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Abstract

The removal of fine (FP dp <2000 nm) and ultrafiaeticles (UFP dp <100 nm) from anthropogenic
flue gases is becoming a priority of environmentamical engineering because of their toxicity for
humans and their contribution in climate changeabt, once inhaled, particles finer than 300-500
nm penetrate the deepest regions of the lungs e @oss the cellular membranes, reaching the
circulatory system and causing a wide range ofthgaloblems. In addition, fine and ultrafine
particles affect atmosphere and climate charatiesisn complex and sometimes still undetermined
ways, according to their physical nature. In gelhé¢na presence of high particles contamination in
the atmosphere is associated to reduction of \ityibin cities and scenic areas, cloud formation,

secondary reactions of atmospheric pollutants adative forcing phenomena.

Fine and ultrafine particles are primarily emittgdcombustion processes some of which are located
close to high population density area (vehiculaffitr, harbours, industrial areas, residential imggt
increasing significantly the exposure risk: white toverall particle exposure appears as a limited

concern, regional effects are often significant afidct a wide fraction of the world population.

Following the pertinent regulation on air qualitydapollution control, the design of conventional
fine particle abatement devices was optimised toeae a very high reduction (even higher than
99.5%) of the emitted particles in mass. Thereftitey are very effective in removing the largest
particles (whose weight highly influences the messoval efficiency) but are far less efficient

toward the particles ranging from 100 to 2000 remnge called Greenfield Gap.

To this end, new technologies able to effectivedpdie both coarse, fine and ultrafine particles are
under development. Among them, it is worth mentigniwet electrostatic precipitators,
agglomerates, wet electrostatic scrubbers, poalbbing and condensational growth assisted

treatment units.

The rationales for using condensational growth pseatreatment are that the liquid-solid aerosols
can be more easily captured because, their slaeger than the critical regions and the preselfice o
a water shell may favour their sticking with theteragas interface. Condensational growth can be
adopted to increase the removal efficiency of déife wet particle removal technologies.

The purpose of this work was to study an innovasiygtem to remove fine and ultrafine particles.
The concept design was to couple the gas treatdesites with the condensational growth aimed to
enhance the particles collection. Among the remeésehniques, the work focused on the bubble

columns and the wet electrostatic scrubbers. Theaqt design consisted to pre-treat particles laden
1



gas in a growth unit in order to generate a sadjditl aerosol with larger size that, fed to the ogal
units, was more easily captured. The growth umisiied in a growth tube (GT), made up by a glass
cylinder high 40 cm and with an internal diametet & cm. The concept of the growth unit was to
make in contact the aerosol with a warmer liquich fiThe supersaturation levels depended on the
temperature gradient and the gas velocity. The leuttdumn (BC) consisted in a glass bottle filled
with distilled water (ID= 10 cm, H= 20 cm) havingarous ceramic distributor (D=8 mm) placed 1
cm above the bottom from which the gas enters tfiéeband a gas outflow at the bottle cap. The wet
electrostatic scrubber (WES) consisted in a cylindeplexiglass 40 cm high and with an internal
diameter of 4.5 cm. It is equipped with an elegirag unit that houses on the top of the chamber.

The lateral surface of the reactor presents twmaDholes for gas inlet and outlet.

Two different set of experiments were carried dutfirst set of experiments was carried out to
measure the aerosol growth obtained in the GT andetrify the conditions at which the
heterogeneous condensation took place. The secnadwas meant to measure the particles
abatement in the GT, BC, WES and the entire GT-BL@T-WES systems.

The experiments were performed at a gas flow r&td8oL/h with the GT operated at liquid
temperature between 30 and 70°C. Five differenenas were tested: sodium chloride, titanium
dioxide, carbon black and calibrated nanopartiolegolystyrene with a mean volume diameter of
100 and 200 nm. The aerosol was generated by asaegenerator (TOPAS ATM 221) and
monitored by two different diagnostic system: ti&d B340, based on a light scattering measure, and

a TSI 3910, based on the electrical mobility measur

The experimental results on the particle growthwsttbthat at the exit of the GT the initial wide
distribution changed towards more narrow shapenaowekd towards larger particles. This behaviour
was observed for all the materials and the modbedf distributions at the highest temperature was
roughly 350 nm. Moreover, the supersaturation kestablished in the GT for each film temperature
were evaluated and it was observed that the peststlarted to grow at supersaturation level much
lower than that one predicted by the classical theA deep investigation of the physic of the
condensational growth was accomplished in ordexdain these experimental evidences.

The experimental results on the particle abaterskatved that the GT contributed to the particle
removal and had a “cut-off” for particles largeath500 nm. The tests run with the whole systems
showed that indeed the efficiencies of both thed®@ the WES improved significantly when the
particle growth was observed. The BC had the maxirmerement of roughly 100% at 70°C for all

the tested aerosols, while the WES had the maximgpnovement at 50°C for most of the tested



particles, suggesting the presence of an optimumdas the particles growth process and its capture

mechanisms.



INTRODUCTION

l. Particulate sources and characteristics

There are many kinds of macroscopic and microsgogiiticles floating in the air: re-suspended soil
particles, smoke from power generation, photochalyitormed particles, salt particles formed from
ocean spray, and atmospheric clouds of water diopleice particles. They could affect not only

visibility and climate, but also our health and liyaof life [1].

All these particles are referred as aerosols (otiquéate matter, PM) and due to their wide
multi- component chemical composition and largeiplarsize from nanometers to micrometers, they

are relatively complex to characterize. [2]

A first convenient and common classification of #ezosols is based on their aerodynamic properties
because: (a) they govern the transport and renadyzrticles from the air; (b) they also govern the

deposition within the respiratory system and (€ythre associated with the chemical composition
and sources of particles. These properties areetoently summarized by the aerodynamic diameter

that is the size of a unit-density sphere withghme aerodynamic characteristics.
The aerodynamic size based classification of dartiensists of three main classes:

» Ultrafine particles or Nuclei Mode).005-0.1um diameter:
Nuclei mode particles are formed by condensatiomapiours during combustion processes
and from nucleation of species. They exit the nunlede via coagulation with lager particles
or each other. This class of particles represéet$ib.1.

* Fine particles or Accumulation Mod®8.1-2.5 pm diameter:
Accumulation mode particles have their sources fomagulation of nuclei mode particles
and condensation of vapour on already existinggd@st The accumulation mode accounts
for the largest mass and number of particles,intleegare suspended in the atmosphere since
does not exist any real efficient removal mechasismthe atmosphere because of their
dimensions. Théine particulateis also known as P

» Coarse Particles larger than 2.5 um diameter:
The sources of coarse particles are mechanicakgses either of natural or anthropogenic
origin (windblown desert dust, mechanical induspi@cesses and combustion processes).
They experience a rather short lifetime due tortlaege size. The main removal mechanisms
from atmosphere are sedimentation and settlingsd particles are also identified with B9V
such as particles with diameter lesser than 10 pm.



For each size category, the particles can be ainitten both natural and anthropogenic sources.
Figure | illustrate the main natural sources tlch the concentration of PM (a)and PMo(b) and
the anthropogenic ones that affect the concentratid®M.1(c) and PMo (d) in Europe, where all

the shares are reported in mass percentage.

d PM 2.5 b PM 10

sea salt

18% volcanos
sea salt 16%

¢ d
road — PM 0.1 other agricolture PM 10
transport other_,\g 3% industrial road 7%\_\ 12% ) .
34% 0% ot ? processes = industrial

transport

14 processes

= 12% Power Ihdustrla.l
generation combustion
6% 9%

Figure I- Pie chart of anthropogenic and natural enssions. Figures a) and b ) show Phptand
PMioemission from natural sources, while Figures c) and) show PMy.zand PMioemission

from anthropogenic sourced3].

As seen in Figure |, the main natural source ot Pmd PMo are particles emitted by the volcanos
activity, sea salt and windblown dust. The coneditn of the primary biological aerosol particles
(PBAPs) in PM:sand PMy is not significant, but these natural particles/mpky an important role

in aerosol- climate interactions, in particular &fecting ice formation in mixed phase clouds.
However, the role of PBAPs is poorly understoodaose the sources and distribution of PBAPS in
the atmosphere are not well quantified. [4]



Chemical mixtures represent the majority of atmesich anthropogenic aerosol particles. A

significant fraction of sulphates, nitrates, organis produced in the atmosphere by combination of
several physic-chemical processes, like combustr@hmanufacturing industry process, and losses
of fertilizers from soils [5]. In addition to thegpeocesses there are also particles made by damesti

activities, like diesel vehicles, fireplaces andatreooking operations.

Among all the particles emitted by the anthropogesaiurce, the 63% of Pivlis due to residential
and commercial emissions. Despite of the introductf diesel particles filtration and oxidation
catalyst, the great part of the PMpercentage is caused by road transport. Therdferesducation

of the population about the risks linked to dontestnission is essential

Figure Il also reports and summarises the chatiatiteparticle size of the main atmospheric ae®sol

components.
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Il. Human health effects

Substantial epidemiological evidences suggestfitiaiand ultrafine particulate matter have adverse
human health effects. Although many studies hagaded on respiratory health endpoints, there is
growing evidence that particulate matter is a fesdtor for cardiovascular disease and pulmonary
toxicity [6]-[8].

According to the structure of the respiratory systéhe particulate could be classified into three

categories [9]:

* Inhalable fraction includes all the particles which go into and rghe nostrils and the
mouth (PMo);

» Thoracic fraction includes the particles which are able to go tglothe larynx and into the
lungs during the inhalation, reaching the trachenbhial region (PMls);

* Respirable fractionincludes the particles that are small enougleéxin and go through the
region of the pulmonary alveoli, entering into thébod by overpassing the cellular
membranes. (Pbh and PM).

The Figure 11l shows the ranges of particulate grder the respiratory system:

9,0-10,0 ym o

Nose
5,8-9,0 um

Larynx
4,7-58 ym

Trachea and primary bronchial tube N
33-4,7um 3

Secondary bronchial tube
2,1-33pm

Terminal bronchial tube
1,1-2,1um

Alveoli
0,65 - 1,1 ym }
0,43-0,65 um S pal

Figure IlI- The respiratory apparatus and the sizeranges of particulate matter which are

inhaled



It is important to highlight that particle size pdaan important role in defining toxicity as well a
their chemical compositions that give rise to hgirface reactivity and ability to cross cell
membranes, which increase their negative healtragpA correlation between particle size and
toxicity relies on the role of particles surfaceara key toxicological parameter determining the
amount of available functional groups and of tagaseous species that can be adsorbed on particulate
matter surface: at the same concentration, the fireparticle, the higher the surface area and the

toxicity.

However, as stated from “WHO Air Quality”, at theoment there are no evidences to identify
differences in the effects of particles with di#fat chemical composition and sources, with the
exception of the black carbon fraction of combustielated PMs Indeed, the evidences on black
carbon toxicity and its contribution on health artichate are more consistent. It was observed that
organic compounds as PAHs, metals and inorgants salsorbed on Black Carbon and caused
cancers and poisoning of human cells. [10]

The effects of PM on health occur at levels of expe currently being experienced by many people
both in urban and rural areas and in developeddaveloping countries — although exposures in
many fast-developing cities today are often fahkigthan in developed cities of comparable size.

"WHO Air Quality Guidelines (WHO AQG)" estimate theeducing annual average particulate
matter (PMo) concentrations from levels of 1@/m®, common in many developing cities, to the
WHO guideline level of 2Qg/m?, could reduce air pollution-related deaths by atb15%. However,
even in the European Union, where PiMoconcentrations in many cities do comply with Guike!
levels, it is estimated that average life expecgtasn®.6 months lower than it would be otherwise du
to PM exposures from anthropogenic sources.

I1I. European legislation

The particulate sources are different and manyt sodlear the impossibility to propose a unique
regulation on the emission control. Generally, Werld Health Organization (WHO) [10] and the
European Environment Agency (EEA) drawn the gurddi[11], showed in Table I, for particulate

matter.



Table I-- Air quality limit and target values, and other environmental objectives, for PM10 and
PM2.5 as given in the EU Ambient Air Quality Direcive and WHO AQGs

Size Averaging EU Air Quality Directive WHO
Fraction period Objective and legal nature and Comments AQG
concentration (ng/md)
PMaio 1 day Limit value: 50ug/m® Not to be exceeded 50

on more than 35

days per year

PMio | Calendar Limit value: 40 pg/m3 20
Year
PM2.s 1 day 25
PM2.5 Calendar Target value: 2pg/m3 10
year
PM2s Calendar Limit value: 25ug/m® To be metby 1
year January 2015 (unti
then, margin of
tolerance)
PM2.5 Exposure concentration To be met by 2015
obligation (b), 2Qug/m3
PM2s Exposure reduction target (b), 0—

20 % reduction in exposure
(depending on the average exposure
indicator in the reference year) to be

met by 2020

The Ambient Air Quality Directive (EU, 2008) setmit values for both short-term (24-hour) and
long-term (annual) PM concentrations, whereas values for long-termp Pbbncentrations only
have been set (Table I). The short-term limit vdbreP Mo (i.e. not more than 35 days per year with
a daily average concentration exceedingi§®) is the limit value that is most often exceeded in
Europe. It corresponds to the 90.4 percentile df d&M1o concentrations in one year. The annual
PMyo limit value is set at 4Qg/m®. The deadline for Member States to meet thaHivhit values
was 1 January 2005. The deadline for meeting tigetaalue for PM2.5 (2pg/m®) was 1 January
2010, and the deadline for meeting the limit va{@8 ug/m®) and the exposure concentration
obligation for PM2.5 (2Qug/m®) was 2015.
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Beyond these generic guidelines, the European Wmomosed specific regulations in the automotive
sector. From 1993 to 2014, firstly the Europeanddremission issued some directives, summarized

in the Table Il on the particulate emission anceobollutants generated by commercial vehicle.

Table II-Standard emissions for high duty vehicles

Stage Date CO HC | HC+NOx | NOx PM PM
o/km #/km
Euro 1 1992.07 2.72(3.16) - 0.97(1.13) - | 0.14(0.18) -
Euro 2, IDI  1996.01 1.0 - 0.7 - 0.08 -
Euro 2, DI 1996.0% 1.0 - 0.9 - 0.10 -
Euro 3 2000.01 0.64 - 0.56 0.50 0.05 -
Euro 4 2005.01 0.50 - 0.30 0.25 0.025 -
Euro5a  2009.09 0.50 - 0.23 0.18 0.008 -
Euro5b  2011.09 0.50 - 0.23 0.18 0.008 | 6.0x16!
Euro 6 2014.09 0.50 - 0.17 0.08 0.008  6.0x10!

It is possible to note that until 2009 the PM weggulated in terms of mass, i.e. the vehicles bad t
emit less than 5 mg/km. This regulation is not usebwadays, since it was understood that the most
toxic fraction of particulates is the submicronigeothat means in terms of mass the 10%, which
corresponds to about 10% of the mass fraction @86l &f its number fraction. Therefore, the Euro
6, dated 2014, regarded the number emission topaiiticular the vehicles had to emit less than

6.0x10* particles/km.

Concerning the ship emissions, after recognizirggréievance of shipping on the worldwide and
regional atmospheric pollution, specific guidelinmgsre introduced in the Regulations 13 and 14 of
the Annex VI of the International Convention foetRrevention of Pollution from Ships (MARPOL)
of the International Maritime Organization (IMO)athentered in force on the 19th of May 2005.
According to the MARPOL VI Article 14, S£and sulphates particles emissions should be reduce
either by using proper scrubbers as after-treatrsyggiem or by lowering the sulphur content in the
fuels. In specific Environmental Control Areas (EC#e admitted sulphur weight content in the
fuel had to be lower than 1% from the 1st of Jap2& 0 to the 31st of December 2014. Nowadays
the maximum admitted sulphur content is 0.1% ththtbe extended to all ships in the world by 2020.

The former limit allowed the use of low sulphur lRi@s Marine Diesel (Gas) Oil, known by the
11



acronyms MDO or MGO. Unfortunately, the unit costs these fuels is far higher than the
conventional one and cost benefit analyses arediiwng part of the Maritime Sector towards the

adoption of after-treatment systems to comply watfulations.[12]

The European Environmental Agency reported thahén2014 the PM and PM s concentration,
measured by specific monitoring stations locatedlliBurope, were above the EU limit value in most
of the European States. In Italy, where the D.Igs5/2010 imposes a maximum number of 35
days/year during which it is allowed to have a iPMoncentration higher than 50 pg/m
“LegaAmbiente” revealed that the most of citieseeeaed the WHO limit for more than 50 days in
the 2016 and the beginning of 2017 showed a sirmgad [13]. These indications push the scientific

community and the companies to invest in technokigiesearch.

IV.  Advanced Removal techniques

Nowadays, the methods for particles analysis shat the particulate matter emitted has a size
distribution ranging from few nanometres to micrdfar this reason, the regulation has become more
restricted and the cut-off particle size has begluced from 1Qm (PMo) to 2.5um (PMp.s) and in

the future, they will probably tend toydn (PM.). Many existing devices for particles capture are
employed in treatment plants since years, sucly@sres, fabric filters, electrostatic precipitator
and wet scrubbers. All these technologies are tabtemove the coarsest particulate. Their capture
efficiencies reach values almost equal to 100%theelectrostatic precipitator turns out to bedyett
among the others. Yet, the efficiencies becomdaador the particles, which mean size is included
in the range 0.1-1 um, denoted @eeenfield gapand as showed in the Figure IV. Indeed, these
particles are too fine to be subjected to substhiniertial forces, too large to be captured byvar@mn
forces and prone to be easier re-suspended byaheTderefore, they neither benefit from the
mechanisms of capture of coarse particles nor frmse of nanometric particles, so they are the more

difficult particles to be captured.

12
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Figure IV- Removal efficiency of conventional partcle abatement devicgd4]

High removal efficiencies for Greenfield Gap pdesc are observed only for ESP and FF for
industrial application. For small scale, like inda@wo cars engines, the effective removal of ultrafi
particles can be easily achieved by properly dekiigrafine Particles (ULPA) filters or by Diesel
Particulate Filter/Diesel Oxidation catalyst (DPE/D). However, these units suffer for severe and
rapid clogging when coarse particles or stickyiligaerosols are present in the treated gas and they
can hardly manage inflammable powders, such as, ftawbon etc.[15]-[17]

To this end, for industrial application, new teclugpes able to effectively handle both coarse, fine
and ultrafine particles are under development. Agnéimem, wet electrostatic scrubbers [18],
electrostatic precipitators [19], pool scrubbin@][2re under scrutiny as reliable techniques for

Greenfield gap particles removal from waste gagessmart insight would be to apply a
13



preconditioning technique to improve the particiemoval efficiency in either conventional or
innovative treatment systems. To this end the bgreous condensation may play a relevant role.
Indeed, this technique consists in the condensatiorapour on the ultrafine particles to create a
coarser liquid-solid aerosol whose size is largpantthe upper limit of the Greenfield Gap (about
2 um). Since this phenomenon occurs when the vapsually of a low volatile gas, overtakes the
supersaturation level, the wet gas treatment ds\teouple with are recommended. They consist
in liquid-gas systems and can be classified acogrtti nature of feed streams. In Wet Scrubbers and
Venturi Scrubber, the gas is the continuum phasktla@ liquid as droplets represents the discrete

one. In bubble column or pool scrubbing, the beliavof gas and liquid streams is the contrary.

V. Aim of the work

The purpose of this thesis is to provide experimlegnidences on the enhancement of the removal
efficiency of a bubble column and a WES when thres® is previously enlarged. The condensation
growth of the particles was achieved in a purposéderiaboratory system. In order to optimize the
process of the heterogeneous condensation as piteoimg technique, a deep knowledge on the
oversaturation level to trigger the particle growghrequired. Therefore, by varying the water film
temperature of the growth tube, the ranges of ateration levels at which a particle growth was

observed, were identified and compared with thatnedicted by the classic theory.

The adopted treatment units were a bubble colundhaaW ES because they are emerging in the
environmental chemical engineering as promisingtgggment systems due to their main features.
Indeed, the first device is characterized by a Bngonstruction, easy temperature control and
constant pressure drops with gas flow rate ansl at promising technique for gas cleaning system.
The second technology is gaining the attentiomefdcientific world due to its capability to caur
fine and ultrafine particles and simultaneouslybtd gases. The purpose of employ two treatments
units is to evaluate the performances of a congaatitechnology, already industrially operating,
with a technology that is pending of investigati@msl suggests the implementation of electrical

forces to improve once again the collection efficig

At this end, five different materials were testethose size ranged between to emulate the ultrafine
aerosols in atmosphere. The materials differentiatetheir chemical nature and behaviour in

presence of a water film. They allowed firstly &tter investigate the condensational growth process
and identify the operative conditions at which tieterogeneous condensation revealed to be an
effective improvement in ultrafine particles cajgtusind then the performances of bubble column and

wet electrostating scrubber in presence of diffepanmticle size distributions.

14



The thesis is structured in four chapters. In th& thapter, the state of the art and the pertinen
literature on the removal of sub- micrometric parate from gas by means of heterogeneous

condensation, bubble column and wet electrostatiddber applications are reported.

In the second chapter, the experimental rig widktailed description of the apparatus and the adopt
methodologies for both condensational growth aradeabent tests are examined in depth.

In the third chapter, the results are expoundeld ant incisive analysis on the growth mechanism of
each materials and on the removal efficiency ofsysem. In last, the discussion of experimental
results is undertaken and the main conclusiongharedescribed.
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1 STATE OF ART

1.1 Condensational growth

1.1.1 Theoretical framework

The heterogeneous condensation is a natural phemmonon which the cloud formation is based. It
consists in the creation of a liquid layer surraangdhe particles so to transform the solid aerasol

a liquid solid aerosol of larger size. Studies loesk topics started at the end of the XIX centady a

a detailed analysis of the historical backgroundl dhe State-of-Art on the heterogeneous
condensation phenomenon were reported in sevepalpaating back to the last 10-20 years [21],
[22]. Over the years, different theories and modaeisthe mechanisms of the process have been
developed and the debate is still open. Indeedpliysics of the process is still unclear and is thi
work a summary of the main theories is reportedoieentering the details of the models, a brief

physically description of the phenomenon is presgnt

Heterogeneous condensation on a solid submicrditlgais an energetically unfavourable process
because the liquid free surface increase causes arfiergy rising. In order to overcome the enarget
barrier, the vapour must be supersaturated, ieesdkuration ratio:

—_— Pv
 P(Ty)

S (1.1)

WhereS, defined as the ratio between partial vapour piredd, and equilibrium vapour pressure,
P°(Ts), at the particle surface temperaturg, must exceed unity and in a such case we talktabou

oversaturation level.

Lord Kelvin [23] firstly indicated that the smalldre particle the higher the required oversatunatio
to activate condensational growth. In fact, theildaium vapour pressure over a droplet is higher
than that one over a flat surface due to the dtaplgace tension. This effect is described by the

Kelvin's relation [23] that estimated the diamedéa stable liquid embryo 9

4oM

Dy = R TIn(s) (12)

Which associates the vapor saturation S, with tamelter of an existing droplet with diametey D
composed of condensed vapor, with molecular wéigtdensityp and surface tensiaon In equation
(1.2)Ryis the universal gas constant and the absolute temperature of the vapour. Thezetmder
the effect of a specific oversaturation levels, thk droplets having size larger th@y are

thermodynamically stable.
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The classic theory of the heterogeneous condensasigproposed by several authors envisages two
consequential stages: nucleation and growth. Tloéeation consists in the formation of a liquid
embryo on the particle surface; the growth is thiedensation of the vapour around the embryo and

the consequent enlargement of the particle.

It is worth noticing that, although this equatioasrdeveloped to describe homogeneous droplets, the
same relations hold to describe the liquid emboymed on a surface, as proven by Fletcher[24] and
Smorodin [25]. Each step of the heterogeneous cwmati®n, namely the nucleation and the growth,
is characterised by a specific rate. The nucleatib® represents the number of embryo, of a given

size d, formed per second and per particle and is gdyetafined as:

AG* (1.3)
kT

J = nKdjexp(—

whereK is a kinetic constankg the Boltzmann constard, the particle diameter andiG is the free

energy of formation of a liquid embryo (in equililom with its vapour phase) on the particle. Several

models were presented in the literature to caleul@’ following either the assumptions that a

uniform liquid shell immediately surrounds eachtigée [26] or that initially, the liquid forms onar

more embryos on given points of the particle [#25], [27], [28]. By substituting thAG as defined

by Fletcher:

_ 8nM?g?
3pR,TIn(S)

Wheref(m,x)is a correction factor for the spherical surfa@ ttepends on the contact anglecos)

AG* f(m, x) (1.4)

and the particle radiuvs=d,/2. Commonly, a critical supersaturatiog"Sis conventionally defined
in the pertinent literature as the level of S reegito allow formation of one liquid embryo per

second. Application of the Fletcher model for aspinble and spherical particle for J=1 (1/s) gives:

S&rt = exp

1 8mM2¢3 (1.5)
m,x
PR,T |3ksTin(nKd,?) f(m, x)

S decreases by increasing particle size and gasetamupe. Although in line of principle higher
values of supersaturation are desired to activegesinaller particles, there is a practical limitdo
effective heterogeneous condensation. This is septed by the occurrence of homogeneous
nucleation that takes place when nuclei of molexafeeondensable components form spontaneously,

without the support of any foreign solid surfacéisTis an undesired phenomenon that causes a
17



depletion of vapour and, thus, an undesired redaaf actual supersaturation level of the gas phase
Homogeneous nucleation rate can be calculatedthatiKashchiev [29] model. By analogy with the
heterogeneous condensation, a critical value cérsapuration level for homogeneous condensation,
S"°™, can be considered. Typical values gf®@are 2-5 [21], [22], [30], [31]. Figure 1.1 repos&s
comparison of §"°"and $"*'together with the value ot$, that is the supersaturation level required
to allow stable formation of a water nucleus ofndéder d (Eq. (2)) on a particle with diametes d
(Eq. (7)). Figure 1.1 shows the existence of aae@f supersaturation levels where heterogeneous
condensation can be achieved without undesired urapepletions caused by homogeneous

condensation.

3.9
Heterogeneous and Homogeneous condensation
2.5
Heterogeneous condensation only
. 2.0
)
T
1.5
1.0
No condensation
0.5

50 100 150 200 250 300 350 400 450 500

dp, nm -

Figure 1-1-Critical saturation levels for homogeneous condensan (red line), heterogeneous
condensation (light blue line) and equilibrium con@nsation given by Kelvin’s equation as a

function of particle diameter (blue line). P=1 atm,T=300 K; liquid: water;

In the Figure 1.1, it could be observed that thi&écat saturation levels decrease with particle
diameter. The homogeneous condensation occurs sdtwaation level above 2.5, while the

heterogeneous one between 1.5 and 2.5.

In the years, the condensation of vapour on ninasibeen studying and investigating and the first

works are far dated [32]. In fact, this processespp in several macro phenomena, as the cloud
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formation or the phase transition from gas to ligiloreover, several experimental techniques were

based on this process as the condensation pacmiedger (CPC).
1.1.2 Nucleation

The studies in literature deal with the kinetic agdion of both stages. In general, the goal of a
nucleation theory is a quantitative model thatgdittkermodynamic parameters as temperature, vapour
pressure, and physical properties, as particle eli@nand contact angle, to the production rate of a
liquid embryo. The goal of the growth theory id&scribe the consequently enlargement rate of the
liquid embryos by the agglomeration and the calbecof these last.

A briefly resume of the nucleation and growth maakelsent in literature is reported.

The classic nucleation theory refers to the desonpof the formation of the liquid embryo on a
smooth spherical surface. It is possible to diffiéiege the several nucleation theories based on the
particle solubility. In the Figurel.2 the main reeion theories of soluble (left) and insolublglt)
particles are reported.

Nucleation on soluble or partially soluble particles Nucleation on insoluble particles
Kohler’s Model (1936) Krastanov’s Model (1957)
vapor solution Vapor water shell
condensation / /Q Condensa[mn
R EEE—
soluble (salt) particle insoluble particle
Meszaros' Model (1969) Fletcher’s Model (1958)
vapor soluble site (salt) solution vapur\ nucleus
condensation }) condensation i
=== — O
insoluble core insoluble particle
]
Smorodin’s Model (1985, 1992) ice embryo Smorodin’s Model (1983, 1986)
vapor soluble lyophillic core (salt) vapor\ Iyophillic site nucleus
condensatlon complete O coollng @ lyophobic condensation - '
g wettlng core
less soluble lyophobic site insoluble particle

Figure 1-2 Schematic diagram of models for heterogeous condensation on soluble (left) and

insoluble particles (right) [25]

All the theories showed in the Figure 1.2 desctiitgenucleation step of a vapour condensation on a
homogeneous smooth spherical particle. In the 1B8®@Jer firstly studied the nucleation of the
heterogeneous condensation of vapour on solublécleaf33] . In 1969, Meszaros proposed a

nucleation theory of the vapour condensation omsoluble particle with a soluble site. Smorodin,
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in 1985, extended this theory identifying furthetermediate steps leading to a water surrounding
particle. Vapour condensation on insoluble nuclasanalysed by Krastanov [34] and he proposed
that the vapour generates a liquid shell, surraugndompletely the nuclei. In 1958, starting frora th
Volmer’s theory of the heterogeneous condensatiora dlat surface, Fletcher extended it to an
insoluble spherical particle starting from the fatron of an embryo liquid lens. Moreover, Fletcher
investigated heterogeneous nucleation on homog@tesol particles when the formation of an
embryo with size smaller than the particle, fornfade contact anglef(> 0°). The contact angle,
indicated a9, is defined as the angle between liquid and guiidse and is described by Young’s
equation [35]. The Smorodin’s model [25] assumas ¢im the surface of the insoluble particle there
are zones, “active sites”, with different chemieald physics characteristics, as the coefficient of
wetting. The theory suggests that the energy aedrétte of heterogeneous condensation on
heterophilic particles at a constant supersaturdéieel depends on the particles size: larger gasti
enhances the condensation thank to higher contientia active sites on the surface compared with

a smaller particle size.

The major limit of the classic theory is that tqhpthe macroscopic thermodynamics to the small
clusters, neglecting the dependence of the phygsioglerties on the dimension. Several authors [36]—
[39] pointed out a discrepancy between the experiatelata on the heterogeneous condensation on
submicronic particles and the theoretical predigtibased on the classical model. Chen et al.[37]
studied the heterogenous condensation of watemapdifferent materials and they always found
significant differences between the theoretical axperimental data in terms of critical
supersaturation level. They suggested that a itpindl layer was generated on the particle surface
that reduced the energetic barrier and so pronmbiedheterogeneous condensation. Koutsky et al.
[40] highlighted that the critical degree of thepstsaturation was generally smaller than the
theoretical one. This discrepancy was ascribaltlegd@nergy surface that seemed to be overestimated
by the theory. According these experimental finding is possible to assume that applying the
macroscopic theories on a microscopic level indiocesn overestimation of the energetical barrier

that depends mainly on the contact angle and theifspsurface energy of the liquid droplet.
Therefore, other theories were developed by approgche process differently.

Ruckenstein and Narsimhan [41] formulated a newrthéor the heterogeneous condensation based

on the density functional theory. The model is dase the balance between the evaporation and

condensation rates of the vapor on the nucleus.déadage [36] recognized firstly a possible role

of the adsorption in the heterogeneous condensptienomenon. He suggested the formation of a

thin liquid layer due to the water molecules adsorpon the particles surface and then the growth
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of this layer could lead to the drop generationisTdpproach leads to consider the heterogenous
condensation process starting from the formatiolayegr and so the interactions between the liquid
and vapor phase is completely different than thmowaolid one. Consequently, the phase transition
needs lower supersaturation levels, confirming doeibts of the classic theory. Furthermore,
Laaksonen [42] proposed a new model of vapour atisaron solid surface based on the formation
of molecular clusters, modelled as liquid caps. Turelamentals of this approach are built on the
consideration that the classical heterogeneousermadion theories are based on the formation of
liquid cluster but it is described with a singlegraeter, the contact angle, which would be poor to
describe such a complex phenomenon. Instead, sw@obn isotherms, based on the formation of
cluster on active sites present on the sorbenaseyfllow to better describe the process. Laaksone
extended the Frenkel-Halsey-Hill (FHH) adsorptieatherm [43] in order to be applicable both at
sub-monolayer surface coverages and at supersatwanditions. The new model was applied on
the experimental results obtained by the condemsafi different vapours on different solid surfaces
The work pointed out a good agreement betweenxperinental data and the new model, laying
the groundwork for a new heterogeneous condenstitenry.

A different approach was adopted by McCoy [44]. Mg(resented a theory based on the cluster
distribution kinetics for single-monomer additiomdadissociation as a framework for homogeneous
and heterogeneous vapour condensation. The audsarided the condensation process as the
reversible polymerization-depolymerization by momwmaddition-dissociation. A population
balance and moment equations based on the polyatieriztheory were applied to describe the
experimental data and a good agreement was obsdyaaiilar approach was adopted by Luo et al.
[27]. They proposed a kinetic model of condensatrapour on an insoluble spherical particle,
considering that the cluster growth is due to tineatl addition of water molecules from the vapour

and to the surface diffusion of adsorbed water mdés on the particles.

1.1.3 Experimental devices for condensational growth

Once the embryo is formed, it undergoes to an gataent thanks to the condensation of vapour.
Several authors proposed a growth model for thergménlargement that strictly depends on the
adopted experimental system. In fact, the ratb@®embryo growth is ruled by the classical laws of
the heat and mass transfer around a single drédpRtpersaturation environment can be achieved in
different waysfor example by mixing saturated gases of differmperature, by cooling, by
chemical reactions and by evaporation a liquidasief In all these cases, supersaturation is caused
either by a reduction of the temperature or byramneiase in the vapour pressure in the system. The
evaporation of a liquid surface is an economicd#igsible process to achieve supersaturation
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economically, also on a technical scale. Many swddn the particle growth deal with the

development of the condensation particle count&G)C This technique consists in detecting and
counting aerosol particles by first enlarging thiemough heterogeneous condensation. In this way,
even the particles with diameter less than 50 ihat, generally are undetectable with conventional

optical techniques, are measured.

Concerning the CPCs development, too many litegatworks deal with this topic and a complete
review lies outside from this work. Several CPC avdeveloped from the first one, proposed by
Aitken [45] in the 1875, to the more recent tookgmnt in most of the TSI particle detection
instruments. A deep study on the CPCs historyeseamted by McMurry [46]. McMurry classified

the CPC in two main categories: expansion chambsteady flow chambers. The former consists in
an adiabatic expansion of a gas stream so to @eagkrsaturation level; the latter consists inkeetu

in which a saturated gas enters and encountegsiid fiilm with different temperature, generating a

oversaturation level. From these two concepts, naatiyors presented their own systems.

Beyond the development of CPCs, several authorgsémt on the study of the heterogeneous

condensation on particles and the consequent dawelat of experimental set-up to this aim.

A briefly resume of the set up and the growth eateed to the heterogeneous condensation study is

summarized.

Barret and Fissan [47] proposed a correlation betwtbe rate of growth of the embryo and the
supersaturation ratio and they showed as the cseatlen on small particles needed high

supersaturation levels, as suggested by the Flettobery.

Li et al [48] proposed a vertical growth tube mgaif the original system developed by Nicoloan et
al. The tool consists in a vertical glass cylindéth a water distributor on the top that assures th
formation of a uniform water film along the intefneall. The gas enters the tube from the bottom
and exit from the top. The film water was kept alesired temperature by means a liquid jacket
around the tube. The gradient temperature betweengés and the water film guarantees the
oversaturation levels. According to Li et al., te&ative humidityRH, depends on the dimensionless

parametet:

& =L/rPe (1.6)

whereL andr are the length and the radius of the growth tuéspectively, whilePe is the Peclet
number. Their studies indicated that Re>100, theRH level reached 99.5% f@r0.7.
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Chen et al. [37] proposed a new tool to study #tertogeneous condensation on fine particles. The
device consisted in a flow cloud chamber (FCC) mcl the aerosol growth thanks to the water
vapor generated by the gradient of temperature. dlbors measured the particle number
concentration at the inlet and outlet of the chand from these the removal efficiency of the
chamber. After solving the mass and heat balantieeofhamber and considering the nucleation rate
of Fletcher, they compared the experimental efficiewith the theoretical one and estimate the
critical supersaturation level at which the processurred. The results showed a significant
disagreement between the experimental and thealrefiticiency and the estimated supersaturation
level was 30% less than the theoretical one. Adgongrtb Chen et al [37], this discrepancy is due to
the formation of a thin liquid layer on the pamglithat promote the heterogeneous condensation
decreasing the energy barrier.

Park and Lee [49] derived an analytical solutiorewthe size distribution changes by condensational
growth of polydispersed aerosol, using the growatg derived by Kulmala [50]. The results showed
how the size distribution shifted to larger diamneted to a narrower shape.

Fisenko and Brin [51] have presented a new matheahatodel of laminar flow diffusion chamber,
with a cylindrical geometry, which included mutuafluence of homogeneous nucleation and
droplets growth on heat and mass transfer procebs#ss study, the wall temperature was lower
than the gas-vapour mixture, which was introduceithé chamber. The numerical results applied to
experimental results, carried out with helium argba, showed that the model could be applied only
for relatively low nucleation rates. The droplebwth, based on this model, was a function of the
radial position, and was maximum along the axiaifan of the chamber.

Fisenko et al. [52] proposed a study about the wapmndensation on nanoparticles in a
supersaturated gaseous mixture. The supersaturedi®icreated by mixing two flows with different

temperatures in a cylindrical mixer at atmosphpressure. The conditions for mixing were chosen
so that the homogeneous nucleation of vapour didnask the growth of heterogeneous droplets
with nanoparticles inside. A mathematical modeltlud growth of heterogeneous droplets was
developed using a one-dimensional description ef mhixer. Five parameters that affect the
performance of the particles size magnificationeméentified: temperature of the saturator and of
gas stream, the number density and initial radfuke nanopatrticles, and the gas and vapour flow
rate ratio. The authors have seen that high nurabaecentration of particles determined low

efficiency due to depletion of vapour and that witgh supersaturation the final radius of droplet
reaches several microns, but led the homogeneoutensation. Besides, the Kelvin effect became
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important with radii about 10 nm. The results o gimulation were compared with experimental

data showing a good agreement.

Brin and Fisenko [52] studied the growth of hetemgpus water droplets containing nanoparticles
in two laminar flow diffusion chambers of differediesigns. The efficiency of heterogeneous
condensation was, to a substantial extent, govdpdide processes of heat and mass transfer inside
a chamber condenser. The integral parameter, Gépjesenting the probability that a nanoparticle
with radius R was covered with a condensate filra laminar flow chamber, was calculated. It was
established that, in air—water vapour mixturesrélaéus of heterogeneous water droplets may amount
to several micrometers and efficient condensategah on spherical nanoparticles when their radii

exceed 5 nm.

Porstendorfer et al.[39] studied the heterogeneosteation of vapor on nanoparticles of NaCl and
Ag. They used a process-controlled expansion chantive aerosol, opportunely saturated in an
humidifier at 28°C, was fed to a cylindrical exp@mschamber where a controlled oversaturation
level was achieved. The results showed that thearisupersaturaion level to trigger the vapor
condensation was lower than the theoretical onduated by Kelvin's equation for the NacCl

particles, while was higher for the Ag particlesorfgover, satisfactory agreement with Fletcher's
theory for the insoluble particles was observed.tRe soluble particles, however, deviations from
the corresponding theoretical model were encoudtdrkis can probably be explained by the fact
that the above mentioned macroscopic theory ofrbgémeous nucleation was applied to particle

diameters down to 6 nm.

De Joannon et al. [53] proposed a study on thecpéate abatement in a condensational scrubber.
Their system consists in a laminar flow chambernel@gegas stream was fed and mixed with a vapor
stream. They studied the particle removal efficjered the chamber by varying the vapor

concentration and temperatures. The results shtvatdhe dispersed particles were captured in the
nucleated water droplets with high efficiency. Thighest particle size was reached with the
maximum amount of vapor and the lowest temperatia@eover, they suggested to separate the
condensation process in two units, a first aimedtrigger the nucleation that need high

supersaturation level and a second aimed to prothetgrowth.

Xu et al. [54] studied the heterogeneous condemsati water vapor on fine and coarse particles of
SiO,, CaSQ, FeOs by means a similar growth tube developed by Tararefial.[55] They found
that the mean diameter of the aerosols increasedtiné supersaturation and that the growth ration

of the fine particles was higher than that onehef ¢oarse particles. Finally, they showed that the
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wettability of particle may lead to different pr@ses of heterogenous condensation and it hasgstro

impact on particle enlargement performance.

1.1.4 Heterogeneous condensation application in gas treaent

The concept of the particle enlargement used in GRM be also applied identically in gas cleaning
technologies: basically, larger particles are neasily captured and the presence of a water shell,
and this may simplify their capture in water basechnologies (wet scrubber, Venturi scrubber,

bubble columns, etc.).

In literature there are many experimental data enosol enlargement, the works of Tammaro et
al.[55], Xu et al. [54], Fan et al. [27], Chen ¢{3/,56] All these works had the goal to provide
experimental evidences on vapour condensation ufiffierent operative conditions on different kind
of particles. Less studies have been accomplisimedxperimental evidences of a gas treatment
system improvement coupled with the heterogeneondensation.

Lancaster and Strauss [57] were the first to ingatt the performance of a scrubber when a vapor
injection was implemented. That showed that theendesl increment of the particle removal
efficiency was due to the occurring of the vapondmnsation on the particles, higher vapor led to

higher particles capture.

Yoshida et al. [58] proposed a device to improwipersaturated atmosphere by mixing two kinds
of saturated air, one of which was humidified byedi contact with hot water and the other with non-
heated water. The degree of supersaturation omtlatity of condensable water vapour was
controlled by changing their mixing ratio and tlembination of their temperatures. Aerosols were

continuously introduced into the supersaturatecaphere at a constant rate.

The droplet growth can be realized also in tridkdel columns with water as showing investigations
of Calvert and Englund [59] and Johannessen é(dlthat have shown that fine particles can be
separated from saturated warm gas streams in pactlde beds with cold water. The separation of
the fine particles was caused by an enlargemethiegbarticles due to heterogeneous condensation.

Yan et al. [61] performed a scrubber with an adrgsowth unit as preconditioning technique and
observed an enhancement of the total mass remawttlps efficiency from 15% to 85% with
particles with d 50+1000 nm. Similarly, Huang et al. [62] coupletheterogeneous condensation
process with a Venturi scrubber increasing the mig@leremoval efficiency of particles withyd
50+500 nm from 35% up to 97%.
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Chen et al.[56] equipped an electrostatic predipitaith a fine water mist generator in order tolco
down the gas and to improve the particle capturaghef system, triggering a heterogeneous
condensation process. The removal efficiency irsgédrom 70-90 % to 99% when the water mist
was fed for particles ranged from 40 to 10000 nrorédver, the authors observed that the capture

of particles of 40 nm passed from 62 % to 99%.

Yan et al. [63] studied the particle removal offatem made up by a growth unit, and a wet scrubber,
as particle capture unit. The authors studied theency as function of the kind of particles, o
oil or coal combustion, and of the steam amoungyTdbserved that the total efficiency increased

from 15 % to 95 % when the growth unit was switchady feeding steam.

In conclusion, the heterogeneous condensationndged, a promising technique which a gas

treatment system could be equipped with.

1.2 Bubble column

1.2.1 Principle of functioning

Bubble column reactors belong to the general désuultiphase reactors which consist of three main
categories namely, the trickle bed reactor (fixedacked bed), fluidized bed reactor, and the bbbl
column reactor. A bubble column reactor is basycaltylindrical vessel with a gas distributor & th
bottom. The gas is lead in the form of bubbles @itber a liquid phase or a liquid—solid suspension
These reactors are generally mentioned as slurbplbucolumn reactors when a solid phase
exists[64].Bubble columns offer many advantages such as htééntenance requirement due to
simple construction, easy temperature control téchpressure drops with gas flow rate, significant
mass and heat transfer and low initial costs daltaion which led to a widely use of this system

the chemical industries[20].

Thanks to their characteristics, bubble columnssaitable to transfer material from one phase to
another. For instance, Reay and Ratcliff [65] stddhe particle transfer from the liquid phaseht® t
gas phase by means a flotation cell, while othénaaa studied the bubble column as an alternative
gas treatment device where the particles transfen the gas phase to the liquid.[20], [66], [67]

An industrial application of the bubble column #re pool scrubbers. They are seldom applied in the
chemical industry, as gas cleaning system, and frezgiently in the nuclear industry, when they act
as a security measure: if fission by-product adsoace accidentally released, they pass through

stagnant pools of water, where they are removearbdfeing emitted in the environment [$89].
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Advantages of this process are that it operateghtbut constant pressure drop and they requive lo

maintenance, which limits the risk of malfunctiogiduring emergency conditions. There is an
extensive literature and a series of textbooks eamieg bubble columns hydrodynamic and bubble-
liquid interfacial phenomena [70]-[73], but far destudies focused on their application as particle

removal process.

A theoretical model on the particles capture meigmas of the bubble column and a brief literature

studies description are reported thereinafter.

1.2.2 Pich’s Model

Pich and Schutz [74] described the particle captueebubble column as an absorption mechanism
and developed a capture model based on three raposition mechanisms: sedimentation, inertial
impact and Brownian diffusion. The model is basedh®e assumption of spherical bubbles, with an

internal circulation represented by a Hill's vortex

Pich and Schutz starting from the Fuchs model, ride=t the deposition of aerosols in a rising gas
bubble by the differential equation:
dN
—= —(ap+a;+as)N=a"N 1.7)
dh
whereN accounts for the total number of particle in aldabandop, i, asare the coefficient of

diffusive deposition, inertial deposition and ddpos by sedimentation, respectively.
The solution of the differential equation leads to:

Ngo—N
Ny = —B’X, B _1—eah (1.8)
B,0

whereNgo andNg are the total number of particles at inlet andeiudf bubble column, respectively,

a (i.e. the sunws, as andas) is called absorption coefficient.
The coefficients are given by equations 1.9-1.11:

9vpT

“ =5 (1.9)
D

ap = 1.8 p3 (1.10)
391

= 1.11

a5 = o (1.11)
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wherevg denotes the bubble rise velocity,the bubble radius,is the particle relaxation timg, the

particle diffusion coefficientg is the acceleration of gravity.

The diffusion coefficient is given by the Stokesi&iein equation (1.12) and the particle relaxation
time by the Eq. (1.13):

p, = T (1.12)
P 3mn,d, '
2
o 2Pdp” (1.13)
181,

wherekg is the Boltzmann constant, T the absolute tempegat, the dynamic gas viscositg, the

particle sizepp is the particle density.

Pich and Schuts predicted that the absorption icoait depends on the particle diameter and

presents a minimum for particles with size randmogn 100 to 700 nm, as reported in the Figure 1.2.
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Figure 1-3- Coefficient efficiency calculated with the Pich’snodel wit h=20cm and g=4 mm.

1.2.3 Literature review

Many experimental studies confirm that bubble caolwsurubbers present high performances for the
collection of nanoparticles, as particulate remalealice implementing the gas treatment line in the
industries [20].
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Many different studies were developed in order haracterise the removal efficiency and the
influence of diverse parameters on the bubble ctdle mechanism, such as bubble size and velocity,
height of liquid, particles concentration in thesdiw, temperature.

Koch and Weber [66] studied the separation efficyssf bubble columns for gas-borne nanoparticles
of sodium chloride and carbon agglomerates usirtgivead water with surfactants as stagnant liquid.
They found that the experimentally determined sapar efficiency was recovered by employing
the Fuchs model. This last introduced a depositiodel in order to describe the absorption of adroso
particles during the bubble rise in a liquid, assgrhat the internal circulation inside the risigas
bubble represents a Hill's vortex without retardatand neglecting the presents of contaminants on
the bubble surface.

Many studies on bubble column efficiency also destiated that the removal efficiency increase
with the height of the liquid inside the columngckuas with the residence time of the particle & th
liquid [20], [49], [65].

Meikap and Biswas investigated the fly ash remaféitiency in a multi-stage bubble column
scrubber, finding removal efficiency more than 95%) for particles with diameter more than 5 pm.
They certified that geometrical and flow parametergether with the physical properties of parscle
and bubbles could affect the collection efficien€iieir column presented a vertical cylinder fitted
with a total of five hollow disks termed as “stagesere the experiments, conducted both with a
constant liquid batch and continuous liquid dowowf] showed an increase of the collection
efficiency as the liquid flow rate increased.

The results of Charvet et al. [20] highlighted thia¢ bubble size greatly affects the theoretical
collection efficiency and they used the Pich’s niddecompare the experimental results with the
theoretical model. Charvet’'s study affirmed thaegieg constant the gas flow rate and column
section ratio, if the bubble size decreases, thance between ultrafine particles and the gasdiqu

interface of each bubble decreases and the pacbdkction consequently increases.

Cadavid-Rodriguez et al.[67] investigated the reah@f submicronic particles by a bubble column
investigating the effects of the liquid height andossible solid packing immersed in the liquide Th
results pointed out that the minimum of the rem@fatiency with the particle diameter was around
100 nm and then for particles from 150 nm to 1080the removal efficiency increased from 20%
to 85%, in strongly contrast with the Pich’s mogetdiction. Cadavid-Rodriguez highlighted that
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the removal efficiency increased with the liquidgie and the solid packing improved the bubble

column performance.

In the Table 1. summary remarks on several studies reporteceipéitinent literature
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Table 1-1 Summary remarks of the several authors stlies on the bubble column application

Authors (year) Particles Gas Experimental Liquid Bubble Particles Gas Total
carrier unit height Diameter diameter flow Removal
rate  Efficiency
Bubble column
Chervet et al. _ with perforated 5-30 3.86 - 5-150 1-8
Carbon Air _ 13 -98%
(2011) plate Diameter: cm 3.93 mm nm L/min
70mm
Rectangular
Carbon o _
Koch and bidimensional = Up to 0.30-
agglomerates, 2.07-2.14 10-1000
Weber ' Nitrogen bubble column 100 034  13-85%
Sodium mm nm .
(2012) ) (62mm x cm L/min
Chloride
13mm)
_ Vertical
Meikap and o 3-6
. _ cylindrical 2-100
Biswas Fly ash Air 180cm 2-5mm 10  88-98%
Perspex 0.19 D pm
(2003) _ Nm?s
and 2 m Height
Bandyopadh Tapered 57>
andyopadhya apere
Y p yay Fly-ash , g 2.7-5.9 9.82 - 6.2
and Biswas air Column: 77-99%
soot 103 md 1.43um 10°
(2008) D1 =0.19 m
m®/s
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D->=0.1m
H=0.87 m

Yuu et al.
(1976)

CAdavid-
Rodrigues et al.
(2014)

Fly-ash _
) ; Air
Stearic acid
PVA _
) Air
particles

Bubble Column

Bubble column

1.7-22

cm

5-10-
20-30

cm

0.17-0.44 1.5-3.2

cm

4-8 mm

um

10-1000

nm

0.5-
2.0

L/min

4-12

[/min

15-92%

20-90%
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1.3 Wet Electrostatic Scrubbing

1.3.1 Principle of functioning

The wet electrostatic scrubber (WES) reactor isipgrade of the traditional wet scrubber and it
inherits all its advantages as the low-pressurpsjrthe reduced process costs and the simultaneous
ability to capture soluble gaseous pollutants (00, HCI, soluble VOCs). It is a spray tower
equipped with an electrified spray unit for elemily charged water droplets generation and,

optionally, a particle pre-charging unit [12].

The idea of employing the electric field in captudevices was born from the observing of
electrostatic phenomena at the basis of partideestying during thunderstorms, when the highest
removal of atmospheric aerosol is achieved. In 1BédAney [76] was the first to suggested the

electrostatic scrubbing by two simple observations:

I the particles emitted by industrial processes apdetl engines are generally bipolarly
charged;

i. water droplets can be easily charged and sprayagoiluted gas to attract the particles
charged with opposite sign.

Considering that the main particle scavenging meishas in a typical (non-electrified) wet scrubber
are related to particle/drop collisions driven lygtodynamic forces —mainly due to the Brownian
diffusion for ultrafine particles and to the inaftimpactions and hydrodynamic interceptions for
micrometric ones- the collection efficiencies oflustrial WS are higher than 90% for particle
diameters coarser than 1um and finer than 0.1pmlasly to the typical values obtained with ESP
and FF. On the contrary, the WS efficiency falltolhe60% in the Greenfield gap, resulting less
effective than ESP and FF. In this framework, tleetefied wet scrubber takes advantages from
Coulomb forced-e between particles and water drops or from imageekf m between charged

droplets and uncharged particles or uncharged ei®phd charged particles.

For submicron particles, the attention is focusedtbe inertial effects are negligible, and onlg th
effects of electrostatic forces should be regardedhis way, the collection efficiency depends

mainly on the charging mechanism or the chargd.leve

The spray electrification improves the wet scruleféciency towards submicronic particles because
spray unit for electrically-charged water droplgéneration and, optionally, a particle pre-charging
unit. The sprayed droplets act as a “diffused’axilhg surface, replacing the plates of a conveatio

electrostatic precipitator. It is assumed thatph#icles are permanently captured by the drops as
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soon as they encountered their surface. [77], [ last assumption regards the droplet-particles

interactions that are still unclear and only thrsrsg hypothesis is envisaged.

The functioning of WES unit depends on the chargsties of particles and droplets as well as on the

dynamics of their interaction It has a high numbefrgprocess variables, which are not defined

definitively, because of a wide range of configimas from the spraying mode to reactor geometry

but the design of this kind of reactor is far frbeing optimized [18] It is due to the lack of siieci

regulations on particle abatement in large-scabiegtion and technological experiences with it][12

From the mixture of the types of scrubbers, theed@ur main electrostatics scrubbers that we lyrief

describe in the following:

CO-flow Vertical Electrostatic scrubber (COVE): thas flows downwards and the charged
droplets are sprayed at the upper part of the cegmb

CoUnter-flow Vertical Electrostatic scrubber (CUVH)e gas flows upwards and the charged
droplets are sprayed at the upper part of the cegmb

CRoss-flow Horizontal Electrostatic scrubber (CRHte gas flows horizontally and the
charged spray generated at the upper wall of thenbkr;

Venturi-Nozzle Electrostatic scrubber (VNE): theaaded spray is injected into the throat of

the Venturi nozzle, which can be positioned at amgle (from vertical to horizontal).

According to Jaworek et al [79] reviews, five ty#avet electrostatic scrubbers, based on different

approaches on charging particles and droplets, preygosed:

Opposite-Polarity Electrostatic Scrubber (OPES)uitl droplets were charged to polarity
opposite to that of dust particles, and the pasickere deposited onto the droplets due to
Coulomb attraction forces.

Same-Polarity Electrostatic Scrubber (SPES): tbeldts and dust particles were charged to
the same polarity, and the repulsive force ledodmticles towards the chamber walls.
Double-Polarity Electrostatic Scrubber (DPES): terays of droplets were charged to
opposite polarities and mixed with the particlebjcl were captured by droplets.
Charged-Droplets Electrostatic Scrubber (CDES)y aitbplets were electrically charged,
while the particles remained un-charged; the dtegleluced an image charge on particles
that were collected.

Charged-Particles Electrostatic Scrubber (CPESIy particles were charged, while the

droplets were un-charged; the capture mechanisntheasame of CDES configuration.
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vi.  Charge-Transfer Electrostatic Scrubber (CTES)ptrécles were uncharged and the droplets
were charged to either polarity; the evaporatirmptits produce free ions or charged water
clusters, which condense onto the particles, wbhietame charged by this way, and next

deposited onto the chamber walls due to the spzage force.

1.3.2 Particles and droplets charging mechanisms

Regarding the charging of dust particles, the foilhg processes have been tested in the literabure f
general purposes: charging by ionic current [888rging by ion beam [81], [82], contact charging
via charge transfer from electrically charged etm [83], triboelectrification during contact of
particle with a material of different work functidqB4], photo-charging via particle bombardment
with photons of sufficiently high energy [85], radctive charging [86], thermos-emission charging
at a high temperature [87], plasma charging inbaized gas [88], and electron-beam charging [89].
However, for practical reasons, only the chargiggdmic current generated by corona discharge
appeared to be the most effective and suitableni®MWES application [90]. To this goal, various
types of DC corona, co-flow or cross-flow chargarg] cross-flow AC chargers have been developed
[90]. Although experimental results and theoreticahsiderations have shown that AC chargers
provide higher level of charge on the particles @redparticle loss is lower than in DC chargerd,[80
the complex construction and supply system of Aargérs prevents them from wide-scale industrial
applications, and co-flow corona chargers can bemenended for electrostatic scrubbers.

On the other hand, the charged spray can be geddrgtone of the following methods [90]:

i.  Corona charging: the droplets flow through an iagimv generated by a corona discharge
generated on a needle tip set at high voltage,

ii.  Induction charging: the electric charge is induoedhe surface of liquid jet ejected from a
mechanically-forced atomizer by an external electield generated by HV induction
electrode, while the nozzle is kept at ground pidén

iii.  Electro-spraying (electrohydrodynamic atomizatiddEB: a needle is held at high potential
and the liquid is atomized by purely electrodynamteraction between the electric field and
the liquid surface

The electric charge acquired by liquid dropletspsead on external surface, and the inner charge is
zero. The charging quality depends on sprayingifeads droplets size and flow rate. When a liquid
droplet is surrounded in an electric field and dedr it exerts an electric force, which is opposite

the surface tension force. If the electric forcermomes the surface force, the droplet goes off. Th
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point of equilibrium is a limit charge level call&hyleigh limit that for a droplet of a diametky; it

is expressed as:

QR = 8\/7TO_L£0d% (114)

whereo. g0 do? are respectively the liquid surface tension, thewum electric permittivity and the

droplet diameter.

In the corona charging mechanism, the sprayed ei®ple charged at the same polarity of the voltage
applied to the needle with a fraction of Rayleighii about 5% and it is the less used mechanism to
charge liquid jets because of low charging leviishe induction charging, the liquid spray goes
through the electrode without touching it and thenfed droplets acquire a charge with polarity
opposite to the potential applied to the electrade have a charging level of 10%@d in the best
conditions. Concerning the electrospray, it is acpss of simultaneous droplet generation and
charging by means of electric field [91]. In Figur8, the mechanism is illustrated.
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Figure 1-4 Droplets formation and charging throughelectrospray[92]

The electric field is applied directly on liquidofking out from a capillary nozzle held at high
potentials. The electrostatic force opposes thasatension force on the interface: the liquidace

is deformed and the formed meniscus is called Taytone [92] The cone breaks into droplets when
the electric field strength is high enough to ovene the surface tension force. The advantages of
this mechanism are related to droplets size. Indéeg are very fine and, if charged positivelgith
mean size can be lower than micrometre. The d®@ee distributions are very narrow and in
specific conditions the droplets can be of equed.siThe charge on droplets is the same polarity of
voltage applied and the charge magnitude is closaé-half of Rayleigh limit. For a liquid of given

physical properties, the spraying modes changes &nee to another with the variation of potential
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and liquid flow rate. In Table 1.2, the meniscud gt form, the geometry of liquid emitted and the
sprayed aerosol characteristics obtained by atomidistilled water are listed as described by
Jaworek et al. [93].

Table 1-2- Spraying modes regimes in electro-sprayg of distilled water [93]

Spraying mode

Form of the
meniscus and jet

Dynamics of the
meniscus/jet

Forms of liquid
emitted

Sprayed aerosol

1. Dripping mode

2. Microdripping mode

3. Spindle mode

4. Multispindle mode

w

. Cone-jet mode

6. Oscillating-jet mode

7. Precession mode

8. Multijet mode

9. Ramified-jet mode

Semi-spherical meniscus

Cone meniscus
(linear or convex)
Cone/semispherical
meniscus

Flat/multi-cone

Cone meniscus (linear,
concave, convex,
skewed)

Skewed cone
Skewed cone
Flat, with small cones

on the rim

Irregular

Fragments of liquid

Axially vibrating

Axially stable

Axially vibrating

Stable/Laterally vibrating

Liquid jets
Axially stable

Oscillating in a plane

Rotating around the
capillary axis

Stable

Randomly changed

Simple regular drop

(with trailing thread or
sibling)

Simple drop

(with trailing/leading thread)
Elongated fragment of
liquid (spindle)

(with trailing thread)
Multiple spindles (with
leading/trailing thread)

Simple straight linear jet
with varicose or kink
instabilities

Oscillating in a plane

with kink/oscillating
instabilities

Rotating around the capillary
axis with centrifugal (spiral)
instabilities

Multiple jets (usually with
kink instabilities)
Irregular fragments

Single drop (with siblings)

Series of droplets
(accompanied with fine mist)
Spindles (accompanied with
fine mist)

Spindles generated around the
axis (accompanied with fine
mist)

Fine nearly monodisperse
aerosol

Fine aerosol sprayed in
ellipsoidal-base cone

Fine aerosol sprayed in
a regular cone

Fine aerosol
Irregular droplets sprayed in
unpredictable directions

The classification made by Jaworek [91] descridedtm-spraying regimes observed at maximum
liquid flow rates of about 3 mL/min. For distillechter, at larger flow rate, the main spraying rezgm
that we observed in our experiments wapping modeshort jet whipping modandjet mode and
they were in accord to Agostinho et al results [#4Hripping modethe droplets geometry changes
from a regular sphere at low voltages to an elligben the potential increases and have diameter of
about 300 um. When the charge acquire is half ofldkgh limit, sibling droplets start to form
perpendicularly to capillary axis. In spindle moffagments of liquid elongate from the tip of the
capillary. After the detachment of spindle-like, jseveral dispersed droplets are formed with
diameters ranging from 300 to 500 um and the masisontract to a hemi-sphere and a new spindle
forms [91], [93].

As the liquid flow rate and the charging poteniiadreased so that thdripping modewas not

observed anymore, a transition regime frdnpping andjetting was found. Théransitionregimeis
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indicated in the pertinent literaturearpping faucet(DF) [95]. In this regime, a small jet was formed

and the droplets detached from it with size anduesmcy depending on operating conditions.

Thesimple jet modevas described by Agostinho et al. [94]. The awghaed distilled water at flow
rate ranging between 0 and 8 mL/min and chargingn@l from 0 to 1XkV in a needle of 250 um
ID and 500 um OD. They defined thienple-jet modas the regime at which the droplets formation
occurred from a stable liquid jet exiting directhpm the nozzle tip. However, the liquid jet was
rather small compared with the jet formedj@tting regime[96]. At fixed liquid flow rate, by
increasing the charging potential, Agostinho €94] observed a shift from the dripping to simple
jet mode caused by the elongation of liquid fromnlezzle tip due to the axial component of electric
field. It accelerated the liquid generating smatiesplets ghort jet whipping regime

The analysis of charging mechanisms leads to thelgsion that the induction charging one could
be the most suitable for large scale WES applinatiadeed, the droplets charged in corona discharge
acquire a charge much lower than those chargeddugction or those generated by electro-spraying.
Another disadvantage of using corona charging nietbdhat the droplets are precipitated on the
electrodes and isolators leading to increased tgakarrent or electric breakdown. Regarding the
electro-spraying, the droplets reach the higheatgehlevel but the employed flow rates, maximum
mL/h, are too low for gas cleaning purpose at @tatle. Therefore, the induction charging for leui
droplets, with its flow rate about L/min and chailgeel of 10% of Rayleigh limit, seems to be
accepted as the more suitable mechanism, and ttielgm charging with a DC co-flow corona
charger with polarity opposite to liquid is regaiidas necessary condition to reach remarkable
collection efficiencies. In case of low liquid flovates, the electro-spraying is the most suitable

configuration to produce small droplets and higttigrged.

1.3.3 Scavenging Model

Di Natale et al. [18] [97], [98] developed a benarknequation to evaluate the removal efficiency of
submicron patrticles through a wet electrostaticisicer based on the model of Seinfeld and Pandis
in atmospheric research. The developed model tibbev briefly described in the following is a
stochastic modelling of wet electrostatic scrublokers to:

I.  Statistical size distribution of scavenging droplet
ii.  Statistical size distribution of dust particles,
iii.  Turbulent flow of scavenging droplets,

iv.  Turbulent flow of exhaust gas (ResID)
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v. Statistical charge distribution of submicron pdets;
vi.  Brownian motion of the particles.

The collection efficiency of particles with diametls and residence time in the scrubkers defined
as ratio of captured particles concentration aed thitial concentration as:

n(dy) = R = 1 — et 1)

where/(dp) is the scavenging factor, expressed as in Eq: 1.16

co TL'(dD+dp)2UD_p

A(dp) = fo 4 ENy(dp)d(dp) @)1

wheredp is the droplet diameteN is the number of liquid droplets for meter cuhi€dp) is the

droplets diameter distribution aigis the collisional efficiency.

The collisional efficiency estimates the fractidrparticles in the contact chamber that collidehwit
the liquid droplets. If the collision efficiency $ia unitary value, all the particles in the WE @amé
collected by droplets; if it exceeds unity, themtigées outside the volume swept by liquid droplets
are collected too. The collisional efficiency degewn particle-droplet interaction and it is evédada
by adding the contributes of every mechanism [B8t will be considered in turn in the following.

The first mechanism is theertial impaction It is the most relevant capture mechanism fotigdas
with d, >1pm whichimpactagainst the droplets and depart from the gasrstrEae particles with
too inertia keep on following the gas streamliner. Felatively large particles compared to collector
size (i.e. the liquid droplet), the capture ocdoyddirectional interceptionthe gaseous streamline
flows close to liquid droplets and the particleatttouch the collector are captured. If the pagticl
inertia is high, the particles, which pass withimliatancedy/2, are collected, otherwise they are
collected if their centre approaches closer t#hfrom the droplets. Both theertial impactionand
directional interceptiomare mechanisms based on aerodynamic interactidheofwo phases and

depend on particles mass and size.

The Brownian diffusion, Thermophoresis and Diffusion@sis are mechanisms based on
aerodynamic capture by flux forces. Indeed, theseiowhen an external force acts on particles and
lead them to be collected and are efficient fortiplass with negligible inertiad, < 1um. The
Brownian diffusionis the random motion of very small particles timaty collide with liquid droplets.
The collection efficiency depends on Prandtl (Re) Reynolds (Re) numbers. It is very small if the

Prandtl number is less than 10 while it is satisfgcfor high Reynolds number§hermophoresis
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occurs when a gradient of temperature betweenrmghiquid takes place. If the gas stream is made
by colder and hotter zones, the particles move tdsvhe colder ones due to thermal force. Regarding
that the liquid phase is colder than gaseous de¢hérmophoreticamotion promotes the collection
mechanism because the probability that the pastiobay collide on liquid surfaces rises. This
mechanism is independent on droplet denghffusionphoresisaids the capture efficiency when a
gaseous concentration gradient exists or when Stefibw takes place. The Stephan flow contribute
is a consequence of condensation or evaporatitmeifiquid phase that causes the flow of gaseous
compounds towards or away from the surface of atWelliquid, respectively. This suggests that
positivediffusiophoresiexists when particles to be. collected in the gmes of liquid droplets exist

in a saturated and cooled gaseous medium. Hotadgsgdevelop a negative phoretic force; the water
evaporation pushes particles away from the coltecto

The last mechanism &lectrostatic interactionElectrostatic attractions occur because the gheyti
the droplet, or both possess sufficient electridadrge to overcome the inertial forces; then the
particle can be attracted by the droplet and ctteclf only droplets or particles are charge, the

electrostatic forces are also present due to irfrges.

In WES, the electrical interactiormechanism contribute is addeditertial impactanddiffusion
ones, because these are dominant for particlesngaigom 0.1-1 pum, which the investigation is
interested to [100].

The collisional efficiencies for each mechanism Idolbe estimated by relations present in the

pertinent literature and listed in Table 1.3.

Table 1-3- Collisional efficiency for capture mechaisms

INERTIAL IMPACTION, Ejn
* 3/2 1/
E,. = | St=St (&) 2 (1.17)
n=lst—st+2/3] \p,
C.p,d:U .
st = —<Pror7 (1.18)  Slinn 1983[101]
18uD
« _ 1/2+1/2In[1+Re]
S = 1+In[1+Re] ) (1.19)
st 1? Licht et al. 1988
= 1.20
Em [St +0. 35] (120 [99]
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Ep; =4H[w ' + (1 —2Re'/?)H]|

Slinn [101]

1 1

K=1-a3+a+=a
= 5(1 a 5(1

BROWNIAN DIFFUSION, Egp
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ELECTROSTATICINTERACTION, Eks
_ 16KcCcqqp (1.34) Davenport and
BT 3muUDid, ' Peters [104]
c _ (157 (g, — 1\ 2Cc[q/(mD?)]?d} 04 (1.35) Nielsen and Hill
ESOT1 8 \g,+2) 3mp,UgD [105]
0.353
Ccq? } Nielsen and Hill
Epscp = 2.89 (1.36)
ESCP {3 m2u,U £,D?d, [105]
THERMOPHORESIS, Emh
1 1
4a (2 +0.6 ReZPrS) (T — Tyy) (1.37)
Ery = i
Th UD Davenport and
o 2 Co(k, +5Knk,)k, 1.38) Peters [104]
5P(1+6 Kn)(2k, +k, + 10 Kn k) '
DIFFUSIOPHORESI S, Eppn
EDph
1 1 ° °
4b (2 +0.6 Re7$c3,> (P WT(T) _P WT(‘TI;’S) RH) (1.39)
= Davenport and
UD Peters [104]
D, |M,,
=¥ |Zw 1.40
b=— M, (1.40)

1.3.4 Literature Review

In the pertinent literature, there are several wortheoretical and experimental, on the wet
electrostatic scrubber as gas treatment systeemntowe submicrometric particles. They differ on the
operative conditions (gas and liquid flow ratesplegal voltage, etc.), chamber design, charging
mechanisms and type (CDES, ODES, etc.). [106]

In Table 1.4, the main works are reported and antioexy the studies with operating conditions close

to that one of this thesis are deepened.
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Table 1-4-Literature review of Wet Electrostatic Scubbing

Particles o o . .
. ' . Liquid and Liquid charging Collection
References Scrubber type L/G Particles size charging _ o
droplets size method Efficiency
method
Double _ Water Q1= 4.5
. Negative Corone i - ;
_ chamber: Dioctyl-phtalate _ L/min Positive induction
Pilat et Wire- Plate at ; 68.8%w for WS
1) Counter- curr 0.85-3.3  dp=0.3-4 um 20 nozzle charging V= 5kv
al.(1974]10 V=- 27 kV 93.6%w for
ent Kg/L Qs=230 L/h dp=50 pm D- CMR=0.56mC/
7] P- CMR=53mC/ . OPES
2) Co-current c=5.3g/m3 . QL2=3.8 gal/min kg
V=0.56/0.23 m 9 13 nozzle
Tap water
Smoke Rotary atomizer = Induction charging
Balachandr Rectangular cigarettes nozzle at V=- 8 kV o
_ . CDES Efficiency
an et al chamber Op32=0.5-2.5 QL= 16L/h electrical shielda
/ Uncharged rises from 40%
(2001]77], 1.8x1.8x2 m pm Uncharged V=+3kV
(WS) to 90%
[78] V= 6.5n7 C= 12mg/nd dp3 =87 um D- CMR=
Batch System charged 9ImC/Kg
dp32=134um
Cylindrical vg= 0.5-1.25 Tap Water Air o
_ ; ; ; Efficiency
Crossetal  “wind tunnel” m/s assisted nozzle Induction charging
Uncharged Increases from
(2003]108] D=650 mm Q2=720-1800 dp32=20-40 um at V< 3 kV T
086.5w
V=1.1m/h m3/h QL =2-8 mL/s
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Cross flow Coal dust g=1-
7 um
c=30-500
mg/n?
89% (¢h=0.5mm)
(79%—
Venturi uncharged); 979
0.4/1000 _ _
scrubber, Pneumatic atomiser _ _ (dp=5mm)
Yang et al. m3/m3 dp=0.5-5mm Induction charging
rectangular cross Uncharged dp=30-120mm (90%—
(2003]109] . 1.8/1000  Q-=5400ni/s at V=2kV
section, (1.4-2.8mC/kg) uncharged)
mé/m? '
250x250mm (estimated);
water:6—24l/h
(0.8-1.2I/n3)
Smoke
cigarettes gh2=
0.5-1 um Tap Water
_ a P " 80-90% FOR
Rectangular Stationary 20— 41L/h ;
Jaworek et 0.05 Corona at Electro- spraying CDES
chamber 30mg/n? dp32=80 um
al [79] L/m3 V=-10 kV _ V=-11+11 kV 50-60% FOR
1.8x1.8x2m (uncharged) 4- Stainless-Steel .
10mg/n? Needle ID=0.7 mm
(charged
negatively)

©
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Distilled water +

NaCl OPES
_ Cylindrical . QL=0.15- 2.2 mL/ scavenging
D’Addio et Incense stick . _ ' '
chamber 1.15 Corona charging min Electro- spraying  factor higher
al. dp=100-450 nm
H=200 mm Kag/Kg at V=- 9.5 kV dp=0.9 um at V=+3KV than CDES
(2010798] Q+=0.5-5 n¥/h _ _
ID=100 mm Stainless steel Confirmed by
needle OD=08 mm the model
ID=0.25 mm
Electrostatic Negatively
Almuhanna Tap Water
Home dust _ nozzle charged water
E.A. etal V=0.216 m3 Uncharged QL= 120 mL/min
dp=14.7 um . D-CMR=6.5 80.3 %
(2012]110] dp= 25-60 mic
mC/Kg WS=62.4 %
o ) Tap Water
) Cylindrical _ Negative Corona
Di Natale et Gasoline flame Full cone nozzle ) ) WS <1%
reactor 1.15 at V=-13/-15 Induction charging
al dp=10-450 nm spray angle =45° CDES 35&
H=3.5m Kag/Kg kv at V=- 15kV
(2014]J111] Qa= 170 Kg/h do =290 pm OPES 91%
D=40 cm
QL=195Kg/h
Acrylic column 1,1,3,3- ;
0.18 L/m Nozzle Electro-spraying Qu=
. H= 600mm tetramethyl . .
Kim et al. 3 . ID=1.6 mm Circular ring d=95  50.8/67/77.1
D= 110 mm disiloxane Uncharged
(2014]112] 0.35 L/m _ QL= 80/160 mm QL2=62.2/81.7/9
Counter-current Q== 0.46 n¥/min _
3 _ mL/min V=-16,-17,-18 kV 1.2
flow Dp= 0.1-1 mic
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Pilat e al. (1974)[107] investigated the removaldajctyl-phthalate particles (dp=0.4-4 pum) in a
scrubber made up by two chambers with a volume.®sf @nd 0.23 m3 respectively. The gaseous
stream (Q@= 230 L/h) was fed counter current in the firstrol@r and co-current in the second one.
The liquid was water sprayed by means 20 nozzldsl8mozzles in the two chambers respectively.
The authors studied the influence of Coulomb fanceapture efficiency. In fact, the liquid droplets
were charged by positive induction at V= 3 kV, \eftihe particles were electrified by negative corona
They found that the overall particle collectioni@#ncy increased from 68.8% in uncharged

conditions to 93.6% in presence of electric field.

Balachandran et al. [77], [78] carried out expenitseo explore the effect of electric charge on the
removal of smoke particles from air. The conta@rober between the liquid and gaseous streams was
a chamber 19x1.8x2 m3. The particles were prodbyea designed smoke generator with a mean
diameter g>= 0.5-2.5 um and were uniformly distributed in tltodume by a fan. The liquid phase was
made by water droplets produced by a rotary aton{ie= 87 um) and inductively charged with
positive potential. In this configuration, CDESettollection efficiency was two time better thaatth

of WS configuration. Successively, the authorstefead the gas stream by negative corona too: the
efficiency was four times better than the WS camfagion.

In 2003, Cross et al. [108] utilized a cylindriéaind tunnel' reactor (D = 650 mm) working with air
velocity in the range 0.5 to 1.25 m/s. The dropleese produced by an air assisted nozzle (model
SU22/42 series manufactured by Spraying Systemsabte to produce droplet size ranges from 20
to 400 um. The droplets were charged by inductioi=2 kV reaching a maximum specific charge
of 3 mC/kg. The water in a range of 2 and 8 mL/aswsprayed cross-flow respect to the air. The
particles were coal dust dispersed and carrieddair. Two particle size distributions were stdglie
the smaller particles distribution ranges from 17tpm and was not charged. The results obtained
showed that the droplet charge allowed an increfgarticle efficiency from 73%w to 86.5%w. Based
on their results, the authors identified gener&guo increase the abatement efficiency, but these

results are specific to the design utilized andddifecult to generalize.

Yang et al. [109] performed an electrostaticallgisied Venturi scrubber with a rectangular cross
section 250x250x4 mma3. with a converging anglessfdnd a throat section 0.1x0.1x0.55 m3. The
gas stream contained particles witlx @.5-5 mm. The liquid spray was produced by a pregic
atomizer with §=30-120 mm inductively charged with positive palariThe liquid-gas flow rate ratio
ranged from 0.4/1000 m3/m3 to 1.8/1008/m¥. The authors found that fop=l0.5 mm, the overall
collection efficiency raised from 79% to 89%, white d,= 5mm the capture improved from 80 to

97% thanks to the electric contribute.
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In 2006, Balachandran et al. [79] conducted expemiisi on smoke particles capture by means the
contact chamber developed in previous study [78] With a multi-electrospray nozzles as charging

system for liquid stream. The liquid was de-ionizegter with the addition of a surfactant and it was

atomized and electrified by electro-spraying ingession mode at both positive and negative polarity

The experiments confirmed that the electrical ferbetween appositively charged droplets and
particles improved the removal efficiency: the camication of particles smaller than 1 um was

reduced of 80-90%.

D’Addio et al. (2013) [98] developed a wet electatie scrubber in lab-scale made by a cylindrical
chamber in plexiglass 200 mm high and 100 mm large.chamber was employed to investigate the
removal efficiency of particles produce by incestiek (dp=100-450 um) and charged by negative
corona. The liquid phase was distilled water arttitsa chloride with the addition of a surfactant. It
was charged by positive electro-spraying exertedrippping mode so that the droplets diameter was
constant and about 0.9 micron. The authors destthmr results in light of a scavenging model that
could take into account the electrical contributéerms of Coulomb force (OPES configuration) and
image forces (CDES configuration). It came out thatscavenging coefficient of WES unit in OPES
configuration was higher than that for CDES confadion and far higher than conventional wet
scrubbing of submicron particles. Their experimemése conducted by varying the gas temperature
in WES too. They observed that when the gas waserhibtan the liquid, the efficiency of WES was
higher for particles larger than 250-300 nm anddofer particles finer than 150 nm. These results
were due to synergic interactions among electnicef® and phoretic ones that are not considered in
models present in pertinent literature so far [113]

Almuhanna et al. (2012) [110] built an electrostally-assisted wet scrubber to remove air parttegla
in a poultry house. The test particles were takemfhome dust under controlled conditions, while
the liquid was tap water generated by an electiiost@zzle with mean diameter dD=25-6 um. The

removal efficiency improved from 16.2% for unchaigpray to 72.4% for negatively-charged spray.

In 2014, Di Natale et al.[111] designed a wet etestatic scrubber made for pilot-scale applicatlon.
was made by a stainless-steel cylinder 3.5 m highGa4 m large. The particles,£d165 nm) were
produced by a gasoline flame generated with a haplamp in open air, while the water droplets
(db=288.5 um) were generated by a full cone nozzle¢h Barticles and droplets were charged by
negative corona and positive induction respectivEhe experiments aimed to estimate the removal
efficiencies of WES technology in WS, CDES and OR&Sfigurations. The results confirmed that

electrostatic interactions were more effective thgdrodynamic ones for fine and ultrafine particles
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In fact, the capture efficiencies increased fromf@#WS configuration to 28% when only the droplets

were charge and to 88% when both the currents glectrified.

Kim et al. (2014) [112] utilized an acrylic colun®0 mm high and 110 mm large in which the gas
stream was fed counter current with the liquid phdshe particles were 1,1,3,3, tetra-methyl di-
siloxane (dp=0.1-1 um), while the liquid was maglenater droplets produced by electro-spraying at
three potentials V=- 16, - 17,- 18 kV. For two difnt liquid-gas flow rate ratios of 0.18 and 0.35
L/m3, the authors found out that the removal efficly increased with the potential from 50.8%
(uncharged spray) to 77.1% (charged spray) fofitsiel /G ratio, and from 62.2% (uncharged spray)

to 91.2% (charged spray) for the second one.

Carotenuto et al.[18], [111] used an analytical elad predict the particle removal efficiency in
industrial Wet Electrostatic Scrubbers. The prodosedel considered the overall collision efficiency
as the result of inertial impaction, directionalteirteption, Brownian diffusion, electrostatic
interactions, thermophoresis, and diffusionphore3ise work analysed the effect of different
processes parameters: contact time, specific vwatgsumption, water/gas relative velocity, size and
charge of sprayed droplets. Moreover, the modelblegs validated by a comparison with different
experimental data available in literature, both ¢barged and uncharged scrubbers. Then it was
applied to a reference case study to obtain gemabd results. As regards micrometric particlbs, t
model showed that the collection efficiency ince=afor higher water/gas relative velocity, with a
small effect of droplet diameter and a moderates@se with the droplet charge. On the contrary, for
submicron particles, the water/gas velocity plagesstcondary role in the capture mechanisms, while
a substantial increase of collection efficiency whserved by improving the droplet charge level and
reducing the droplet size. Regarding the actudbpmances of water spraying and charging devices,
the model predicted that a collection efficiencyhagh as 99.5% could be obtained reliably in a few
seconds with a water consumption of 100 mL/m3 bypédg droplet diameters around 100 pm and
charge to mass ratio from 1 to 3 mC/kg, correspanth droplet charge equal to 10- 30% of Rayleigh

limit.
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2 MATERIALS AND METHODS

The experimental campaign was aimed to explorgé#ntcle removal efficiency of a system made
up by a particle growth unit, as precondition teghe, and a particle removal device, as either a
bubble column or a WES (run as CDES). Two diffesattof experiments were carried out, as it is

indicated in the scheme of experimental campaidfigare 2.1.

Condensational Growth

| GT Abatement |
Sodium Chloride BUBBLE COLUMN
OptiBind 0.1
. GROWTH
OptiBind 0.2

TUBE

Titanium Dioxide

WET ELECTROSTATING
SCRUBBER

Carbon Black

| Particle Removal in |
treatment units

Figure 2-1- Schematic representation f experimentatampaign

The experimental rig consisted in two main unhg: growth unit (i.e Growth Tube) and the treatment
units (i.e. Bubble Column or Wet Electrostatingubdying). The first set of experiments was carried
out to measure the aerosol growth obtained in thertp unit and to verify the conditions at which
the heterogeneous condensation took place. Taithigt was identified a range of the oversaturatio
ratio at which the condensation growth was observiee second set of experiments was meant to
measure the particles abatement. It was evaluatieigrowth tube and treatments units themselves
and in the couplet systems. In this chapter, tipeemental setup with a description of each uhg, t
experimental procedures, the data analysis antesited materials are reported.

2.1 Experimental Setup

The first set of experiments was run in the lalesdg, which was composed by an aerosol generator,

a growth tube (GT) particle diagnostic units andiléary devices.
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Figure 2-2 Experimental set up for heterogeneous ndensation study: 1-HEPA filter; 2-
Topas ATM221 aerosol generator; 3-Diffusion dryer4-Flowmeter; 5-Saturator; 6-Growth

tube; 7- Thermocouple; 8-Thermostatic bath; 9- Ver@r gear pump; 10-Monitorining system.

Figure 2.2 shows the experimental set up aimeldedéterogeneous condensation study. The HEPA
filter pre-treated the incoming air flow that wansdirectly to the aerosol generator TOPAS ATM

221% in order to develop an aerosol model.

The particles laden gas was produced with a comaleserosol generator (TOPAS ATM 221),

which details are illustrated ahead. The generagedsol passed through a diffusion dryer to remove
water and produce a dry aerosol, whose flow rate egatrolled by a flowmeter. The gas passed
through a bubble saturator at 30°C and then firealkgred the growth tube, where the aerosol grows.

Gas sampling points were placed at the inlet ok#tarator and at the outlet of the growth tube.

The Figure 2.3 shows the experimental rig for theiple abatement study ether with the bubble

column or the WES.
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Air

» 10

Figure 2-3 Experimental set up for particle abatemst: 1-HEPA filter; 2-Topas ATM221
aerosol generator; 3-Diffusion dryer; 4-Flowmeter;5-Saturator; 6-Growth tube; 7-
Thermocouple; 8-Thermostatic bath; 9-Verder gear pmmp; 10- Either Bubble Column or wet

electrostatic scrubber; 11- Monitoring system

The experimental set up is like the previous oregpt that after the Growth Tube the gas was sent
to the treatment device. Gas sampling points wkxeep at the inlet of the system and at the outlet

of the growth tube and the removal units.

All the pipelines were PTFE flexible tube with imal diameter of 6 mm and were thermally
insulated with a sheet of heat insulation tapes®idhs short as possible to minimize environmental

interferences.

The diagnostic systems included devices to medkareemperature, relative humidity, and aerosol

size distribution.
All the apparatus components and the diagnostiesyswere described below.

HEPA filter

Whatmai? in —line HEPA Cap, Figure 2.4, was used througlieaiscientific, research and industrial
environments, in a variety of air and gas filtratiapplications where high retention, dirt-holding

capacity were required.

It retains 99.97% of all number of particles witdiameter bigger than 01@n in air.
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Figure 2-4 Whatman® HEPA filter

It is worth noticing that during blank experimentseding only compressed air in the system, the

total particles number was of few units per cm3.
TOPAS® ATM 221

The analysed aerosol was obtained by using the BYBEM 221, Figure 2.5, equipped with a
Laskin nozzl. This aerosol generator is able tapee a particles laden gas by feeding a suspension
of the tested particle. The atomizer is the key pithe ATM 221. It is made of high quality stask
steel and works as a two-substance nozzle, basédeomnjection principle. The Laskin nozzle is
immersed in the liquid suspension and injectindihiglocity stream of compressed air produces an
aerosol with a particle size distribution dependinghe tested particles. The TOPASTM 221 can
compress air up to 2.5 bar and generate an aen$oh gas flow rate of roughly 300 L/h with a
number concentration depending on the initial pltconcentration in the suspension and the
adopted pressure.

Figure 2-5 Aerosol generator TOPAS ATM 221

TOPAS® Diffusion Dryer DDU 570

The TOPAS Diffusion Dryer DDU 570, Figure 2.6, was an additb equipment for the Aerosol

Generator ATM 221 that was operated by compresised a
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The aerosol to be dried was streaming through e@eacporous pipe which is surrounded by Silica
Gel (desiccant with indicator) serving as dryingiaty The Silica Gel caused a very dry atmosphere.
The moisture in excess in the aerosol moved irgaltly environment by the effect of diffusion.

Because the aerosol did not get into direct contébtthe drying agent, only a very low particlesso
occurred.

Figure 2-6 Diffusion Dryer DDU 570 with silica gel
Aerosol Saturator System

The bubble saturator system was composed by a H2@RB6, Figure 2.7, cooling unit. It consisted
of a series of four ampoules filled with distilladiter and covered by a jacket in which water flows
at the controlled temperature of 30°C. The jackeed at the ampoules heating, so to humidify the

passing aerosol. The outgoing aerosol present@d3d I temperature and 100% of humidity.

Figure 2-7 Bubble saturator and Haake DC30 cooling unit

Growth Tube

Figure 2.8 shows the growth tube in which the logfeneous condensation of the vapour occurred

over the particles. It consists in a glass cylindéh a length of 40 cm and an internal diameter of
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1.5 cm. The tube size was designed by taking intmunt the diffusion rate of vapour from the
cylinder walls to tube centreline and the need ofimizing the interferences between the gas and
the liquid flows. The liquid was fed into a bowhpkd at the top of the cylinder and was filledap t
the brim until a water film fell along the internahbll of the tube. The water was collected in akla
placed at the bottom of the cylinder. A gear pumargnteed a uniform water circulation with a flow
rate of 0.06 L/min.

Gas outflow

Water feed tank >

Growth tube — =
waterinlet cone '“-

/ : Growth tube
Water inlet

4 Erlenmeyer flask

Gas inlet

Figure 2-8 Scheme of the growth tube

The film temperature and the gas rate controlledgas supersaturation level. In the growth tube,
vapour condensation occurred until the temperattithe gas was lower than the one of the liquid
film. To this aim, the liquid film was kept at asieed temperature,w] using a thermostatic bath, and

liquid temperature at the bottom of the growth twaes measured. The gas flow, monitored with a
flowmeter, entered the growth tube from the bottitesk, so that the water and the gas were in

counter-current flow.

Bubble Column

The bubble column, Figure 2.9, consists in a gha$tie (with a 10 cm internal diameter and a 20 cm
height) having a porous ceramic distributor (8 @rgé) placed 1 cm above the bottom and a gas
outflow at the bottle cap. The column was filledhwnine cm of HPLC water at room temperature
and its pressure drop was roughly 350 moi#i14].
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Figure 2-9 Bubble column scrubber
Wet Electrostatic Scrubber

The wet electrostatic scrubber, Figure2.10, coegdist a plexiglass cylinder 40 cm high and with an
internal diameter of 4.5 cm. The WES is equippethwan electrospray housed on the top of the
chamber. The lateral surface of the reactor pregeit 10 mm holes for gas inlet and outlet, arrdnge
at opposite side from each other.
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Figure 2-10 Wet electrostatic scrubber
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A hole for water draining was placed at the bottwinthe column. The electrospray, Figure 2.11,
consists in a needle put coaxially to a groundedldlat ring, encased in a PTFE box, with theatip

1 mm below the lower surface of the ring. The neeésliconnected to a high voltage power supply

J_\ L INwater
Electrical connection

for high voltage power Ececirical
supplay connector for
’ the ring

Meedle
\..:i%
LY -
ring

Figure 2-11 Charged droplets generator assembly

device.

The liquid was fed into the needle using a Hansathge pump. The pump guaranteed a liquid flow
rate ranging from pL/min up to mL/min. The high tagle system consisted in a Bertan 230 B

supplied by Spellmann HV with reverse polarity a20kV.

Preliminary analysis was run to investigate theagpregimes establishing in this system. The
operative conditions envisaged a liquid flow ragaming from 1 to 6 mL/min and a positive

potential from 1 up to 5 kV, the maximum value befdischarges occurred.

Optical tests were carried out to investigate tistauration of different spray regimes. Figure 2.12

shows the regimes observed in this work at diffecenple liquid flow rate-high voltage.
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Figure 2-12- The spraying regimes for distilled wadr at positive polarity

The results were in accord to regimes describeddnstinho et al. (ag 2012). For the liquid flow
rates exerted in this electrospray higher thatehssially used in the pertinent literature (gorjees,
ganan calvo), we did not observe the transitiomfdyipping mode to cone-jet mode as the voltage
and the flow rate increased. The transition regiae labelled as short jet mode. It was identifigd b
an acceleration of the liquid droplets caused leyafectric field. It elongated the liquid and arsho
jet and smaller droplets were formed. By increasiath the voltage and the flow rate, the regime
stabilized in the so-called simple jet mode. It wegsresented by a liquid jet with a constant di@met
from which the droplets detached in dimension aadudency depending on operating conditions. In
Figure 2.13, the observed regimes fe=@ mL/min are showed.

Figure 2-13- Regimes of electrospray at QL= 4 mL/miand V=0 (a), 2 (b), 4 (c) and 5 kV (d).
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The operating conditions of the tests with the Wie8pled with the Heterogenous Condensation
(HC) HC were 4 mL/min and 4 kV because in theseditmms a stable simple-jet mode was
observed, as reported in the Fig 2.13, and or dissipility of better highlighting particle efficien
improvements. In fact, a preliminary analysis was to study the removal efficiency of the single
WES at the different observed regimes. It was ofeskthat in dripping mode the efficiency reached
the maximum value of roughly 20%, while in jet mdtle removal efficiency increased up to 80%
at 5 mL/min and 5 kV.

The Diagnostic Systems

The diagnostic systems included devices for measiuremperature, relative humidity, and aerosol
size distribution. The measurement of temperatare possible by means a thermocouple connected
with a reader (RS mod.206-3722), instead, the dggar DO2003 was used to measure the
humidity.

The aerosol size distributions were monitored with instruments: the scanning mobility particle
size analyser SMPS TSI Model 3910 and the Laseng®¢iSpectrometer TSI 3340.

The Scanning Mobility Particle Sizer™ TSI 3910 aleml measuring solid particles in the range
10- 420 nm, appropriate for the submicrometricipleas tested in this work, and can operate only at

low humidity and without water droplets.

Figure 2-14 TSP nanoscan model 3910

The Nanoscan 3910 is an electrical mobility basadgtechnique. Electrical mobility, or the abylit
of a particle to traverse an electric field, isoawenient method to measure particle size, bedause
can be directly measured and is a first principiection of size. Electrical mobility is typically
measured by using a Differential Mobility AnalyZ&MA). Inside a DMA, a charged aerosol particle

experiences an electric field, causing it to mdweugh the gas in which it is suspended. The partic
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also experiences an opposing drag force from tedlga which can be calculated using Stokes law.
These forces can be equated and the electricalitgaifithe particle can be calculated. Figure 2-15
shows the operating principle of the instrument.

NanoScan SMPS

(=]

Figure 2-15 Nanoscan 3910 operating principle

Since the sample gas has to be dry and free ofr wlabps, before entering the SMPS, it passes
through a heater and a dilution system

The dilution system PALAS KHG 10, see Figure2.1@sva mixing chamber where an air stream
coming from the filter HEPA was mixed with the agwband a volumetric dilution ratio of 10 and a
temperature of 120°C was set up. These indicatiare also suggested by Diebold [114].

Figure 2-16 PALAS® KHG 10

The TSI 3340 can monitor a solid or a liquid aelagith particle size between 90 nm and 7.5 pum.
The principle of operation of the TSI 3340 wasltgkt scattering, which depended on the refractive
index of the monitored materials. The instrumens walibrated with polystyrene particles which
have a refractive index lower than that of the wglg It means that the instrument underestimates
the size of a water particle and we can say evendbout the measure of a solid-liquid aerosotesin
its refractive index is unknown. Therefore, thisteyn is the only viable choice to treat this kirfid o
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aerosol, but we understand that the experimergaltseonly have a qualitative value. [64] The Size

range covered of the TSI 3340 partially coverssiae range of submicrometric particles.

Figure 2-17 TSI® Laser Aerosol (LAS) Spectrometer 3340
2.2 Materials

The experiments were carried out with differentdkf particles characterized by a size particle
spanning in the submicrometric range. The testetknads were calibrated polystyrene OptiBind
particles with a mean volumetric diameter of 100amd 200 nm, titanium dioxide, sodium chloride,

and carbon black powder.

The calibrated polystyrene particles were usedrderoto provide experimental data on which a
nucleation model could be validated or developdu: Jalt and the Tiwere studied to examine the
growth and the abatement of insoluble and solubteganic particles, respectively. Finally, the
carbon black was employed because of its physloatical characteristics that could be assimilated
to soot particles deriving from partial combustmocesses.

The aerosols were obtained producing a liquid susipa of particles and ultrapure water, HPLC

grade supplied by Sigma-Aldrich.

All the particles suspension solutions, expectdr®on black, were put 20 min in an ultrasound bath
at 80 MHz in order to optimize the submicronic mdes dispersion. A fully description of the

methodology is described in the specific section.

Sodium chloride

Sodium chloride is an ionic compound with the cheahformula NaCl, representing a 1:1 ratio of

sodium and chloride ions. Sodium chloride is thé rs@st responsible for the salinity of seawater

and of the extracellular fluid of many multicellularganisms. It is largely used in many industrial

processes, and it is a major source of sodium hlwice compounds used as feedstocks for further
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chemical syntheses. A second major applicationodiiusn chloride is de-icing of roadways in
sub- freezing weather. Each ion is surroundedbiosis of the opposite charge. The surrounded ions
are located at the vertices of a regular octahedron

The characteristic hygroscopicity allows a higherattion among water gas and salt, promoting
nucleation and growth phenomena. Due to its hyggquscbehaviour, the sodium chloride has a

contact angle with the water of 0°, indicating @i wettability.

The salt aerosol was generated by feeding to thesalegenerator a liquid solution composed by
0.31 grams of NaCl dissolved in 80 ml of HPLC wafEhe used salt was the common sodium

chloride for food.

The averaged particles number distribution measbyetoth diagnostic systems is shown in the
Figure 2.18.
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Figure 2-18 Aerosol Size Distribution (ASD) at inleof growth tube of NaCl measured by
Nanoscan 3910 (a) and TS13340 (b)

The salt aerosol size distribution at the inlegr@iwth tube has a polydisperse size distributiogirag
from 10 to 300 nm. The distribution revealed by T8 3910 had a mean diameter of 57 nm and a
standard deviation of 34 nm, while that one meakhbyethe TSI 3340 presented a mean diameter of

135 nm and standard deviation of 40 nm.
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Calibrate Polystyrene Particles

Polystyrene (PS) is a clear, amorphous, nonpolanoadity thermoplastic that is easy to process and
that can be easily converted into many semi-firdigh@ducts like foams, films, and sheets. It is one
of the largest volume commodity plastic, compriseggproximately seven percent of the total
thermoplastic market. It is a very good electrinallator, has excellent optical clarity due to ldmk

of crystallinity, and has good chemical resistaiocgiluted acids and bases. It is also easy todate
into a large number of finished goods since itwssaose liquid above its glass transition tempeeat
that can be easily shaped. However, polystyrensdaaeral limitations. It is attacked by hydrocarbon
solvents, has poor oxygen and UV resistance, arathsr brittle, i.e. it has poor impact strengtie d

to the stiffness of the polymer backbone. Furtheenibs upper temperature limit for continual use
is rather low due to the lack of crystallinity ait&llow glass transition temperature gf373 K.

Polystyrene is a not biodegradable plastic andtasi to photolysis. It is a major contributor e t

debris in the ocean. Although recyclable, polystgres not recycled in many parts of the world.

Two tested aerosol were formed by polystyrene nartigtes with a nominal volumetric mean
diameter of 98.5 nm and 198.5 nm, supplied by termo-scientific under the commercial name of
OptiBind 0.1and OptiBind 0.2, respectively, as &1@/w water suspension. The suspension also
contains 0.05% w/w sodium azide as surfactant.aéresol generator was fed with 50 ml of water
HPLC grade (Sigma-Aldrich) in which 2 ml of eith@ptiBind 0.1 or OptiBind 0.2 suspensions were
added.

The fig 2.21-2.22 show the aerosol size distributa the inlet of the growth tube of the OptiBind
0.1 and OpriBind 0.2, respectively.
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Figure 2-19 Aerosol Size Distribution (ASD) at inleof growth tube of Optibind 100 measured
by Nanoscan 3910 (a) and by TSB340 (b)

It was found that both instruments aerosol siz&idigions have a median value roughly at 98 nm,
as expected. The TSI 3910, Figure 2.21 (a), medsaurgecond peak of the distribution at 23 nm
attributable to the presence of the surfactantisarsupplied solution and the particles tracesaiew
According to TSI 3910, the polystyrene particlestritbution spanned from 41 nm to about 176 nm
and the total particle concentration in the gas 8880 #/cm (Figure 2.21 (a)), while according to
TSI 3340 the ASD varied from 90 (the lower sizeiliof the instrument) to 400 nm and the total
particle concentration in the gas was 3200 #/@gure 2.21 (b)). This discrepancy and the déffer
number concentration were due to the different mn@smsent principle of the two instruments and to

the aerosol dilution, required before entering T 3910.
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Figure 2-20 Aerosol Size Distribution (ASD) at inleof growth tube of Optibind 200 measured
by Nanoscan 3910 (a) and by TSB340 (b)

It was found that both instruments measured a ndgokak at roughly 180 nm, as expected. The TSI
3910, Figure 2.22 (a), measured a second peal diistribution at 23 nm attributable to the presenc
of the surfactants in the supplied solution andiglas traces of the water. The TSI 3340 revealed a
distribution tail from 200 to 290 nm.

Table 2.1 reports the count mean diameter(CMD)Stngter diametergg) and the standard deviation

(o) of the tested aerosols evaluated with both insémnt measures.

Titanium Dioxide

Titanium dioxide is a naturally occurring mineraht is mined from the earth then further processed
and purified for use in consumer products Titandioxide, also known as titanium (IV) oxide or
titania, with molecular formula Ti€£and molecular weight 79.87 g/mol, is a kind of gew Titanium
dioxide color is white and is a soft solid that teedt 1800°C. It has special application, such as
insulation, corrosion, flags, etc. It is polymorpiscand it exists in three types of crystal struesur
rutile, anatase and brookite. Only rutile is usashmercially. Titanium dioxide is safely used in man
products from paint and food to drugs and cosmelti@dso plays a critical role in some sunscreen
products to protect skin from the sun’s harmfutautolet radiation. It is insoluble in water, diut

alkali, dilute acid, but soluble in hot concentdagailfuric acid, hydrochloric acid, nitric acid.
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Although titanium dioxide is insoluble in waterhids a finite contact angle of 52°[37], that makes

a material with high wettability.

The titanium dioxide aerosol was generated by uaihguid solution composed by 0.32 mg of 7iO
with 80 ml of HPLC water. The titanium oxide wagplied by Sigma- Aldrich. The Figure2.19
shows the inlet aerosol distribution of titaniunoxdde revealed by the TSI 3910 (a) and TSI LAS
3340 (b).
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Figure 2-21 Aerosol Size Distribution (ASD) at inleof growth tube of TiO2 measured by
Nanoscan 3910 (a) and by TSB340 (b)

The aerosol size distribution at the inlet of griowibe of the titanium dioxide measured by the TSI
3910, Figure2.17 a), had a bimodal distributiofirss peak at 150 nm due to the Tiarticles and

the second peak at 20 nm due to the particle tratéise water. The TSI 3340 revealed a wide
distribution with a peak at 220 nm and a standakdadion of 39 nm. Both diagnostic system revealed

an aerosol size distribution ranging from 90 to 4@t

Carbon Black

Carbon black is virtually pure elemental carborthe form of colloidal particles that are produced

by incomplete combustion or thermal decompositibngaseous or liquid hydrocarbons under

controlled conditions. Its physical appearancé& bf a black, finely divided pellet or powdess It

use in tires, rubber and plastic products, printivkg and coatings is related to properties of figec

surface area, particle size and structure, condtycaind colour. Carbon black is not soot or black
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carbon, which are the two most common, genericgapplied to various unwanted carbonaceous
by-products resulting from the incomplete combustid carbon-containing materials, such as oil,
fuel oils or gasoline, coal, paper, rubber, plasaod waste material. Soot and black carbon also
contain large quantities of dichloromethane- argetoe extractable materials and can exhibit an ash
content of 50% or more. Carbon black is chemicatlyg physically distinct from soot and black
carbon, with most types containing greater than %&mental carbon arranged as aciniform
(grape- like cluster) particulate. On the contraypjcally less than 60% of the total particle mats
soot or black carbon is composed of carbon, depgndn the source and characteristics of the
particles (shape, size, and heterogeneity). Twarotommercial carbonaceous products often
confused with carbon black are activated carbon laomte black. Each is produced by processes
different from commercial carbon black and possessegue physical and chemical properties.

The carbon black is insoluble in water, therefafeer a literature research (Black et al. 1998)as
found that a water-ethanol solution at 50% in vawvould be feasible to obtain a homogeneous

suspension.

The carbon black is highly hydrophobic and withow lwettability has a contact angle of roughly
90 [37]

The carbon black used in this work was supplie8igyna-Aldrich as nanometric powder. The carbon
black aerosol was generated by feeding a suspen$itt mg carbon black nanoparticles mixed
with a water-ethanol solution 50% in volume. Sittehomogeneous suspension started to disappear

after 20 min, the tests envisaged the use of ttifeerent solution that were changed every 20 min.

The Fig 2.20 shows the aerosol size distributiothefcarbon black at the inlet of GT measured by
the TSI 3910 (a) and the TSI 3340 (b).
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Figure 2-22 Aerosol Size Distribution (ASD) at inleof growth tube of Carbon Black
measured by Nanoscan 3910 (a) and by T%340 (b)

The aerosol size distribution at the inlet of G lagprimary distribution at nanometric scale raggin

from 10 to 60 nm with a peak at 25 nm. It is poestb observe a second fraction of carbon black

particles characterized by a size of roughly 150 mavealed by both instruments. Table 2.1 resumes

the ASDs properties of all materials as the couaamdiameter (CMD), the mode and standard

deviationo, the Sauter diametegd

Table 2-1-The mode, CMD, &2, 6 and pertinent range for each tested aerosol.
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Tested | Contact mode CMD, nm ds2,nm 6, Nm Pertinent range, nm
aerosols angle,° TSI TSI TSI TSI TSI TSI TSI TSI TSI TSI 3340
3910 3340 3910 3340 3910 3340 3910 3340 3910

Sodium - 49 103 57 135 96 161 34 40 11.5- 15490- 283
chloride

Titanium 52 154 113 134 136 225 160 68 39  65-365 90-410
dioxide

Carbon 92 27 | 108 24 156 33 203 10 57  11.5-49 94-340
black

OptiBind 82 86 118 89 192 126 257 36 79 @ 41-175 86-391
0.1

OptiBind 82 154 179 124 201 191 212 55 31 99-313 171- 283
0.2



2.3 Experimental campaign and procedure

For each tested aerosol, two different set of erparts were carried out. The first one was carried
out to measure the aerosol grown obtained in thea@d to verify the conditions at which the
heterogeneous condensation took place. Since akihef the growth tube a solid-liquid aerosol was
generated, it was not possible to monitor it with SMPS TSI 3910 and so the TSI 3340 was used.
The aerosol size distributions were monitored at @T exit and their evolution was studied by
varying the water film temperature of the GT in thage 30-70°C.

The second set of experiments was meant to metsigarticles abatement in the system GT-BC
and GT-WES, monitoring the aerosol size distributid the aerosol at the inlet of the system and at
the outlet of both the growth and the abatemertsumb this aim the SMPS TSI 3910 was used. As

benchmark, the removal efficiency of the BC and Wigfassing the GT were evaluated as well.

The experiments were performed at a gas flow ra#8d./h with the GT operating at water film

temperature between 30 and 70°C. Table 2.2 sumsnitieeexperimental tests.

Table 2-2- Summary of experimental tests

Test, N° Tw, °C Particle abatement Particle Growth
1 - WES/BC -
2 30 GT-BC/GT-WES GT
3 40 GT-BC/GT-WES GT
4 50 GT-BC/GT-WES GT
5 60 GT-BC/GT-WES GT
6 70 GT-BC/GT-WES GT

To assure the accuracy, reliability, and reprodiitylof the collected data, all tests were perfedn
in triplicate and average values with errors baesemeported. Before each test, we regularly

performed three types of blank tests.

The first set of blank tests (hamed A) aimed to sneathe size distribution of an aerosol, produced
by feeding the aerosol generator with air, at tki# ef GT operating at different water film
temperature {. In this way, the eventual traces of particles owad by the diagnostic systems at
the exit of the GT were only ascribable to the ommce of homogeneous condensation or to water

droplets entrained in the gas from the liquid film.
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The second set of blank tests, named B, consistddeiding HPLC-grade water to the aerosol
generator and was aimed to observe the presemzetafles in the gas stream deriving from the salt
content in the water or water drops which escapedityer and their possible growth in the GT.

The third blank test, named C, was run by feedieggierosol generator with the all the tested partic
solution and by stopping the water circulationhia growth tube. In this way, it was possible toothe
the occurrence of particle coagulation and of pkrtiepletion due to the passage along the pipe lin

from the entrance to the GT outlet sampling points.

The results of the tests A showed that no watgsldte were entrained in the gas and no homogenous
condensation occurred at any temperature. In Bedtse ASDs of HPLC water were measured both
with the SMPS TSI 3910 and the LAS TSI 3340 and raqorted, in Figure 2.23 a) and b),
respectively.
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Figure 2-23 Typical particle size distribution of HPLC water obtained with TSI Nanoscan
3910 (a) and LAS TSI 3340 (b) in tests B.

The total particles number of the used water atrile of the GT measured by the SMPS TSI 3910
and LAS TSI 3340 were 73 and 30 #fcmespectively. This aerosol size distribution \pasbably
ascribable to two different kind of particles. Th®l LAS 3340 revealed that water droplets probably
escaped from the dryer system (Figure 2.2 (3)).s&hgere evaporated in the dilutor system and
cannot be measured by the TSI 3910. Moreover, tohaganoparticles of roughly 20 nm were
revealed by the TSI 3910 ascribable to trace ionkimpurities present in the HPLC-grade water,
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which are also reported in its technical datasff@igma-Aldrich). Indeed, the blank tests B resatts
the exit of the GT showed that the particle tranethe HPLC-water enlarged with the temperature,
giving an appreciable contribution to total pagioumber. Although the total number concentrations
were low compared with the normal particle numbedpced during tests (about 3000 #gall the
aerosol size distributions used in the data aremlysre evaluated subtracting the contribution e$éh
enlarged particles. Finally, the tests C revealest particle depletion and particle coagulation
phenomena may be neglected, since the particledsagbution measured at the sampling points
differed less than 3-4 %, which is within the expemtal accuracy. These results allowed to atteibut

the overall removal efficiency of the GT to the arafilm.

A preliminary test to verify the existence of arpaplimit of particle diameter above which all the

particles were collected by the GT and the pipsliveas accomplished. To this aim, polystyrene
calibrated nanoparticles with a mean volumetrierditer of 100,200 and 400 nm were tested. The
aerosol size distributions at the exit of the Geraped a different water film temperature were

monitored.
2.3.1 Experimental protocol for particle enlargement in the growth tube

This section describes the procedures used to rpeitiests on the particle growth reached in the
growth tube by varying the oversaturation leveleTimal experimental protocol adopted was the
result of careful and meticulous considerationssgino® minimize the error and the interferences from
the environment. A particular attention was addrdgewards the water in the GT and the pipelines.
In fact, the water in the GT was changed at thennégyy of each test in order to avoid particle
entrainment at the interface from the liquid irtie gas. The pipeline (has been) was cleaned at each
test to remove the condensed water that could captue grown particles, so altering the
measurements. Each test lasted 5 min, after preimpitests in which was observed that the steady

state conditions were reached after about 1 min.
A list of operations executed during the test moréed below:

Test preparation:

1. The thermostatic bath is switched on and adjustedrder to have the desired water
temperature, J, in the growth tube.

2. The saturator is switched on and fixed at the teatpee of 30°C.

3. Flow rate sampled by the Laser Aerosol Spectronmetatjusted in order to have an isokinetic

sampling.
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4. The particles suspension solution is prepared andgr 20 min in an ultrasound bath at
80mHz in order to optimize the submicronic parsatispersion.
5. The blank tests A, B and C are carried out.

Test execution:

6. The solution is fed to the aerosol generator aagthssure is set to the desired value in order
to obtain a number particle concentration suitalftg the monitoring system
(3000 particles /s) and spanning from 1000 to 3®ficles/crat the inlet.

7. The valve 1 are set to measure the aerosol inldgtegrowth tube by means the TSI LAS
3340 and each measure lasts 5 min.

8. The valvel are set to measure the growth tubetdutleneans the TSI LAS 3340 and each
measure lasts 5 min.

9. The temperature of the thermostatic bath is adjusteorder to obtain another water
temperature in the growth tube.

10.The test continues from the seventh step, aftéthieatemperature of theyTeached the new

desired value.

Post processing:
11.The data acquired by the TSI® 3340 are elaborateorder to evaluate the aerosol size
distribution and its cumulative distribution furati (CDF), dz, ®" and d°" and the total

number concentration, considering the last 4 mithefmeasurement.

2.3.2 Experimental protocol for particle abatement in thesystems GT-BC and GT-WES
Test preparation:

1. The thermostatic bath is switched on and adjustedrder to have the desired water
temperature, J, in the growth tube.

2. The saturator is switched on and fixed at the teatpee of 30°C.

3. The Palas dilutor is set to the temperature of CA@°order to mix a pre-filtrated air with the
incoming aerosol obtaining a volumetric dilutiotioaof 10.

4. The particles suspension solution is prepared ah@® min in an ultrasound bath at 80mHz
in order to optimize the submicronic particles éispon.

5. The blank tests Al, A2 and A3 are carried out.
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Test execution:

6. The solution is fed to the aerosol generator aagthssure is set to the desired value in order
to have a particle concentration suitable for tlonitoring system

7. The valves are set to measure the aerosol inletdans the SMPS TSI 3910 and each measure
lasts 5 min.

8. The valves are set to send the aerosol to the griuse.

9. The aerosol that exit the growth tube is sent ®0SMPS TSI 3910 and each measure lasts 5
min;

10.The aerosol, which outcomes from the growth tubsent to the abetment unit.

11.The aerosol flow, which comes out from the abetno@itt is sent to the SMPS TSI 3910 and
each measure lasts 5 min;

12.The temperature of the thermostatic bath is adjusteorder to obtain another water

temperature in the growth tube and the test practedh the step seventh.

Post processing:

13.The data acquired by the TSI® Nanoscan 3910 ateoedted in order to evaluate the
abatement efficiency of the growth tube and ofwhmle system, in terms of total number

concentration and number concentration for eacmeliar, d», P and §>"

2.4 Data Analysis

In this section the elaboration of the experimedédh obtained by the diagnostic systems is reghorte

2.4.1 Particles growth
The TSI 3340, used to examine the particles groprthyides the aerosol size distribution in the eang
80-80 nm in terms of number particles concentratpen each channdl;. The instrument was set in

order to divide the interval in 50 channels witto@ distribution.

For each data test, the count mean diamé&bi), the standard deviation)( the Sauter diameter
(ds2), and the errord) of the particles number per each channel wereutzied according to the

equations (2.1-2.4):

1
CMD = ch‘di

Ctot (2 ! 1)
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1
o = C ch(dl—CMD)z
tot

(2.2)
b _LGd
27y cd? (2.3)
5. =%
VN (2.4)

whereCiot andd; were the total number particles concentrationtaranean value of the size channel

of the distribution, whileN was the number of samples.

Each distribution was normalised obtaining the pholity density function(PDF) and then it was
possible to estimate the cumulative distributionction (CDF) and the distribution mode. From the

CDF was possible to evaluate the &nd the 98 percentile diameters of the distribution.

A comparison of distribution of particles leavirtgetgrowth tube were made to show the evolution
of particle growth with the increasing of temperatun terms oCDF, sauter diameter, mean diameter

and the % and the 98 percentile diameters.

Although modelling of particle enlargement in th& &e not developed in this work, knowledge of
the supersaturation profile is a valuable toolnteripret experimental findings. The variation o th
water film temperature inside the GT led to diffdresupersaturation profiles that govern the
heterogeneous condensation. This profile can beeatefollowing the modelling approach adopted
by Tammaro et al. [55] on the basis of the anadysolution of the classical Greatz problem forthea
and mass transfer. [11B] this study, we neglected the contribution to slpersaturation of the
bottom flask, since experimental evidences showatthe aerosol leaving the flask did not present
any appreciable change in term of particle sizeidigion and concentration as the water tempeegatur
increase. However, the temperature entering thiadndal section of the GT was higher than that
one at the inlet. This temperature was considardatie calculations. Knowing the supersaturation
levels reached in the growth tube, a theoreticidrpretation of the experimental findings was
accomplished.

2.4.2 Particles abatement

The TSI 3910, used to examine the particles abatemeovides the aerosol size distribution in the
range 11-400 nm in terms of number particles comatgan, per each channeé. The instrument
divides the all range in 13 channels with a logritiation.
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The total number removal efficiency;®, of each unit and of the whole systems, GT-BC and

GT- WES, were evaluated from the total number cottaéon at the inlet and outlet of each units

(Civ :Céur 1) according to the equation (2.5):

tot tot
tot — CIN di COUT i

1 Cltl?lt,i (2.5)

wherei refers either to GT, BC, WES and GT-BC, GT-WES.

Beyond the total efficiency, it was possible tolaage, for each unit, an efficiency for tiegarticle

size channely,' , with a particle number concentration df i@ #/cn as:

,7_j — Cllj\l i CéUT J
' CltlSlt,i (2.6)

In order to better appreciate the contributiorhef& T and either the BC or WES on the total removal
efficiency and on the removal efficiency for eattanel size, both the removal efficiencies were
calculated aslog(1+i). Where, for sake of simplicity;i stands for the total and per channel size
efficiencies of each unit. Figure 2.24 (a) —(b)wh@n example of the total removal efficiency and
the removal efficiency per channel size as a fomadf the run tests and the channel size, resdgtiv

a) 25
. GT b)

20 - == BC/WES

’ 2.0 -
2 151 = 15 4
8 =
o 1.0 = 0

0.5 - 0.5 4

0.0 - 0.0

30 40 S0 60 70 41 56 74 99 132 176
Tw °C dp, nm

Figure 2-24- Example of the contribution of the GTand BC on the total removal efficiency as a
function of the water film temperatures (a) and orthe removal efficiency for each channel size

as a function of channel size. (b)
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The figure 2.24 plots the contribution of each wmtthe removal efficiencies as stacked bars. The
black bar represents the contribution of the GTieutie gray one stands for the contribution ofegith
the BC or the WES. The addition of the two stadias depicts the removal efficiency of the whole

systems.
2.5 Quality assurance/quality control

To assure the accuracy, reliability and reprodlitybof the collected data, each experimental
measure was averaged over 10 samplings lastingh leach. Than all tests were performed in
triplicate and the average values together withstaadard deviatiors] are reported. The TSI 3340
and the TSI 3910 have both a typical particle sizeuracy within 5%. The dilutor system has an
error of roughly 5% on the dilution ratio. The asybgenerator has a repeatability standard dewiatio
lower than 3%. Besides, the experimental datacafas in terms of particle number concentration
showed an error of about 25% with the TSI 3910aalt 20% for the TSI 3340.
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3 RESULTS AND DISCUSSION

3.1 Particle growth

3.1.1 Experimental results

In this section, the experimental results and disitun on the particle growth are reported. Theltesu
of the preliminary test, aimed to verify the exmste of an upper limit of particle diameter above
which all the particles were collected by the GT dhe pipelines, were reported. For sake of
simplicity, only the results obtained with the pstlgrene nanoparticles with the volumetric diameter

of 400 nm are reported.

Figure 3.1 shows the ASD of the tested nanopastiatehe inlet and exit of the GT operating at the
water film temperature of 25,35 and 45°C.

2500
— N
2000 OUT GT Tys25°C
OUT GT Ty735°C
L —— OUTGT Twe45°C
S 1500
»
@
= 1000
[= N
500
._‘/‘—”Jﬁ
0 . . .
300 500 600 700 800

dp nm

Figure 3-1- Aerosol size distribution of polystyree calibrated nanoparticles with nominal
diameter of 400nm at the inlet and outlet of the GTwith a water film temperature of 25,35
and 45°C.

Figure 3-1 shows the results of a preliminary tastsed to investigate the range of particles that a
collected by the GT and the pipelines. The expemtaleresults showed that the aerosol size
distribution at the inlet had a peak at 400 nmaail ranging from 450 to 600 nm. At the exitloét
GT the concentration of the particles decreaseti e temperature and apparently, no particle
growth was observed. This results suggested tleatdhoparticles, indeed, grew and they were not
revealed by the TSI LAS 3340 because the GT angifrelines had a kind of “cut-off” for the

particles larger than 500 nm, therefore all theiglas that grew above this size were not measured.
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In the light of these results, the aerosol siz&ibdistion of the tested aerosol at the exit of 8Ehad

a particle size ranging roughly from 80 to 500 fmerefore, only the particles that enlarged towards
size below 500 nm were detected and a concentrddorement was due to the loss of particles with
size above the upper limit. This operative conditied to a generation of a narrow aerosol size
distribution at the exit of the GT, whatever thetenals, because all the grown detectable particles

ranged from 200 to 400 nm.

The aerosol size distributions at the inlet anthatoutlet of the growth tube operated a different
water film temperature,w are presented in terms of probability densitycfion (PDF), cumulative
distribution function (CDF), count mean diameteM®), mode, Sauter diameters@iand §' and
95" percentile.

Sodium Chloride aerosol

Figure 3.2 shows the PDF (left) and CDF (right}red sodium chloride aerosol at the inlet and GT
outlet as a function of the water film temperatdie, Table 3.2 reports the mode, CMD, the standard
deviations, ds2, " and d°" percentile of the aerosol size distribution atitilet and outlet of the
GT at different V.
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Figure 3-2 The sodium chloride aerosol size distriltion as function of the particle diameter
parametric with the temperature of the water film temperature: PDF (right) and CDF (left).
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Table 3-1 Mode, CMD, standard deviatiors, dsz, d®"and d®*" diameters of the sodium chloride
aerosol size distribution at the inlet and at the watlet of the GT, as function of the water film
liquid temperature, Tw.

Tw, °C mode CMD,nm | o,nm | dzz,nm | d°, nm | d®™" nm | Cit, #/cn?
INLET 103 135 52 161 90 215 15226
30°C 103 170 82 241 86 325 11336
40°C 259 258 90 317 120 400 24067
50°C 259 282 65 312 190 392 28498
60°C 271 294 64 320 196 391 30315
70°C 357 315 56 334 215 392 25253

The experimental results showed that the ASD &C30resented particles larger than 300 nm, absent
in the ASD at the inlet of the GT. It is possibte dascribe the presence of these particles to the
condensational growth, that already at 30°C. Reneeimdp that the aerosol enters the GT at 25°C,
this results means that as soon as a gradient tatupg although minimum, was established the
condensational growth occurred. Once the heteraysneondensation took place, the ASD enlarged
with the temperature and the particles ranging fi@00 to 400 nm appeared and their number
concentrations increased too. Indeed, the peakiseodlistribution shifted from 100 nm at 30°C to
400 nm at 70°C. First a major peak at roughly 280 as showed in the tab 3.1, appeared and then
slightly shifted at 357 nm by increasifg. The occurring of the heterogeneous condensatisd°&

is confirmed by the CDFs (Figure 3.1 right diagraimt showed a marked shift towards larger
particles at this temperature. As the temperatwreeased, the CMD, mode angb thcreased from
135 to 315 nm, 103 to 357 nm, 161 to 334 nm, rasdy¢. The condensational growth occurring
was confirmed by the increment of th&'ithat passed from 212 to 325. Due to the loss aicpes
above 500 nm, the aerosol size distribution aettieof the GT tends to a narrow distribution:tag
detected particles ranged from 200 to 450 nm, dhgekt were loss and the smallest grew in this
range. As reported in Table 3.1, the total numioaicentration had a non-monotonic trend with the
temperature. A completely understanding of thisdrkeides several processes that, at the moment, it
was difficult to differentiate. Generally, the it number concentration decreased at 30°C because
in the GT some particle loss was inevitable. Wi increased of the temperature and so of the grew
particles, the number concentration increasedaltieetenlargement of particles not initially degekct

At 70°C the concentration started to decrease altigetloss of the particles larger than 500 nm.
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OptiBind 0.1 aerosol

Figure 3.2 shows the PDF (right) and CDF (left)raf OptiBind 0.1 aerosol at the inlet and outlet of
GT as a function of the water film temperaturg, The table 3.2 reports the mode, CMD, the standard

deviationo, ds2, " and @™ percentile of the aerosol size distribution atitilet and outlet of the

GT at different .
0.12 1.0
0.10 —
i
008 { ||
| || 0.6
(1 el
o 0064 | 0
. | | © —— Inlet
|| . 04 = -
0.04 - | T,=30°C
— T,=40°C
|" 0.2 — T,”=50=C
0.02 - ] : — T,=60°C
i/ R i — T,=70°C
0.00 / A A 0.0 .
S o O © O OO o O © © OO0
il e L ESCE &8 e f EFECP
d_ nm dp. nm

Figure 3-3 The OptiBind 0.1 aerosol size distribubn as function of the particle diameter
parametric with the temperature of the water film temperature: PDF (left) and CDF ¢ight)

Table 3-2-Mode, CMD, standard deviations, dz2, d®" and d®™ diameters of the OptiBind 0.1
aerosol size distribution at the inlet and at the watlet of the GT, as function of the water film

liquid temperature, Tw.

Tw, °C Mode |CMD,nm | ¢, nm ds2,nm | d nm | d°" nm | Ciot, #/cn?

INLET 113 156 72 212 90 297 21204
30°C 94 179 92 278 90 380 18694
40°C 357 258 107 331 105 410 16057
50°C 357 280 80 318 105 391 12963
60°C 357 346 55 364 258 429 14045
70°C 357 310 128 337 149 450 5607
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The PDFs in the left diagram of Figure 3.2 desctiteeASDs of OptiBind 0.1 at the inlet and at the
outlet of GT, parametric with the water film temaierre. The Fig 3.2 shows clearly that for this
material the enlargement due to heterogeneous neatien started at 40°C. At 30°C the ASD was
similar to the inlet one, suggesting that no peeti@gglomeration occurred and therefore the partic
growth at higher temperature was ascribable onflggaondensational growth. With the temperature
increase, the peak at 100 nm shifted to 357 nm‘&@ 4nd then it unchanged as it can be noted from
Table 3.2. The ASDs evolution was gradual withtdrmaperature: at 30 and 40 °C it was clear that a
distribution transition occurred because the pdakd@ nm slightly disappeared and a peak at 400
nm slowly appeared. The CDFs of Figure 3.2 (riglofirmed that the heterogenous condensation
occurred at = 40°C, at which was observed a substantial shifteaerosol towards larger particles.
As listed in Table 3.2, from 30 to 70°C, the CMDdahe d. increased monotonically passing from
156 and 212 nm to 310 and 337, respectively. Asehmperature of liquid film gradually increased,
the particles distribution became more and moreomaand this can be observed from ti& dnd
d™ trends. This behavior was due to the loss of tiigbes larger than 500 nm as it is possible

noting by the decrement of the number particlesentration.

OptiBind 0.2 aerosol

The Figure 3.3 shows the PDF (right) and CDF (left)he OtiBind 0.2 aerosol at the inlet and GT
outlet as a function of the water film temperature, The table 3.3 reports the mode, CMD, the
standard deviation, ds2, ™ and d°" percentile of the aerosol size distribution atittiet and outlet

of the GT at different d.
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Figure 3-4 The OptiBind 0.2 aerosol size distributn as function of the particle diameter
parametric with the temperature of the water film temperature: PDF (left) and CDF {ight)

Table 3-3 Mode, CMD, standard deviationes, dsz, d®" and d°*" diameters of the OptiBind 0.2
aerosol size distribution at the inlet and at the otlet of the GT, as function of the water film
liquid temperature, Tw.

Tw, °C mode | CMD, nm | o, nm | ds2,nm | d®, nm | d®" nm | Ciot, #/cn?

INLET 179 201 31 212 170 260 22266
30°C 187 285 90 340 179 430 20485
40°C 391 321 92 365 179 450 12428
50°C 410 327 128 372 185 471 9422
60°C 391 335 180 367 180 435 12070
70°C 391 353 53 366 258 410 8616

The PDFs in the left diagram of Figure 3.3 desctiteeASDs of OptiBind 0.2 at the inlet and at the
outlet of GT, parametric with temperaturg. TThe plot shows that the heterogenous condensation

took place at 30°C as showed in Figure 3.3 (left)ie ASDs shift towards larger particles. Indeed,

the evaluated parameters listed in Table 3.3 hadrtijor variation passing from the inlet to 30°C.
The peaks of the distribution shifted from 200 nn3@°C to 400 nm as soon ag=T40°C. As soon
as the condensational growth took place, the ASibtel towards larger particles as showed in the

Figure 3.5 (right). At 70°C the initial peak at 20 completely disappeared and so all the particles
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were enlarged towards a size ranging from 260 to¥l.0The CMD of OptiBind 0.2 aerosol increased
from 200 nm up to roughly 350 nm at the inlet aBd @, respectively. The maximum variation of
the CMD and of the 8" was observed between the inlet ASD and that otiecadutlet of the GT
operating at 1= 30°C. By looking at variation of the mode of tA&Ds with the temperature,
reported in the table 3-3, it passed from 179 tb 8930 and 70°C respectively. Th&énd >
percentile diameter showed that at 70°C all thevgrdetected particles enlarged to a similar size.
The total number particle concentration, as forgbdium chloride aerosol, had a non-monotonic
trend with the temperature and similar observatioreye envisaged. dropped off with the

temperature: particles larger than the upper heite captured by the GT and the pipelines.

Titanium dioxide aerosol

The Figure 3.4 shows the PDF and CDF of the titandioxide aerosol as function of the particle
diameter parametric in the temperaturg, &t inlet and outlet of GT. The table 3.4 reptintss mode,
CMD, the standard deviatian ds2, " and d°" percentile of the aerosol size distribution atitiet
and outlet of the GT at differentyT
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Figure 3-5 The titanium dioxide size distribution a function of the particle diameter parametric
with the temperature of the water film temperature: PDF (left) and CDF ¢ight)

83



Table 3-4 Mode, CMD, standard deviatiors, ds2, d®"and d®**" diameters of the titanium dioxide
aerosol size distribution at the inlet and at the watlet of the GT, as function of the water film
liquid temperature, Tw.

Tw, °C Mode | CMD,nm | o,nm | dsznm | d*" nm | d®", nm | Ct, #/cm?

INLET 196 217 83 280 105 375 23754
30°C 410 299 125 397 115 516 15198
40°C 410 330 102 390 156 493 18050
50°C 410 344 89 389 200 493 19044
60°C 410 339 131 437 145 566 17912
70°C 410 360 86 401 215 516 17758

The ASD of the titanium dioxide at the inlet hadide distribution ranging from 100 to 375 nm. The
experimental data showed that as soon as the demsauntered the water film, a particle growth
occurred, besides the low temperature gradientdssivihe aerosol (¥25°C) and the water film
(Tw=30°C). The wide distribution slowly was replacedénarrower distribution. The mode of the
ASD at the exit of the GT at 30°C was 410 nm, highan that one at the inlet of the GT. The CMD
and the d32 increased monotonically with the temajpee passing from 217 to 360 and from 280 to
401, respectively. The generation of a narrow ithistion was confirmed by the’@nd d° percentile
diameters, that at 70°C were 215 and 516 respéctie reported in the table 3.4, the total number
concentration at the exit of the GT was lower tti@inlet one and it increased up to 50°C and then
dropped off at 60 and 70°C. This trend suggeststhieaGT and the pipeline contributed to capture
the particles even when the heterogeneous condemsans absent. Moreover, the number
concentration firstly increased with the tempemtdue to the measure of the enlarged particles not
initially detectable and then decreased due tdase of the largest particles. The transformatibn o
the ASD observed at already 30°C was certainlyilzsisle to the condensation growth since the
blank tests carried out without water in the GTeaded that the ASD at the GT outlet was like that

one at the inlet, excluding any particle agglomerat

Carbon black aerosol

The Figure 3.5 shows the PDF and CDF of the catilaok aerosol as function of the particle
diameter parametric in the temperaturg at the inlet and outlet of the GT. The table £ports the
mode, CMD, the standard deviationdsz, " and d°™" percentile of the aerosol size distribution at
the inlet and outlet of the GT at different. T
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Figure 3-6 The carbon black size distribution as foction of the particle diameter parametric

with the temperature of the water film temperature: PDF (left) and CDF ¢ight)

Table 3-5 Mode, CMD, standard deviations, dsz, d®and d®*t" diameters of the carbon black
aerosol size distribution at the inlet and at the watlet of the GT, as function of the water film

liquid temperature, Tw.

Tw, °C mode CMD,nm ¢,nm dsznm d®", nm d®" nm  Cit, #cn?

INLET 103 166 60 210 90 280 1878
30°C 271 236 85 294 110 380 6601
40°C 297 255 82 301 118 380 14023
50°C 297 283 66 312 160 374 14342
60°C 357 283 77 320 142 390 12369
70°C 311 313 38 322 236 370 9538

The PDF, Figure 3.5 (left), illustrates a similand observed for the other tested aerosols. Tiheca
back aerosol started to grow at already 30°C, aihoits hydrophobic nature. This trend was
confirmed by the CDF that had a marked shift tgdarmarticles at 30°C. The PDF shape changed
with the temperature from a wide distribution toaarow distribution with a marked peak at 400 nm

for water film temperature above 50°C. The increnoérihe mode, the CMD and the>aonfirmed

the activation of the heterogeneous condensatitmeaninimum temperature gradient.
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The narrow shape, confirmed by the trend ¥t dnd d°" suggested that, once the conditions to

trigger the nucleation were achieved, the partidested to growth tending to the same size

independently from the initial one. The particlenher concentration increased by passing in the GT
for all the temperatures compared with the inlgtisToehaviour was ascribable to the growth of

particles not initially detectable. Indeed, as skdwn the Figure (2-20), the ASD of the carbo black

at the inlet had a bimodal distribution with a sigant peak at 30 nm and a lower one at roughly

100 nm. The TSI 3340 at the inlet could detect dinéysecond peak, therefore the smallest particles
once reached the size above 80 nm due to the ceaiitam of vapor, become detectable. The

transformation of the ASD observed at already 30/&3 certainly ascribable to the condensation

growth since the blank tests carried out withoutewa the GT revealed that the ASD at the GT

outlet was like that one at the inlet, excluding particle agglomeration.

3.1.2 Condensational growth discussion

The condensational growth, or heterogeneous coatlenshas been studied for the last decades and
several theories were developed to describe theepsounder operating conditions typical of
atmospheric conditions and of industrial plantwefits of wet scrubbers. The condensational growth
consists in the enlargement of a particles dueda@bdndensation of the vapor on the particles serfa
The classical theory divides the process in twasteps: nucleation and growth. The first describes
the generation of a liquid embryo on the foreigriate and the second its consequential growth. The

critical point of this process lies in the formatiof the first liquid cluster.

It's known that the particle surface plays a retévale in the formation of a liquid cluster on it.
Indeed, the affinity of the surface for water,e@nms of both hydrophobicity or hydrophilicity tovear
liquid water or in terms of adsorption of water wap determine the actual capacity of a particle to
condensate water once exposed to a supersaturatiesihenent. The most relevant distinction among
model for the description of the condensationalighcare related to the shape of the water deposited
over the surface, as proposed by Fletcher. Thisdessribed either as a liquid embryo, or as adiqui

layer surrounding the particles.

Fletcher [24] proposed the condensational growthiadér vapor on a homogeneous spherical particle
and modified opportunely the free energy of formatof a critical embryo by considering a
geometric factor. Starting from the Fletcher mdéjs. 1.3-5) and imposing a reference growth rate
of one embryo per second, it is possible to esartia size of the liquid embryDg, that exposed to

a supersaturatios grows with a velocity of 1 embryo per second qaticle surface with diameter

dp. This maximum size has to be compared with the f the smallest embryo that is

86



thermodynamically stable, as described by the Kedguation. If this is smaller th&w, the embryo
will growth, otherwise it will evaporate. In thedtther’s theory, the role of the particle nature is
represented by the contact andlefor hydrophilic materiab—0° and for hydrophobic material
0—180°. Forb=0° the particle is completely wetted by the wated acts as a water droplet; for

=180, the water embryo is a spherical drop virudliching the particle surface on a single point.

In the first case, the condensation may take pdadihe homogeneous condensation of water over a
liquid droplet, which is well described by the Fashmodel [117]. This model also indicates the
conditions under which a water droplet exposeddertain water partial pressure can either evaporat
or condensate: indeed, due to the curvature effetite vapour pressure over a spherical partioe, t
actual saturation pressure over the particle sarfabigher than that occurring on a flat surfacmo

the bulk of the gas phase. This means that, ie gffithe temperature difference among the gas and
the liquid surface, a drop can evaporate or coratersccording to its size: there is a critical size

above which condensation can take place.

The equations (3.1-4) determines the temperatuasdodplef Tq, with Dy as diameter immersed in a

gas with a temperatuiieby the following equations:

T, =T, feL (3.1)
d=1g— .
9 2mAD,
2nd,M,D [ps p
I =$l—s——gl (3.2)
¢ R [Ta T,
40 M
= p°(T,)ex [— ud l (3.3)
pg =p°(T)S (3.4)

WherelL is the latent heat,is the thermal conductivity of the gas, lr@ndpg are the vapor pressure

on the droplet surface and in the gas, respectildey the mass flux.

The latent heat of condensation released mustdmsgorted away since the temperature of the
droplet, and accordingly the vapor pressure atdituplet surface, would increase continuously
causing condensational droplet growth to stop. tEheperature of the droplet, in the condensation
conditions, must be greater than temperature o$uh@unding atmosphere so that the heat released
can be carried off. Therefore, from the systemafagions, it was evaluated in which conditions a
droplet can growth by varying the operative comdisi ofTg, SandDyg.
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The debate on the nucleation theory is still opeth @different viewpoints are present in literature.
Several authors, as Chen et al. [37] Van der H&§¢ pointed out that the Fletcher theory
overestimates the supersaturation levels requirédgger the condensational growth. Indeed, Chen
et al. [37] showed that the supersaturation requioeenlarge submicrometric particles was lower
than 36% compared with that one predicted by theicker model. They concluded that the
condensational growth process was preceded bydber@ation of at least a monolayer of water
molecules on the particle surface, which decreasgdificantly the energetic barrier of the
condensation process, so that the contact anglebedome close to zero. Van der Hage [36]
envisaged that in the condensational growth ihéscapable consider the adsorption effects but he

did not come out with a definite equation to madalslintuition.

In our study, we considered five different matexiadodium chloride as representative of soluble
particles, the titanium dioxide as hydrophilic paés, polystyrene calibrated nanoparticles with tw

different mean volumetric diameters (100 and 200 and carbon black as hydrophobic materials.
The last particles are considered as highly hydsbmhbut they exploit a moderate water adsorption

capacity [118], making them interesting for a camsigional growth study.

The experimental results on the condensational tirefvthese materials in the growth tube can be
interpreted according the models of Fletcher archBuTo this aim, the first step was to evaluage th

supersaturation profile inside the GT, as propdse@iammaro et al. [55]

for the different water film temperature,.TIn this study, we neglected the contribution e t
supersaturation of the bottom flask, since expemialeevidences showed that the aerosol leaving the
flask did not present any appreciable change i tdrparticle size distribution and concentratisn a
the water temperature increase. However, the teatperentering the cylindrical section of the GT
was higher than that one at the inlet. This tentpesavas considered in the calculations.

The Figure 3.7 shows the supersaturation profdemthe growth tube evaluated by the theoretical
model of the tests N°1-5 that corresponded to taeemfilm temperature of 30,40,50,60,70 °C,
respectively.
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Figure 3-7 Supersaturation profiles in the half plane of the GT for the experimental tests.

Figure 3.7 shows that the supersaturation levéedawith the temperature passing from a maximum
of 1.009 at 30°C to 1.101 at 70°C. The maximum &alas reached in the centreline of the GT for
all the operating conditions and after the first@0 equilibrium conditions were achieved. The
supersaturation zone was concentrated within tse¥b cm of the growth unit and spread with the
temperature. From these profiles, it was possibleviluate the distribution of the supersaturation
levels and then the residence time distributiothefparticles that are exposed to a specific lefel
supersaturation in the growth tube.

The supersaturation conditions inside the growtetoan be compared with the prediction of the
Fletcher and the Fuchs models, in order to asbessritical embryo size for a reference condition
(J=1 embryo/s) and the critical size of stable emsthg embryos, respectively. The Fletcher model
was evaluated by imposing a contact amgie® and the specific value of the contact angleeetd

from the pertinent literature:

However, we noticed that in this last case, theesgiuration levels estimated by the Fletcher model
were too high and out of scale compared with thessupersaturation profiles reached in the growth
tube. Indeed, this observation suggest that thieli¢e model overestimate the critical conditiond an

indicate the probable presence of a water layeosunding the particles, as suggested by Chen et al.
[37]. Similarly, our research group showed thattgmoticles formed by ethylene flame condensate

effectively for a growth tube operated with a watmperature of 309 K and a gas temperature of
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293 K [55] .To describe the data, a contact anfli86, which are very different from the presumed

value close to 180° assumed for hydrophobic madseaa soot is supposed to be.

Furthermore, the water embryo size as a functiothefsupersaturation levels was evaluated by
keeping constant the particle diameter equal tor280It was chosen this specific value because
represents the smallest value of tA&"af the aerosol size distribution of the testedarials.

The analysis of experimental data can be condumyegalotting the distribution of the resident time
as a function of the supersaturation profiles amdmgaring them with the theoretical curves obtained
by the two considered models for each water filmgerature. For sake of clarity, the experimental
data were plotted in two different figure 3.8 (aj Tw= 30 and 40°C and figure 3.8- (b) foy350,

60 and 70°C.
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Figure 3-8-The exposed time of the particles as ariction of the supersaturation levels (top). The paicle diameter
as a function of the supersaturation levels evaluatl according the Fuchs’'s model, normal and correctk and the
Fletcher’'s one with d,=280 nm and m=1.

The residence time distribution as a function efshpersaturation level showed that the aerosol was
exposed for at least 1 second to values of S hitjaer1.006, 1.014, 1.04, 1.045 and 1.095 at 30, 40
50, 60 and 70°C respectively. By applying the Fisch®del to our experimental conditions at 30°C
and 40°C we noticed that the critical droplet sigex function of the supersaturation level was atmo
constant and so, for the sake of simplicity, weyqubtted the curve at 30°C in Figure 3.8(a). Samil
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results were obtained from 50 to 70°C and onlydinee obtained at 60°C was plotted in Figure
3.8(b). The curves of the water embryo evaluatethbyFletcher model fd=0° as function of the

supersaturation levels were evaluated for each d¢eaiyre. The intersection of the Fletcher's and
Fuchs’s curves provides the minimum water embrye #hat is thermodynamically stable and that
can grow by exposure of 1 s to the correspondihgevaf S on the abscissa. According to Fletcher’s
equation the smallest embryo that is generate@ and 40°C on a particle with=280 nm and it is

stable to grow has a size of 100 nm roughly andfiaesupersaturation level of 1.02 to survive. This

is however, inconsistent with the actual superséitun level inside the growth tube.

In fact, the experimental data showed that alredB0°C all the tested aerosol growth, it means tha
100 nm grew in the GT as soon as the supersatnrii@l was above 1.005, grew. According to
Fletcher’s curve, at this supersaturation levés impossible to generate any water embryo of any
size, therefore it is possible to envisage thaptréicles was completely covered by a film ligthet
made it to act as a droplet. However, accordirfeuich’s equation, at a supersaturation level of@.00
only droplets above 360 nm can enlarge for vapadeasation, but still this theoretical result is in

discrepancy with the experimental evidences simcpanticles larger of 280 nm entered the GT.

Indeed, we believe that the reason for this disanep lies in the consideration that Fuchs and Réstc
models include energy terms related only to thesfglay condensation of water on the particle sutface
This however neglects the adsorption energy, whplelgs a critical role in forming a liquid layer
around the particles. The pertinent literaturerentty provide information only for the adsorptioh
water on different kinds of carbon black. Thesedi&s indicated that even below saturation
conditions at 25°C, for S=0.9-0.95, carbon blacles/ raxploit multilayer adsorption with a number
of surface layer from 5 to 50 according to the gpematerial properties [119]. This adsorbed water
is strongly bonded to the surface, thanks to ts@gudion energy and its stability is higher thaatth
considered by Fuchs and Fletcher. A special mergimuld be given to sodium chloride. This is a
soluble material in water, so its condensationaingin involves different steps compared with the
insoluble materials as Lee et al. (Li et al.) pethtout. At this moment, the interpretation of
condensational growth of this particular matermlstill at an early stage and its study is keep

continuing.

As an additional confirmation of the presumed afladsorption phenomena on the stability of water

embryos during the nucleation phase, we can cdenttimber of studies reported in the pertinent

literature and pertaining to the properties ofrfateial water. A synthetic review on these properti

is reported in the text of Pollack [120], which deised several experimental evidence on how the

water at the interface of several materials, inetugolymers, have a different mesoscale structure
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which is more stable, more viscous, more elastitlaas a higher surface tension. These properties
are, of course, an effect of adsorption phenomesatbe surface. If these properties are included i
the same Fletcher or Fuchs models, we can sinblserwe a shift of the two models towards smaller

stable embryos and condensing droplets.

In light of these considerations, it appears thatdritical point of the condensation models Irethie
assumption that the embryo stability is only redate the minimization of the free Gibbs’s energy
between the liquid and vapour water phases. Theskeisdo not take into account any contribution
of the particle surface associated to the energydebrption, and the way it changes moving along

the subsequent water layers, and the modificatidheointerfacial water properties.

At the moment, to provide a first descriptive moftel our experimental data, we considered a
correction factor in the Eq.(3.5) representingdhical diameter calculated according the Kelvin’s
equation, that is hidden in the Fuchs’s and th&ckée models for the definition of.p

4aM
pR,TD,

nS)=p (3.5)

The curve obtained witf=0.8 was plotted in the Figure 3.8, which shows ithdeed a particle with
a dimeter of 280 nm covered by a layer of water granwth exposed to a supersaturation level of
1.006. Again, we remember that we are assumedlihadrticles are covered by a uniform layer of

water, as suggested by experimental evidences.

Indeed, the factgf=0.8 was tuned to consider the condensation oigpestof size 280 nm although

this value should be different if smaller diametams considered.

For the water temperature of 40°C according thé&chée’s equation, still any embryo was stable to
growth exposed at the supersaturation level of4l.@tcording to Fuchs’s all the particles covered
by a liquid layer and larger than 160 nm were ablgrowth for vapor condensation. For the water
temperatures above 50°C the Fletcher's model staite identify possible embryo that are

thermodynamically stable and have the conditiongrtav with a rate of one embryo per second.
Indeed, embryo of size 180, 200 and 260 were g&teian the particle surface and can growth.
Therefore, under these conditions, the condensatgmowth can occur through either the growth of
particles smaller than 90 nm, covered by liquicklayr the generation of stable liquid embryos. It
worth to underline that these embryos were evatliatea particle with a diameter of 280 nm, but as

the supersaturation increase, smaller particlesoase stable embryo that are able to grow.
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In order to explain the implementation of the coti@n factor a thermodynamic study was

accomplished.
The thermodynamic of the homogeneous and heterogsremndensation

The free energy of a liquid embryo generated ooreign surface leads to different scenarios that is

possible to describe as following:

1. Heterogeneous condensation on an insoluble, horneogsn spherical particle with high
wettability (contact angle}, =0);

2. Heterogeneous condensation on an insoluble, heteeogis surface where the interface solid
liquid keeps constant with the embryo growdba{(r,));

3. Heterogeneous condensation on an insoluble, lygremus surface where the interface solid
liquid changes with the embryo growtk=Constant);

4. Heterogeneous condensation on a soluble, homogengherical substance;

It can be assumed that the studied materials srvtbik fall within the first class.

The variation of the free energy of a liquid slselirounding a spherical, homogeneous and insoluble

particle is as following [23,24] :

dGper = wdn; + 0dS;; + pydng + (015 — 045)dSs (3.6)
= (W — wp)dn; + UdSlg + (O-ls - Ugs)ngs
WhereSgsis the contact surface between the solid and ¢joedjois andogsare the surface free energy

between the liquid and the solid, and the solidthedyas, respectively.

The terms in the Eq. (3.6) can be expressed ascéida of the embryo radius:

p p 4 P 3.7
dn; = MdV = Mdgn (Te3 - rpg) = M47T(Te)2 dr, (37)
dS;y = dan(r,)? = d4n(r,)* = 8n(r,)dr, (3.8)
dSys =0 (3.9)
p
AGree = Gt = o) 1-4m(r)? dr, + 0B (r)dr, (3.10)
dG), p (3.11)
ar = (= R4 (R) + o8r(r,) = 0
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_ 20M (3.12)
p(uy — py)

*

e =

When (- W) is considered as the chemical potential diffeeelbetween the liquid and the vapour
phase. The critical embryo assumes the same equatibe Kelvin equation (Eq. (1.2)) wherggu
assumed as a pure liquid. This model neglects hiysigal-chemical interactions between the solid
and the condensate phase. Since it was assumdtehaintact angle solid-liquid was equal to O, it
means that the particle acts as a liquid droplethefsame radius and so its growth rate can be
described according the Fuchs’ model [117] and fteenFletcher model with=0. [24]

In order to take into account the physical-chemict@ractions between the solid and the condensate
phase the potential of the liquid phase has to dfed as the potential of an adsorbed phase,

expressed as:

w = uy,°+R, Tinp®? (3.13)
The equilibrium pressuré’t conceptually similar to the vapor pressure i®giby Piasecki and W.
Rudziski as the invers of the adsorption isotherm isitiverse of the adsorption isotherm. The
adsorption isotherm needs to describe the multilageorption which is mostly described with the

following models:

BET qe _ CperCe .0 < & <05 (3.14)
- —; <0.
B (=€ 1+ Corr — D] s
FHH %_ [, (&)]b Co g (3.15)
qs RT "\c,/1 " ¢, =

In this work, the FHH isotherm is considered ardinitverse is derived and assumes the following

expression:
FHH In (&) _* &]b (3.16)
Cs RT lq,
Or
P« [Vs]" (3.17)
p°(T) ~ RTLV,

The liquid potential is now derived as following:
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(3.18)

a [V b
= " +R,Tin | p°(T)exp ~RT V]

= 1,+R, T(ln(p W) _i[;jb>

And so the potential difference between the twospha

LAk (3.19)
(W — uy) = w,°+R,T <ln(p°(T ) — 27 [75] > — u,° — R, Tlnp
e

— Rrins —ap]
= vlin aV

e

Considering this potential difference, the critiealbryo assumes the following expression:

dG,, AW (3.20)
dr:t ( —R,TInS — a [Ve] >M4nr32 + 08nr, =0
Where:
4 3.21
V=3 (13 —1,%) (3.21)
And so:
dGer (3.22)
=0
dr,
b
|74
—R,TInS — a > ﬂ4717”32 + 081, =0

3 n(re3 —rp3) M

The following equation does not present an analsolution of ¢ and so a numerical analysis is

accomplished.

Moreover, it is worthy underline that explicit witespect tdnSthe equation becomes:

20M [V] (3.23)

From the Eq. (3.23) it is possible to note thatfitst term is the same of the Kelvin equation #mal
second term takes into account the solid-liquickriattions. It is worthy to underline that the

mathematical approach to the thermodynamic of #terbgeneous condensation led to the same
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relation proposed by Laaksonen (Eq.(3.23).[42] phesence of the second term in the EqQ. (3.23)
justified theoretically the implementation of therection factor in the Eqg. (3.5).

3.2 Particle Abatement

3.2.1 Experimental results on the particle abatement

In this section, the results of the aerosol treatnage presented in terms of total number removal
efficiency and removal efficiency for each sizema, Eq. (2.5) and Eq. (2.6), respectively. The
results were reported as stacked bars that regréésenontribution of the GT and of the treat unit,
BC or WES, on both removal efficiencies, as destfilm the section 2.4.2. The efficiency of each
unit, ni, was graphed as -log(ji} as a function of the channel size and the opegaivater
temperature in order to better appreciate the itrion of the GT and the BC or WES on the removal

efficiencies of the whole system.

Sodium Chloride aerosol

Figure 3.9 shows the total removal efficiency @ GT-BC (left) and GT-WES system (right) at the
different water film temperatures. For this kinda&rosol, only the total removal efficiency of the
whole system GT-BC and GT-WES as a function ofwlager temperature are reported. Indeed, it
was not possible to estimate the contribution efdimgle GT and treat units, since the salt ergerin
in the dilutor system recrystallized and so a sarisl change of the ASD was observed compared

with the inlet one.
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Figure 3-9- Total removal efficiency of the GT-BC ad GT-WES systems for the salt aerosol
treatment.

The total removal efficiency of the GT-BC systencramased significantly with the temperature
reaching the maximum value of roughly 80% at 60°ia removal efficiency of the GT-WES system
was always higher than the GT-BC system and reaitigethaximum value of 95% at 50°C. It worth
remembering that the salt aerosol had a wide aks@sodistribution ranging from 15 to 250 nm with
a peak at 100nm. According to the Pich’'s modelthieeretical efficiency of the bubble column has
a minimum around 100 nm, therefore in absencestdimdensational growth, the particles are poorly
captured by the bubble column. Once the heterogecmudensation was active, the particles started
to enlarge towards diameter above 300 nm and sowleee easily captured. Indeed, at this size
Cadavid-Rodriguez et al. [67] showed that the resh@ificiency of a bubble column improved.
Concerning the removal efficiency of the GT-WES thaximum removal efficiency revealed at
50°C suggests that the system had an optimum taregihe particles in the particles range from 200
to 300 nm.

OptiBind 0.1 aerosol

Figure 3.10 shows the contribution of the singlésum the GT-BC and GT.WES systems for the
Optibind 0.1 aerosol treatment plottiAgg(1+) as a function of the particles size at the diffiére
water temperatures. Figure 3.11 shows the contoibwif the single units in both the GT-BC and
GT-WES systems on the total removal efficiencytpigt-log(1+) as a function of \I.
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Figure 3-10-The contribution of the GT and BC and VEES in the whole system on the removal
efficiency of the OptiBind 0.1 for jn particle size for the different Tw.
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Figure 3-11-The total removal efficiency of OptiBird 0.1 in the GT-BC(a) and in the GT-WES
(b) systems for the different operative conditions.

Figure 3.10 shows that the contribution of the GThe removal efficiency did not change signifidgnt
with the temperature, while an important increalsthe BC contribution with the temperature for all
the particle size was observed. The bubble coluathahnon-monotonic trend with the particle size at
30°C, that slightly disappear with the temperatigaching quite similar contribution for all the
particles range. This result suggests that thaghestentering the GT unit, once enlarged to a size
above 300 nm, as showed in the Figure 3.3, weily @asl similarly captured by the bubble column.

The maximum capture efficiency of the WES was oles@for the particles ranging from 41 to 56 nm
at 30°C and 40°C. At 50°C all the particles werpteeed in a similar way, indeed all of them were
larger than 200 nm, as showed in the Figure 3.8.WWES reached the maximum contribution at 50°C,
confirming the results observed with the salt agrbeatment. This experimental evidence highlighte
the presence of an optimum between the lab-scal® ®id the GT. This aspect needs a deep study to
be fully understood. The Figure 3.9 clearly sholes improvement of the bubble column when the
heterogenous condensation was active and its batibh on the particles capture almost triplicated
passing from 30 to 70°C, as reported in Table3.be WES benefited of the heterogeneous
condensation mainly at 50°C and reached the maximwaioe of 82%. The GT-BC system had a
maximum efficiency of 98.5% at 70°C and was highen the efficiency of the GT-WES system, that
at 70°C was 84%. The removal efficiency of the W&EE the BC when the GT was bypassed were
lower than that one with the GT operating af30°C. This results suggests that since it was not
observed an appreciable growth, the particles senm®unded by a thin liquid layer that facilitateir

capture.
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Table 3-6-Summary of the experimental results on # total particle removal efficiency of the
OptiBind 0.1 in the growth tube, net, bubble columnnsc, wet electrostatic scrubbemwes, the
GT-BC net-8c and and the GT-WESncT-8c Sequences

Test N° Tw, °C Total number removal efficiency %
NGT-BC NGT-WES NGT nBC NWES
1 - - - 30+7.5 10
2 30 58+2.5 69+8.7 33.0£3.6 37.8+8.5 54.2+5.3
3 40 66.5+5.6 72.2+9.5 33.5+9.6 50.1+8.5 58.945.3
4 50 89.2+2.7 82.7+1.7 30.7+8.2 85.549.1 82.7+4.2
5 60 96.8+2.2 73.8+9.4 39.7+8.9 91.245.0 46.5+6.4
6 70 98.5+1.6 84.0£7.9 46.5+6.3 93.6+9.0 71.1+7.5

OptiBind 0.2 aerosol

Figure 3.12 shows the contribution of the singlésuon the removal efficiency of the GT-BC and
GT.WES systems for the Optibind 0.2 aerosol treatmewas plottedlog(1+) as a function of the
particles size for the different water film temperas. Figure 3.13 shows the contribution of tingls
unit on the total removal efficiency of both the BT and GT-WES systems, plottingpg(1-#) as a

function of the operative conditions.
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Figure 3-12- The contribution of the GT, BC and WESIin the whole system on the removal
efficiency of OptiBind 0.2 for jth particle size fa the different operative conditions.
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Figure 3-13-The total removal efficiency of the OpBind 0.2 in the GT-BC (left) and in the GT-
WES (right) systems for the different operative coditions.

The Figure 3.12 shows that the GT contribution gaige constant with the temperature and with the
particle diameter. Like the GT, the BC efficienadha constant trend with the particles size, indeed
the bubble column had a minimum for the particle$@® nm, while the OptiBind 0.2 particles had a
mean volumetric diameter of 200 nm. The contributwd the BC increased when the heterogeneous
condensation occurred suggesting that larger pestwere easily captured. The WES was able to
capture mainly the particles in the range from 1@&35 and this trend was preserved with the
temperature. As the BC, the WES took advantageeotbndensation growth and an improvement of
the removal efficiency was observed for all theipbe size. This results underlines that all theipkes
were enlarged by the condensational growth. Moneatves worthy to note that passing from 50 to
60°C the increment of the WES contribution on thptare of the particles between 99 and 132 nm
was lower than the others particles ranges, suiggettat only a fraction of these patrticles enlarge
towards a size more easily capturable by the WEgh Bie units had the best performances at 70°C,
as reported in the Table 3.7. The BC passed fro¥h #487%, while the WES, that already at 30°C
had a high removal efficiency of 91% improved upd&6%. The GT-WES system had a higher
efficiency than that one of the GT-BC for all tiemiperatures and reached a value of 99% at 70°C.
The high performance of the WES at 30°C suggesis dlthough the condensational growth was
apparently very limited at this temperature, thmaeal efficiency increased because of the presence
of a liquid shell surrounding the particles, whalows improving the efficiency of the aerosol inop=a
with the water droplets. Indeed, the removal edficly of the WES without GT was 20%.
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Table 3-7-Summary of the experimental results on # total particle removal efficiency of the
optiBind 0.2 in the growth tube,net, bubble columnnsc, wet electrostatic scrubbemwes, the
GT-BC net-8c and and the GT-WESncT-8c Sequences

Test  Tuw, Total number removal efficiency %

N c NGT-BC NGT-WES NGT nBC NWES

1 - - - 43.2+4.2 20+9.5

2 30 63.1+2.5 94.3+£8.7 34.1+3.6 43.618.5 91.445.3

3 40 82.0+5.6 82.1+9.5 28.3+19.6 74.9+8.5 90.9+b.3
4 50 75.5+2.7 93.3+1.7 26.2+8.2 66.949.1 90.2+4.2

5 60 85.8+2.2 97.3+9.4 24.2+8.9 81.3+5.0 96.5+6.4
6 70 91.2+1.6 99.1+7.9 28.9+6.3 87.619.0 98.6+7.5
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Titanium dioxide aerosol

Figure 3.14 shows the contribution of the singlésuon the removal efficiency of the GT-BC and
GT.WES systems for the titanium dioxide aerosdattreent. It was plottedog(1+) as a function of
the particles size for the different water film fgenatures. Figure 3.15 shows the contribution ef th
single unit on the total removal efficiency of botle GT-BC and GT-WES systems, plottingg(1-

n) as a function of the operative conditions.
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Figure 3-14- The contribution of the GT and BC andWES in the whole system on the removal
efficiency of titanium dioxide for j" particle size for the different operative conditim, T
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Figure 3-15- The total removal efficiency of titanum dioxide of the GT-BC (a) and of the GT-
WES (b) systems for the different operative conditins

The GT contribution on the removal efficiency wamstant with the particle size and its maximum
contribution was observed at 30 and 60°C. The B aaon-monotonic trend with the particle size
ranging from 99 to 132 at 30°C and this trend shgHisappeared with the temperature. From the
Figure 3. 14, the titanium dioxide started to giowt already 30 °C, therefore the minimum of the
removal efficiency means that this fraction of et did not grow. With the temperature increase,
all the particle underwent to condensation growitt so the bubble column improved significantly its
removal efficiency. The maximum increment was obsérat 70°C when all the particles were growth
in a size range from 200 to 400 nm. The contributbthe WES on the removal efficiency had a non-
specific trend with the particle diameter, butites BC, it increased with the temperature and regch

the maximum value of 98% at 50 and 70°C, as re@arntehe table 3.8. The BC efficiency doubled

passing from 30 to 70°C. The GT-WES system hadjadriefficiency than the GT-BC one. Indeed,
the first system captured always the 90% in nurobéne particles, while the GT-BC system reached
the maximum value of 88% at 70°C. The removal &fficy of the WES and the BC when the GT was
bypassed were lower than that one at the waternt@mperature of 30°C. Indeed, at this temperature i

was observed already a significant aerosol enlaggém

Table 3-8-- Summary of the experimental results othe total particle removal efficiency of the
titanium dioxide in the growth tube, ner, bubble columnnsc, wet electrostatic scrubbemwes,
the GT-BC ner-8c and and the GT-WESnet-8c sequences

Test | T, Total number removal efficiency %
N° °C
1NGT-BC NGT-WES NGt MNBC NWES
1 - - - 10+6.5 34+5.3
2 30 70.3+3.9 93.848.7 48.65.7 42.2+8.5 88.1+5.3
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3 40 77.9%2.6 91.249.5 15.8+2.7 73.848.5 89.5+5
4 50 82.9+0.7 98.7+1.7 16.6+3.6 79.5+£9.1 98.5+4.2

5 60 88.4+1.1 97.5+9.4 43.3+¥12.1 79.6+5.0 95.7+6

6 70 87.6+7.1 98.9+7.9 25.6%15.6 83.4+£9.0 98.5+7.5

Carbon black aerosol

Figure 3.16 shows the contribution of the singlésuon the removal efficiency of the GT-BC and
GT.WES systems for the carbon black aerosol tre@tniiewas plottedlog(1+) as a function of the
particles size for the different water film temperas. Figure 3.17 shows the contribution of tingls
unit on the total removal efficiency of both the BT and GT-WES, plottinglog(1+) as a function

of the operative conditions.
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Figure 3-16 he contribution of the GT and BC and WE in the whole system on the
removal efficiency of the carbon black for jth particle size for the different operative
temperature Tw.
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Figure 3-17- The total removal efficiency of the adon black of the GT-BC (a) and of the
GT-WES (b) systems for the different operative conidions

The contribution of the Gt was not negligible ore ttemoval efficiency and its maximum
contribution was observed at 50°C while the minimam70°C. The contribution of the GT
dropped off with the temperature because these paaiticdes were strongly affected by the
Stefano flow that took place in the growth tube whige water temperature raised. The removal
efficiency of the bubble column had a non-monotaread with the particle size with a minimum
ranging from 27 to 48 nm. This trend slightly disepred once the heterogeneous condensation
occurred and at 60°C the maximum increment on é¢n@owal efficiency was observed. These
experimental results suggests that the particles/thr observed at already 30°C was due to the
enlargement of that fraction of particles with aitial diameter around 100 nm that were poorly
detectable with the SMPS 3910 due to their low eatration. At 60°C, in the growth tube a
supersaturation level that trigger the condensagjmwth of also the smallest particles was
reached. The removal efficiency of the WES hadramonotonic trend with the particle size with
a maximum in the range from 31 to 54 nm. This treihppeared when the heterogeneous
condensation was active and in particular the ceptd the particles in the range 56-74 nm
significantly incremented already at 40°C. At 6QR€ capture mechanisms of the WES improved
and become similarly for all the particle size. Figure 2.15 shows that the contribution of the
BC and WES on the total removal efficiency cleamyproved with the temperature. Both the BC
and the WES improved significantly their performamden the heterogeneous condensation was
active passing from 20% to 91% and from 57% to 888%pectively, as reported in the table 3.9.
The GT-BC system had a higher efficiency than tHe\WWES system at the temperatures of 60
and 70°C at which value of 85% and 92% were reaalesgectively. The BC efficiency without
GT was quite similar at that one with the GT opgaat 30°C. This observation confirmed that
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the observed aerosol enlargement was due to theajrparticles larger than 74 nm that were not

measured by the TSI 3910.

Table 3-9-- Summary of the experimental results othe total particle removal efficiencyof
the cabon balck in the growth tubener, bubble columnnsc, wet electrostatic scrubber
nwes, the GT-BCner-8c and and the GT-WESncT-8c Sequences

Test | T, Total number removal efficiency %
N °C NGT-BC NGT-WES net nBC NWES

1 - - - 21+2.3 31+3.4
2 30 52.446.8 74.5%8.7 40.6+9.8 20.2485  57.5%5.3
3 40 | 57.5+#10.1 88.0+9.5 35.848.8 33.848.5 81.3+5.3
4 50 | 71.6%9.8 85.0+1.7 50.4£5.6 42.349.1 69.8+4.2
5 60 85.5+49.2  82.9+9.4 30.8+1.1 79.1£5.0 75.4£6{4
6 70 | 92.84#45 85.247.9 18.162.7 91.249.0  82.2%7.5
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3.2.2 Discussion

Particle capture in the HC-WES and HC-BC

The interpretation of the experimental resultstenremoval efficiency at this moment presents
several issues. Firstly, it was not possible toatate the removal efficiency with the effective
diameter of the particles that entered the treatraeits. Indeed, the removal efficiency was
based on how many of the original particles entgetite systems were removed. This implied
the use of the TSI SMPS 3910 whose pre-treatmamtgepted the measure of the liquid
aerosols. Besides, the aerosol size distributioastnmed at the exit of the growth tube should
be considered only as qualitative, because theabsize of the particles is miscalculated by
the calibration algorithm of the optical counterdéed, the measurements of the aerosol size
with the TSI LAS 3340 is affected by an unknownilwation effect (expected to be within a
+30% increase of the measured size) and by therldetection limit of the instrument that is
80 nm. Therefore, it is not possible to know exaathat is the aerosol size distribution entering
the BC or the WES, although one can effectively snea how the GT affect their removal
efficiency toward the raw solid particles.

In the next paragraphs, the analysis of experinhenvigences on bubble column and wet

electrostatic units is reported.

Condensational growth assisted Bubble column

Although these difficulties, a try to apply the P& model to describe the experimental
efficiencies of the bubble column was accomplishial.this goal, an optical analysis was
performed and so the bubble size distribution eflthbbles was estimated, as shown in the
Figure 3.18.
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Figure 3-18- Average bubble size distribution insid the bubble column.
The bubbles exhibited different shapes, e.g. semdikrical, ellipsoidal and irregular shaped
bubbles, with a wide bubble size distribution, whis shown in Figure 3. According to the
bubble size distribution, the mean bubble diametes found as 0.9 cm. The bubble velocity
was evaluated according the relation proposed tly &id Schutz. [26]
Apart from the aforementioned experimental diffiead to correlate the efficiency towards the
effective patrticles, several points limited the laggbility of the Pich’s model. In particular, a
strong bubble coalescence during the bubble riaimd) a high turbulence with an intense
bubble deformation at the exit of the distributaasamobserved. These phenomena led to a
bubble size distribution varying in the time andtie space and to internal motions that
severely modified the conditions under which Piainsdel can be applied. Nevertheless, we
tried applying Pich’s model to our data, followitige approach of Charvet et al. [20] and Koch
and Weber [66], but we calculated very low remaafficiency, in the range of 2-5% for all
the particles.
So according to the Pich’s model, the removal efficy of the bubble column adopted in this
work would be really low in. This observation lem gcrutinize the real contribution of the
water of the bubble column keeping out that onéhefporous distributor and to effectively
ascribe to the condensational growth the improvémgtie system in the GT-BC system. To
this aim, two sets of tests were carried out: st fine operating the bubble column without
water with and without the GT, a second one feethegoubble column with a heated aerosol
at the same temperatures, Bt which it exits from the GT. To perform thesperiments, we
bypassed the saturator and the growth tube andeflatve gas through a 6 m metal tube

immersed in the thermostatic bath. The experimerte carried out both with an empty and
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a HPLC water filled bubble column. Finally, we afgerformed tests with the GT unit and the
empty bubble column to exploit the role of gasrdisttor and wall of the column on the particle
capture. The polystyrene nanoparticles with meamdier of 100 nm were used. Table 1
resumes the tests on particle capture. Each typesbivas labelled to simplify the description

of results.

Table 3.10 resumes the tests on particle captaeh Eype of test was labelled to simplify the

description of results.

Table 3-10--Experimental tests resume

Tw(K) GT GT-BC GT-BCempty
298 D1 El F1
303 D2 E2 F2
323 D3 E3 F3
343 D4 E4 F4
353 D5 E5 F5

TeK) BC BCempty
298 G1 H1
298 G2 H2
318 G3 H3
338 G4 H4
348 G5 H5

Figure 3.19 shows a flowchart of the experimengskd carried out to study the particles

abatement.
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Figure 3-19- Flowchart of the experimental campaigrior particle capture efficiency
The flowchart shows the contribution of the singtgt on the total removal efficiency. For all
the run tests, both the GT and the BC efficiengiese split in the contribution of the wall
(denoted by subscript “W”) and the liquid (denobgdthe subscript “L”).

Table 3.11 shows the removal efficiency of theltptaticle removal efficiencies of the GT,
BC, BCempty GT-BCemptyand GT-BC system calculated from the experimeddatd of the tests
D, E, F, and G, respectively. Table 4 reports thevadd removal efficiency of the bubble
column liquid, from the tests E and G, the rem@fatiency of the distributor and wall of the
bubble column from the tests F, and the removatieffcy of the bubble column from the tests
E.

The numbering of tests from 1 to 5 in Table 3.1d ari2 stands for the operating temperature
of water film Ty in GT for the tests D, E, F and the temperatw®flgas entering the bubble
column for the tests G, H. The numbering mirroesiticrease of both temperatures.
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Table 3-11-Summary of the experimental results orhe total particle removal efficiency in the
growth tube, neT®, bubble columnngec®, growth tube with the bubble column distributor only
net-ecwh and the GT-BC sequenc@cT-scE

Total number removal efficiency %
" netecwh nec® nec,w!
1 45.4+3.2 37.8+8.5 21.6+5.3
2 45.4+3.2 37.848.5 21.615.3
3 51.0+3.5 40.1+9.1 26.5+4.2
4 78.2+2.2 35.7#5.0 24.1+6.4
5 88.0+4.1 62.2+9.0 48.9+7.5

Table 3-12- Summary of the experimental results othe evaluated removal efficiency of the
bubble column from the tests E {scF), the wall and the distributor contribution from t he tests
F (mac,wF), the contribution of the liquid from the tests Eand G (sc,.L®, nec,LF)

Total number Efficiency %

NO

E G F

necLE mecL® mecw” mecE

1 236 206 216 37.8

2 3911 206 179 50.1

3 779 185 344 855

4 854 153 395 912

5 875 312 49.3 93.6

Experiments revealed that the total efficiency éased with the temperature for all the investigated
units, as reported in Table 3.12. The growth tubaeprovided a particle capture of roughly 30%
for the operative condition 1 and 2 and increagetbu’6 % for water film temperature of 353 K (N°
5).

The removal efficiency of the distributor and wallthe bubble column, investigated in the test H
and F was not negligible and significant changes @l@served when the water temperature increased
from 343 to 353 K. It was roughly 25% for the teldfd-2-3-4 and increased up to 49% for the test

N°5. The experimental results showed that the dmrtion of the distributor and wall for the test F
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was higher than that one of the tests H for theaipe conditions N°3-4. This discrepancy was due
to the heterogeneous condensation as it is dedriétdm the Figure 8. At the operative condition
N°5, the contribution of this portion of the bubldelumn was similar when the growth tube was
bypassed.

From the test G, the efficiency of the BC was quadastant at value of 34% with the gas temperature
until 338 K and then increased up to 62% at 348Hese results are consistent with the experimental
findings of Koch and Weber. [66] The increment witie temperature can be explained by
considering the occurrence of phoretic forces enditposition of particles on the wall of the BC and
the distributor. [121The removal efficiency of the bubble column estiedatrom the test E had a
significant increment with the temperature of thatev film, indicating the positive effects of the
heterogeneous condensation. Indeed, it passed 3@ to 94% for ¥, of 303 and 353 K,
respectively. Similar conclusions were deductibdenparing the contribution of the liquid in the
bubble column between the test E and G. The expeatehresults showed that the BC improved its
performance when the heterogeneous condensatioactras. In particular, when the condensational
growth occurred, the removal efficiency of the Balidled (Table 3.12)

From the CDF data in Figure 3.3 it appears thatnwthe supersaturation increased dnds higher
than 343 K, more than 60% of the particles werargeld at a size larger than the original particle
size. At 353 K this percentage increased to maa 80% and more than 85% of the particles were
larger than 200 nm. However, it is worth rememlgprihat the calibration of LAS 3340
underestimates the size of water-solid particldsth#s size, Cadavid-Rodriguez ef@r] reported
that bubble column removal efficiency is highernt2%. In our opinion, the removal efficiency
also increased because of the presence of a lghetl surrounding the particles, which allows
improving the efficiency of the aerosol impactshwiihe water-gas interface. Indeed, we noticed that
the water contribution rapidly increased betweestst&dN°1 and N°2 although the condensational
growth was apparently very limited. We think thaistoccurrence may depended on the presence of
a small layer of water surrounding the particlessieg the GT, which resulted enough to improve
the number of effective impacts with the gas-ligimtkrface of the bubbles. This, together with the
parallel improvement of the growth tube, allowediaging removal efficiency higher than 90% for
all the particle size range.

Figure 3.20 shows the different contribution eviddafrom the test E of the GT, of the distributor
and wall of the bubble column and of the liquidioé bubble column on the total removal efficiency
and on that one for each particle size range.-lbiggl+) was plotted for the different tests N°1-5. It
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is worth underline that théog(1+) is proportional to the efficiency: the bigger gtacked bar the

higher the contribution on the removal efficiency.
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Figure 3-20- The GT (black), BC, W (light grey), BCL (dark grey) contributions on the total
removal efficiency and on the efficiency for eacharticle size.

From the Figure 3.20 it is possible to note thatrtmoval efficiency had a non-monotonic trend with
the particle size, as observed by Charvet et 4ld8@ La Motta et al. [122], with a minimum in the
range 99-132 nm for all the temperatures excepghttratTv=353 K. Indeed, the dark and light grey
stacked bar in this particle range were lower ttieat one of the other particle ranges. For the

diameters ranging from 42 to 74 nm the contributbthe GT increased from the test N°1 to the test

N°4 and then unchanged. For the particle size ranfyom 74 to 176 nm the particle abatement in
the GT increased passing from the test N°1 to Nte contribution of the distributor and wall
slightly increased with the temperature for all geeticle size ranges, while the contribution & th

liquid of the bubble column increased significarftly the particles ranged from 99 to 176 nm. The
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total removal efficiency for the particles rangeonfi 74 to 99 nm raised considerably while for the
particles from 42 to 74 nm decreased when the teatyre. Overall, the total removal efficiency
increased with the temperature of the water filrd tre liquid of the bubble column had the major

benefits when the heterogeneous condensation eccurr

Condensational growth assisted wet electrostatialsmer

The experimental results of Wet Electrostatic Sbantwere described in light of scavenging model
proposed by Di Natale et al. [18], [98]. The models developed for an OPES configuration and
estimated a theoretical collection efficiency aguaction of inertial, Brownian, phoretic and
electrostatic contributions on particles captureg&tding the electrostatic effects, the authors
regarded the attractive Coulomb force acting betmareplets and particles, and the image forces
induced from droplets (or particles) on unchargadigles (or droplets). For the CDES configuration
that was performed in this study, the electrostfiect on particle collection efficiency was stexdli
limited to the image forces exerted from chargeobphiits towards the uncharged particles. This
contribution was estimated according to the Equafio34):

_ 15w g1 2¢.(qp/mad)’-a2 o4

Epn = (1.34)

8 Ept2 3 pgU-godp

wheregp, is the particle relative dielectric permittivityg is the vacuum dielectric permittivitgp is
the droplet chargd) is the relative velocity liquid-gas that was seincident with the droplets
velocity considering the entering gas stream in Whigh slower. € is the Cunningham factor
evaluated as:

2 g

1.1d
C.=1+ 0 (1.257 + 0.4exp (— 7:)) (3.6)

wherela is the air free mean path that is 68 nm.

The image force collisional efficiency was estindabeth for particles enlarged by a water layer and
for dry particles bypassing the growth unit. In thest case, the particles relative dielectric
permittivity was set as that of water; in the seteoase, it was that of starting material. The total
droplets charge was measured by means a Faraday tBagcollected them and at which an
electrometer Keythley 6513 was connected to. Tleegehwas measured as mean value of 2500
values countered by the instrument. The singleldt@hargegp was obtained by dividing the total
droplets charge for the number of formed dropletsvNich was given by the ratio of volumetric

liquid flow rate and volume of a droplet with diateedp.
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In Figure 3.21, the collisional efficiency.Eor the tested materials is graphed as functigoecticle

diameter.
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Figure 3-21- Electrostatic collisional efficiencydr all materials

The image forces contribution is more consistenthasdielectric permittivity of particles is high.
Indeed, from Figure 3.21, it can be noted thataddf particle diameter, the polystyrene and the
titanium dioxide showed the lowest and highestatffef electric field on collisional efficiency,
respectively. Noticeably, a water droplet of theneasize exploited an electrostatic efficiency close
to that of titanium dioxide. Assuming that imageudes on the liquid solid aerosol is equal to those
occurring on a droplet of the same size, it appimatsonce the particles are enlarged by a wayer |a
the effect of image forces increased up to a fastdror example, if a 100 nm polystyrene particle
passing in the growth tube becomes a liquid-s@idsol of 400 nm, |k increased from 0.02 to 0.10.
Similarly, apart Brownian’s contribution, all theher components of the collisional efficiency

increased with the size of the aerosols {1200 nm, as shown in Figure 3.22 for all materials.
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Figure 3-22- Total collisional efficiency for all naterials
The collisional efficiency contributions were evated according the relations listed in Table 1.3.
The polystyrene particles showed an increasingltvath particle size suggesting that the minimum
of Ewt could be at particle diameters lower than invesdd ones. Omitting the polystyrene, for
particles smaller than 200 nm, the difference betwsodium chloride, carbon black, titanium dioxide
and water was due to the thermophoretic diffusiecelnse of a lower thermal conductivity of water
droplets, while at gb200 nm the sodium chloride differentiated from ttwer materials for the lower
dielectric permittivity.
Once the particles were enlarged and covered ater\film, the total collisional efficiency incress
considerably, as confirmed by WES experimental nehefficiencies reported in Chapter 3.
The total collisional efficiency for dry particlesflected the WES performances when the aerosols
entered bypassing the growth tube. Indeed, thedbvadues of &t estimated for polystyrene particles
clarify the reason why the removal efficiency wak &d 0.2 for OptiBind 0.1 and 0.2, respectively.
It was due for the low dielectric permittivity aldermal conductivity. For the sodium chloride,
carbon black and titanium dioxide the experimergaioval efficiencies of WES were 0.2, 0.31 and
0.34, respectively. The higher values for carb@tkland titanium dioxide for the opposite reasons
of polystyrene and for a more consistent effed¢heftial Impaction collisional efficiency for thedh
densities of these materials. The sodium chloride & halfway behaviour. Anyway, the lower
removal efficiency compared with CB and titaniunoxdde is due to the less influent electrostatic
collisional efficiency.
In Table 3.13 are listed the parameters of coltigiefficiencies constant for all materials. In Teab

3.14 are reported the physical properties that midgge on material nature.
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Table 3-13- Parameters of collisional efficiency emtions

Parameters

€0, F/m 8.82101?
Uw, Pas 1103

g, Pas 1.81:10°
Pw, Kg/m3 110"
2a, m 6810°
Qp, C 2.7510°
N, # 90.82
dp, m 1.1210°
U, m/s 0.77

ks, J/IK 1.3810%
kg, W/m-K 2.50107
To, K 298

Te, K 303

P, Pa 1:10%°
Re, - 8.6210
Pr, - 7.13107
Dw, m?/s 2.8210°

Table 3-14- Physical properties of tested materialig collisional efficiency equations

Parameters/Material Sodium Polystyrene Carbon Titanium Water
Chloride Black Dioxide

&r, F/m 5.9 15 31.2 114 80.2

pp, kg/m3 2165 1040 2800 3800 1000

ke, W/m-K 6.5 0.033 1.7 11.8 0.591

Beyond the increase of the collection efficiencyNatale et al. [113] indicated that, when a hat ga
comes into contact with a cold electrified waterconditions favouring water condensation on the
drops in an opposite polarity electrostatic scrultperated in conditions similar to those inveseda
here, phoretic forces positively influences theteegpof droplets larger than 300 nm. Therefore, the
formation of aerosols with size larger than theepaparticles lead to higher removal efficiencies.
Besides, the efficiency improved even when low werenegligible particles enlargement was
observed, as far as a liquid layer is present emtiWVe envisage that this experimental finding
mirrored the effects of the increase in the thercoalductivity of water (affecting thermophoresis),
the effects on polarization phenomena and a pessitgrovement on the interfacial interactions with

the water droplets, as observed for the bubblencolu
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Conclusion

The present work faced the study of an innovatygesn to remove fine and ultrafine particles. The
system was based on the concept to couple twartezatunits, the bubble column and the wet
electrostatic scrubber, with a preconditioning teghe, as the heterogeneous condensation. Indeed,
the condensational growth of particles that toa@celin a specific growth tube allowed to improve
the performances of the clean technologies. Fifferdnt material were tested: the sodium chloride,
the titanium dioxide, calibrated polystyrene nantples (nominal diameter 100nm and 200nm) and
carbon black nanoparticles. A first study was aquitshed to monitor the enlargement of the aerosol
size distribution at the exit of the growth tubeayying the water film temperatuiie, from 30 to
70°C. A second study had the purpose of estimdhiagparticle removal efficiency of the bubble
column and the WES assisted by the heterogenemaesation.

Preliminary tests on the abatement of the GT shaaidthe growth unit had a kind of “cut-off” for

particles larger than 500 nm. Therefore, all thiiglas that enlarged above 500 nm were not dedecte
and so the aerosol size distributions of testetighes at the GT exit spanned from 80 to 500 nm.
Although this observation, a condensational groeftall the tested particles was observed for the

different operating conditions.

The growth tube led to the formation of larger idygolid aerosols as far as the temperature of the
liquid film Tw increased for the tested particles. The sodiuroricid started to grow at 30°C and the
count mean diameter of its aerosol size distrilbupassed from 135 to 315 nm. Both the OptiBind
0.1 and 0.2 articles enlarged as soon as the tatopemas higher than 30 °C. The OptiBind 0.1 inlet
aerosol size distribution ranged from 90 to 297amd shifted in size range spanning from 149 to
400 for the condensational growth. The OptiBind€h@wed a narrow distribution around 200 nm at
the inlet and a particles distribution at GT exihging from 258 to 410 nm. The titanium dioxide
started to growth at 30°C and passed from a wiggilution to a narrow one. The gradually
temperature increase led to a gradually raisirey méak at 410 nm. The carbon black enlarged when
the temperature reached already 30°C and all ttilea enlarged towards particle size of roughly
350 nm. The experimental evidences showed thathé& dondensation growth, although the
inescapable presence of a water layer that coegpdtticles, it must be taking into account even th
contribution of the adsorption in the calculatidnttee minimum of the free energy of the system
particle-embryo-vapor. Indeed, imposing that théem in order to exist has to be in equilibrium
with its vapor phase, without considering the limkee to the adsorption that make it linked to the
surface, leads to an overestimation of the supeaain levels.
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The removal efficiency of the BC and the WES, irdjdeenefited of the particles growth and their
removal efficiency increased significantly when treterogeneous condensation was active for all
the tested particles. The experimental results sddhat the removal efficiency of the bubble column
increased as soon as the particles, whateverriagire was, reached a size larger than 300 nm, as
showed by Cadavid-Rodrigues et al.[67]. The maxintemefit of the BC was observed at 70°C for
all the materials and from 30°C to 70°C the efficig increased about 100%, 148%, 100%, 100%,
350% for the sodium chloride, OptiBind 0.1, Opti8n2, titanium dioxide and carbon black,

respectively.

The experimental results on the removal efficieatthe WES showed an optimum with the water
temperature of 50°C for all materials. The maximuaorement of the removal efficiency was 33%,
53%, 7%, 12% and 43% for the sodium chloride, QptiB.1, OptiBind 0.2, titanium dioxide and

carbon black patrticles, respectively.

Furthermore, the experimental results showed tirathie OptiBind 0.2 polystyrene nanoparticles a
removal efficiency higher than 90% was reachediraady 30°C, when the particle enlargement
generated by the condensational growth apparendly very limited. This experimental result
suggests that the presence of a thin water liqydrisurrounding the particles, undetectable ia siz
with the LAS 3340, minimized the rebounding phennenthat occurs between the particles and the

water droplets generated by the electrospray.

The two units had an improvement in terms of rerh@fciency even when a not appreciable
enlargement was observed and so the incrementsgabable to the presence of a thin liquid layer
surrounding the particles. Indeed, this conclusias confirmed by the observed efficiencies of the

two units operating without GT that were lower thlaat one coupled with the GT operating at 30°C.

Thanks to the promising results obtained in thepeemental tests, the new system earns a chance

to become a reliable alternative aerosol treatrfegnndustrial application.
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