet packing density which leads to a higher probability 

of particle capture. From Equation 25, factor B has the highest impact on Y2. This is also the 

case for the other responses Y1, Y3 and Y4 (24(26(27). 
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(a2) C:Droplet (60 µm) 
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(b1) C:Droplet (80 µm) 
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(b2) C:Droplet (80 µm) 

Figure 41 Counter and response surface plots showing the influence of factors A and B 

on Y2 at constant C (a:60 and b:80 µm) 

Figure 42(a1-b2) shows the surface plots for combined influence gas flowrate (factor A) and 

of the droplet diameter (Factor C) at constant liquid flowrate (factor B) on Y2. As earlier 

stated, factor A has no impact on Y2. As the droplet diameter (Factor C) decreases from 80 to 

about 70 µm little effect is observed on Y2. As the droplet diameter (Factor C) further 

decreases to 60 µm, Y2 improves from 44% to 56.8% (Figure 42(a1-a2)) or from 32% to 44% 
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(Figure 42(b1-b2)). As the droplet diameter decreases, the droplet surface areas improve 

leading to higher collection efficiency. The Peclet number also increases with decreasing 

droplet diameter (Factor C), which leads to higher particle removal due to the diffusion 

mechanism. This same behavior is reported for Y1, Y3 and Y4 (Annex 3-1b). The coded 

equations factor C has a strong and negative influence on Y2. 
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(a2) B: Liquid flowrate (4.8 L.min-1) 
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(b2) B: Liquid flowrate (1.6 L.min-1) 

Figure 42 Counter and response surface plots showing the influence of factors A and C 

on Y2 at constant B (a:4.8 and b:1.6 L.min-1) 

Figure 43(a1-b2) shows the surface plots of the combined influence of the liquid flowrate 

(factor B) and the droplet diameter (factor C) on Y2 at constant gas flowrate (factor A). 

Irrespective of factor A (35 or 55 Nm3.h-1) the behavior of the plots remains the same (recall 
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gas flow has no influence on Y2), minimum Y2 value (32.1%) occurs at the region of factor 

B:1.6 - 1.8 L.min-1 and droplet diameter (Factor C): 71 – 80 µm. However, the shape of the 

curve indicates that the minimum value of Y2 is closer to 70 µm. Likewise, the combined 

effect of factors B and C at 4.8 L.min-1 and 60 µm gives the maximum value Y2 (56.8%). 

Factor B has the tendency on Y1, Y3 and Y4 (Annex 3-1c) 
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(b2) A:Gas flowrate (35 Nm3.h-1) 

Figure 43 Counter and response surface plots showing the influence of factors B and C 

on Y2 at constant A (a:55 and b:35 Nm3.h-1) 
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3.5.2 Responses Y5 @ 35 nm 

Figure 44 (a1-b2) shows the combined influence of gas (factor A) and liquid (factor B) 

flowrates on response Y5 (collection at particle size 35 nm) at constant droplet diameter (60 

and 80 µm). As the liquid flowrate increase from 1.6 to 4.8 L.min-1, response Y5 also 

increases given that the droplet number increases and hence the probability of particle 

collection by the various capture mechanisms improves. For gas flowrate (factor A), a lower 

gas flowrate (35 Nm3.h-1) is not observed to favor Y5 due to the diffusion mechanism as 

reported for previous responses (Y1 to Y4). Y5 falls within the intermediate-region, as such 

none of the three primary particle collection mechanisms dominantly act on Y5. As the gas 

flowrate (factor A) increases from 35 Nm3.h-1 to about 48 Nm3.h-1, Y5 improves due to the 

particle collection by the impaction mechanism. A small decrease in Y5 is observed as the gas 

flowrate approaches 55 Nm3.h-1. A high gas flowrate could result in entrained droplets 

(particularly at the highest liquid flowrate) and hence limit particle capture. The maximum Y5 

value (43.7%) occurs at the zone around the gas flowrate of 48 Nm3.h-1 and liquid flowrate of 

4.8 L.min-1. A look at the coded equation for Y5 shows that the linear term of factor A is 

positively correlated to Y5 while the quadratic with a much higher coefficient is negatively 

correlated to Y5. This same tendency is observed for Y6 (Annex 3-2a). Although factor plays 

a higher positive influence in the case of Y6. Lastly, the maximum Y6 value occurs at the zone 

where factor A is ~ 48 Nm3.h-1 and factor B 4.8 L.min-1. 
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(a2) C:Droplet (60 µm) 
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(b1) C:Droplet (80 µm) 
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(b2) C:Droplet (80 µm) 

Figure 44 Counter and response surface plots showing the influence of factors A and B 

on Y5 at constant C (a:60 and b:80 µm) 

Figure 45 (a1-b2) presents the combined influence of gas flowrate (factor A) and droplet 

diameter (factor C) on Y5 at constant liquid flowrate (factor B). Figure 44 (a2, a1) presents a 

hyperbolic paraboloid curve (ridding-saddle surface), indicating that both factors (A and C) 

have a significant opposite influence on Y5. It can be observed a saddle point at A=46 and 

C=74 µm whatever B is, indicating a local extremum (relative minimum along the C axis and 

relative maximum along the A axis) of Y5. Although Y5 lies in the intermediate region, no 

dominant particle collection mechanism acts on Y5, it is however close enough to the 
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diffusion-dominant region to be affected by the forces of Brownian diffusion. As droplet 

diameter (factor C)  decreases from 80 µm to 60 µm, Y5 also decreases, this is particularly the 

case where gas flowrate (factor A) is 35 and 55 Nm3.h-1. At factor A of 46 Nm3.h-1, this 

tendency is less pronounced. For low droplet diameter (factor C)  values, close to 60 µm, Y5 

values are higher due to lower Peclet number which in turn favors particle removal due to 

Brownian diffusion. Smaller droplets also increase Y5 by having a higher surface area to 

volume ratio leading to improved particle capture. 

The maximum Y5 occurs in the region where factor A is 46 Nm3.h-1 and droplet diameter 

(factor C) is 60 µm. A similar tendency is observed for Y6 (Annex 3-2b). However, for Y6 the 

minimum value (26.5%) occurred at the lowest value of factor B and factor C ~75 µm. 
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(b1) B: Liquid flowrate (1.6 L.min-1) 
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(b2) B: Liquid flowrate (1.6 L.min-1) 
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Figure 45 Counter and response surface plots showing the influence of factors A and C 

on Y5 at constant B (a:4.8 and b:1.6 L.min-1) 

Figure 46(a1-b2) shows the interactive plots of the influence of liquid flowrate (factor B) and 

droplet diameter (factor C) on Y5 at constant gas flowrate (factor A). Both factors B and C 

have a significant influence on Y5 as seen in the slopes of the plots. 

Liquid flowrate (factor B)is positively correlated to Y5, in contrast to droplet diameter (factor 

C)  which displayed a parabolic curve with a minimum value of Y5 close to the mid-point of 

factor C. As factor C decrease from 80 µm to about 75 µm, Y5 values decrease. Y5 improves 

when factor C further decreases from 75 µm to 60 µm. Regardless of the value of factor C, the 

value of Y5 improves when factor B increases due to an improvement in the number of 

collectors. Y5 maximum value occurs in the zone where factor B and C are highest and 

smallest respectively. Y5 minimum value (25.6%) is the region where factor B is 1.6 L.min-1 

and factor C is about 75 µm. This same tendency is observed for Y6 (Annex 3-2c). Both 

responses Y5 and Y6 have roughly similar coefficients of linear and quadratic terms. 
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(b1) A:Gas flowrate (35 Nm3.h-1) 
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(b2) A:Gas flowrate (35 Nm3.h-1)) 

Figure 46 Counter and response surface plots showing the influence of factors B and C 

on Y8 at constant A (a:55 and b:35 Nm3.h-1) 

3.5.3 Responses Y8 @ 62 nm 

Figure 47(a1-b2) shows the combined influence of gas (factor A) and liquid (factor B) 

flowrates on response Y8 (collection at particle size 62 nm) at constant droplet diameter. The 

liquid flowrate has a positive correlation with Y8. As liquid flowrate (factor B)  increase from 

1.6 to 4.8 L.min-1, response Y8 improves because the particle collection mainly due to the 
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impaction mechanism increases when the droplet packing density increase. Gas flowrate 

(factor A)has a much higher influence on response Y8 than liquid flowrate (factor B).  
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(a2) C:Droplet (60 µm) 
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(b1) C:Droplet (80 µm) 
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(b2) C:Droplet (80 µm) 

Figure 47 Counter and response surface plots showing the influence of factors A and B 

on Y8 at constant C (a:60 and b:80 µm) 

The maximum Y8 value (50.9%) occurs at the zone around the gas flowrate of 48 Nm3.h-1 and 

liquid flowrate of 4.8 L.min-1. This same tendency was observed for Y7 although the 

maximum Y7 value is lower (45.1%) than for Y8 (Annex 3-3a). Factor A has a much higher 

influence on both Y7 and Y8 than factor as shown in the coefficients of the coded equations. 
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(a1) B: Liquid flowrate (4.8 L.min-1) 
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(a2) B: Liquid flowrate (4.8 L.min-1) 
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(b1) B: Liquid flowrate (1.6 L.min-1) 
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(b2) B: Liquid flowrate (1.6 L.min-1) 

Figure 48 Counter and response surface plots showing the influence of factors A and C 

on Y8 at constant B (a:4.8 and b:1.6 L.min-1) 

Figure 48(a1-b2) presents the interactive influence of gas flowrate (factor A) and droplet 

diameter (factor C) at constant liquid flowrate on the collection efficiency response Y8. Factor 

A has a higher effect on Y8 as shown by the slopes of the 3D plots. A decreasing droplet 

diameter significantly increases Y8 as a decrease in the droplet diameter increases the Stokes 

number leading to particle collection due to the impaction mechanism. The combined 

interaction of gas flowrate (48 Nm3.h-1) and droplet diameter (60 µm) gave a maximum Y8 

value of 50.9%. Factors A and C have a similar influence on Y7 (Annex 3-3b) and are 
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confirmed by the coded equations. For Y7, the combined interaction of gas flowrate (48 

Nm3.h-1) and droplet diameter (60 µm) gave a maximum Y7 value of 45.1%. 
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(a2) A:Gas flowrate (55 Nm3.h-1) 
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(b1) A:Gas flowrate (35 Nm3.h-1) 
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(b2) A:Gas flowrate (35 Nm3.h-1) 

Figure 49 Counter and response surface plots showing the influence of factors B and C 

on Y8 at constant A (a:55 and b:35 Nm3.h-1) 

Figure 49(a1-b2) presents the interactive effect of liquid flowrate (factor B) and droplet 

diameter (factor C) at constant gas flowrate on response Y8. Both factors have nearly the same 

order of magnitude of impact on Y8. Factor B is positively correlated to Y8 i.e., an increase in 

factor B leads to an increase in Y8. Factor C is negatively correlated to Y8 i.e., a decreasing 

droplet diameter (60 to 80 µm). The minimum Y8 value (36.1%) occurs in the zone where 

factor B is the lowest (1.6 L.min-1) and factor C is 80 µm. The interactive effect of liquid 
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flowrate (factor B) and droplet diameter (factor C) at constant gas flowrate on response Y8 is 

that of Y7 (Annex 3-3c). The minimum Y7 value (29.2%) occurs in the zone where factor B is 

the lowest (1.6 L.min-1) and factor C is 80 µm. 

3.6 Box–Behnken design model optimization  

3.6.1 Individual response surfaces and desirability approach 

Figure 50 (a1) presents the predicted collection efficiencies at particle size 20 nm (Y2) at the 

actual factor coding. Maximum Y2 value (56.8%) occurs at A: 35 Nm3.h-1, B: 4.8 L.min-1 and 

C: 60 µm. 
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(a2) Y5 @ 35 nm 
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(a3) Y8 @ 62 nm 

Figure 50 Individual response surfaces showing predicted collection efficiencies 

For responses Y5 and Y8, their maximum values (40.95% and 47.74%) occur at A: 55 Nm3.h-

1, B: 4.8 L.min-1 and C: 60 µm, which is different from the gas flowrate of max Y2. Studying 
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the plots of the other responses (Annex 3-4d), the independent factors for which the optima 

are found for each response are not necessarily the same and a compromise solution may be 

required. Derringer and Suich [196] proposed a mathematical desirability function (F) to 

simultaneously optimize multiple responses. Using Derringer and Suich [196] approach, the 

predicted collection efficiencies values obtained from individual response surfaces (Figure 

50) are transformed to a dimensionless scale di. The desirability function has a 0 to 1 range 

with f = 0 being an unacceptable response value and f = 1 being totally desirable. F is the 

estimated from the individual desirability values using a geometric mean function [192]. 

Design Expert V13 software uses the F function approach in determining the set of 

independent variables values that maximize F and by extension the responses. 

3.6.2 Optimal operating factors and confirmatory experiment 

Having established the statistical significance of the BBD model equations ((16 to (23), the 

Design Expert V13 software was used to predict the optimal conditions to achieve the 

maximum nanoparticle collection by the pilot-scale spray scrubber at the chosen particle 

diameters (Table 9). The three independent variables (A: Gas flowrate, B: liquid flowrate and 

C: droplet diameter) were fixed within the studied levels from low (-1) to high (+1), while the 

responses (Y1, Y2, Y3, Y4, Y5, Y6, Y7 and Y8) were each set to the maximum with the highest 

degree of importance (+5). The software proposed sixty-seven (67) optimal combinations 

with mathematical desirability ranging from 0.859 to 0.318. Confirmatory experimental 

campaigns were carried out in quadruplicates for validation at the optimal conditions 

corresponding to the highest desirability (0.859). The optimal conditions correspond close to 

the median value (Level 0) of factor A, factor B's maximum value (Level +1) and factor C's 

minimum value (Level -1), as shown in Table 20. 

Table 20 Optimal values for the collection of nanoparticles 

Parameter 

Gas 

flowrate 

Nm3.h-1 

Liquid 

flowrate 

L.min-1 

Droplet 

diameter 

µm 

Y1 (%) Y2 (%) Y3 (%) Y4 (%) Y5 (%) Y6 (%) Y7 (%) Y8 (%) 

Predicted 46.1 4.8 60.0 60.1 56.4 50.9 45.8 42.7 41.4 43.1 49.9 

Experiment 46.0 4.8 60.0 62.6 ± 1 58.7 ± 2 55.7 ± 2 52.2 ± 1 48.3 ± 2 45.7 ± 2 45.9 ± 1 48.7 ± 1 
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Table 20 shows that the predicted and the optimal results are in good agreement. In addition, 

these optimal results are higher than any of the 17 experimental runs presented in Table 19 

(except for two Y8 values). Figure 51 shows parity plots of the distribution of experimental vs. 

predicted responses. Once again, close agreement between the experimental and the predicted 

values of the responses is observed. This shows that the Box-Behnken design methodology 

could be used effectively to optimize the collection of nanoparticles by a spray scrubber 

operating under waste incineration conditions.  
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Figure 51 Parity plot showing the distribution of experimental vs. predicted responses 

3.7 Conclusion of the chapter 

In this chapter, the results of the experimental campaign using the Box-Behnken Design 

(BBD) methodology were presented. Regression BBD models for eight (Y1, Y2, Y3, Y4, Y5, 

Y6, Y7 and Y8) responses corresponding to nanoparticle collection efficiencies by the pilot-

scale scrubber in the particle size range of 17, 20, 24, 29, 35, 42, 51 and 62 nm were 

presented. After verifying the statistical significance of the BBD models, predictions of 

responses were made and the results were found to be in good agreement with the 

experimental data. 2D and 3D plots, representing the combined influence of two independent 

factors (while keeping the third constant) were plotted to investigate the independent factors 

investigated (A: gas flowrate, B: liquid flowrate and C: droplet diameter). Responses in the 

diffusion region (Y2, Y3 and Y4) were found to be impacted by the factors similarly (except 

for Y1). Likewise, Y5 and Y6 were influenced by the factors in a like manner. This was also 

the case between responses Y7 and Y8. Table 21 shows the summary of the influence of the 

studied factors based on the particle dominant or not mechanism. 
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Table 21 Summary of the influence independent factors 

Influence of the 

parameter on the 

efficiency 

Diffusion region Intermediate region Impaction region 

A: Gas flowrate No influence Curvilinear 

relationship with 

maximum efficiency 

Curvilinear 

relationship with 

maximum efficiency 

B: Liquid flowrate Positively correlated Positively correlated Positively correlated 

C: Droplet diameter Curvilinear 

relationship with 

minimum efficiency 

Curvilinear 

relationship with 

minimum efficiency 

Negatively 

correlated 

 

For particles in the diffusion dominant region, there was no influence on the gas flowrate 

(except for Y1). The liquid flowrate was by far the most influencing factor and was found to 

be positively correlated to the responses in diffusion dominant region. A higher liquid 

flowrate improves the collection due to the diffusion mechanism as the droplet packing 

density increases. However, a non-linear relationship with minimum efficiency was observed 

between the droplet diameter and these responses. A smaller one has a larger surface-to-

volume ratio for particle capture. 

In the Intermediate region, the relationship between factor A and particle efficiency is also 

non-linear. Factor B demonstrates a positive correlation with collection efficiency. Factor C, 

on the other hand, exhibits a non-linear relationship with a minimum efficiency. For responses 

in the impaction region, a higher droplet flow increases the probability of particle capture. A 

decreasing droplet diameter also favors particle capture. An increase in the gas flowrate led to 

improvements in the collection efficiency however, a very high gas flowrate could lead to 

droplet entrainment. To determine the optimal operating conditions for the pilot-scale 

scrubber, the Design Expert V13 was used for the prediction. An optimal operating condition 

that maximizes the responses by the pilot-scale scrubber was proposed by using the Design 

Expert V13 at A: 46 Nm3.h-1, B: 4.8 L.min-1, and C: 60 µm. Confirmatory experimental runs 

were conducted at the optimal conditions and the results (45.7 to 62.6% removal efficiency) 

were found to be in good agreement with the predicted data. 
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4.1 Introduction 

In this chapter, a particle collection model considering the individual contribution of inertial 

impaction, Brownian diffusion, interception and thermophoresis mechanisms is presented. 

Firstly, an estimation of key model parameters such as the droplet settling velocity, the 

droplet-particle relative velocity, the droplet packing density and the particle effective density 

is reported. A model fitting is then carried out to select a mechanistic model from the various 

authors reported in chapter one that “best-fit” the experimental results at nominal conditions. 

A sensitivity analysis is conducted to verify the influence of particle effective density, droplet 

packing density and droplet-particle relative velocity on the collection efficiency of the 

scrubber. The influence of the gas flowrate, liquid flowrate and droplet diameter is 

investigated using the selected final mechanistic model. Lastly, the mechanistic model is 

further tested for robustness by comparing its results to those of three DOE experimental runs 

(Run 6, Run 13 and Run 15). 

4.2 Calculation of model parameters 

The mathematical expressions for the individual particle collection mechanisms by various 

authors were presented in Table 1, Table 2 and Table 3. In these particle models, certain 

parameters such as the droplet settling velocity, the droplet-particle relative velocity, the 

droplet packing density and the particle effective density present challenges when calculating 

them. Indeed, even for the same operating conditions, different estimation approaches exist 

for which a wide range of values may be obtained. This section introduces the approach and 

assumptions considered in the estimation of these parameters in the present study. 

4.2.1 Particle effective density (𝜌e  

The density of the carbon nanoparticles generated by the DNP 2000 spark generator may 

differ from the bulk density of carbon of 2000 kg.m-3 due to reasons such as the presence of 

voids in the internal structure of the nanoparticles and the non-spherical nature of the carbon 

nanoparticles. However, when estimating the carbon nanoparticle density, an assumption is 

made that they are spherical. This approach gives an "effective" or "apparent" density, not 

necessarily the true measure of the generated carbon nanoparticle density. Particle effective 

density cannot be measured directly [197]. It can be found if one of the following 
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combinations is known: mobility size – aerodynamic size, mobility size – particle mass, or 

aerodynamic size – particle mass [198, 199]. In this work, the aerodynamic and the electrical 

mobility diameters of the carbon nanoparticles at nominal operating conditions were 

measured separately by an electrical low-pressure impactor (ELPI, Dekati) and a Scanning 

Mobility Particle Spectrometers (SMPS, Grimm) respectively. The expression reported by 

DeCarlo et al. [198] below (Equation (33) is then used to calculate carbon nanoparticle 

effective density.  

 =   
(33) 

Where  is the slip correction factor,   is the reference density (1000 kg.m-3),  is the 

effective density,  is the electrical mobility diameter and  is the aerodynamic equivalent 

diameter. 
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Figure 52 Cumulative particle size distribution of the carbon nanoparticles measured 

upstream of the scrubber with SMPS and ELPI particle counters (average for N:2; 

standard deviation) 

The median diameter (D50) from the SMPS PSD was estimated as 26.61 nm and served as the 

electrical mobility diameter (dm) while the D50 from the ELPI PSD was determined as 33.38 

nm and used as da (Figure 52). The particle effective density was calculated to be 1279 kg.m-3. 

This value falls within the range of 1000 to 1800 Kg.m-3 reported in the literature [200–202]. 

4.2.2 Droplet settling velocity (Vt) 

The terminal settling velocity of a droplet (Vt) in a scrubber is defined as the maximum 

velocity that the droplet can attain as it falls through the gas stream. Hence, the droplet 

terminal velocity depends on several factors, including its size, spray ejection velocity and 

density, as well as the properties of the gas stream through which it is falling. Several forces 
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act on a droplet falling through a fluid. The force of gravity (FG) pulls the droplet downward 

and for a droplet acceleration equal to zero, it is balanced by an upward drag (FD) and buoyant 

forces (FB) of the gas resistance against the droplet (Figure 53). The effect of surface tension 

and viscous forces on the droplet is assumed to be negligible, as well as the effect of velocity 

and acceleration interactions between gas and particle around the vicinity of the particle. 

FBFD

FG

Droplet

 
Figure 53 Principal forces acting on a droplet flowing in a fluid 

The drag force is characterized by Stokes' law. Stokes' law is a mathematical expression that 

describes the drag force exerted on a small, spherical object moving through a fluid at low 

Reynolds number. The Reynolds number is a dimensionless number that compares the 

magnitude of the inertial forces to the viscous forces in a fluid flow. At low Reynolds 

numbers, the viscous forces dominate and the flow is said to be in the Stokes flow regime. In 

this regime, the drag force on a particle can be accurately described by Stokes' law. However, 

at high Reynolds numbers, the inertial forces become more significant and the flow is no 

longer in the Stokes flow regime. In this case, the drag force on a particle is not accurately 

described by Stokes' law. Instead, other drag models, such as the Newtonian drag model, may 

be more appropriate for predicting the drag force. Considering a droplet moving in a Stokes 

regime, the Stokes law expresses the drag force (FD), on a non-deforming spherical droplet of 

radius (RD) moving with a velocity (UD) in a gas with a viscosity (µ) as:  

 
 (34) 

The magnitude of the buoyancy force (FB) depends on the density of the gas (𝜌g), the volume 

of the particle and the acceleration due to gravity (g) and is expressed as: 

 

 
(35) 

The gravity force acting on the droplet is given as: 
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 (36) 

A droplet travels at constant velocity also known as terminal velocity when the net forces 

acting on the droplet is zero i.e., FG = FD + FB. Solving for UD in the equations (20-22) above 

gives: 

 

(37) 

Davenport et al. [122] reported that the droplet terminal velocity depends on the droplet 

Reynold’s number (ReD) and that equation (37) is appropriate when ReD is less than one 

(Stokes regime). The Reynolds number is related to the drag force on a droplet because it 

determines the type of flow that occurs around the droplet, which in turn affects the 

magnitude of the drag force. At low Reynolds numbers, the drag force is relatively small, 

while at high Reynolds numbers, the drag force is much larger [122]. For ReD above one (ReD 

>1), Davenport et al. [122] proposed the following equations: 

 

1 ≤ ReD ≤ 500 

(Intermediate regime) 

(38) 

 

ReD ≥ 500 

(Newton regime) 

(39) 

 

In the present work, the range of droplet Reynold number was estimated from the following 

expression [108]: 

 
(40) 

The value of the calculated droplet Reynold number ranges from 18 to 24, hence, equation 

(38) is used to calculate the droplet settling velocity. However, calculating Vt at nominal 

conditions gives 0.21 m.s-1 using equation ((38) and 0.15 m.s-1 using equation (37). 

4.2.3 Relative velocity between droplets and particles (U) 

Contrary to other particulate matter capture technologies such as a bag fabric filter or ESP 

where the collection medium is fixed (motionless), a spray scrubber involves mobile 
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collectors. The velocity of interest becomes the particle velocity in reference to the moving 

droplet velocity.  Difficulties exist in estimating the relative velocity (U) between particles 

and droplets in a scrubber given that both particles and droplets are in continuous motion and 

also could undergo deformation (droplet) or agglomeration (particles) as they travel in the gas 

stream. Kim et al. [14] calculated U as the velocity of the droplet relative to the scrubber. 

Other authors such as Wu et al. [22] estimated U by subtracting the mean particle velocity 

from the mean droplet velocity. Ardon-dryer et al. [124] estimate U as the droplet settling 

velocity (Vt). Holmes et al. [203] proposed an arithmetic mean velocity representing all the 

zones of the scrubber with the following equation:  

 
 (41) 

Where Ug is the gas velocity and UD is the droplet velocity at the spray jet. 

In this work, U is estimated as the mean droplet velocity (UD) minus the particle velocity. The 

particle velocity is assumed to be the same as the moving gas velocity, Ug.  Although inertial 

or diffusion phenomena occur in the vicinity of the droplet collectors, nano-sized and 

submicronic particles could be considered gas tracers. Average velocities of 15.9, 12.6 and 

9.3 m.s-1 corresponding to the experimentally measured droplet velocities at 20 mm from the 

nozzle exist (Figure 54) for droplet diameters 60, 70 and 80 µm respectively considered in the 

model as the droplet velocities. Although not used for the particle collection efficiency 

modeling, the droplet velocity at the exit of the nozzle was estimated considering the liquid 

flowrate and the measured external diameter (0.45 mm) of the nozzle as 25.2, 15.7 and 12.6 

m.s-1 for droplet diameter 60, 70 and 80 µm respectively. 

40 mm 110 mm

Nozzle

Nozzle head

 

Figure 54 Cross-sectional view of the pilot-scale scrubber 
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To account for the possible range of relative velocity U encountered in the scrubber, a 

sensitivity calculation is plotted at nominal operating conditions from the equations U 

presented in Table 22 below. 

Table 22 Relative velocities for sensitivity analysis at nominal conditions 

 
 (42) 

   (43) 

 
 (44) 

* Relative velocity used in general collection efficiency modeling 

The calculated values of U1, U2 and U3 for the sensitivity plots are 12.9, 6.6 and 0.4 m.s-1 

respectively. Although a single value (D32) is used to represent the droplet velocity in each 

case for U1, U2 and U3, it should be noted that the droplet velocity of a spray nozzle is a 

distribution and this could have a significant effect particularly at droplet-particle local 

interaction. 

4.2.4 Droplet packing density (𝛼) 

Droplet packing density in a scrubber refers to the concentration of droplets within the 

scrubber. It is typically expressed as a volume ratio, with the total volume of the droplets 

being divided by the volume of the scrubber. Droplet packing density can be influenced by 

several factors, including the size of the droplets, the liquid flow rate, the flow rate of the gas 

through the scrubber and the geometry of the scrubber. In the present study, the total droplet 

volume is estimated from the volume of the liquid (VolD) in the scrubber and is given as the 

product of the liquid flowrate (QL) and the average residence time of a droplet (TD) in the 

scrubber: 

 
 (45) 

 

 
(46) 

 Where h is the height of the scrubber (m) and UD is the droplet velocity (m.s-1) which is 

related to the droplet diameter. The average residence time of a droplet (TD) is estimated as 

the time it takes a droplet to travel from the mid-point of the scrubber with a velocity UD to 

the bottom of the scrubber. 
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Droplet packing density plays an important role in the efficiency of contaminant removal as 

discussed in the previous chapter. To account for the possible range of the droplet packing 

density, a sensitivity plot is calculated considering varying values of TD (Table 23). 

Table 23 Droplet residence times for droplet packing density sensitivity analysis 

 

 
(47) 

 

 
(48) 

 

 
(49) 

4.3 Model selection 

As discussed in chapter one, the overall collection efficiency is assumed to be the summation 

of the collection efficiencies obtained from the contributions due to the various removal 

mechanisms.  

Table 24 Summary of mechanistic model parameters  

Parameters Values Unit 

Scrubber height, h 1.9 m 

Scrubber diameter, d 0.3 m 

Droplet diameter, D 60, 70, 80 µm 

Gas temperature, T 343 K 

Droplet velocity, UD 

(@ D = 60, 70 & 80 µm resp.) 
15.9, 12.6, 9.3 m.s-1 

Liquid flowrate, QL 2.65.10-5, 5.33.10-5, 8.10-5 m3.s-1 

Gas flowrate, QG 0.012, 0.015, 0.019 m3.s-1 

Gas velocity, Ug 0.17, 0.21, 0.26 m.s-1 

Particle effective density,  1000, 1279,2000 kg.m-3 

Density of air,  0.909 kg.m-3 
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Gas viscosity, 𝜇 1.83.10-5 Pa·s 

Gas molecules free mean path,  6.73.10-8 m 

Solid volume fraction, 𝛼 1.10-5 to 4.10-5 - 

Terminal settling velocity of droplets, Vt 0.18, 0.21, 0.25 m.s-1 

Droplet Reynold’s number 18 to 24 - 

 

The mathematical expressions by several authors for the collection efficiencies due to 

impaction, Brownian diffusion and interception mechanisms were presented in Table 1, Table 

2 and  
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Table 3 respectively. Table 24 gives a summary of the range of model parameters while the 

overall collection is given by Equation (6). Amongst the models, only those of Licht et al. 

[104], Kim et al. [14] and Lim et al. [20] were derived for wet scrubbers. Others are 

established theoretical models for atmospheric aerosol scavenging. Even for the models 

derived specifically for wet scrubbers, limited data is available on the operating conditions for 

which there were derived. Hence, in this work, a model “fitting” approach is chosen to 

validate the various theoretical models. The experimental results at nominal conditions 

(Figure 36) are used as the reference data. The fitting approach consists of three steps and is 

as follows: 

I. Selecting the “best-fit” models due to impaction and diffusion mechanisms to locate 

the particle diameter of minimum efficiency 

 

Seven mathematical impaction collection models were initially considered (Table 1) of which 

two (Bae et al. [111] and Slinn et al. [27] ) were determined to be unsuitable. The models 

proposed by Calvert et al. [112] and that of Walton and Woolcock [113] gave similar 

collection efficiencies and as such only the model by Calvert et al. [112] was selected. 

Similarly, the models by Licht et al. [104] and Kim et al. [14] also gave similar results and 

hence that of Kim et al. [14] was selected. The final impaction considered was that proposed 

by Lim et al. [20]. For Brownian diffusion, five models (Table 2) were originally considered 

of which two (Fan et al. [117] and Carotenuto et al. [116]) were found to be unsuitable. The 

remaining three models (Fuchs et al [115], Bae et al. [111] and Jung and Lee [118]) gave 

similar collection efficiencies and as such the model reported by Jung and Lee [118] was 

selected. Figure 55 compares the mechanistic collection efficiency versus the experimental 

results at nominal conditions for the selected model combinations. It can be seen that the 

models are given by Lim et al. [20] (impaction) and Jung and Lee [118] (Brownian 

diffusion) are closer to the experimental data. 
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Figure 55 Comparison of overall collection efficiency considering selected impaction and 

diffusion models with experimental results at nominal conditions (average for N:4; 

standard deviation) 

II. Selecting the “best-fit” models from step I and the addition of interception 

mechanisms 

Having selected the best-fit models due to impaction and diffusion mechanisms, the particle 

collection due to the interception mechanism was then added to the overall collection 

efficiency model. Four (4) interception models were initially considered of which the results 

of the models by Fan et al. [117] and Fuchs et al. [115] were found to be the same. Thus, the 

model of Fuchs et al. [115] was selected. The last two interception mechanism models 

chosen were those of Jung and Lee [118] and Bae et al. [111]. 
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Figure 56 Comparison of overall collection efficiency considering selected impaction, 

diffusion and Interception models with experimental results at nominal conditions 

(average for N:4; standard deviation) 

From Figure 56 above, the particle collection efficiency predicted by the models of Lim et al. 

[20] for the impaction mechanism, Jung and Lee [118] for Brownian diffusion and either Bae 
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et al. [111] or Jung and Lee [118] for interception mechanism is closer to the experimental 

result at nominal conditions. 

III. Selecting the “best-fit” models from step II and adding of thermophoresis mechanism 

The last step of the model fitting consists of adding the contribution due to the thermophoresis 

mechanism. The mathematical model for the effect of thermophoresis forces reported by 

Davenport et al. [114] (Equation (5) is employed. For the study conditions, the effect of 

thermophoresis was determined to be negligible and as such no observable difference is 

noticed with (Figure 70) or without (Figure 69) thermophoresis mechanism. 
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Figure 57 Comparison of overall collection efficiency considering selected impaction, 

diffusion, interception and thermophoresis models with experimental results at nominal 

conditions (average for N: 4; standard deviation) 

Table 25: Final model composition 

S/N Impaction Brownian 

diffusion 

Interception Thermophoresis 

Model Author Lim et al. [20] Jung and Lee 

[118] 

Bae et al. [111] Davenport et al. 

[114] 

Table 25 shows the composition of the “best-fit” model. This “best-fit” particle collection 

model is henceforth referred to as the mechanistic model and is employed for further 

investigations. 

4.4 Adjusted experimental data 

In chapter 2, the experimental result of the nanoparticle collection by the walls of the 

scrubber (without liquid flow) was presented (Figure 28). In the present section, an 
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adjustment to the experimental results at nominal conditions is done by subtracting the 

collection efficiency by the walls of the scrubber from the collection efficiency when there is 

liquid flow in the scrubber (Figure 58). In doing this, an attempt is made to isolate the 

collection of nanoparticles solely by the liquid droplet collectors inside the scrubber.  
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Figure 58 Comparison of experimental, adjusted experimental and mechanistic results at 

nominal conditions (average for N: 4; standard deviation) 

Figure 58 also compares the Adjusted experiment data to the mechanistic model results at 

nominal conditions. The adjusted experiment results give a much lower collection efficiency, 

especially for particles in the diffusion and intermediate regions. The adjusted experiment 

data represent rather the lowest possible nanoparticle collection efficiency extrema at the 

nominal conditions. The adjusted experiment results also show that the approach employed 

greatly simplifies the role of the scrubber in particle collection. The scrubber walls serve more 

roles than a surface for particle adhesion. The walls help guide the gas stream, the droplets 

and the captured particles. In doing this, the thermodynamic and hydrodynamic properties of 

the droplets and particles in the scrubber are affected by the walls in different ways such as 

the droplet evaporation rate, the droplet motion and the overall flow characteristics of the gas 

stream. This is particularly the case in the pilot-scale scrubber where the volume-to-surface 

area ratio is high (i.e., much higher than in the full-scale scrubber). 

4.5 Sensitivity analysis at nominal conditions 

In the following subsections, the nominal experimental data is compared to the mechanistic 

modeling results for the various particle density, droplet packing density and droplet-particle 

relative velocity obtained from the corresponding estimation approach. 
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4.5.1 Particle effective density 

Figure 59 represents the influence of the particle effective density on the collection of 

particles by the spray scrubber. As the particle density increases from 1000 to 2000 Kg.m-3, 

an improvement in the collection of larger particles (> 35 nm) is observed. Particles with a 

higher density will have more mass for a given size, which means they will have more inertia 

and be less affected by the gas stream and hence better collection due to impaction and 

interception mechanism. No influence of particle density is observed on smaller particles (< 

35 nm). When the mechanistic model results at a particle density of 2000 Kg.m-3 is compared 

to the experimental results at nominal conditions, the results are in close agreement. 
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Figure 59 Comparison of mechanistic and experimental collection efficiencies at varying 

particle densities at nominal conditions (average for N: 4; standard deviation) 

4.5.2 Droplet packing density 

Figure 60 shows the sensitivity plot of the influence of the droplet packing density on the 

particle collection efficiency at nominal conditions. As discussed in the previous chapter, a 

higher droplet packing density will increase both the number of collectors and the collectors' 

surface area, hence the probability of particle capture. However, for the study conditions 

presented in Figure 60, as the packing density increase from 0.00003 to 0.002, no significant 

influence is observed on the particle removal efficiency for the entire particle diameter range. 
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Figure 60 Comparison of mechanistic and experimental collection efficiencies at varying 

droplet packing density at nominal conditions (average for N: 4; standard deviation) 

4.5.3 Relative velocity 

Figure 61 represents the sensitivity plot of the influence of the droplet-particle relative 

velocity at nominal conditions. The values of U1, U2 and U3 were calculated using the 

equations presented in Table 22. The collection efficiency at U1 closely agrees with 

experimental data. Are the relative velocity decreases (from U1 to U2 and then to U3), the 

MPPS of the corresponding collection efficiency curve shifts to a larger particle diameter. 

Likewise, the collection of particles in the diffusion and intermediate region improves while 

that of larger particles slightly decreases. A possible explanation is that droplets may be more 

susceptible to Brownian diffusion at the lower relative velocity, which would cause them to 

more effectively collide and capture smaller particles, resulting in an increase in efficiency for 

smaller particles. Generally, low relative velocities such as 0.43 m.s-1 (U3) are uncommon in a 

wet scrubber but are found in aerosol scavenging by raindrops. As such, the efficiency curves 

with U1 and U2 give a better fit to the experimental data.  
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Figure 61 Comparison of mechanistic and experimental collection efficiency at varying 

droplet-particle relative velocity at nominal conditions (average for N: 4; standard 

deviation) 

4.6 Mechanistic modeling of the influence of operating parameters 

The following section discusses the influence of gas flowrate, liquid flowrate and droplet 

diameter on the collection of particles by the spray scrubber using the mechanistic model. The 

numerical range of the variables is within those of the Design of Experiment (DOE) 

previously presented. Given that spray nozzle was used for the experimental campaign and 

the mechanistic model was developed in reference to the experimental data (at nominal 

conditions), a change in the droplet diameter also results in a modification in the mechanistic 

model droplet velocity. 

4.6.1 Influence of Gas flowrate 
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Figure 62  Mechanistic model results of the influence of gas flowrate on collection 

efficiency at a constant liquid flowrate of 3.2 L.min-1 and droplet diameter of 70 µm 

(average for N: 4; standard deviation) 
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For the range of gas flowrates investigated (Figure 62), an increase in the gas flow rate 

resulted in a decrease in the collection efficiency for the entire particle size range studied. A 

higher gas flowrate leads to a shorter particle residence time and thus, reduced collection 

efficiency. For the range of gas flowrates investigated, the corresponding gas velocities are 

much smaller than the droplet velocities. This assumption is fairly accurate as the mechanistic 

model considers the global view of the scrubber. At a more local level, certain regions in the 

scrubber may have droplet velocities very close to the gas velocities reported. Hence, a 

change in gas flowrate (i.e., gas velocity) has no noticeable effect on the droplet-particle 

relative velocity leading to no influence on the relative Reynolds number (Re). Therefore, no 

significant flow regime change occurred for the range of the gas and liquid flowrates studied. 

4.6.2 Influence of Liquid flowrate 
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Figure 63 Mechanistic model results of the influence of liquid flowrate on collection 

efficiency at a constant gas flow rate of 45 Nm3.h-1 and droplet diameter of 70 µm 

(average for N: 4; standard deviation) 

As presented in the experimental results in chapter 4, the liquid flowrate has the most 

significant influence on the removal of nanoparticles by the scrubber.  This is also the case 

with the mechanistic models (Figure 63). An increase in the liquid flowrate leads to an 

increased number of collectors and increase collection surfaces which in turn results in an 

improvement in the overall collection efficiency for the entire particle size range investigated. 

4.6.3 Influence of Droplet diameter and Droplet velocity 

Before understanding the combined effect of droplet diameter and droplet velocity on the 

nanoparticle removal efficiency (as was the case in the experimental runs), the influence on 

only the droplet diameter is first of all investigated as shown in Figure 63a. As the droplet 
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diameter decreases, the overall collection efficiency improves (Figure 63a). This is because 

smaller droplets are likely to come into contact with and capture particles. This is due to the 

smaller droplets having a larger surface area relative to their volume, which increases the 

likelihood of collisions with particles. Another way that droplet diameter can affect particle 

collection is through the terminal velocity of the droplets. As stated previously, the droplet 

terminal velocity is the maximum velocity that a falling droplet will reach due to the balance 

of forces acting on it. Droplets with diameters of 60 µm have a lower terminal velocity (0.17 

m.s-1) than droplets at 80 µm (0.25 m.s-1), which means they will be more likely to remain in 

the gas stream until they collide with and capture particles as they fall through the scrubber.  
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(b) 

Figure 64 Mechanistic model results of the (a) droplet diameter and (b) combined influence of 

droplet diameter and velocity on collection efficiency at a constant gas flow rate of 45 Nm3.h-

1 and liquid flowrate of 3.2 L.min-1(average for N: 4; standard deviation) 

 

In Figure 64b, the droplet velocity is allowed change as the droplet diameter varies. This was 

the case in the experimental data given that nozzle technology was used to supply the 

spraying liquid. As the droplet diameter increased, the droplet velocity decreases leading to a 

shift in the collection efficiency MPPS to larger particle size (Similar to Figure 61). Likewise, 

a decrease in the droplet diameter led to an improvement in the particle collection efficiency. 

The combined influence of decreasing the droplet diameter and increasing the droplet velocity 

leads to higher collection, especially for larger particles.  

4.7 Mechanistic model robustness verification 

The mechanistic model results were tested for robustness by comparing them to three 

different DOE experimental runs (Run 6, Run 13 and Run 15) that were previously presented 

in Table 16. The predicted values given by the Box- Behnken design (BBD) models are also 
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plotted. For the seventeen DOE experimental runs (Table 16), Run 15 gave the minimum 

collection efficiency curve, Run 13 had the maximum efficiency curve and Run 6 had a 

collection efficiency curve around the mid-point. Figure 65 compares the experimental, 

mechanistic and BBD model results at Run 15; gas flowrate (A) of 35 Nm3.h-1, liquid flowrate 

(B) of 1.6 L.min-1 and droplet diameter (C) of 70 µm. The experimental and BBD model 

results are in good agreement. However, there are discrepancies between the mechanistic 

model and the experimental data. Indeed, for the entire particle range, the mechanistic model 

understates the experimental results – particularly in the interception-impaction dominant 

region. 
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Figure 65 Comparison of experimental, BBD model and mechanistic model results at 

Run 15 – A: 35 Nm3.h-1, B: 1.6 L.min-1 and C: 70 µm (average for N: 4; standard 

deviation) 

Several factors could explain this behavior. The mechanistic model may not accurately 

represent the complex thermodynamic flow within the spray scrubber. Especially the effects 

of evolving particle properties (e.g., size or density) and the secondary influence of operating 

variables (e.g., effects of gas flowrate on droplet size). Given that the liquid flowrate has the 

most significant influence on the collection efficiency, it will appear that the mechanistic 

model results are understated at a low liquid flowrate. 

Figure 66 compares the experimental, mechanistic and BBD model results at Run 6; gas 

flowrate (A) of 55 Nm3.h-1, liquid flowrate (B) of 3.2 L.min-1 and droplet diameter (C) of 60 

µm. Here again, the experimental and BBD model results are in close agreement. However, 

there are differences between the mechanistic model and the experimental results but not as 

pronounced as in the previous Run 15. Indeed, Run 6 has a liquid flowrate (3.2 L.min-1) 
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which is the same liquid flowrate as the nominal conditions that were used to fit the 

mechanistic model in the first place. 
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Figure 66 Comparison of experimental, BBD model and mechanistic model results at 

Run 6 – A: 55 Nm3.h-1, B: 3.2 L.min-1 and C: 60 µm (average for N: 4; standard 

deviation) 

In Figure 67, a comparison of the experimental, BBD model and mechanistic model results is 

made at Run 6; gas flowrate (A) of 45 Nm3.h-1, liquid flowrate (B) of 4.8 L.min-1 and droplet 

diameter (C) of 60 µm. Once again, the experimental and BBD model data are in close 

agreement. However, differences exist between the mechanistic model and the experimental 

results.  but not as pronounced as in the previous Run 13. At this liquid flowrate (4.8), the 

mechanistic model overstates the collection efficiency, especially for larger particle 

diameters. 
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Figure 67 Comparison of experimental, BBD model and mechanistic model results at 

Run 13 – A: 45 Nm3.h-1, B: 4.8 L.min-1 and C: 60 µm (average for N: 4; standard 

deviation) 
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4.8 Conclusion of the chapter 

In this chapter, a mechanistic model for the collection of particles by a spray scrubber 

considering the individual contributions of inertial impaction, Brownian diffusion, 

interception and thermophoresis mechanisms was presented. Several authors proposed 

mathematical expressions for the individual mechanisms. The final chosen mechanistic model 

consists of the impaction mechanism by Lim et al. [20], Brownian diffusion by  Jung and Lee 

[118], the Interception mechanism by Bae et al. [111] and Thermophoresis by Davenport et 

al. [114]. This configuration was found to be the “best fit” for the experimental data at 

nominal conditions. 

A sensitivity analysis was conducted to verify the influence of key model parameters such as 

the particle density, droplet packing density and droplet-particle relative velocity on the 

particle collection efficiency of the scrubber. As the particle density increased from 1000 to 

2000 Kg.m-3, the mechanistic model results improved and gave a better fit to the experimental 

data. Within the study conditions, no significant influence on the droplet packing density was 

observed. A decrease in the droplet-particle relative velocity led to s dislodgement of the 

collection efficiency MPPS to higher particle diameters. 

The influence of the gas flowrate, liquid flowrate and droplet diameter was also investigated 

using the mechanistic model. And the results are consistent with those found in the literature. 

Lastly, the mechanistic model was tested for robustness by comparing its results to the actual 

and predicted (BBD model) results of three DOE experimental runs (Run 6, Run 13 and Run 

15). In all three cases, the predicted BBD model results were in close agreement with the 

experimental data. However, the mechanistic model results were understated for Run 15, 

closely stated for Run 6 and overstated for Run 13.  



Chapter IV Mechanistic modeling of particle collection efficiency 
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The lack of regulations targeted at the safe disposal of engineered nanomaterials (ENM) at 

end-of-life implies that ENM are currently been treated via conventional waste management 

pathways. This leads to heightened concerns given that an increasing number of studies are 

associating the presence of ENM in the environment with potential health and environmental 

issues. It is therefore important to understand the fate of ENM in existing waste management 

facilities such as waste incineration plants. Spray scrubbers are flue gas cleaning technologies 

(FGCT) mainly employed in industrial applications such as waste incineration to treat acid 

gases but have also been reported to be used in various combinations with other FGCT units 

to limit the release of PM. However, scrubbers generally are reported to have a low collection 

efficiency for PM < 5.0 µm. In this Ph.D. dissertation, an evaluation of the performance of a 

pilot-scale spray scrubber for the collection of nanoparticles contained in incineration fumes 

has been made. The primary objectives of this thesis were: 

 To carry out a literature review on the fate of ENM in conventional waste 

management facilities such as waste incineration plants with a focus on the removal of 

nanoparticles by scrubber technology present in these facilities 

 To understand the physical phenomena involved in the capture of particles by a 

droplet in a scrubber and to quantify the parameters involved in the collection 

phenomena from various published works with the goal of developing a mechanistic 

model that would be validated with experimental data. 

 To evaluate the performance of a pilot-scale spray scrubber on the removal of carbon 

nanoparticles present in an incineration fume representative of the average conditions 

(nominal conditions) typical of hazardous waste incineration plant scrubber 

 To study the influence of key operating parameters such as the gas flowrate, liquid 

flowrate and droplet diameter on spray scrubber performance with regards to the 

collection of nanoparticles with the goal of finding an optimal operating condition 

 To quantify the transfer of nanoparticles from the gas phase to the liquid phase at 

nominal conditions and also the collection of nanoparticles by the scrubber walls 

To attain these objectives, a bibliographic review was first carried out as reported in chapter 

I. The review summarized the definition, types and production of nanomaterials based on 

published works. Over 27 definitions of nanomaterials were found in the literature. 

Nanomaterial definitions broadly consist of an emphasis on size, novelty and chemical 

composition. The global NM market primarily led by the carbon-based ENM is projected to 
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grow exponentially in the coming decades (i.e., with a compound annual growth rate of 

∼15%). This has led to concerns about the potential health and environmental impacts of 

ENM and an increased number of possible human exposure pathways. No national, regional, 

or global regulations on the safe disposal of nanomaterials at the end of their life were found 

in the literature. Thus, a focus was then placed on the fate of ENM in conventional waste 

management pathways such as in waste incineration plants. It was found that limited research 

(21 studies) has been conducted on the behavior of nanomaterials during waste incineration. 

These studies reported that several factors such as the chemical and physical nature of the 

nanomaterial, the combustion temperature, the residence time and the presence of other 

materials could affect the fate of ENM during waste incineration. For the specific ENM 

reported in these studies, ENM does survive the combustion temperature and the majority end 

up in the bottom ash. However, a fraction of the ENM was also transferred to the flue gas 

stream. Given the specificity of the studies and the complexity involved in waste incineration, 

care should be taken in generalizing these conclusions to all ENM or the same ENM but in 

different configurations of waste incineration. Yet, a significant knowledge gap exists on the 

fate of NM that join the flue gas after the combustion chamber. The second objective of 

chapter I was dedicated to examining wet scrubbing technology, including the operating 

principles, types, industrial applications, and various particle collection mechanisms involved 

in a scrubber. It was found that the particle collection mechanisms by a droplet include 

inertial impaction, Brownian motion, electrostatic attraction, interception, gravitational 

settling, condensation, centrifugal force and phoretic forces. Authors such as Lim et al. [20] 

and Kim et al. [14] argued that inertial impaction, Brownian motion, and interception are the 

dominant mechanisms in a wet scrubber. The Stokes, Peclet and interception numbers 

represented the dimensionless parameters that translate the inertial impaction, Brownian 

motion, and interception mechanisms respectively. Finally, this chapter reviewed the 

influence of gas flow rate, gas temperature, gas humidity rate, liquid flow rate, and droplet 

diameter on the particle collection efficiency of a wet scrubber. In general, the relationship 

between gas flow rate and particle removal efficiency in a wet scrubber is complex and may 

not be linear. Higher gas flowrate was reported to favor the collection of particles due to 

direct inertial impaction. However, a high gas flowrate results in a lower particle residence 

time and thus a lower overall particle removal efficiency. 

An increase in the gas temperature could increase the overall droplet-particle interaction due 

to the evaporation of the droplet surfaces. However, higher gas temperatures can also lead to 
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increased evaporation of the liquid in the scrubber, which can reduce the number of droplets, 

hence the overall scrubber efficiency. In general, increasing the liquid flow rate can lead to 

improved particle removal efficiency, as it allows for more droplets to be present in the 

scrubber and increases the chances that particles will come into contact with and be collected 

by the droplet. Droplet diameter was found to be inversely correlated to the particle collection 

efficiency. It was presented that smaller droplets have a larger surface area to volume ratio, 

which allows them to come into contact with more particles. Additionally, smaller droplets 

are more susceptible to Brownian motion, which can cause them to collide with and collect 

particles. 

Chapter II presented the materials and the overall research methodology employed in this 

thesis. The pilot-scale scrubber discussed in this work was designed and operated to represent 

a full-scale spray scrubber present in the flue-gas cleaning line of a hazardous waste 

incineration plant in terms of the height-to-diameter ratio, liquid-to-gas ratio, gas inlet and 

outlet temperatures, gas humidity, gas residence time, and gas flow regime, droplet diameter 

and particle concentration. The aerosols investigated in this thesis were carbon nanoparticles. 

The carbon nanoparticles with an estimated mean particle concentration of 1.2 .106 #.cm-3 

were generated by a DNP 2000 (Palas) spark particle generator and counted with a Scanning 

Mobility Particle Spectrometer (SMPS). A two-step dilution (with a combined dilution factor 

of 100x) was performed to lower the flue gas particle concentration, gas temperature and 

humidity conditions before counting with the SMPS. The overall research methodology to 

evaluate the performance of the scrubber consisted of an initial experimental campaign at 

nominal conditions, followed by validation of the particle collection mechanistic model and 

also an investigation of the influence of the main operating parameters on the collection 

efficiency of carbon nanoparticles by the pilot-scale scrubber using a Design of experiment 

methodology - Box Behnken design. Three independent operating parameters (variables) 

were considered - the gas flow rate, the liquid flow rate and the droplet diameter. This 

resulted in seventeen (including five replica points) experimental runs for the Box Behnken 

design and analysis. 

The liquid droplet diameter and velocity characterization measurements revealed the 

difficulties is using spray nozzles. Modifying the liquid flowrate of the spray nozzle could 

modify the droplet diameter also. To address this, a change in the liquid flow rate is 

accomplished by adjusting the overall number of spray nozzles in the scrubber. This could 

introduce possible secondary effects. Hence, preliminary qualification tests to investigate the 
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influence of the modification of nozzle configurations on the pilot-scale scrubber collection 

efficiency at three distinct operating conditions were conducted. No noticeable influence of 

modifying the configuration of the nozzle was observed. A second test bench qualification 

carried out consisted of quantifying the collection of nanoparticles by the pilot scrubber walls 

at three different gas flowrates. In this test, a significant mass (up to 30%) of the carbon 

nanoparticles was found to be collected by the walls of the scrubber. Lastly, a vacuum 

filtration measurement of the purged water collected at the bottom of the scrubber at nominal 

operating conditions was also performed to quantify the transfer of nanoparticles from the gas 

phase to the liquid phase. The results of the purge water vacuum filtration show that about 

37% of nanoparticles were transferred from the gas phase to the liquid phase at nominal 

operating conditions. 

Chapter III presented the results of the experimental campaign using the Box-Behnken 

Design (BBD) methodology. Eight responses (Y1, Y2, Y3, Y4, Y5, Y6, Y7 and Y8) were 

selected, corresponding to collection efficiencies at particle diameters 17, 20, 24, 29, 35, 42, 

51 and 62 nm respectively. The majority of the collection efficiency curves of the 17 

experimental runs have their Greenfield gap (i.e., MPPS) at either Y5 or Y6. We, therefore, 

referred to this region as the intermediate region while denoting the region around Y1, Y2, Y3 

and Y4 as the diffusion-dominant region. The region around Y7 and Y8 was designated as the 

impaction-interception-dominant region. At nominal conditions (replica point), the pilot-scale 

scrubber has a collection efficiency of 35% to 62% for particle size 14 nm to 91 nm in 

mobility equivalent diameter. From the experimental data, Design Expert V13 was used to 

generate the BBD models. Before using the BBD models to predict the responses, significant 

terms in the BBD models for each response were found by analysis of variance (ANOVA) 

and significance was primarily decided by the F-statistic calculated from the data. For all the 

BBD models, model term(s) reduction was carried out to improve the overall model 

adequacy. However, no BBD model transformation was performed. For 17 experimental 

results, the predicted BBD model results were found to be in close agreement (i.e., within one 

standard deviation). 2D and 3D surface plots, representing the combined influence of two 

independent factors (while keeping the third constant) were plotted to investigate the 

independent factors investigated (A: gas flowrate, B: liquid flowrate and C: droplet diameter) 

on the collection efficiency. An optimal operating condition that maximizes the responses by 

the pilot-scale scrubber was proposed by the Design Expert V13 at A: 46 Nm3.h-1, B: 4.8 

L.min-1 and C: 60 µm. Confirmatory experimental runs were conducted at these optimal 
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conditions and the results (45.7% to 62.6% removal efficiency) were found to be in good 

agreement with the predicted data. 

Chapter IV presented a mechanistic model for the collection of particles by a spray scrubber 

considering the individual contributions of inertial impaction, Brownian diffusion, 

interception and thermophoresis mechanisms. Several authors proposed mathematical 

expressions for the individual mechanisms. The final chosen mechanistic model consisted of 

the impaction mechanism by Lim et al. [20], Brownian diffusion by  Jung and Lee [118], 

the Interception mechanism by Bae et al. [111] and Thermophoresis by Davenport et al. 

[114]. This configuration was found to be the “best fit” for the experimental data at nominal 

conditions. 

A sensitivity analysis was conducted to verify the influence of key model parameters such as 

the particle density, droplet packing density and droplet-particle relative velocity on the 

particle collection efficiency of the scrubber. As the particle density increased from 1000 to 

2000 kg.m-3, the mechanistic model results improved and gave a better fit to the experimental 

data. Within the study conditions, no significant influence on the droplet packing density was 

observed. A decrease in the droplet-particle relative velocity led to the dislodgement of the 

collection efficiency MPPS to higher particle diameters. 

The influence of the gas flowrate, liquid flowrate and droplet diameter was also investigated 

using the mechanistic model. And the results are consistent with those found in the literature. 

Lastly, the mechanistic model was tested for robustness by comparing its results to the actual 

and predicted (BBD model) results of three DOE experimental runs (Run 6, Run 13 and Run 

15). In all three cases, the predicted BBD model results were in close agreement with the 

experimental data. However, the mechanistic model results were understated for Run 15, 

closely stated for Run 6 and overstated for Run 13. 

The limitations to the present study are as follows: 

1. Limitations related to the scope- 

 Conclusions of this study may only be applicable to carbon-based nanoparticles 

and may not be generalized to other types of engineered nanoparticles. 

 The study was conducted at a pilot-scale, and therefore, care should be taken when 

extrapolating the results to a full-scale scrubber. 

 The study only investigated the impact three operating parameters ( gas flowrate, 

liquid flowrate and droplet diameter) on the collection efficiency. Other operating 
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parameters may play an important role on the collection efficiency depending on 

the spray scrubber configurations 

 The isolated and careful characterization of the influence of wall/droplet 

interactions on nanoparticle capture by a water film has not been adequately 

explored 

2. Limitations related to the complexity of the full-scale scrubber system: 

 The study did not consider the effect of other pollutants that may be present in the 

flue gas, which could impact the collection efficiency of nanoparticles. 

 The configuration of a full-scale scrubber may vary, and therefore, the results of 

the study may not be directly applicable to all scrubber configurations. 

3. Limitations related to the modeling approach: 

 The BBD model used in the study is best suited for optimization studies and may 

not provide physical/scientific insights into the processes occurring in the 

scrubber. 

 The global approach taken in the study ignores the local droplet-particle 

interactions, which could have a significant impact on the performance of a 

scrubber, especially given the complex thermodynamic conditions of a WIP 

scrubber. 

The results of this thesis remain promising concerning bridging the existing knowledge gap of 

the fate of nanoparticles in a spray scrubber under waste incineration conditions. However, 

this thesis also opens up possible directions for future research. Thus, it would be interesting 

to: 

 Investigate a much wider range of parameters. Physical scaling down constraints 

necessitated us to have a range of parameters close to the nominal conditions. 

However, from the interactive plots in chapter III, the results indicate that we are not 

at the limits of these parameters and by extension not close to extrema in the full-scale 

scrubber. A much wider range of gas flow, liquid flow and droplet diameter could 

permit a better understanding of the influence of these variables on the removal 

efficiency 

 Investigate the influence of other operating parameters such as the gas humidity, gas 

temperature, liquid types, liquid pH and liquid temperature on the collection of 

nanoparticles by spray scrubber. This will result in a comprehensive understanding of 

the complex droplet-particle capture phenomena involved in a scrubber 
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  Study the collection efficiency of organic and inorganic-based nanomaterials. This is 

particularly essential given that the hygroscopic characteristics of the carbon 

nanoparticles used in this thesis were not verified 

 Investigate the collection of nanoparticles contained in real (actual) incineration 

fumes. The presence of other pollutants (acid gases) including larger PM could reveal 

new insights into the removal of nanoparticles by a spray scrubber under waste 

incineration conditions. 

 Develop a computational fluid dynamics (CFD) numerical model to study the local 

flow interactions inside the scrubber. The thermodynamic interactions between the gas 

and droplets in the spray scrubber play a critical role in the ability of the scrubber to 

remove particles and these interactions are influenced by factors such as the 

temperature and flow rate of the gas, the properties of the water and gas, and the 

design of the scrubber 

 

 

 

 

 

 



 

 

 

Annexes 

Annex 3-1a: Counter and response surface plots showing the influence of factors A 

and B at constant C (a:60 and b:80 µm) 
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(a1) C:Droplet (60 µm) 
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(a2) C:Droplet (60 µm) 
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(b1) 

C:Droplet (80 µm) 
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(b2) C:Droplet (80 µm) 

 



 

 

 

 

Response Y3 @ 24 nm 
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(a1) C:Droplet (60 µm) 
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(a2) C:Droplet (60 µm) 
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(b1) 

C:Droplet (80 µm) 
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(b2) C:Droplet (80 µm) 

 



 

 

 

 

 

Response Y4 @ 29 nm 
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(a1) C:Droplet (60 µm) 
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(a2) C:Droplet (60 µm) 
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(b1) C:Droplet (80 µm) 

35  

40  

45  

50  

55  

  1.6

  2.4

  3.2

  4

  4.8

25  

30  

35  

40  

45  

50  

C
E
 (

%
) 

@
 2

9
 n

m

B: Liquid flowrate (L.min-1)A: Gas flowrate (Nm3.h-1)

3D Surface
Factor Coding: Actual

@ 29 nm (%)

Design Points:

Above Surface

Below Surface

27.2 46.6

X1 = B

X2 = A

Actual Factor

C = 80

  

 

(b2) C:Droplet (80 µm) 

 



 

 

 

 

Annex 3-1b: Counter and response surface plots showing the influence of factors A and 

C at constant B (a:4.8 and b:1.6 L.min-1) 
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(a1) B: Liquid flowrate (4.8 L.min-1) 
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(a2) B: Liquid flowrate (4.8 L.min-1) 
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(b1) B: Liquid flowrate (1.6 L.min-1) 
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(b2) B: Liquid flowrate (1.6 L.min-1) 

 



 

 

 

 

Response Y3 @ 24 nm 
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(a1) B: Liquid flowrate (4.8 L.min-1) 
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(a2) B: Liquid flowrate (4.8 L.min-1) 
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(b1) B: Liquid flowrate (1.6 L.min-1) 
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(a1) B: Liquid flowrate (4.8 L.min-1) 
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(a2) B: Liquid flowrate (4.8 L.min-1) 
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(b1) B: Liquid flowrate (1.6 L.min-1) 
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(b2) B: Liquid flowrate (1.6 L.min-1) 

 



 

 

 

 

Annex 3-1C: Counter and response surface plots showing the influence of factors B and 

C at constant A (a: 35 Nm3.h-1and b: 55 Nm3.h-1) 
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(a1) A:Gas flowrate (55 Nm3.h-1) 
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(a2) A:Gas flowrate (55 Nm3.h-1) 
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(b1): A:Gas flowrate (35 Nm3.h-1) 
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(b2) A:Gas flowrate (35 Nm3.h-1) 

 



 

 

 

 

Response Y3 @ 24 nm 
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(a1) A:Gas flowrate (55 Nm3.h-1) 
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(a1) A:Gas flowrate (55 Nm3.h-1) 

1.6 2.4 3.2 4 4.8

60

65

70

75

80
CE (%) @ 24 nm

B: Liquid flowrate (L.min-1)

C
: 
D

ro
p

le
t 

d
ia

m
e
te

r 
(u

m
)

30

35

40

45

50

Factor Coding: Actual

@ 24 nm (%)

Design Points

29.9 52.1

X1 = B

X2 = C

Actual Factor

A = 35

 

(b1) A:Gas flowrate (35 Nm3.h-1) 
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(b2) A:Gas flowrate (35 Nm3.h-1) 

 



 

 

 

 

Response Y4 @ 29 nm 
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(a1) B: Liquid flowrate (4.8 L.min-1) 
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(a2) B: Liquid flowrate (4.8 L.min-1) 
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(b1) B: Liquid flowrate (1.6 L.min-1) 
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(b2) B: Liquid flowrate (1.6 L.min-1) 

 



 

 

 

 

Annex 3-2a: Counter and response surface plots showing the influence of factors A and 

B at constant C (a:60 and b:80 µm) 
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(a1) C:Droplet (60 µm) 
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(a2) C:Droplet (60 µm) 
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(b1) C:Droplet (80 µm) 
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(b2) C:Droplet (80 µm) 

 



 

 

 

 

Annex 3-2b: Counter and response surface plots showing the influence of factors A and 

C at constant B (a:4.8 and b:1.6 L.min-1) 
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(a1) B: Liquid flowrate (4.8 L.min-1) 
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(a2) B: Liquid flowrate (4.8 L.min-1) 

60 65 70 75 80

35

40

45

50

55
CE (%) @ 42 nm

C: Droplet diameter (um)

A
: 
G

a
s 

fl
o

w
ra

te
 (

N
m

3
.h

-1
)

28

30

32

32

34

36

Factor Coding: Actual

@ 42 nm (%)

Design Points

26.5 42.6

X1 = C

X2 = A

Actual Factor

B = 1.6

 

(b1) B: Liquid flowrate (1.6 L.min-1) 

35  

40  

45  

50  

55  

  60

  65

  70

  75

  80

25  

30  

35  

40  

45  

C
E
 (

%
) 

@
 4

2
 n

m

C: Droplet diameter (um)A: Gas flowrate (Nm3.h-1)

3D Surface
Factor Coding: Actual

@ 42 nm (%)

Design Points:

Above Surface

Below Surface

26.5 42.6

X1 = C

X2 = A

Actual Factor

B = 1.6

 

(b2) B: Liquid flowrate (1.6 L.min-1) 

 



 

 

 

 

Annex 3-2C: Counter and response surface plots showing the influence of factors B and 

C at constant A (a: 35 Nm3.h-1and b: 55 Nm3.h-1) 
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(a1) A:Gas flowrate (55 Nm3.h-1) 
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(a2)A:Gas flowrate (55 Nm3.h-1) 
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(b1) A:Gas flowrate (35 Nm3.h-1) 
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Annex 3-3a: Counter and response surface plots showing the influence of factors A and 

B at constant C (a:60 and b:80 µm) 
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(a1) C:Droplet (60 µm) 
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(a2) C:Droplet (60 µm) 
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(b1) C:Droplet (80 µm) 
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(b2) C:Droplet (80 µm) 

 



 

 

 

 

Annex 3-3b: Counter and response surface plots showing the influence of factors A and 

C at constant B (a:4.8 and b:1.6 L.min-1) 
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(a1) B: Liquid flowrate (4.8 L.min-1) 
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(a2) B: Liquid flowrate (4.8 L.min-1) 
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(b1) B: Liquid flowrate (1.6 L.min-1) 
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(b2) B: Liquid flowrate (1.6 L.min-1) 

 



 

 

 

 

Annex 3-3C: Counter and response surface plots showing the influence of factors B and 

C at constant A (a: 35 Nm3.h-1and b: 55 Nm3.h-1) 
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(a1) A:Gas flowrate (55 Nm3.h-1) 
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(a2) A:Gas flowrate (55 Nm3.h-1) 
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(b1) A:Gas flowrate (35 Nm3.h-1) 
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(b2) A:Gas flowrate (35 Nm3.h-1) 

 



 

 

 

 

Annex 3-4a: Full and Reduced ANOVA for responses Y1 (@ 17 nm), Y3 (@ 24 nm), Y4 

(@ 29 nm), Y6 (@ 42 nm) and Y7 (@ 51 nm) 

Full Anova - Response Y1 @ 17 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 789.17 9 87.69 28.88 0.0001 significant 

A-Gas flowrate 27.75 1 27.75 9.14 0.0193 
 

B-Liquid flowrate 414.72 1 414.72 136.58 < 0.0001 
 

C-Droplet diameter 236.53 1 236.53 77.90 < 0.0001 
 

AB 1.0000 1 1.0000 0.3293 0.5840 
 

AC 0.2025 1 0.2025 0.0667 0.8036 
 

BC 0.6400 1 0.6400 0.2108 0.6601 
 

A² 1.61 1 1.61 0.5288 0.4907 
 

B² 22.42 1 22.42 7.38 0.0299 
 

C² 80.87 1 80.87 26.63 0.0013 
 

Residual 21.25 7 3.04 
   

Lack of Fit 2.52 3 0.8408 0.1796 0.9051 not significant 

Pure Error 18.73 4 4.68 
   

Cor Total 810.42 16 
    

Std. Dev. 1.74  R² 0,9738   

Mean 44.22  Adjusted R² 0,9401   

C.V. % 3.94  Predicted R² 0,9141   

   Adeq Precision 20,6518   

 



 

 

 

 

Reduced Anova - Response Y1 @ 17 nm 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F-

value 
p-value 

 

Model 785.72 5 157.14 69.98 
< 

0.0001 
significant 

A-Gas flowrate 27.75 1 27.75 12.36 0.0048 
 

B-Liquid 

flowrate 
414.72 1 414.72 184.67 

< 

0.0001  

C-Droplet 

diameter 
236.53 1 236.53 105.33 

< 

0.0001  

B² 21.85 1 21.85 9.73 0.0098 
 

C² 79.89 1 79.89 35.58 
< 

0.0001  

Residual 24.70 11 2.25 
   

Lack of Fit 5.97 7 0.8529 0.1821 0.9746 
not 

significant 

Pure Error 18.73 4 4.68 
   

Cor Total 810.42 16 
    

Std. Dev. 1.50 R² 0.9695    

Mean 44.22 Adjusted R² 0.9557    

C.V. % 3.39 Predicted R² 0.9451    

  
Adeq 

Precision 
29.2605    

 

 

 



 

 

 

 

Full Anova - Response Y3 @ 24 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 521.02 9 57.89 12.22 0.0017 significant 

A-Gas flowrate 9.24 1 9.24 1.95 0.2051 
 

B-Liquid flowrate 240.90 1 240.90 50.86 0.0002 
 

C-Droplet diameter 166.53 1 166.53 35.16 0.0006 
 

AB 0.4900 1 0.4900 0.1034 0.7571 
 

AC 0.2500 1 0.2500 0.0528 0.8249 
 

BC 5.06 1 5.06 1.07 0.3356 
 

A² 10.95 1 10.95 2.31 0.1722 
 

B² 6.71 1 6.71 1.42 0.2727 
 

C² 81.98 1 81.98 17.31 0.0042 
 

Residual 33.16 7 4.74 
   

Lack of Fit 29.76 3 9.92 11.67 0.0190 significant 

Pure Error 3.40 4 0.8500 
   

Cor Total 554.18 16 
    

Std. Dev. 2.18  R² 0.9402   

Mean 38.51  Adjusted R² 0.8632   

C.V. % 5.65  Predicted R² 0.1313   

   Adeq Precision 14.0259   

 



 

 

 

 

Reduced Anova - Response Y3 @ 24 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 489.17 3 163.06 32.61 < 0.0001 significant 

B-Liquid flowrate 240.90 1 240.90 48.17 < 0.0001 
 

C-Droplet diameter 166.53 1 166.53 33.30 < 0.0001 
 

C² 81.74 1 81.74 16.35 0.0014 
 

Residual 65.01 13 5.00 
   

Lack of Fit 61.61 9 6.85 8.05 0.0299 significant 

Pure Error 3.40 4 0.8500 
   

Cor Total 554.18 16 
    

Std. Dev. 2.24  R² 0.8827   

Mean 38.51  Adjusted R² 0.8556   

C.V. % 5.81  Predicted R² 0.7673   

   Adeq Precision 18.5301   

 



 

 

 

 

Full Anova - Response Y4 @ 29 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 302.09 9 33.57 7.06 0.0087 significant 

A-Gas flowrate 7.22 1 7.22 1.52 0.2577 
 

B-Liquid flowrate 143.65 1 143.65 30.20 0.0009 
 

C-Droplet diameter 65.55 1 65.55 13.78 0.0075 
 

AB 1.32 1 1.32 0.2780 0.6143 
 

AC 0.7225 1 0.7225 0.1519 0.7083 
 

BC 0.4900 1 0.4900 0.1030 0.7576 
 

A² 5.96 1 5.96 1.25 0.2998 
 

B² 6.95 1 6.95 1.46 0.2659 
 

C² 70.26 1 70.26 14.77 0.0063 
 

Residual 33.30 7 4.76 
   

Lack of Fit 23.51 3 7.84 3.20 0.1452 not significant 

Pure Error 9.79 4 2.45 
   

Cor Total 335.38 16 
    

Std. Dev. 2.18  R² 0.9007   

Mean 36.55  Adjusted R² 0.7731   

C.V. % 5.97  Predicted R² -0.1671   

   Adeq Precision 11.0525   

 



 

 

 

 

Reduced Anova - Response Y4 @ 29 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 280.06 3 93.35 21.94 < 0.0001 significant 

B-Liquid flowrate 143.65 1 143.65 33.76 < 0.0001 
 

C-Droplet diameter 65.55 1 65.55 15.40 0.0017 
 

C² 70.86 1 70.86 16.65 0.0013 
 

Residual 55.32 13 4.26 
   

Lack of Fit 45.53 9 5.06 2.07 0.2521 not significant 

Pure Error 9.79 4 2.45 
   

Cor Total 335.38 16 
    

Std. Dev. 2.06  R² 0.8350   

Mean 36.55  Adjusted R² 0.7970   

C.V. % 5.64  Predicted R² 0.7072   

   Adeq Precision 15.4178   

 



 

 

 

 

Full Anova - Response Y6 @ 42 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 152.18 9 16.91 7.69 0.0068 significant 

A-Gas flowrate 22.11 1 22.11 10.05 0.0157 
 

B-Liquid flowrate 42.78 1 42.78 19.45 0.0031 
 

C-Droplet diameter 28.88 1 28.88 13.13 0.0085 
 

AB 3.42 1 3.42 1.56 0.2524 
 

AC 3.61 1 3.61 1.64 0.2410 
 

BC 0.8100 1 0.8100 0.3682 0.5632 
 

A² 31.90 1 31.90 14.50 0.0066 
 

B² 2.35 1 2.35 1.07 0.3355 
 

C² 18.97 1 18.97 8.62 0.0218 
 

Residual 15.40 7 2.20 
   

Lack of Fit 11.69 3 3.90 4.20 0.0995 not significant 

Pure Error 3.71 4 0.9270 
   

Cor Total 167.58 16 
    

Std. Dev. 1.48  R² 0.9081   

Mean 34.64  Adjusted R² 0.7899   

C.V. % 4.28  Predicted R² -0.1509   

   Adeq Precision 12.6911   

 



 

 

 

 

Reduced Anova - Response Y6 @ 42 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 141.98 5 28.40 12.20 0.0003 significant 

A-Gas flowrate 22.11 1 22.11 9.50 0.0104 
 

B-Liquid flowrate 42.78 1 42.78 18.39 0.0013 
 

C-Droplet diameter 28.88 1 28.88 12.41 0.0048 
 

A² 31.08 1 31.08 13.36 0.0038 
 

C² 19.73 1 19.73 8.48 0.0141 
 

Residual 25.60 11 2.33 
   

Lack of Fit 21.89 7 3.13 3.37 0.1286 not significant 

Pure Error 3.71 4 0.9270 
   

Cor Total 167.58 16 
    

Std. Dev. 1.53  R² 0.8473   

Mean 34.64  Adjusted R² 0.7778   

C.V. % 4.40  Predicted R² 0.5659   

   Adeq Precision 14.4141   

 



 

 

 

 

Full Anova - Response Y7 @ 51 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 192.08 9 21.34 12.97 0.0014 significant 

A-Gas flowrate 53.56 1 53.56 32.56 0.0007 
 

B-Liquid flowrate 22.45 1 22.45 13.64 0.0077 
 

C-Droplet diameter 20.16 1 20.16 12.26 0.0100 
 

AB 4.41 1 4.41 2.68 0.1456 
 

AC 7.56 1 7.56 4.60 0.0692 
 

BC 5.76 1 5.76 3.50 0.1035 
 

A² 76.86 1 76.86 46.72 0.0002 
 

B² 0.0095 1 0.0095 0.0058 0.9416 
 

C² 2.23 1 2.23 1.35 0.2826 
 

Residual 11.52 7 1.65 
   

Lack of Fit 7.63 3 2.54 2.62 0.1879 not significant 

Pure Error 3.89 4 0.9720 
   

Cor Total 203.60 16 
    

Std. Dev. 1.28  R² 0.9434   

Mean 37.63  Adjusted R² 0.8707   

C.V. % 3.41  Predicted R² 0.3707   

   Adeq Precision 15.0196   

 



 

 

 

 

Reduced Anova - Response Y7 @ 51 nm 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 172.12 4 43.03 16.40 < 0.0001 significant 

A-Gas flowrate 53.56 1 53.56 20.42 0.0007 
 

B-Liquid flowrate 22.45 1 22.45 8.56 0.0127 
 

C-Droplet diameter 20.16 1 20.16 7.69 0.0169 
 

A² 75.95 1 75.95 28.96 0.0002 
 

Residual 31.48 12 2.62 
   

Lack of Fit 27.59 8 3.45 3.55 0.1183 not significant 

Pure Error 3.89 4 0.9720 
   

Cor Total 203.60 16 
    

Std. Dev. 1.62  R² 0.8454   

Mean 37.63  Adjusted R² 0.7939   

C.V. % 4.30  Predicted R² 0.6372   

   Adeq Precision 13.3885   

 



 

 

 

 

Annex 3-4b: Diagnostic plots for responses Y1 (@ 17 nm), Y3 (@ 24 nm), Y4 (@ 29 nm), 

Y6 (@ 42 nm) and Y7 (@ 51 nm) 
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b) Y1 @ 17 nm 
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a) Y3 @ 24 nm 
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b) Y3 @ 24 nm 
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a) Y4 @ 29 nm b) Y4 @ 29 nm 
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a) Y6 @ 42 nm 
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b) Y6 @ 42 nm 
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a) Y7 @ 51 nm 
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b) Y7 @ 51 nm 

 



 

 

 

 

Annex 3-4c: Experimental (Actual) particle removal efficiency versus Predicted particle 

removal efficiency for responses Y1 (@ 17 nm), Y3 (@ 24 nm), Y4 (@ 29 nm), Y6 (@ 42 

nm) and Y7 (@ 51 nm) 
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Y6 @ 42 nm Y7 @ 51 nm 

Annex 3-4d: Individual response surfaces showing predicted collection efficiencies for 

responses Y1 (@ 17 nm), Y3 (@ 24 nm), Y4 (@ 29 nm), Y6 (@ 42 nm) and Y7 (@ 51 nm) 
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Titre :  Évaluation des performances d'un épurateur à pulvérisation pour l'élimination des nanoparticules 

contenues dans les fumées d'incinération 

Mots clés :  Incinération, épurateur par pulvérisation, nanoparticules, efficacité de la collecte, conception de Box-
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Resume:  L'augmentation des produits industriels et de consommation 

contenant des nanomatériaux manufacturés (ENM) conduit, à leur fin de 

vie, à une plus grande quantité d'ENM dans les flux de déchets. À l'échelle 

mondiale, plus de 300 000 tonnes de ENM se retrouvent annuellement dans 

les centres de stockage des déchets, mais également rejetés dans le sol, l'eau 

et l'air. Des recherches récentes ont montré que les nanomatériaux 

manufacturés peuvent survivre au processus de combustion dans le four 

d’incinération des déchets et se retrouver dans les gaz de combustion. 

Cependant, on connaît mal l'efficacité de capture des ENM au sein des 

technologies d'épuration des fumées d’incinération. Les laveurs humides qui 

sont principalement conçus pour traiter les polluants acides, peuvent 

également contribuer à réduire les rejets de particules (PM).  Cependant, 

aucune étude n'a été réalisée  

pour évaluer l’efficacité d'un épurateur à pulvérisation vis-à-vis de la 

collecte de nanoparticules dans des conditions d'incinération de déchets. La 

présente thèse vise à évaluer les performances d'un laveur pilote de 

laboratoire vis-à-vis de la collecte de nanoparticules contenues dans les 

fumées d'incinération dans des conditions opératoires et de similitude 

d’échelle représentatives d'un laveur à pulvérisation d'une usine 

d'incinération de déchets dangereux en termes de rapport hauteur/diamètre, 

de rapport liquide/gaz, de températures d'entrée/sortie du gaz, d'humidité du 

gaz, de temps de résidence du gaz, et de régime d'écoulement du gaz, de 

diamètre des gouttelettes et de concentrations des particules. L'influence de 

trois facteurs opérationnels - débit de gaz, débit de liquide et diamètre des 

gouttelettes - sur l’efficacité de collecte de nanoparticules de carbone du 

laveur pilote a été étudiée à l'aide de la méthodologie du plan d'expérience - 

Box-Behnken. 

 

Title:  Evaluation of the Performance of a Spray Scrubber for the Removal of Nanoparticles Contained in 

Incineration Fumes 

Keywords: Incineration, Spray scrubber, Nanoparticle, Collection efficiency, Box-Behnken design 

Abstract: As the use of engineered nanomaterials (ENM) in industrial and 

consumer products increases, a larger amount of ENM will likely end up in 

waste streams at the end of their life and potentially be released into the 

environment. Globally, it is estimated that more than 300,000 metric tons of 

ENM are released into landfills, soil, water, and air each year. Recent 

research has shown that engineered nanomaterials can survive the 

combustion process in waste incineration and end up in flue gas. However, 

little is known about the capture efficiency of ENMs within incineration flue 

gas cleaning technologies. Wet scrubbers, which are primarily designed to 

treat acidic pollutants, can also help reduce particulate matter (PM) 

emissions.  

However, no studies have been conducted to evaluate the effectiveness of a 

spray scrubber in collecting nanoparticles under waste incineration conditions. 

The present thesis aims to evaluate the performance of a pilot-scale scrubber 

concerning nanoparticle collection contained in an incineration flue gas 

representing the conditions of a hazardous waste incineration plant spray 

scrubber in terms of height-to-diameter ratio, liquid-to-gas ratio, gas 

inlet/outlet temperatures, gas humidity, gas residence time, and gas flow 

regime, droplet diameter and particle concentrations. Also, the influence of 

three independent operating factors - gas flowrate, liquid flowrate and droplet 

diameter on the collection of carbon nanoparticles by a pilot-scale scrubber 

was investigated using the Design of Experiment - Box- Behnken design 

methodology. 
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