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Abstract

il ncreasing demand for efficient and susta
el opment of alternative absorbents wi t h
ramet hhymgdamnobdene oni c l i qui dmi s(ilnLgs ) ¢ ahmadvied
ctive SO captur e. Their successful I ndus
erstanding of their thermal stability and
this wor Kk, the ther mal behaviour of t he
estigated through calorimetric analyses of
t he synt hesi zed I oni c Il i quiidg . t Mear manlt,eg
rmodynamic and statistical anal yses was d
radation and decomposition processes in ¢
anol primarily iomfsleu anraeosu gthh ep htylse rcrad | erf & 2
ssure evolution and heat transfer, rat her
hani s m. Fudi it mein Mo rfeo,r maamioew pr omotes a gr .
ompomsittowards more distributed degradati on
synthesized ionic |iquids were further <ch
cosity, heat capacity and electrical condu
i ght i nto the ther mail rbdaesleav iioounri cofl i tqaiti rdar
hodol ogi cal framewor k f arp tameai rs aff et uirnep | g

rging SO capture technologi es.
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| nt roducti on

The removal of acid gases represents one of t
industries, driven by increasingly stringent

more sustainable industriabnprecessenti Bff ino
at mospheric emissions but also to i mprove pr
ensure compliance with current environment al

removal havel ewvalc hefd ian dugthr i al maturity, the
reduced environment al i mpact, and | ower oper
i nnovative absorbent material s.

Among the most promising alternatives, i oni c

their negligible vapour pressur e, wide | iquioc
physicochemical propertiesionrotughcatnhnonasppanq
characteristics have promoted their i nvestig
including the reactive <capture of sul pohags di
desul phuri zatiomi ct elcihqwildbgi e f eri t he potent.
configurations and reduced regeneration -requi
generation gas treatment systems.

Despite the growing interest in ionic |liqgquids
a comprehensive understanding of t heir phys.]
conditions. Whi | e consi der abtlieonr emeerafrccrhmaima &
mechani sms, and equilibrium properties, signi
stability and ther mal safety. These aspects a
degradati on orhednoemem@maosmay oaf fpect sol vent I
regeneration strategi esu,p arfd,t hwel ttientahtneollyo, g yt. h €
simultaneously addressing both the physifcoche
tetramet hydagedniadmine | i qguids remain relativel
Within this framework, the presigmi dwazrok ei nweas
proposed for reactive SO capture. Two ad tern
assisted procddwerce apmpd oa ddygoa tweedn ta nidn weosnpar ed |
the influence of the synthesis method and r ec:
i qui d. Particul ar attention was devoted to

cal or i nhentirqgiuce st ecwi th the aim of identi fying d
evaluating the associated thermal hazards, ant
kinetic par ameters governing t he 0 boscehrevnei dc a i
characterizati on, including densi ty, Vi scosi
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scanning calorimetmrgygngD&SCm,i mihdafedr(ETI R) sp

validate the synthesis procedures, assess the
interpretation of the observed thermal behavi
Beyond the characterization of the final 1 oni
and intermediate reactive mixtures was al so s
made it possible to didutnoumsshfthdei mdifviedea
role of residual ethanol on the ther mal respo
of the degradation and decomposition phenomen
The thesis is organized as follows. Chapter 1
removal technol ogi es, with particular emphasi
ionic liquids as alter natts vieheabtsloe dreettisc alChla:
thermal stability, thermal hazard assessment,
Chapter 3 describes the material s, synthesi s
approachesradgptoesd t he study. Finally, Chapte
resul ts, highlighting the influence of synthe
properties, t her mal behaviour, and tolget malr v
i mplications for the future iIinddbsatridal oinmgl|l é m

SO capture.



Chapter 1
Sul phur Dioxi de Captu

Syst ems

This chapter provides the background necessar

gas capture. After introducing the main cl ass
established capture technolcadiaes eanmpd absaesvei dowe
processes and conventional amine systems.

|l onic |iquids are then presented as promising
and potenti al advantages in gas separation a
stability, which reprpersanttisc al cirmpgli &émd n tastpiexcrt .

1.1 Aci d gases

Acid gases represent one of the major cl asse:

activities and energy production processes. T
regul ations have driven tshgnddvelaomgmearets eafr cénf
mitigation technologies. This chapter provide
and environment al i mplications, with particul
1.1.1 Overview of acid gases i n industrtr

Acid gases are gaseous compounds capable of generating acidic species when dissolved in water or
atmospheric moisturélhe most relevant acid gases in industrial applications are carbon oxides
(mainly COontaswlimp@urcompounds such as H S and
species are widely encountered in several industrial sectors, including naturalogessing,
petroleum refining, combustion systems, syngas production, chemical manufacturing, and waste
treatment processé¢s).

Sulphur and nitrogercontaining compounds are among the primary contributoetnmspheric

pollution phenomendn addition to environmental impact, many acid gases exhibit high toxicity and
corrosiveness. From a process engineering perspective, the removal of acid gases is often necessary
to satisfy environmental regulations, ensure process safety, prevent hugraaation, and meet
product purity specifications. For this reason, acid gas treatment technologies play a central role in
modern industrial plants, particularly in gas purification and separation processes.

The physical and chemical behaviour of acid gases strongly depends on operating conditions such as
temperature, pressure, composition, and the presence of reactive or absorbent media. Their interaction

P



with solvents and absorbent materjateerefore,represents a key aspect in the design and
optimization of industrial capture systems. Among the available technologies, absbgsemh
processes currently represent the most established industrial solution for acid gas removal,
particularly when combirgewith reactive solvents.

1.1.2 Industrial sources of acid gases

Acid gases are generated in a wide range of industrial sectors and process configurations, often as
unavoidable byproducts of fuel processing, combustion, and chemical conversion operations. Their
presence is particularly relevant in hydrocarbon procgs&nergy production, and synthesis gas
generation, where environmental regulations and process requirements impose strict limitations on
contaminant concentrations in gaseous streams.

Natural gas processing represents one of the major industrial contexts in which acid gas removal is
required. Natur al gas streams frequently <cont
hydrogen sulphide (H S), w hoorsogion,reesuot® pragdss safaty, n e ¢
and meet transportation specifications.

Acid gases are also generated during synthesis gas (syngas) production and related chemical
manufacturing processes. In these applications, gas purification is required to improve process
efficiency and protect downstream catalysts from poisoning by suf@miaining compounds.

From the perspective of atmospheric emissions, combustion and power generation systems represent
one of the most important sources of acid gases. Flue gases produced by combustion processes
typically contain carbon dioxiamrd tmigtert hgen wo >
depending on fuel composition and operating conditions. Consequently, gas treatment technologies
are essential not only for emission control but also for ensuring process safety atedrfomglustrial
performancgl]. Table 1.1 summarizes representative industrial sources and the main acid gas species
associated with each application.

Talbé :®ain industrial sources aAda toa[dldfsrpoomdi ng ac
Industrial source Main acid gases/species
Natural gas processing co , H S
Refinery and LNG systems CO , scontamihguwcompounds
Combustion systems cCoO , SO , NO
Syngas production CO , sulphur spe




1.1.3 Environmental, operational, and s

The industrial sectors discussed in the previ
affect process performance, equi pment rel i abi
safety.

Among the various acid gases encountered in i
in this work to sulphur dioxide (SOdepriowdndg|l
gases and its significanhs. eAvit houongbntak andst
SO , other acid gases such as carbon dioxi de
industri al gas treatment . I n the presenee of
containinyg maynpgpamar ate corrosive environment s
heat exchangers, and procecrnt @iqmuii pgneadnt d mi ma
fouling phenomena and catalyst poisoning in d
Hydrogen sul phide represents one of the most
of I ts high toxicity. Exposure above typical
significant heal th effect sl 0O0whpeprneva sarceo ngceeme rr aa
hi ghly hazardous. I n addition, H S may induce
of exposure. Consequent]!| ycontnaiursitmrg adt rfeaacmd i rte
procedumdd naurodiscanoni toring systems.

Al t hough carbon dioxide is considerably | ess
fuel qguality and create asphyxiation hazards
is often required in industrial gas treatment
Beyond operational and industrial concerns, a
Sul phur oxides (SO ) and nitrogen oxides (NO
phenomena such as acid randagr y hpdrotciheuni atad fso
carbon dioxide is one of the primary greenhou
changestelmn@gxposur e t o poll uted air has bee
cardiovascul ard ceomplriomarteinamd, demgr adati on, part
areas.

As environment al regul ations have progressive
acid gases have become essenti al across a wid
chemical manufacturing, asdqpewelygenkheateval
gas treatment technologies and advanced acid
of modern chemical and process industries. L
combustioncpodafai snuInghuurossi | fuels such as coal
refinery operations, metallurgical atceampverta teusr
i ndustrial operations. I n i ndustcraadd-fiozreldd cpaiwe

T



pl ants has historically represented one of t
emi ssi ons.

The sul phur content of fuels can vary signific
gas generally contains very | imited sulphur

industri al fuel oi Il s Thhaws@wopharn appr orbmatal
oncentrations ranging from approxi mately O.
ontaining species are oxidized, l eading pri
ombu-deromed fl uUkbygasaesatppiSOa together with
apour, resi dual oxygen, nitrpgpmodbkiovesng( HOnN
oxidati on, sul phur dioxide can be converted i
with atmospheric moisture to generate sul phu
aerosols contridbutefs soi theamdi watfecabodi es,

deterioration of aqguatic ecosystems, and cor
addition, sulphur dioxide contributes d ohaze,0I
significantly affecting air quality, particul

< O O O

Tabl eTylp.i2ccal occupational exposure | imits and emergency
frém]

Definition SO Li mi

OSHA HBMA Permi ssible exposur-eolti miwvor ki 5 ppm (1:

NI OSH I TRWA Recommended exposure | imit 2 ppm (5
STEL Shetretr m exposure | i mi 5 ppm
| DLH | mmedi ately dangerous to | 100 ppt

Maxi mum concentration bel ow wh

ERPG 0.3 pp!
after 1 h exposure

Maxi mum concentration bel ow wh
ERPG 3 ppm
expected after 1 h ex

Maxi mum concentratihorahelnowgw
ERFG 25 ppm
expected after 1 h ex

Sul phur dioxide also represents an i mportant

may cause irritation of the respiratory tract
aggravation of cardi owsa.s ctuehnmarg eaxnpdo sruersep i hraast obreye
chronic respiratory disorders and reduced pul i
as children, el derly peopl e, and subjects a
occup etxipomsalr e | imits for SO are generally or
approaching approximately 100 ppm are consi de

Y



prol onged exposure conditions. Several occupa:

have been established for sul phur di oxi de t
operation and accident al re¢ elacledsceommo milsy &«
are summarized in Table 1. 2.

|l ncreasingly stringent emission regulations h
and flue gas treatment technol ogi es. From a
relevant because of its adteromd si ratnar a a¢teiadn nwi
CO , sulphur dioxide generally exhibits signi
toward al ka-basedaatdsamberts. While this behav
it magr mamhestoe sol vent consumption, degr aadmd i on
sul phantteai ning species, progressively affectir
These aspects become par thiacsweldard as itnrpeoa ttmenrnt
sol vent stability and regeneration efficienc)
Consequently, the devel opmse ncth aorfa catletreirzneadt ibvye i
and thermal stability has become an i mportant

treatment [tldFHnol ogi es

1.2 Capture processes and materi al s

Foll owing the overview of acid gases and sul p
chapter, the focus is shifted toward the tec
Di fferent capture approachpsobtaese begui demeh D]
and operating conditions, |l eading to the inve
alternatives. This chapter introduces the mai
removalng prloei diasi s for the subsequent di scu
application for sulphur dioxide capture.

1.2.1 Owaearivi gva soefcdmoV @algi es

The removal of acid gases from industri al gas
i ndustri al sector s, including refining, chem
necessity for gas purifimaof oaenwviri gnmantas!| fre
gual ity specifications, equi pment protection
process compatibility. Depending on the origi
treatment emaynei meomlowv al of carbon dicomitdad ,ni h
compounds, andderiinvedomhbdustaimsn sul phur oxi des
purification technologies can be <c¢cl assinfg ed
principle employed. Depending on the gas comp
perfor mance, di fferent approacheshamayl bBgsbado

(0))



adsorption, membrane, cryogenic, and biologic
and their classification are summarized i n Fi

Acid gas removal processes

Solvent absorption SOhd, ) Membranes DlrecF . C'l‘)i(?gelj} N
adsorption conversion fractionation
Amines Alkali salts Physical Hybrid MGI,ECUI"“ Cellulose Stretford Ryan Holmes
sieve acetate
MEA Benfield Selexol™ Sulfinol Iron sponge Polyimide LO-CAT™ CFz"
. . . © e w UCARSOL Metallic venlE et G 1 ©
DGA CATACARB Rectisol Hybrid 900" oxide Polysulfone CrystaSulf
DEA Ifpexol™
DIPA Purisol®
Sepasolv
MDEA MPE
Amine
mixtures
Hindered

amines

Figar®l assi fication of the main acid 4gas r e

Among the available technologihbasedepygist eds i«
represent t he dominant i ndustrial solution
technol ogi cal devel opment , antdi oambispetfyd ftilana & «
particul ar, sol vent absorption processes can
absorption systems. Physical solvents remove
are generally favoured atressbatesvelUndbrgh has
solubility of the acid gas becomes sufficient
regeneration energy —requirements. However, p
achieving uwreirfyi cheaempnp |l evel s aalds omapy | @m e Dd N
hydrocarbons. Chemical absorption systems, 0

interactions between the absorbent and the ac
sol vents are capable of achieving significant

relatively | ow parti al pressures. This i s bei
di ssolved free acid gas spleeiksquirkedpbasg ahn
di ssolution equilibrium. As a conseguence, t h
hi gher values, all owing increased absorption
physical abs®eptiPBmr ptrloics reason, chemical abs:s
t he most wi dely adopted approaches for aci d
bet ween physical and chemical sol ventisd sgtarson
concentration, required outlet specifications

N M



gas partial pressures favour physical solvent:
requirements favour chemical absorption syste
chemical absorption systeennsedc aanc cloeg ds olge madt itch
pressure range, K&s shown in Figure 1.2

1000

- d hot Physical

z ium solvents

£ 100 te

:31(" Amines

§ Molecular sieves

= 1

0.1 +4 T f T T

0.001 0.01 0.1 1 10 100

Partial pressure of acid gas in outlet, psia
Figar®el ection of absorption technologies accord
Reproduddd from

Figure 1.2 summarizes the applicability range
to inlet and outl et acid gas partial pressur
systems, the diagram al saas shd gihdtigd twi ttht ea lotpesrr
including adsorption systems, molecul ar sieve
depending on process requirements and target
Among the available technologies, chemical a |
solutions represent one of t he most wi dely a
Amines are particularly attr asdt iabes obrepcta wsne Kkti
removal efficiency, reversashbhlel remedi omdiihetc hia
1.2.2 Chemical abbassoerdp tsiyosnt eaamsd a mi ne
Ami nes are organic compounds derived from am
hydrogen atoms with hydrocarbon groups. Depe
classified as primary, secondargncersttrearglay y
reactivity, selectivity, absorption kinetics,
di agram of a conventional amine absorption un

N N



Contactor Regenerator .
5 Acid gas

Sweet gas Air cooled

heat exchanger

~ Lean-rich )

heat exchanger

Reflux
accum LIIJIUI‘

Charcoal &=

bed

Gas

-
Sour gas Rich - ; ul
- amine { A —
L ) _3 O * Steam
Flash tank \;/ Reboiler
Liquid

Steam

I Reclaimer

Waste

Figar3y pi cal i nduassed ad a sa s weakeet per noi dnugd epdr of creosr

Considering the process scheme reported in Fi
significant amounts of toxigcanahddH ¢tor besireenove
the absorber column, where acid gfalsewi rag el esaerd
solution. The treated sweet gas (i .e., the tr
the rich amhngetserleam ¢tmavs sent to the regen

in the flash tank andirhedt hreead o weexrcyh atnlgreay gh ht
stripper column, where ther mal desegpnieont ed]l
amine is subsequently cooled and recycled bac
filters, charcoal beds, and reclaimers, are c
contaminants, -teerdnem#&ilweaifor mamg e .

Il n industri al gas treat ment applications, a mi
solutions at concentrations typically ranging
hydroxyl groups 1in al kanolnadmiinnmepsr orveedsu cheasn dd a In
operability. Among the most empl oyed solvent
(DEA) , met hyl di et hanol amine ( MDEA), diglycol a
bl ends. The removadmidifesaedi dygd £ens tolcrcaaurgh t hr
physical absorption and chemical reaction mec
phase, folibassedr bgcaicods between the dissol vec
reactions are generally exothermic and rever :
desorption and pressure reduction. The follc
absorption mechani s-maseocdccaysi agy alainyga mame! igcee
al kanol amine solvents, although reaction path

N



amine structure. Hydrogen sul phide reacts ra
throught rmmactf en mechani s ms, | eading to the f
speci es, as reportedr bon Ediuaxiide dbdor pithiemn i
proceed through different mechani sms dependin
absorption mainly occurs through bicarbonate
pri marsyecamdlary amines may additionally react
which generally provide faster CO @Qdrshampat @
formation requires the presence of a reactive
and secondary amines.

YO 0%z Y0O'O'OY (1.

o0 O0 Y0z YOO O (1.

00 ¢Y0O™@ YOO YO0UOO (1.
These differences in reaction mechanisms (Eq:1
performance and process selectivity. Primary
achieving deep purificatbpplieael osnsmakigogrt im
H S removal. However, t hey ar e al so associ e
reqguirement s, hi gher corrosion tendenci es, ¢
degradation r ercotnit@an Niwigt ckoxdlapnimant s such as
such as MDEA generally exhibit | ower regenera
H S removal because CO absorption proceeds t
Thibehaviour all ows parti al CcO slip while m;:
MDEAdAased systems are widely employed in indus

their favourable selectivitytadhdamiegenklrand®h
on MDEA combined with activators such as pipe

absorption kinetics while maintaining favour a
the most widelny fwgemi| adteidv atmirne isystems beca
with acid gases. I n particular, the addition
rates, al I|-boansiendy sMODIEvVAe nt s t o -tcroambsi fneer i preprrfoovrentda
relatively |l ow regeneration energy requiremer
di fferences I n reaction pat hways and oper at
performances in terms of abs ermatnidgn amalp asce ltey
comparison of the most used amines for indust

N O



Tabl3eCharacteristics and performance comparison .of com
Adapt e[dd]f rom

Typical Typi cal
Regener
Amir Type l oadi | | oadi Main advi Main | im
ener g’
(mol / m (mol /n

. Hi gh reg
) ) Hi gh reac
MEA Prim O.1i©D5 5. ~0.12 Hi gh ) ) energy,
purific

degrada

Good abs Moder at
DEA Secor O0.1D1 8 ~0.01 Moder a

capacitdegradat

Low regeil
MDEA Ter t 0.1 6: 0. 0M.50 Low energy, Sl ower C(

sel ecti
The difference between rich and | ean acid gas
the solvent and strongly affects solvent circ.l
process efficiency. Owma g h @ mi stmee adidf fepermnat i
di scussed above, amine solvents exhibit di st
selectivity, and regeneration behaviour. The:
associatedawi amiinedwstt s, are dlislcussed in th
1.2.3 Limitations and operational chall

Despite their wi desprelbasedndapgstrems pdepemnton
' i mitations t hat may progressively affecin s

operability. One of the moetgriadmdr toaantpsitoslituice s
salts (HSS). Amines may react i rreveroqithaliyniw
contaminant s, gener atriemgnerghhiec specdes antiamn

solvent sol utifomHSSThd temressesmde ent composi tion
sol vent | osses, and reduced absorption perfor
commonly removed through reclaiming opetratio
slipstream correspid3rdionfg tthee ap prcojamatnegl yanli n e

Corrosion represents another major chall enge |
by ami ne concentration, oxygen contaminatior
degradation products and HSS.alHiyghplryo moa ad ento re
corrosive environments because of t he I ncr e
Particularly severe corrosion may develop in
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Ssystems, where protective oxide or sulphide |
conditions.

A further I imitation of amine systems is the I
absorption reactions are strongly exother mic,
through ther mal regenercatairamarc.t eComedqegnthiyghe
generally require | arger t her mal duti es, I n
consumpti on. For conventional al kanol amine sy
approxi mat el yno38 1t €088 IKkKepending on the sol ve
Tertiary amines such as MDEA generally exhibi

o !

compared with secondary amines such as BBA (a
(a87.9 kJ[®mpIThies€Od) fferences directly affecH
characterized by stronger CO binding gener al
i ndust fcioanbupbdbsbdn capture applicati onsql uctoinovnes
typically exhibit regenerati on en@&ir.g0y Glle nta nid s
making solvent regeneration one of thel[®ajor

Al t hough these values are primarily reported
energy penalty associated with amine regenereé
acid gas removal processes in gener al

To maintain -becemppabfer mamge, i ndustri al ami
management practices. Filtration Ssystems ar
contaminant s, whil e activated chatcaalgrladads i e
foaming phenomena. Recl ai ming operations are
and degradation products. I n addition, proper

makeup water gqualmndyisaedsanctiidalgatso | emaslur e st
mini mize solvent deterioration.

These |l imitations become even more significan
simultaneous presence of oxygen, watcar i wamo
contaminants may further acceilwea aitres tdaelygirlaidtay .i
the | imitations associated with conventional
absorbent materials characterized by 1 mprovec
condi[tdi]Jons

1.3 Sulphur dioxide emissions and flue

Sul phur dioxide represents one of the main a
i ndustrial processing activities. Its concent
origin of the flue gas ssreamyafuerlyd compgosi ©
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sever al treatment strategies have been devel o
with increasingly stringent environment al reg
di oxi de emissions, flueegasmmeaohataecheol sgi es, e.
di oxide removal

1.3.1 Sources and environment al | mpact
Sul phur oxide emissions (SO ), particul arly
atmospheric pollutants associ astceadl ewiitnhd ufsotsrsiial
Sul phur emi ssions ori gi natie fsrooumm cheost. h Nmaa tuurad |
include volcanic activity, geot her mal emi ssi ¢
ant hropogeni c emi ssions ar e predominantly a -«
producti on systhuoo ntaiseidn go nf ossuslipl fuel s. A m
combustion processes represent the dominant
gener at i o+a nfdr-foomr lecdo ap ower pl ant s, industrial
i nduss,t rrieef i nery oper atdoomtsai namdy scehveemriaclal s uplrpoh
contribute significantly to sulphur oxide re
account for the | argest fractTlhe oél gt iobal cam
the main anthropogenic sectors to sulphur dio
Tabl.eBummathweomaj or ant hropogeni c s oRuerpcreosd uogfé ds uflrpohmu r
Emi ssion sou Percentage ¢
Electricity wuti 69.7
I ndustrial fue 13.6
Met al proces 3.8
Hi ghway vehi 3.5
Ot her fuel <co 2.6
Al ot her so 6. 8
Table 1.4 highlights the-rstlradregl psroeud acmnisn d mc e ne
di oxide emissions. The concentration of emiss
the devel opment and i mpl ennternotla tti eocnh noofl odgeidei sc,a tj
gas treatment and desul phkuwrailzatuscen aafppf osatil
production strongly i1 nfl uences -csounltpahiunri ndyi ocxoi nt
naturally coacucduer oiin ,c aanld, sever al gaseous fuel s
ranging from | essultphlanr 1c owatl% fuopr tloo whi oMt %c ocoa l
while crude oils may contain sulphdr5conh®en$ul
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in gaseous fuel s i s commonly present as hyd

compounds such as thiol s, sul phbdesng dc smb p &
sul phownnt ai ni ng compounds are oxidized, l eadi n
Consequentlydercombdudtliuen gases typically cont
vapour, resi dual oxygen, sul phur oxides, ni t |
natur al gas treatment appl iecraaliloyn sqgp efrlautee guansd
di fferent conditions, i ncluding l ower press-t
concentrations, and strongly oxidizing envirtr
sul phur di oxi deo-bg erneedr att h @mmailn paower pl ant, t
particul ate removal stage [atldi shpressnotedngnf
Flue Gas
18'000'000 to 20'000'000 Nm® /hr
e Slack
ESP 58826 tons/hr of 80, is released if coal
containing 1% (wiw) sulphur is burnt

2.5 to 3 tons/hr of SO, is released if coal
containing 0.5% (w/w) sulphur is burnt

Boiler Flue gas temperature
—» 1000°C 100°C to 120°C

Coal
At the rate of 250 to 300
tons of coallh

AIR
15 to 20 kg airlkg of coal fired

Figar8chematic representation of sulfur df oxede
power . Relpamtdud&d from

The diagram in Figure 1.4 highlights the I arg

together with the relatively dilute sulphur d
figure also shows the ptra@de mi maroyglpaeltectud as t
to atmospheric release. These characteristics
gas purification processes and strongly influ
tdool ogi es.

Because of the environment al and toxicologi ca
increasingly stringent regulations have drive
Avail able Techniqgues ( BATsn)d raedpvraensceendt itnhdeu smao
currently avail able for preventing or minimiz
and technically viable operation. Wa s iooi atthee

emi ssion -AREke)ispeg B Md8f er ence emi ssion ranges t
operating conditions through[7Th€onmpleal@alhd g1 i
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are widely used as benchmarks for evaluating
systems. RepasseotatedeedATSsion | evels for su
combustion plant categories are summarized in

Tabl eRelp.rbesentaastsioce aBAT emiAEstisdnfloev &SOs eBMATsi ons from
according to the European LCP BREF (2017)a.s Enoinscseinotnr actc
(mg/ Nmj) at 273.1B5EKL amd ule®l .refkRa.t oBATearly average ¢
reference oxygen content specified f orf ueelc hc ccrobmbsutsita n n

vol % O -ffwfei rleidgubiodi | er s, ande®xapadlepd7.®r ofmor gas t

SO BET ( mg
Fuel / Pl antTher mal i n Approxi mat e
(yearly a

Coal /[ Ligr <100 15200 ~5Z0
Coal [/ 1ligr 1000 95200 ~3130
Coal / l'ignit 0300 10130 ~ 3145
Coal [/ | i gmed eb: 0300 20180 ~ 763
Solid biomas <100 15100 ~535
Solid biomas 10600 1070 ~3i2%
Solid biomas 0300 1050 ~311Y
HFO Ffoigasboi l <300 50175 ~ 1B 1
HFO Ffoigasboi l 0300 35110 ~1i3 8
Gasil gas tu All si z 3660 ~1li21
Reciprocating er Al l si z 10200 ~3i30
Chemical i ndust Boil ers 10110 ~ 31338
Sul phur removal strategi esconmlyugteinem,al ¢ ymibes tc

combustion approaches.
Prreombustion desul phurization aims to reduce

physical, chemical, or catalytic treatments.
complexity, incomplete sualimhwsr, mpamdbvaasie,ldaasrly wetder
Consequewtbimpusposeth sul phur removal technol ogi
desul phuri zation (FGD) systems, have become t

emi ssion cerctad @l ciomblugiBgen pl ant s

1.3.2 Flue Gas Desul phurization Technol

Several flue gas desul phurization technol ogi e:
industrial flue gas streams. These technol ogi
regeneration strategy, Obgpumpducon maaademadtus:

NY



Conventionally, FGD systems may be categori ze
process configuration (wet or dry systems). A«
ongddrough and regener abl e rpatoec euwsnsdeesr, weatc horofd
| n drhae ugh technol ogi es, t he sorbent per man
subsequently disposed of as a waste or recove
regenerabl e technologies aresmhasedheme rewleplsu
released during solvent regeneration and may
into ®ohplumning products such as sul phuric ac
be cl assi f iperdocaess sweest. olrn dweyt systems, sul phur
bet ween the flue gas and an aqueous absorbent
and watemrated outl et gas streams.cdur sdrtyh rsoyusg
or gdemi sorbent i njection processes, gener at
consumption requirements. The previously des
technologies is summafii ed schematically in F

| Flue Gas Desulphurization |

| Onee-through | Regenerable
CEeNeTa

Wet Dry ;
Limestone forced - Lime spray drying Wet . . Dry .
P L = - Wellman Lordis - Activated coke
oxidation - Furnace sorbent . . . .
L Magnesium oxide - Alkalized alumina
Limestone inhibited injection . } )
. . Sodium carbonate = Activated charcoal
oxidation - LIFAC . L .
. L Amine process - Calcium oxide
Jet Bubbling Reactor - Economizer sorbent " .
L= P Citrate process - COBRA Process
Magnesium Enhanced imjection - g s )
. o Inlandd Liquid ammonia - OSCAR Process
lime - Duct sorhent injection
Dhual alkali - Duct spray drying
Seawater - Circulating fluidized bed
Hypas sorbent injection
Figadar®&eneral classification of flue gas des

configuration anBReppedad®&dgf apmr oac

Among the availabl-ehteubhosypgiems wetrentky r ¢
widely adopted industri al solution because of
scale operating experiende, |landparrdli-ectud ead I, ywd ti
scrubbing processes have become the dominant

removalfiirnedc opaofwee]r pl ant s

1.3.3 Wet Limestone Flue Gas Desul phuri

Among wet FGD technol ogi es, |l i mestone forced
wi dely adopted industri al s o |-fuitri eodn sp ofwerr spull gonht
their high desul phuri zatliiony,e fafnidc igeynpcsyu,m obpyeprrao
|l i mestone FGD systems are cusrcraelnet | SO c ocnosnitdreorle
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ut i
con

ity power generation applications. The m
venti onal wet | i mestone FGD system are sch

y

_r‘_ﬂ
Flue Gas

Out Stack

Absorber

—p
Flue Gas
In

Limestone Water

! o
TGT' «—‘ Slurry _bDisposal

A4

K Bleed
Reaction Dewatering
Crushing Slurry Tank
Station Preparation

Tank

Process Water

Figar®implified process flow diagram oRe par ondeutd & qi

I n
con
gro
con
i nt
di s
for
t an
di h
and
abs
sch

The
t an
0 X I
sul
phe
byp

wet l i mestone flue gas desul phurization s\
tact bet ween the flue gas stream and an a
und | i mest onkeas(eCda Cor b eonrt sy.é ailehien drmsdtr i amp lc
sists -ouUr rae nctousnpreay t ower -falbswirbgerf | whega&s
i mate contacfl owwit hgt alesadmohbvemwtar sll urry. | nsi
solves intantdhe eagtsows thhhasve al kaline sor
mation of calcium sulphite species. The ab
k, where oxidation reactions pcogme sssuil wehle
ydrate (gypsum). Fresh | imestone slurry is
sul phur di oxide removal efficiency, whi |
orber unit. Thei mat me rwatcti omesti ovel gedul r
ematically represented as reported in Equa

4 ANHE 3 g(/O#AIB't'g(/ #l (1.

Q#NS't'g(/ I o 10 c#A3Tc( ! (1.
oxidation of calcium sulfite into gypsum
k (in situ oxidation) or i n a separate o0xX
dation (LSFO) systemstheomprues yed oaiprr oimot |
phite oxidation. This approach significant
nomena associated with uncontrolled natur a
roductprexchedisasttilmng and dewatering prope
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and may be recovered for commer ci al applica

byproduct recovery i s notrieclonwanstceal dtyr ¢ @am smad:
di sposed of through Il andfill or stacking oper
Modern LSFO systems can achieve sulphur di ox
mai ntaining high i ndtuesrtm i @aperreaetliicarball i ¢ tya bainldi t
desul phurization efficiency, urceadugceende rsactaloinng &
commercial maturity, LSFO systems currently r

for -da@alge sul phur difaxiedle proeeldV pll ainrt sc o al
1.3.4 Advantages and Limitations of Wet

Despite their extensive industri al adoption
|l i mestone systems present sever al operational
require |l arge process equi mmerst , edieymnitfeidc avmatt e
and relatively high auxiliary energy demand a

I n addition, wet scrubbers are frequemanddl ianfg
i ssues cauoepati myoushef ormati on-amdl swlophdatadai o

slurries. The simultaneous presence of water
contaminants may progressivel s eainf eatocleigtsy .pomp
Byproduct management and gypsum di sposal may
depending on plant configuration and | ocal €
stimulated increasing iIintepegateiheahnelrogiteye
|l ower water consumpti on, I mproved regenerati
simplified process operation.

Besides conxddéanmtoiugmalt echoa®!| ogi es, sbeavseerda | s url epgt
di oxide capture systems have also been invest
absorbed into a | iquid absseod bdeunrti npgh assoel vaenndt srue
t her mal ari perpaes purmoeEeesses. Di fferent absorben
applications, i ncludihagsadkalishemspl ainmio mgn, @&
I n anal ogyi ovmndlh Toindegas trealdaneed 4<ywsthermd oma
i mproved selectivity and allow sul phur di oxi
stabilization into solid waste produciecantHoyw:
stronger <chemical i nteractions with absorben:
promoting solvent degradatamd, s wlgmdatien ve g i by
formati on, and progressceoe Tlhease ode qarbasdatpitormon
particularly critical in flue gas treatment afj
water vapour, particdénteedatodoerramandntembust
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Consequentl vy, i ncreasing attention has been
characterized by i mproved ther mal and chemice
capability, and stronger resittandcdditsowamd ecke
have emerged as promising candidates for sul
tunable physicochemical properties, negligibl
sul phowmrt ai ni[nY] species

1.4 lonic Liquids for Acid Gas Capture

Among the emerging materials investigated for
considerable attention due to their tunabl e ¢
selective and regeneratghvegisklparaapounr ppoesgsas

and structural versatility have promoted incr
acid gas removal. Particular attention +s de
specinfiicc liigui ds, as these represent the <conc

tetramet hyli ng warmziodieniswmt e m.

1.4.1 Gener al Overview of lonic Liquids
|l Ls are generally defined as organic salts en
100 AC, remaining liquid at or near ambient c
ions that reduce <crystatthepam&litnigngefpoicnte.ncyn
electrolyte solutions, i onic liquids do not
entirely constituted by ionic species. Since
Wal deh9 1 4, i onic | iquids have progressively
attenti on, particularly during the |l ast two
properties and broad applicabs Isictiyehicne chemi ca
The interest in ionic |iquids mainly arises f

appropriate combinations of cations and ani on
i oni c Idiepuighserasoboheenpsoperties such as pol ar
conductivity, hydrophobicity, gas affinity, a
application. Figure 1.7 shows repr esmmlitoaydd ei
ionic liquid design.
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ionic | i RepdrdgdDhnom
l onic |liquids can be broadly classified into
according to their synthelsOi]#aproute aodi mol equ
to as classical ionic liquids, are generally
i norganic anions. Their iPonic character origi
typi calhl ygutahtreorungi zati on reactions, and they d
contrast, protic ionic |Iiquids are formed th
BrBnsted base, resul ting in the po@asencset  raf
Consequentl vy, PI'Ls nbgsexhbgbitibreivar eoiobthlde xge
interactions, which contribute to their uniaqu
Compared with conventional salts, both Al LSs
del ocalized charge distributions. This charge

and promotes the coexi st enciencolfudaidndg th yodirad g e nn
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der Waals interackiogs,Asana result, i1ionic | iql
structures characteri zedpadlyart hnea nfoodomaaii nosn. 0T h ¢
Coul ombic inter axdnadinrsg amat woyrdkrso gethr oovge ryt ii ens
such as viscosity, ionic conductivity, ther mal
presence of dbyonmadmincg hiyndtreorgeeent i ons i n Pl Ls has
gas capture applhyegaitcahnhsabwbhrepti dmtand speci f
contribute to enhanced sorption performance.
di oxide <capture, since-bpndiog finaesheti amd
absomptmechani sms that are not typiloOadlly obser
Compared with conventional vol atil e organic
properties, i ncluding negligible vapour pres:.
reduced fl ammability, and wdrde rldcgeuntd sotpuediaes
these properties strongly depend on the sel e
exhibit significantly different behaviours re
Owing to these <characteristics, ionic |liquid
including catalysi s, extraction and separ at
conversion, energy storage teaohmdl apipeés cagasn
interest has recently emerged toward acid gas
promising alternatives to conventional absorb
i nteracti osnpse cwietsh, taanrdgeptot enti ally 1 mproved tF
Despite their promising characteristics, i ndu
and sever al aspects stildl require further [
characterizati on, transp,orte@erogreattiiers, behawi
stability under realistic operating condition
capture applications, where absorbents are ex
phenomentai,veoxeindvai r onment s, and repeated regen
assessment a critical aspect for p[rldcle2s]s deve
1.4.2 lonic liquids for sulphur dioxi de
Sul phur dioxide capture has emerged as one of
for ionic | iquids because of the environment
' i mitations of conventionaliegludogas Hegul db
increasing interest in this field owing to the
tunabl e chemical structur e, and i mproved reg
absorbents. winhcomtadads i onal wet l i mestone f |
sul phur dioxide is irreversibly converted int
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enable reversible sulphur dioxide uptake and

whil e reducing solid waste generation.

Depending on their chemical structure and act
di fferent capture mechanisms | novoVvaliemmgt pihrytse
chemical absorption, or Inkulitoinfiucn cltiigowiads ,ac3Q@ v
described as an absorption process, since th
subsequently interact physically or chemicall
are instdeaedsamai nwWihyenr @ oni c | iquids are i mmobi l
me mbr anes, or combined with solid adsorbents,

significantly to the capture pramcde sSNsSMR Speec tfrree
empl oyed to distinguish these mechani sms and
interactions between sul phur dioxide and the

proposed for iosBcbemaguicdl syssemsmaareed in Fi
Physical adsorption Chemical absorption
Adsipe Desorption ‘\J + -. “, e, S-N Covalent
2 Acldiﬁcation § e P bd g

II |C mim- NH,| ¢ e ”
“ S0, molecule 4

80, e R-NH-80,

molecule Total energy of|-REEN oo -
reactant Release

heat [H<

Cation Anion > T':'h:l;:':;ﬁ"’f S

i Reversible " Reaction process
Irreversible il

Bifunctional ILS Synerglstic effect

Activated
ILs

Rapid enrlcllmen!

oo S0, ;{ Electrostatic ~ Absorption

C G effect capacity . € Chemical
ation

L \ Hydrogen capture

bond Activated Low ILs composite  High ILs
carbon materials  composite materials

Base ion liquid layer *%. Anion

Figar®ain sulphur dioxide capture mechanisms prop

chemical absorption, multifunctional i oni c [lli.2qu
Physical absorption of sul pklkwrvadieaxi dentieg amd ii
van der Waals forces, electrostatic interactd.i
hi ghly polarizabl e mol ecchuareg ep rdeissetnrtiibnugt i @am , a n
exhibit parti al positive character and oxygen
strong interactions may occur with polar and
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The iTonic |liquid structure plays a major rol e
polarity, charge distribution, and basicity o
ionic liquid polaritycesnds Wwlaphwri t¢gi ageinckce ad il ¥
through stronger intermolecular interactions.
reversibility and easier solvent regeneration
depemde on operating temperature.

Besides physical interactions, sulphur dioxid
mechani sms. I n these systems, sulphur dioxi de
Si tes t hbraosueg hi natceirda c t i ocrhsa noirs ntso.o rSduil npahtuiro nd i noex i
acid because of the partial positive charge |
the ionic |iquid[mMdf act as Lewis bases
Acibdase interactions are particularly relevan
anions, amino groups, azole species, or other
i's strongly affected brytliyondar rl elqaitieds bwaisti ft i tthy
acid associated with the active site. Litera
promotes sul phur dioxide absorption and enhan
Recent devel opments have increasingly focused
Unl i ke conventional systems based on a singl
di fferent capture mechani scnasl saibnsuwlrtpa n eoony s | hyy d
charge tihilmaasd eirnt earcaadti ons, and coordination
sites may significantly i mprove sulphur di oxi
t hat i onitcailniiogwgr ins Hcréomgreant i onal groups, ether
azole species may achieve high sulphur dioxic
centres participate simultaneoussl,y biont ht hpeh yusp
chemical contributions coexi st, |l eading to sy
perfor mance.

Operating conditions, particularly temperatu
regeneration behaviour. Consequentl vy, l ower t
by increasing gas solubilitynand Pgteaslsiulriez iexd i
effect |l ncreasing sulphur dioxide partial p
transfer, resulting in higher absorption capa
di oxi delily tpypmisent at concentrations ranging
coexists with other components such as CO |,
These species may influence SO Cc a pttiuornes tohfr of
absorption mechanism, or solvent degradati on |
requirement for i ndustri al applications. Des
i mpl ementation of | omriec claipd wiraegs rfeonai il phuni tca

>



with viseasintsyf,ermasessi stance, I-secgael nee rpart o coens sb eif

These aspects must be carefully considered w
industri al absorbents aopmemintomuempoowediiva
Within this context, ionic |Iiqgqguids based on st
promising candidates for sulphur dioxide capt
centraecihbasd functionalities may provide syner
mai ntaining regeneration capabiRl.3]ly and i mpro

1.4.3 Tetr aidemihdyad zgoulaenildomiec Li qui d for

Among the +$Hasgeiddiiminuim | iqguids proposed for ¢
particular attention has been devoted to syst
of the strong basicity of othet giulaoi dnget meoi &b 2
through different counterions. tbna s e viioonui sc sl
(GBI Ls) , i ncluding Tpheeamoalme ( hy MG]g[uRaHhE ]d)i ,nii u et r
2, 2Zrd fluoroethpahobnd|[ TGy pmEMhyYlazgluani ¢iT MGU n
synthesized and evaluated l4apFisgudrpehut. di okowde
representation of the ionic |iquid flommaazohe
system.

o3 oH3 [ CH3 Hj —‘ + r
I o ]

I I
: ' A N
L‘\\/l,ﬁ + \"/ Ngy > | ne \I/ CHaJ oI I'\“‘Q:/’h_
Ny

Figar®implified r

epr egeammtna tdiimindua ot et ir amie¢ hiyil qui
synthesis was perfor

f med in et handle,prfodluldcwe]ld r

SO absorption experiments were performed und:

through approximately 1 g of i1onic liquid mai
a thermostatic oil bath. . TBheiexpeaedehemgtas!l ds ¢!
temperature regulation, pressure monitoring,
The outlet gas stream was finally treated wit

sul phur dioxi de.
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Figar édEk:peri ment al apparatus employed fofhaS@d als
Reprodudedt]from

Temperature strongly influenced the sul phur di
i nvesti gat ebda sgeuda niiodniinci ulm qui ds ( GBI Ls) . Hi gher
at | ower temperatures, wherewsredhwocedsboghte

capacity and albedhrapt iomm nasteod.nsiThlsitent with th
phenomena and with the coexistence of physic
upt ake, where reversi bldee piemtdeema c tpihoynssi can d atbe
inéhae the overall|] 14pFipdurmnen bebhlhvcompaoepti b
performances of t he di fferent GBI L syst ems
regeneration under vacuum.

45
absorption I desorption(vacuum) )
4.0
: —0—[TMG[Im]
354 , —a—[TMG|[TE]
1 —o—[TMG||PHE
il [TMG][PHE]

2.5 4

Molar Ratio

T T T T T T T
0 100 200 300 400
[ (min)

Figar &loompari son of SO absbavitooonrn hand ndes ¢higqustaatde |
|l iqguids at atmospheric pressur eRamrdo dle@ed efrrad

Considering Figure 1.11, among t he i nvesti g:
equilibrium sulphur dioxide |l oading at | ow te
SO /mol | L at 20 AC. However, ngTBMéhpVMpushawe i
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temper at7uor eASC)(,40mai ntaining relatively high ¢
exhibiting improved desorption behaviour duri
Figure 1.11 highligilesorpéi dcfesem& ott mab s erveetsit
Al 't hough [TMG] [ TE] exhibited the highest sulp
provided a more favourable balance between ab

wi der t her mal oopgeertahteirn gwiwihn dto hve t mproved rec
[ TMG] [ | M] particularly interesting for sul ph
absornigpesompti on cycl es. Previous studies al so
t hessyest ems i s significantly higher than that
conditions. For [ TMG]I[I M], CO absorption renm
ambient conditions, whereas sul phlur oaofxiirdmei n

strong selectivity -obnthenswnegtledoli towagdseal ph
Spectroscopic analyses suggested that sul phur
coexi stence of physical and chemical i nteract
characteristic bandi©iHa tstpreichadisadal fett etroon ,S =voh ialned

supported the forxomatiaomi ofg newesalcphwoms.

Al t hough the interaction mechanism was exper|
sul phur di oxide interaction with the tetrame
contribution may reasonably beabgpothescaexdi a
strongly basic tetramethylguanidine fragment

mul tiple interaction sites toward sulphur dic
acibdse contributions.

Based on the interaction mbatadi smBi prbpgseseds
the amphoteric character of I mi dazol e, a coo
hypothesized for the [ TMG] ][I M]c seyvsitdeerm.c eAlitsh on
available for [TMG]I[ I M], |l iterature reports s
may contribute to SO uptake through differel
i nvestigationsogpeus orgmdadhsenniaumi c l i qui ds C
tetramet hyl guanidinium cation confirmed cher
TMG moi ety and SO , | 6@ i Hh gg 1.@( | hheer eff corrnea, t i coonn !
the cationic fragment remains wunchanged, a
expected also for the [TMG][I M] -ayngt éembdlamr dd ¢
ionic |iquidsegwgpdeasdstni ngathenhetrtoogclic moieti
interaction siteyptehn auwgh acd o rodiisn a tsieswimtned acrayp ti
mec hanils2ZmLonsequent|l vy, the coexistence of t h
functionalities may promote a cooperative upt

contributions, potentially explaihingobéter hed
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this system. The hypothesized interaction mec
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This proposed cooperative mechanism may expl .
[ TMG] [ | M] , since multiple interaction sites
mol ecul e per i1 onic liquid unit.

1.4.4 Future Perspectives and Chall enge
Despite the promising results reported for su
| arsgeal e I mpl ementation of ionic |iquids in in
Il i mitations concerns st hsepepcrieesse,n cseu cohf acso mp@ t,i r
which may influence sulphur dioxide uptake t
act e sites, reducing the overall absorption
Al t ugh i1 onic |iquids have demonstrated prom
tec ol ogical and oper at i-socnaalle cihnapl |l eenrmegnetsa tsita n .|
cur nt research S i deomvt e f mibs@r mteiwo ns t & faft ieqg
reg eration capability, and process applical
dir ti ons -bfaosred oSO c¢ claipgtuiirde systems are Summe
er critical aspect i's represented by op
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tion behaviour, generally favouring Cc
ration at higher temperaabtsuoriigpst.s @@mns equ &€
s an important requirement for i ndustr.i
us on the design of multifunctional i on
sul phuer ndaiionxtiadeniwlgi hi gh regeneration
el , i ncreasing interest is being direct
porous material s, detgamtedf camdwaor, k sor (vMR sa)l
adsorption capacity, selectivity, and mass tr
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focus on validating the proposed multifunct.i

contribution of physical and chemical I nterac
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I n parallel, further investigation of the th
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Chapter 2
Ther mal stabi |l i1ty

Ther mal stability assessment is essenti al for
systems, particularly when reacti veupenvoirr oen neev
operating temperatures anéd cablvotvmdtryrhpr mal
information on thermal transitions, decomposi
hazar ds. Thi s chapter i ntroduces t he mai n |
t hermoanal ymeteal candcbal Qques commonly empl oye
the key indicators used for ther mal hazard an
experi ment al i nvestigations presented in this
2.1 Fundamentals of Ther mal Stability A
Degradation and decomposition represent c hemi
relevant for ther mal stability investigations
not always strict and maye xdpeepreinnde motna It hceo n dhivteisc
approach adopted, they are often used to des
chemical <change.

Decomposition generally refers to a chemical 1
irreversible changes, |l eading to the formati ol
involve bond breaking, oraphengmeeatl oereathieol
products and can be associated with measurahb
system, decomposition may occur over differen
exot her mi cl nberharnvy osystems, decomposition ten:i
temperatur e i nterval t han degradati on pheno.l
experi ment al response, although the specific
oprating conditions.

Degradati on, conversely, generally describes
occurring during thermal exposure and | eading
Degradati on phenomena maysitmwuchk we as| onwdc i e miad :
of mi nor speci es, oxidation pr oceGosnepsa,r ear wfi
decomposition, degradation is often characte

properties and may extend over a broader t el
response may vary consi detread | syy sdtegpre nadn ch gonpenr a
practice, the experiment al mani festations of
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and a strict di stinction between the two phe

measurable thermal signals, pressure variati ol
intensity and shape depemdmeaghami $he ispecl ve d
Both degradation and decomposition phenomena
when volatile species or gaseous products are
may originate from evapor ateicoormpporsa cte sosne sp,r ofdourc
in the volatility of the investigated system
pressure increase is frequently associated w
generation relsuédkingg foroms dommddary reactions.
necessarily observed in every decomposition

reaction pathway and operating conditions. S
masurable pressure variations, particularly w
or sl ow chemical transf CGomaegaerstlogcupr e@as ume
always be directly correlated with the magni't
considering both the chemical transformations
For t he pur poses of t he present wor k, degr
di stinguished according t o-dtelrea vsaha pvee opfr otfhd ecs
t her mal testing. This criterdaotna wanst. Ehda patiaeadn i

characteristics associated with degradation a
summari zed in Table 2. 1.

Tabl eSwZmmary of the main characteristics associated v

Characte Degradati ol Decompositio

Natur e Progressive c¢ct Il rreversible che
transfor structur al mi |l eading to ne:

Often gradual a Often |l ocalized w

Tempor al .
P broad temperas temperature i

l denti fi . . Often easier to i
May be difficul .
onset anc transformation

Often associated
t her mal response
may vary

May range from

Therrmaagp(detectabl e depe

Pressure May occur May occur

Correl at
pressure

Not necessar.i Not necessaril

Overl ap May be difficul Often easier to d
physical evaporation or transformation
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The distinction bet ween these phenomena bec

assessment because different analytical techn
event s, mass variations, gasegquehut yont handao
compl ementary thermo analytical methods i s of!
of ther mal behaviour.

2.2 Principles of Thermal Analysis and

Thermal analysis (TA) represents a broad group of experimental techniques employed to investigate
the behaviour of materials and chemical systems under controlled temperature programs. In thermal
analysis, one or more physical properties of the investigedenple are monitored as a function of
temperature or time during heating, cooling, or isothermal conditions. Depending on the adopted
technique, the monitored property may include heat flow, mass variation, temperature evolution,
dimensional changes, etecal properties, or structural transformatio@al or i met r y c
considered a specific subset of ther mal analy
energetic effects associated with physical

i nvestigated system.paCatliocrulneertiryi cr eleecvhann tq ufeosr

stability, reaction energetics, dec olnhpeo sg etnieorna
operating principle of thermo analytical I nst
t her mal program while continuously monitorin
typically pl aced-contiarVicadon menpte r atnwWr eex posed
temperature profile, while sensors record the
signal i's subsequently <calibrated and correle

system, @ad |lsychdnmaitsitada ated in Figure 2.1.

Praperty X Propert; T
I (el Signal) caIiEmlron = X /\

Sensor
transducer
for proparty X

i —e=

I Temperature measured | Temperature

(el. Signal) colibration

Sample

~ Fumace

Figari®ener al oper attihregamparliyntciicpalRee ponfe tau g ehbrj € r o
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Thermoanalytical techniques can be classified according to the physical property monitored during
the experiment. Among the most widely employed methods for thermal stability investigations are
Differential Scanning Calorimetry (DSC), based on heat flow measumtsmassociated with thermal
events; Thermogravimetric Analysis (TGA), which monitors sample mass variation during heating;
Differential Thermal Analysis (DTA), where temperature differences between sample and reference
materials are measured; Heating &wbling Curve Analysis (HCCA), based on direct monitoring

of sample temperature evolution during controlled thermal programs; and Accelerating Rate
Calorimetry (ARC), widely employed for thermal hazard and runaway investigalibesgeneral
classification proposed is summarized in Table 2@ditional thermo analytical methods may
involve dimensional, optical, electrical, magnetic, or structural measurements depending on the
investigated system.

Table 22: Classification othermoanalytical techniques commonly employed for thermal stability investigations.
Adapted fron15].

Measurement Main measured
Technique Typical outputs Typical applications
principle property
Temperature
Heating and Cooling Temperature vs. time profile Thermal screening,
monitoring during Sample temperature
Curve Analysis heating/cooling curves, decomposition studies
controlled thermal evolution
(HCCA) thermal excursions stability evaluation
programs

Temperature difference)
Differential Thermal Differential thermal Thermal events and
vs. temperature or time, Temperature differenc
Analysis (DTA) analysis phase transitions
thermal event peaks

Heat flow vs. temperature ¢

Differential Scanning Thermal transitions,
Heatflow calorimetry time, transition and reactior Heat flow difference
Calorimetry (DSC) decomposition onset
peaks
Sample mass or mass loss® Evaporation,
Thermogravimetric
Masschange analysi temperature or time, residui Sample mass variatio degradation,
Analysis (TGA)
mass volatilization

Self-heating rate and pressu
Accelerating Rate Self-heating and Thermal hazards and
Adiabatic calorimetry evolution vs. temperature,
Calorimetry (ARC) temperature evolutior runaway assessment
runaway onset profiles

Mostthermoanalytical methods operate under dynamic conditions and therefore do not necessarily

correspond to thermodynamic equilibrium states. During thermal analysis, temperature gradients may

develop both between the sample and its surroundings and within thke sesmih. These effects

become particularly relevant when the material undergoes evaporation, decomposition, heat
OP



generation, mass transfer phenomena, phase transitions, or structural modifications. Consequently,
the measured thermal response may depend not only on intrinsic material properties but also on
experimental conditions such as heating rate, atmosphersumesample mass, geometry, and
sample morphology.

For this reason, interpretation of thernfehaviourgenerally benefits from the combined use of
complementary analytical techniques rather than relying on a single experimental method. The
integration ofthermoanalytical methods with spectroscopic, structural, or chemical analyses may
improve the interpretation of thermal events and provide a more comprehensive understanding of
decomposition mechanisms and stabilighaviour Beyond material characterization, thermal
stability assessment also plays a fundamental role in process safety investigations. In reactive
systems, uncontrolled heat generation may lead to progressive temperature increase and acceleratior
of reaction ratespotentially resulting in loss of thermal control and runaway conditions. These
phenomena become particularly relevant during processggalehere larger reaction volumes may
reduce heat dissipation efficiency and increase heat accumulation effegsqGentlythermo
analytical and calorimetric techniques are widely employed not only to evaluate thermal transitions
and decompositiobehavioubut also to support hazard assessment, safe process design, and thermal
risk evaluation during production and industrial implementafitrese aspects become patrticularly
important when considering largecale synthesis, regeneration cycles, and operation under elevated
temperature conditionsn the following sections, thitnermoanalytical techniques most relevant for
thermal stability assessment are introduced and disc{ised

2.3 Themamgti cal Techniques for Ther mal

This section introduces the main thermo anal
stability investigations and thermal hazard a
and gener al applicabilityy odi stchues sckidf ftear emit g hnl

information obtainable from each techniqgue an
phenomena.

2.3.1 Heating and Cooling Curve Anal ysi

Heating and Cooling Curve Analysis (HCCA) itharmoanalytical technique in which the evolution

of sample temperature is monitored while the material is subjected to controlled heating or cooling
programs as illustrated in Figure 2.2he method represents one of the simplestmoanalytical
approaches and is based on direct analysis of sample temperature variation during an imposed thermal
program.
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Unlike differential methods such as DTA and DSC, HCCA directly follows the thermal response of
the sample itself and therefore provides information regarding temperature evolution as a function of
time and imposed thermal conditioriBhe resulting thermal profiles may provide information
regarding thermal transitions, phase changes, evaporation phenometieg gederal temperature
dependent behaviowf the investigated systermAnalysis of temperature evolution and derivative
curves may further suppdte identification of characteristic thermal events and transition regions.
Because of its relatively simple operating principle and direct interpretation of thermal response,
HCCA is widely employed for preliminary thermal characterization and qualitative evaluation of
temperaturaependent phenomena in materials and chemicamgsviethods based on heating and
cooling curve analysis constitute the theoretical basis for several thermal screening approaches
employed in stability investigations and process safety stuSegeral thermal screening methods
may operate through direct monitoring of temperature evolution during controlled thermal programs
allowing evaluation of thermdlehaviourand decomposition phenomeiis].

2.3.2 Thermal Screening Unit (TSU)

Ther mal Screening Units (TSUs) represent ther
Heating and Cooling Curve Analysis (HCCA) ,

temperatur e, oven temperature,edndhdrnmelr ngi o
schematic representation of a typical TSU con
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As shown in Figure 2.3, the TSU is mainly com
T El ectritcheowevreen provides the ther mal ener gy
el ectrical resistance heating. The furnace
t her mal program and represents the driving
T Sampl e hadalhedersaampllile: is contained within a se
furnace. Depending on the application, cel l
including stainless steel, glass, andeHastaal
be considered as a small cl osed batch react
T Temperatur e hiendippatratss i s equipped with tw
i s positioned in contact with the sample to
the second is | ocated on the furnace wall

expiement .

T Pressurethedi oatonal pressure of the cell i
sensor connected to the wupper section of th
the measured pressure i s assumed ¢ o0i bei dee pl

reaction environment.
T Gas inl et andlediiemat dd nteubi ng
testing before the experiment

The TSU can be operated accordi
investigation. These operating
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temperature conditions, controlled heating ra
The main operating modes available within the
Tab23eMai n operating modes available in the Ther
Operating Description
Il sot herm The sample is maintained at a const
Ramped The oven temperature is increased a
Ramped + | A heating ramp is followed by an iso
|l sot her mal An initial i sot her mal stage is f
boubl e Ra Two consecutive heating ramps with di
same experiment.
Among the available operating modes, ramped
stability investigations. I n this configurat
constant predefined heating eatemwbirheucenand
presfheeexecution of a TSU experiment require
safety Ilimits within the control software. Th
sample and the conditions undgr tehimchat bd €»nr
integrity of the apparatus. Typical operating
2. 4.
Tab24eTy piopalrati ng par ameemplsoped ismfEBSY il nwmedtsi ga

Par ameter Val ue
Heating rat 215 AC min 7T
Maxi mum oven t 400 AcC
Maxi mum sampl e 350 AC
Maxi mum oper at 80 bar
Cooling termint 60 AC
During a TSU experiment, sample temperatur e,
continuously monitored and recorded. The expe
I i mit i's reached, after w htihceh ctohoel | s:1\gs tsetma ga u t
operating conditions, the experiment is typic
400 ACc is attained. Cooling occurs natur all
environment, withhouwtctt ve zpplioagt isoyrst @ ms . Da
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throughout the cooling stage until the sampl e
compl ete recording of the ther mal and pressur

2.3.3 Differential Thermal Analysis (DT

Differenti al Ther mal Analysis (DTA) i's a the
di fference between a sample and a reference n
s ame controll ed temperature por nodgsr a imo The me
di f fexXYencet ween the sample and the reference

events occurring within the sampl e, such as

phase transitions, generate devdateowrc®fhaftncomet
in the resulting thermogram. I n a typical DTA
are simultaneously subjected to identical hea

the referemaer gloetsherohalu transformations with
any endothermic or exothermic process occurri

relative to the reference material. Cdmddqgee
i nformati on regarding the occurrence and t e
instrumental configurations are generally emp
fr-eeanding crucible systems and bl ock measur.i
T(t) Program - Thermocouples
Cb T 1
T

(— MW N sl SN sl | } T
e Crucibles
e N\, I _ T >==— Sample cavities
) |-}~ Sample N\ A

N hTy —e
"~ Reference somple

. R
[~ Furnace \ ~ Reference sample

SN N N[ Furnace block
\__———— Thermocouples NN AN

AT, ¢ T(¢) Progrom

Figa4a i fferential Thermal Analysis -6DaAyYdihnhgstctruc

system,; (b)) block mea[su5Jing system.

In freestanding configuration@~igure 2.4a)the sample and reference materials are placed inside
independent crucibles suspended within the furnace. The temperature difference is measured through
thermocouples directly contacting the crucibles, allowing indirect monitoring of the thermal response
through the sample containeAternatively, block measuring systeniSigure 2.4b)position the
specimens inside dedicated cavities within a furnace block. In this configuration, the temperature
sensors are located directly inside the specimens, enabling more direct monitoring of sample and
reference temperatures while maintaining morefoum thermal conditions provided by the
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surrounding blockCompared with Heating and Cooling Curve Analysis (HCCA), DTA employs a
differential measurement approach and therefore provides improved sensitivity toward thermal events
and transformations occurring within the sample. However, unlike Differential Sga@alarimetry

(DSC), the measured signal corresponds to temperature difference rather than Ha&a{.flow

2.3.4 Differential Scanning Calorimetry
DSC is a thermo analytical technique in which
a reference materi al iI's monitored while both
program. Unli ke DTA, wher e tthlkee tmemgpxsuragad ri gndl
sample and reference material s, DSC provides
associated with thermal events occurring with

is closely DB6@6nmayelle segaereded as an extensio
which the measured temperature difference I
calorimetric calibration. Consequently, t DSC p
phenomena occurring during heating or cool i
crystallization, glass transitions, phase tra
heat capacity variations produce characteris
t her mogr am, all owing identification of transi
DSC configurations are gener.ad:l yhearp!| folylexd RSB
compensating DSC.

Reference sample Hb
ce

C b Semple ‘cell il

[
/
\[_ ———r— - Covities

+A

L
- SN
[ 1 =
T J,/_ _ - Thermopiles
y 1] ‘
bl ° B

Calorimetric calibratio

)

kT R b —=

T(t) Program

Control Tg=Tq+ATgs T(t) Program

Figasbifferential Scanning Calorimetry (DSC) in
compensatRieppfD@@.5]

Il n heat flux DSC systems, the sample and refer
and the heat flow difference iIis obtained from
specimens through cal or iomwectrormmpce ncsaaltiibnrga tD SO0 . s yC
two i ndependent mi ni ature furnaces, one for

instrument continuously adjusts the supplied
bet ween t he & wadccietlilsnalangoweérr required to ma
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related to the heat fl ow associated with ther

DSC provides direct calorimetric information
phenomena, making it oneeomotheampsitcal deégyghr
characterization and5]stability investigations

2.5 hermogravi metric Analysis (TGA)

Thermogravimetric Analysis (TGA), also referred to as thermogravimetry (TG), tleerano
analytical technique in which the variation of sample mass is monitored while the material is
subjected to a controlled temperature program. The method allows evaluation of mass changes
occurring during heating, cooling, or isothermal conditions and thergérovides information
regarding processes involving volatilization, evaporation, decomposition, oxidation, or release of
gaseous productén a typical TGA experiment, the sample is placed inside a thermobalance and
subjected to a predefined thermal program while the mass evolution is continuously recorded as a
function of temperature or times illustrated in Figure 2.@he resulting thermogravimetric curve
provides information regarding thermal stability limits, decomposition stages, and mass loss
phenomena occurring during the experiment.

T(t) Program

r ™

|- Furnace

~1— Sample

] .

Balance (ms)

% %

Figure 2.6: Basic configuration of a thermogravimetric analysis systeeportedrom Handbook of Thermal Analy:
and Calorimetry[15].

Thermocouple

Because the measured signal corresponds directly to mass variation, TGA is particularly useful for
investigating evaporation processes, degradation mechanisms, volatilization phenomena, and thermal
decomposition reactions. Furthermore, the technique mayider information regarding the
temperature range associated with specific decomposition events and the amount of volatile species
released during thermal treatmedompared with DSC and DTA, which monitor thermal effects and

=
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energetic phenomena, TGA directly follows mass evolution and therefore provides complementary
information regarding physical and chemical transformations occurring during thermal e{pbsure

2. 6Accel erating Rate Calorimetry (ARC)

Accelerating Rate Calorimetry (ARC) is an adiabatic or pseadiabatic calorimetric technique
widely employed for thermal hazard assessment, decomposition studies, and process safety
investigations. Unlike conventionahermo analytical methods, ARC operates under conditions
designed to minimize heat exchange with the surroundings, allowing the system to approach adiabatic
behaviarr and enabling the observation of sedfating phenomena and runaway reactions. For this
reason, ARC is particularly suitable for the evaluation of thermal stability limits and -selfatiyd
parameters of reactive systems.

The most common ARC operating procedure is theilWeaiti Search (HWS) mode, schematically
illustrated in Figure2.7. During this sequence, the system is heated stepwise to predefined
temperatures and allowed to reach thermal equilibrium before monitoring the occurrence of self
heating behaviour When the selheating rate exceeds a predefined threshold, the calorimeter
switches to adiabatic tracking conditions, allowing characterization of decomposition phenomena and
thermal runaway behawio.

A

T Finish temperature
Adiabatic mode Adiabatic
N\ temperature
Search ) p
Heat =7™% %y rise
Onset temperature
Balance

0 -

t

FiguT8cBematic reprebMani$teadrn om (OHWS)heoHeragdt i ng seq
Calorimetry (ARQ)] Reported from

The information obtained from thermo analytic
the determination of t her mal stability indic
introduces the mai n par amet eadlsarcaccmmmeonlzyat e mp |
asses[simi]nt

2.4 Ther mal Stability I ndicators

Ther mal runaway represents one of the main thi
systems. This phenomenon occurs when the heat
of the system, | eading tempeatatacgeu mmwmicateiacre . ar
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Ther mal stability investigations commonly rel

energetic severity, and kinetic behaviour of
regarding decomposition i ni tainat i roeng c tti benr maV o |
frequently employed for material characteriza
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decomposition phenomena, secondary reactions
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Chapter 3

Materi als and Me

chapter describes the materi al s, experin
synt hesi s, characterizati on, and ther mal
I i onic |iquids, precmr sburesosmwpwevadal saade
interpretation of the observed ther mal l
edures and characterization techniqgues em
uationy, Subseguxertl ment al campaign and t
odol ogy adopted for thermal investigati on:
rmination, Kkinetic analysis, and ther mody

Synthesis of ionic |iquids

synthesis procedures adopted in this work
|l iterature. The primary synthesis route w
aration and applicatmbased itorei d pltiédt nd a
tion, an alternative synthesis pathway r
mal |y char act[elr8iJzes dt wa tshy mt it ehsiss woakkt es di
nol as reaction sol vemnats,si altledwianngde tshog nvtiehm
itions on the properties offhet lpairrpeosswel toifng
alternative route was to obtain a second
oach and subsequently compare its ther mal
em. Consabfyepsl|l perflbemad in this work inc
esponding precursor and intermediate mixt
hould be noted that the ionic |iquid prod
stigated in the I|iterature for SO captu
ugh the alternativeesydihestsypevaédated
equently, although both materials were c¢h.
ure performances reported for the referen

i kdprtcdhdwaugh the alternative route.
chemicals employed in t RAlsdrwocrhk awedr eu speudr
out fwurther purification. Their main phys:s
ma | investigations are summarized i n Tabl

ny



Tabl eMa3i.nl properties of the pure compounds employed for

[ 201093 1]

Mol ec tMel t
Boil iDens NFPA
ComporSupp Puri wei gh poi GHS Hazard P
i point (g/c haza
(g/ mo (AC

Si g-n

Et har 99 % 46.0° -114 78.5 0.7
Al dr
Si gn

TMG 99 % 115.1 -30 161 0.9
Al dr

Si g-n
I mi da 99 % 68.0¢ 90 257 1.0
Al dr ¥

3. 1.1 -ASsoslivsetnetd Synt hesi s Rout e
The first synthesis rout e[ Wdifsd beamspeldo yoend t enteh d n d
medi um and solvation agent during the prepar

sol vent may promote mixing and i mprove the ¢
' imitations amd hfoamwgemiemgsarmacti on environm
assisted approach may contribute to i mproved
regions characterized by i ncomplHetwe viermt, ent daet iu
solvent wild/l require further separation st age
solution. Therefore, the advantages of wusing
The reagent guantities employed in thid4d4Wwork
However, the original formul ation was proport
from approxi mately 396.97 mL to a maxi mum wo
rescaling was required by | aboneaemnviyn@ntdhe qarn
rati os among the synthesis components. Consec
common scaling factor corresponding to the ra

formul at iFoinguvroel uBmel. depi cts a schematic repres

no



Add TMG Stir the Add imidazole
to ethanol erictinre to ethanol
gradually < m gradually

£l|lg || £] |6

Stir the
mixture

Consbine thswo Reaction Purification
mixtures under 30h,25°C
vigorous stirring

& || & || &4
FigurEl 8wdéhart -aksibetesobyenhesis route adopted
l'iquid.
| ni ttieatlrlaymet hy | gwashi @dr anceu £ITIkGE ndddke d etsawl t i ng mi
subjected to magnetic stirring Swumtsieluanhdomopge

was dissolved in ethanol under Vvigorous stir
homogeneous solution. Subsegeutemanoyl, <dleutpireniw
t o a-brodumdn f | as keh alnhoel isnoilduatzioolne was t hen gr ad
stirring to promote mixing and interaction bc¢
TMGet hanol aied hiamiodazmswllauti ons empl oyed during
3. 2.

Tabl eCo3mp2o:si t i ohetohfantohle aThtiGhiamiod a zparleecur sor sol ut-i ons el
assisted synthesis of [TMG][ I m].

Soluti CompoiMassAmount Vol ume

TMG sol Ethar98. ¢ 2.148 125. ¢
TMG 14.: 0.123 15. 4¢

Il mi dazol Ethai139. ¢ 0.859 50. 3.
0.

Il mi da 8. 4 123 8. 17

To ensure controlled ther mal conditions thro
thermostatic bath equipped with magnetic stir
was mai r2tsa,iAn@ear radsponding to the room temperat
proceldhuer epuri fication stage was carried out u
heated water bath, a rotating flask hol der, a
supplied the ther mal energy trleegqud oredle foar ssod o
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et hanol condensat ireadupcneddscsmrnt ccietcita man gearderrat ed
system. The experimental setup aB8apted for so

==t

_77\_-—_‘_‘___ \
6. lonic Liquid Flask [\\f 2=

(FXiboayen) 4, Heating bath

3. Vacuum pump

2. Cooling bath and
recirculation system

Fi gu2RBRoBary evaporator system employed for solve
sol vent evaporation, condensati on, heati ni

Foll owing compl eti owhiafh twhae rcedattineas ncsutraegfedro r

conversion, camperaed i wnt i mber e@ad htaenddl ipno stsh e
moi st urwerreernaocveesd by rotary evaporation under 1
' iquid product. The purification procedure wa

conditions according to the obsreeemwoevdalmass var
The purification endpoint was defined accord
specifically, the purification procedure was
consecutive inte2 belcamef |®@wkrgahmeaspbypdi ng to
0. % the theoretical final product mass.

I n addithasedar massery index was introduced t
mass with the theoretical ionic, laguddf mased &
Equation 3. 1.

- a
YQwé UIiAV ® o  Ppmm (3.

PN



He meheorttpda@sents the expected ionic | i@gmud d mas
Mobt aC et r esponds to the experimentally recovere

3.1. 2 -FSoelev eSytnt hesi s Rout e

The second synt hesi s rout e was based on é
tetramethyl guanidine and saebidenmi danolteri wi tct

formation was achieved through direct i nter a
completely excluded fThen mahien ssytna daesss iiosft tidoes sl
route adopted for ionic |iquid pr&paration ar
( & ( N 7 N ~ N
Gl:ra'dually A Vigorous stirring Reaction S
s f the mixture 30 hat 25 °C b
™G > s > >
o -
£ & A
.8 J e A - g A N e,

Figu38cBematic represédmeatisgnmtbesiBepsokcedntre a

investigated i onic liquid.
The | iterature procedure employed equi mol ar ¢
During synthesi s, i midazol e was progressively
to TMG under vigorous stirraicndg itatger onnxtieaeghom
| n t he present wor k, t he synt hesi s was pro
considerations while preserving the original

therefore employed for both t asaycnttahnetssi.s Tahree qsu
i n T3Bbl e
Tabl eCo3mp3osi ti on e mp Horyeeed sfyonrt htehse ss o lowet ret.

Compone Mass ( Amount Vol ume

TMG 16. 114 0.114 17.54

Il mi daz 9.53 0.14 9. 25
TMG was initially -btortatnosni efrlraesdk ,i nwhoi lae riomindda z o |
portions and progressively added under vigor
adopted to i mprove homogeniozcaatliiozne da nidmirdeadzuocl ee
within the rAfatcdeiacn ami x tawdrde .t i on, the reactio
continuous stirrd nhg ftfilme sapdpsrioaxttienda tseylnyt hesi s r
placed in a thermostatic bath equipped with t

t reeacti oa® mitAhCruorueg hout the reaction stage. Th

P



synthesis corresponded to thaassprsetveidoUasemyr oial
completion of the reaction suageg the resarl i

system previously described. I n this case, p
removal from the slymd hlesi eedt uroemi pr da eqduud rde p
vacuum conditi omsA [fho8r] | @mppgrhex ipmatselnt wor k, pur

60 WE€der mild vacuum conditions through two
appr oxBmhst eihngy previ ous synthesis route, the pt

to sample mass stabilization. The process was
consecutive i nt e? vbhelcsa noef |aopwoerro xtihmaant eOl.y9 % of t |
ma sFso.r recovery calcul ations, complete conver s

3.2 Materials characterizati on

The synthesized systems were characterized th

evaluate the properties of the obtained ioni
previously reported in thpeailgn ewaast upreer.f ofrhnee dc hhx
the structur al and thermophysical properties
adopted synthesis procedures | ed to products
for the ic@grredpamd ure systems.

The characterizati on techniques adopted i n

Spectroscopy (FTIR), density, conductivity, v

3.2.1 FTIR Characterization

Fourier Transform Infrared Spectroscopy (FTIR
of the synthesized systems and evaluate the fc¢
with |iterature data. mahti obhtrregpaddispgectha @h:
modes associated with the chemical bonds and
material s.

The spectra were acquired within the wavenum
Attenuated Tot al Refl ectance (ATR) <configurat
wavenumbelrn (tchne TATR techni que, a small guant i i
with the crystal surface of the measuring acoc¢
ATR c¢crystal and wundergoes mul tiplenti nwavmalt
penetrates a short distance into the sample s

the investigated material produces t hTeh e hAalrRa c
approach enabl es rapi d measur ement s wi t h [
particularly suitable for ionic |liquids and
without additional treatment.

PO



3.2.2 Density Measurements

Density measurements were performed at approx
conditions. The density determination was bas
A graduated glass pipette equipped with a pi
Approxi mately waGrmbsboéfersampfe®er each measur eme
measur ement range of the pipette was selecte
vol ume detThremicrodtliecoan.ed sampl e was subsequent
an analytical bal ance for mass determinati on.
measured mass and sample vol ume

3.2.3 Viscosity Measurements

Vi scosity measurements wer e per(fBorornkd-l ekdé n ¢
consisting of a rotating cylindrical el ement
chamber was equipped with amldxtwdrnmgalcitrecmderta:
fluid to regulate and maintain the sampl e t emj
empl oyed for viscosity Bf&asurements is shown

Rotational Rheometer
(Brookfield DV-ill+)

MODEL DV-1Il +
PROGRAMMABLE RHEOMETER

2200
| [EoEn

Rotating Cylinder (Spindle)
(Measurement geometry)

T Sample Cup
| (Contains the liquid
o sample)

Fi gu4BoBational viscometer employed fcomtviosd e@dsi t
i nvestigated systems.

Temperature Control
Chamber (Jacket)
(For temperature
regulation)

The characterization campaign was conducted b
temperature to evaluate the rheological behav
dependence of viscdéetyobdtatsbealt cpeeéedt wassyva
according to thgroperdatnign g hceo rhd igthiessnts measur en
the employed instrument. The0,2nVe®3,i g&0t cerd2m.ot

P



Under the adopted measurement cothnadpbheoposii bha
the appl i eMde asshueraermemdtse. . were performed at di f
corresponding to 20, 25, 35, and 40 AC, to ev
variation of viscosity with rotatindrmealsizpde d y\
exhibited Newtonian behaviour, characterized
possi ENleewtmoann anAddspoonseably, selected operatir
extended periods tde pewdlendat e»z apoadii wines toif meri s c
For each experiment al condi tion, t he I nstru
consecutive viscosity readings generated duri
val ue associated with eachtopenaithgetocdatveo
values to reduce measurement fluctuations and

3.2.4 Electrical Conductivity Measur e me
El ectrical conductivity measurements were pe
(HI 2003, Hanna Il nstrumenteg§) EEue mpedatwirten i
(HI 76B8Ba86)ted into the investigated | iquid satl
placed inside a thermostatic bath equipped w

thermostatic system was empl oyed natumai nwhii
simultaneously ensuring continuous mixing and
the analysis.

The <characterization <campaign i ncluded me as u
compounds, and intermediate precursor systems
performed oniiemiud awdlag mMiMGt ur es haoot abompgr eént
the electrical behaviour before and after ion

concentration on fle iemachsingesedgayedemoe mpos
was measured at approximately 20 AC and 40 A
t emperTahteursee.l ected temperature range was adop
conditions on charge transport within the inv
i s generally affected by tempredattuares glaret tpr o]

3.2.5 Heat Capacity Measurements

Heat capacity measurements were performed by
( MDSC) us-bobnbyambdaltati on met hod. The analyses
ifonic |iquid systems.

The measurements were performed within a temp
heating rate of 2 AC min Y. The modul ation co
Modul ated DSC combines the conventional Il i nea
temperatur dhmed alpptrio@ac.h enables the separatic

PP



rever si nargevaenrdsinnogn components, providing i mprov
and more accurate determination of heat capeé

equil i brium processes that rreast puorned ndoidrud cattliyo r
refl ecting the heat capacreyeobingehsampf eowCi
phenomena that occur over  onger ti mescal es
including cregst altszatclbhemi sal vreactions, and
I n the presentywmolul at henatinm dweh iwahs tehrep | ppeyreida ¢
modul ation is applied exclusively during the |
and ther mal behaviour to be monitored as a fu
3.3 Experiment al Campai gn

The experimental campaign was organized throt
systematical l y ibnevheaswifiogywti ee t bemp dvemasa,| precur
l iquid systems. The DoOE methodology was adop
organi zation of the analyses, and ensure SYys
reducingcehefi pbbkeeble systematic errors thro
Di fferent experiment al campaigns were devel o
synthesis stages. The adopted matrices includ
final ionic liquid systems c hoaprea catte rnigZecdo nia It d
investigated campaigns, the pure systems wit|
experi ment al matrices and employed as referen
mi Xt Foes.si mplicity, the ionicadgsiqut ed ody rati mes
hereafter referred to as | L1, wher efarse d hreo u toa
referr edl hteo maasi nl Lc2h.ar acteri stics of the exper.i
3.4, while the complete experi ment al matA.i ces a

Tabl eSwWBmmMary of the Design of Experiments campa

Heating¢g Mass s-tod Mass {TMG Number

System
|l evels (solute riImidazole Experir
TMG+et ha 2.5; 0; 0. 1; - 8
I mi dazol € 2.5; 0; 0.25 - 8
TMG+I|l m+et 2.5, 0; 0.25 0.8459; 16
I L1+et hi 2; 5 0; 0.5 - 6
I L2+et h; 2; 5 0; 0.5 - 6

The response variables extracted from the ex
behaviour observed for the investigated syste

Pz
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ree supplementary experiments were carried

mposition range to further investigatatehe
nditions. An additional eerpdeoppmenti wgscpadf
rther confirmation of the observed ther mal

r all | nveexdemtt efdors ytshteenfsour t h ext rtah et & tt ,a
mpl e mass introduced into the TSU cell wa s
ermal and pressure responses among differen
addition, pure ethanol was investigated at
stem throughout the study. The et hanol prof
e interpretation of evwa@loutaitomn phenomena a
e experimental results obtained from the di

rface Methodology (RSM) using MinitabE St at
r the generation and management aofl tbe Dhbesi
atistical analysis of the experiment al res
vestigated factors on the measured ther mal
fects betRegmne yxir,0 mibmeldiedisng main effects a
altylreadugh a stepwise regression approach <co
tting procedwsignhi §taanstitealmsy weomm progres:
cording to-valedb&e . alssokwartdcke delpi mi nati on proc
gni ficianpe Cewvsdquentl vy, f avcat lowess chhiag haecrt etrh
nsi der ed sstigtiiidtiicaaltl ypaynmdomrexcl uded from the
reshold was considered appropriate fsacmretehne
mpaign and the | imited number of experi ment
e experiment al campaigns and statistical me
sis for the ther mal anal yses and stability

4 Adopted experiment al approach

is section describes the experimental therm
the synthesized systems and precursor mixt
r mal stability of t he f ynwueret iogcact verdr emactee ra
omposition phenomena under <controll ed heat
experiment al t her mal screening approach,
actiemiscftichamaaetmal stability indicators
adopted met hodol ogi es include the descri
cedure, the determination of onset conditi
etic paramelha@seasdtdappruagdcdmoideen amfd tther mecdy ms
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operating according to

ramped mode Il ng the operating
maxi mum oven temperature of

operating

400

phenomena.
and

out

The
stabil it

usi n

theApri expet emendescweb

conditions a

a ma X i mu

pressureatafge8 @ xhha@m,diamgd usmtddoltihreg s a

approxi maTlke yeerAiCment al procedure adopted i
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from the gas supply. The pressure signal was

absence of pressure | osses. Af ter successful
depressurized to atmospherind tproggsesiwurla naend di s
The sealed cell was ppasnid itolnee dp ri ontsea cdtei vteh ee nTcS L
experi ment al conditions were then defined wit
ramped operating mode, the desired heating r a
was subgecpuaendit ¢ @ mper ature and pressure data v
the ther mal progr am.

Upon reaching one of the predefined terminati
phase. Temperature and pressure data continu
decreased to approxi mately 6tOheACap prehrea tcuesl,| owaa
to release any residual pressure, and weighed

l T quid residué¢abwealnpdce | M ieaclt ppada sstubbsseeoqr ueedn tf oarn a

3.2 assi fication of Ther mal Behaviour
The investigated systems were classified accc
observed during the TSU experiments. The <cl as
degradation and decomposi tiom opfhetnlbpenecar hactea
derivative profile.

Decomposition phenomena wer edeéfdiemed ftiheedr nbayl tehv
within the investigated operating range. Il n p
a recognizabl e increase sfeqgl Ireewweud thyngai mulab ag
temperatur @€hips obehaviour indicates that the
terminates within the experimental wi ndow, al
kinetic, and thermodynamic parameters.
Conversely, degradation phenomena were charac
peak within the investigated temperature rang

corrected temperature deriaagraduglenenal égsex

decrease or only weak deviations from the bas
not be considered completed wit-hehatbd papamei
deter mi ned.

Systems exhibiting no detectable ther mal acti
classified as degradation phenomena. I n these
pressure whvalhutwiolnl, b&e dteiscBRiePedseéemt ati ve e
decomposition and degradati &n behaviours are

2 M



a) b)
Decomposition range //"_J

= T =

g B

= =

5 =

= Sy Degradation range
6] =

= g

Time (min) Time (min)

FigueRefBresentative temperature derivative profi
Decomposition behdaefoned shewimad & vweeltl that deve
i nvestigated t eDwpgerraadtautrieo nr abneghea.v i(obuyr, showing a p

a complete attenuation before the en

3.4.3 Onset points determination

The determination of onset conditions represe
experiments and in the evalwuation of t her mal
temperlay ure €€ommonly defined as the | owest t
associated with a ther mal event is observed.
start at a-derfiiqea &rednpwealalt ur e, t hd axpemidme mto
on the investigated system but also on the se
data analysis methodol ogy.

Two di fferent approaches were adopted for on
investigated system exhibited a sufficiently
determined directly from tnhad ytsher mdl tsieg n aelmpte

its derivatives. Conversely, when the ther mal
background behaviour, as observed for some de
from deviaei expeof ment al pressure profile frr
met hodol ogy adopted for each approach i s desc
Graphical determination of onset values

For systems exhibiting detectable ther mal act
graphical analysis of the experimental TSU ou

identification of deviations themsydteemxprd!tw
to different representations of the experi men
TSU meas WArl d mMeomutgsh. t he graphi cal procedure was
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For Ssystems cont ai nApirnegs seitr a ncooln,t rti et vampo wmr s

experiments performed on pure ethanol at the
experi ment al description of &hg wiedsphgsevcal
including ethanol vaporization and ther mal e X
initial conditions, the nitrogen contribution

was first reqogerdl wndecsabesul ated through the
conditions of the investigéahedeppesiemertd. t hie
evolution expected frompmhasdamopavaiponi alacmnen
For systems not C 0 n t-pari ensi snugr ee t chcamtorl i, b utt h eo-nv anpacs
componenpr eapwmue correlations retrieved from
( TMG and )iTrhiidazm®lng ri buti on was then combined
the ideal gas |l aw for the nitrogen initially
therefepresented the expected pressure evol uti
within the system.

The experiment al pressure profile was subsegq
profil e, and the relative deviation between

temperature range. Under purelyppbgsucal eevoh
expected to remain close to the predicted bas
the reference profile was interpreted as evid
degradat i on tphhee nfooomremrmaat iaonnd of vol atile product s
To identify the onset region, an interval cor
and 20% with respect to the baseline profile
represent intrinsic physadapted masseongi ndrer isr
practical identification of the transition

degradaduocerd pressure gene, at h edeff idnheed raens ud g4
onset region rather than a unique physical on

The onset condition was Ssubsequently assign
corresponding to a relative pressure deviatio

val ue was | i kewise adoptedaas oarsierngintearnidng e
definition across the investigated systems.
condition were repor foegd aand tomesR¢gn peespampee &1
A representative example of th& dtheptedguproce
experi ment al pressure evolution with t he co
identification of the onset interval based on

2 M



a)

Pressure (bar)

b) Degradation range

Pressure (bar)

/
]

Temperature (°C) Temperature (°C)

Figu8Pr8sased onset determination methodol ogy f ¢
thermal (sa)gn@dmper.i son bet weeihemherakpeei meatftal e

and t

he corresponding ethanol rienf etrheen chee ap{rimif g & peh a
onset region employed for onset de

3. 44hermodynamic Dat a

The
t he
Scre
me a s
tran
envi
t he
The
proc
The
acco
was

The
corr
reac
t he

t her mal hazard associated with the invest
decomposition enthalpy and the correspont
ening Unit (TSU) operadacdisabhatdiec \ean @&irtinhash h
ured ther mal response results from the co
sfer bet ween the sample and the test cel
ronment . Consequentliyed stuo tadtl iematoe rebei b
reacting -agsabkbamt uaodeondqubabsons.
first step condieatedgofcomv al battiimg talses oxe
ess. This was achieved by subtractategsagn:
baseline represenkpethedtiempehat absenrvel c
unts for the heat transfer occurring betw
thereforepoated|l ane&qgaation 3. 2.

QY QY QY

QO0A4A0E IO AACOOAROG40AI ET A
decomposfioi oa mal w@abppmbgequentl|ly esti mat
ec-hedtisred frate bet weehomrhmdk tomes emaxiempner @a
hed during themgklke mpotsedrn atni erv elnitmi(t s we
contribution of any residual reaction occ

(3.

2P



compared with the heat released during the
associated woft ht ey apowapdbhakes iIinto account t
vaporization correction. The resulstumngardecam,)
Equation ow®. 3.s Hédree,ent hal tpheevapod @it a tasndmow iet ho f
Okamp1$ t hemslpeaitf icapacity %6 the $bampmal andr

WO WO %dd 164 7 g/",Q "‘Y Q—Y Q0o (3

‘ ‘ O/ 4400042044041 £ A '
I n the present formulation, the decomposition
sign convention. Consequently, exothermic dec:
otyO0O, while the vaporization contribution repr.
the overall energy balance correction.
The ther mal i nertia factor accounts for the f
a fraction of the released energy is absorbe:
converted i-me¢ @t ismgnp | Brhtsied lifeaaotadr i merrects for

reported i n BEguRiteb®Mmi;3md gcihbeprree s ent ntahsep emaisfsi cs
heat capacity of the sanm@d el)andt htee shte acte lcla p acei
neglected, and all the released energy is ass
% dlcﬁéuﬁlJcﬁ"Gang@ﬁqlJuu (3.
O ¢ o®ufacacan
Thmase e chiefaitc capacities of both the sampdie an

dependent properties. The heat capacity funct
manufactur emgsswmplreabBeahecapacity was eval uat
temperature trajectory and numerically integr
the i mplemented correlations andBnumerical ©pr
The evaporation contribution was estimated I
performed in AspEdremPleusEurfg prassctery repre
heating process was reproducedequand btrilveup®nti hga
system and the corresponding fully liquid st
di fference represents the energy required to
i ncorporated i nt oaltphye cdael ccounhpaotsiiotni cans etnhteh vapor
Due to the absence of validated interaction j

thermodynamic calcul ati ons wérae ep drefn@rvmediras <
the estimated vaporizationbenrkeghpdes asdapea
intended t o provi de a consistent correction
thermodynamic description of the system.
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Since the investigated ionic |iquids are not

exhibited negligible wvolatility under t he I
associated with the iPonicallicpdiadi waasisnmaomlpt deac
consi stent with | iterature reports describin
volatility typically exhibited by i[oddHor |t Qei
estimation of the sample heat capacity, the 1Ic¢
measured values, while the ethanol contribut.i
over al l heat capacityuat et heaedmmgitairogmotiveeds & \herr
approach and considered constant t hroughout
thermodynamic model and calcul &8tion procedure
While temppemdemte heat capacities were used
ent hal py, the adiabatic temperature rise was
of the experimental trajseactway.t Tdr adgdtiabhat e d
decomposition egBgbhatppyna&cbédrding to
Y 3—0 ( 3.
Ohcacaw

Al t hough the experiments were not per flad med
provides an estimate of the maximum temperatu
heat were retained withi'Maatder @ ea@arctts ngnenaa fer t
indicators for assessing the potenti al sever.i
t her mal hazard and [p24d]cess safety evalwuations

3.5Kinetic Anal ysi s

Kinetic analyses were perfor med teox peosnteinma tad ti
and gl obal reaction order associated with the
The adopted met hodol ogy wacst iboans emdo doenl , a i sni maghli
decomposition behaviour is represented throug
reacti ngompceciubdeot reacti on rate wapotrhedef omr &€qel
Herres the rlkastilbe appar e[nA]skitnheet icco nccoennsttraantti,o

speci aiss tmel apparent gl obal reaction order.
i Qo (3.
Such an approach can adequately describe syst
a dominant reacting species, when additional
reacti on, oedre twehremi ntihneg rsatteeep wiatnh bteh ea sfsorcmaat | on
singl e i nt er mMmehdisat @s supmpdiieoxn. i s commonly ad
decomposition processes, where the overall t
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olution of a single dominant species. I n th
extended tclompuwuate nd mpepudach, in which the
single equival ent speciveesr awh o sree acCobmwearqspiecorg r
e resulting kinetic parameters should be i/

obal thermal behaviour rather than of an el
suming that the temperature rise observed d
action progress, the conversion degree can
cording to Blwsattihen cdhn¥eirdéemde degseeTi §mper
e final temperature of the investigated dec

Y

| ~ Y ( 3.
der this assumpti on, the-compoamrinit atciaon bef et
nction of conversion, all owing t he mat er i
perimentally measured temperitetmprea afgmua fei Iree.l
th the adopted apparent kinetic model | eads
nstant, as reported in Equation 3. 8.

Qv

0 K.?b - (3. ¢
Y Y.,—Yé

Y
rdeT,/icct t he chemeéecnhgdraeclef obt ai nefhd &f ttdhre mals e
mper aflirse trhiesd,inal temperature &£ $ hehe nivei
ncentration otompeneetactingt pbeepdesent wor Kk
opted in Equation 3.8 was evalwuated accord
ction 3.4.4, rathermplamtfurremetxltal resx par inmmeearst

nce the TSU apparadiuasb aotp ecrqghdyeass i ucnhadbeors | rad re d
rrected decomposition enthalpy and the ave
cor ddgnugattioon 3. 5. This definition provides
corporates the <corrections applied to acco
peri ment al | apvp @agattuhse, ki neti c anal ysi s t o
antities representative of the equivalent a
the other hand, the temperature dependence
e Arrhenius equation, reported in Equation

Q o0qQ 7 (3. ¢

rfei,s tdeaeappnent Edals ftdcet carp,par enRi acttheatutnownenr
nst amits, tahned abs olTwtke ntge mper antau rue .a | | ogarith
ed dlsi near rellanjdokids &s psbmmaweesed i n Equatior
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N .. .0

I 1Q GSOV"Y (3.1
Using -méret lasé¢édheebbchi vadbnpnt energy was obtair
' i near regr eseasx pane mwthiidle ftahet m ewas deter mi ne
The apparentnwasaeti omade-dedrhrr orugihr ac & d u rad . Di
nwetesdredl the c&prespberdi wgre caB& ulFateeéaucdi ag

val ure ah Arr hkengwsE/vpplsotnsafr uct ednpr ©lve dv aalgu & hef

degree of I|inearity was selected as the most
system.

Al t hough the adopted maoadceal arpgpmpsesdapt s om &fi m
decomposition mechanism, it provides a pract.i
the investigated systems and for estimating Kk
[ 2.4 ]
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Chapter 4
Resul tDesandgdsi ons

This chapter presents and discusses the expei
physicochemical chdeactebedai nfohreh e ghtepranagdn b e h
i nvestigated systems i s &masleyds edck aprta g/iree snd ixuw aulr
[
at

i ds, all owing the influence of compositiao
nti onoi shdevotedpretation of the T®&Wemdsul
cl sification, thermodynamic parameters, and
ob
di
et

rvations, a physical i Nt ergrteheatomsne rf v eadnet
ussion focuses on the interplay between e

o 0 o n 9 T+ O
©Q O O »w O C

nol in modifying the ther mal r etsrpaonnssfee r o fa
presganrer ati on mecmamissamedomehbvi our. This ap
coherent interpretation of the experimental r
i nvestigated systems.

41Ther mal Characterization of the Pure
The ther mal characterization of the pure comp
behaviour of each individual species prior to
system, and t he synt hesisziesd adfonied hdnoglu,i dsg.
tetramethyl guanidine enables the identificat]
occurring under the adopted TSU operating coc
vaporizati on, degtadat ieverntandndedhemmpasoigr es s
di scussed throughout this chapter.

For each compound, the interpretation was bas
evol utionijtitneempdeeraitwatei ve, preisemperavalat ponp:;
approach all owed tigemmalat iev@entpda,ed pnmpeossu rbd e
transformations to be i dentified consistent]
foll owing sections, whereas additional exper.i
reported in Apperedcisx C for compl et

4.1.1 Ethanol

For pure ethanol, al | the investigated heat.
gualitative behaviour. Therefore, only the ex

whereas the experimentsppettdrmadAppeB@dbxAC. m
™M



To assess the consistency of the experimental
the TSU tests was c-pmpasede wbéehawiheurv ampewaaons
correl[ @6]%insce the total measured pressure in
atmosphere insidgas$t heotest¢ticehl wasnappkeiaéd to
associated exclusi velFRi gwirteh 4e tlh acnoomp aw aepso rtihzea t
evolution with the corresponding refepreeaxseurbe
correlations after correction for the contrib

175 15

a) . b)
3 —— P experimental
15 —— P literature 12;5
P exp corrected '

125

10

Pressure (bar)
Pressure (bar)

0 25 50 75 100 125 150 175 25 50 75 100 125 150 175
Time (min) T{O9E)

ssure behaviour of pure et hai
he experi memdsadurpea emrsaifriel e vrod
ntribution of thefitienmpteiraalt unrie
he heating and cooling stage

Figuré&hdr thal and pre
Comparison between t
correl at oofnosrc ttehde co

during t
A satisfactory agreement -ciosrebsedvedpbei meah e
reconstruptedswragoaur ve. The small di screpan
heating conditions of the T3UWeeaxpoaryinmmem tcs ,e quh |
to thgas depbroxi mati on adopted for t he ni tr
agreement supports the assumption that t he t

through a s-equeuhnt ésrtoaft ense,arpr ovi di ng confi dence

adopted throuddroptitessimpusreavobuke profil e report et
a |l imted hysteresis between the heating and
irreversible phenomena. The enclioceddmaopracye
occurring during the experiment and further s
di stinguishing physical effects from degradat

reactive miXxtures.
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412 I mi dazol e

For pure imidazol e, no significant qualitati\
heating rates. Therefore, the experiment perf
case, whereas the exper ipmerntte dp eirnf oApnpeedn daitx 5C.A
To facilitate the i nterpretation of the press:i
a predictive model accounting for the ther mal
to the ideal g asr d sasvu taentdic otnhteo ifv aipmiudaz ol e est
thermodynamic dat a. This comparison provides
degradation or decomposition phenomena. The ¢
are reporéeed. 2n Figu
400 8
a) —— Toven b) ——  Pure Imidazole
—— T sample 5 —— Reference model

6

5
—~ =
& ®
=

o 4

&

3
00 50 100 150 200 250 10 50 100 150 200 250 300

Time (min) T (°C)

Figu2z®hdr mal behaviour of pure imidazole at a he

evolution as a funitemperaturemevo(b})iBnesdsuiag
wi t hprtehde ¢t epdr pfrielses ualet ai ned from the combined
imidazole vapour pressure.

As shown in Figure 4.2a, the temperature prof
t her mal cycl e, with no evidence of |l ocali zed
with degradati on or dec olmpotsiian ocna np hbeen oonbesnear.v e
profile at approximately 90 AC, which is consi
in the Iliterature. Apart from this transitio
programmeutwi significant anomal i es. Similar k
investigated heating rates.

The piteesmpuareature profile reported in Figure 4
during both the heating and cooling stages, W
The experiment al profil ei taH stoh @ emrada dhisc ti inv ¢ omald
t her mal expansion and i midazole vapour pressu

T



governed predominantly by phys-genaér apgheingo me h
transfoOmatiabhs. the absence of detectable d
investigated temperature range confirms pure
i nterpretation of tchoen tnaoirnel ncgo nspylsetxe msmi dazol e

4.1.3 Tetramethylguanidine

Unl i ke ethanol and imidazol e, pure tetrameth
activity within the investigated temperature |
investigated heating ratesath@wévrC, mime T exwm
detailed discussion, whereas the experiment p
| ower heating rate provides a |l onger residenc
event occuendngfnebade theestigated temperature
AC min 7T, the shorter residence time reduce
experimentaThg cesmnéympandi ng temper adarmrievyatprv
profiles are reported in Figure 4. 3.
400 7.5
a) —— Fovén b)
—— T sample 5
=
o =
o o
= £ s
S
o £
0 -10
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
Figu3€ehdr mal behaviour of pure tetramethylguanid

oven temperature evo(h})iGormasespohidhmgi demp & adbi

As shown in Figure 4.3a, the temperature prof
unt il approximately 220 AC, where a ther mal p
with TMG vaporization, duriisng ombtsiuane dp arst | aft etn
contributing to the temperature increase. On
t her mal event is observed, as confir medhkey th
pronounced derivative peak is consistent with

vaporization stage.
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To distinguish pressure changes associated wi !t

the experiment al pressure evolution was compa

the contribution of the ieguiilabrnumroeagageount m

calculated from thermodynamic daThe avampabi &

reported in Figure 4. 4.
3

35
a) —— Pure TMG b) ——  Pure TMG
—— Reference model —— Reference model

30 30

25 25

EZO E.zo

o Y

2 2

o 15 2 s

= ~

10 10

0 0

4 = 100_ _150 40 i 0 50 100 150 200 250 300

Time (min) T (°C)
FigurPrdsBased analysis of pure tetramethyl guan
Experi ment al and theoretical (pr)e sEsxwpree iememltuatli dam
temperature profiles.

Thexperi ment al pressure initially follows th
response is dominated by nitrogen expansion
devel ops in correspondence wi tfhr otnh et hteh etremap e re

derivative pridfeimpes.atTulree preepssewsreent ati on furth
the progressive divergence between the exper|
hysteresis obseatviemlg baendveecmo ltihreg hbr anches. Toq
consi stent evidence that the ther mal event i
accompanigedeboafttigtanss eous product s.

4.2 I mEdhaaoabée Systems

Foll owing the analysis of the pur ee tchoampoolu nnisx,t
was investigated to evaluate the combined &ef
transf oRempteova@ast ati ve temperature andtaeruveat
mass ratio of 1:1 at a heating rate of 5 AC
behaviour was observed -tf-@ol wtl dn dt attez aotsn wvegs triag aet
mi nor differences were observed in the durati
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T(°C)

400

—— Toven b)
—— T sample

T (°C)

25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
Time (min) Time (min)

FigurBepré&sentative ther mal petoiancels mibx tausme dattfeoa

of

As s
wi t h

ate

1:1 and a heating rate of 5 AC min 7. (a) S
Correspondi ritgi mes mdievrreiavpar mé i | ee wesretd ifdoern ttihfeirc

hown in Figure 4.5, the temperature profi
et hanol vaporization, during which a sic
nt heat . After the eeapomeatiidms dthage,asth

progressively rises owing to the reduced vapo

t

he

progressive increase in the ther mal gradi

reducedyabilthe system to absorb energy throu

a
a

| on
S i

e does not allow an unambiguous interpret
mil ar response. Consequentdl yt,o pdriesstsiunrgeu i |

purely physical behaviour and possible chemic

T
t
r

o ® O S5 T

he
he
ef e
ame
nit
has
egl
omp

experimental pressure evolution was compal
maxi mum pressure expected from nitrogen e
rence was obtained f rloem otfh ep uerxep eertihnaennotlia | m
TSU operating conditions after subtractd.i
i al nitrogen atmosphere. The resulti-ng pr
e molfe dtrtaeaxnoloni m the investigated mixtur
ected owing to its negligible vol aghdseay
osition was assumed to r emaei nc aelqcuualla tti o ni,

t hanol progressively evapor ates during the

ons

ervatbovedupgppein mate of the pressure expec

phenomena. Consequenéhtyal apyesssatai eardeedprgi:
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occurrence

o ermardattii omag r geass b ebsng

compari son

4. 6.
12 12
a) ——  Sample b) ——  Sample
—— Corrected ethanol —— Corrected ethanol
10 10
/: —_
g gt
g L
7 2
v v
2 s f Z oo
- &
/j \\
4 -~ 4
\\"‘MH
0 25 50 75 100 125 150 175 0 50 100 150 200 250
Time (min) T (°C)
FigurPBPrdslased anal ysiistbhnbhesynmitedamd ailltt ea masliIsv &
heating rate of 5 AC min T. (a) Comparison bet we:
reference proftiilme.as( ba fQuonncptairons oonf b eitt wengre rtah el r @ X

pressure expekitedi flr

eqquvbpburum calcul ations aft

As shown in Figure 4. 6a, t heet hparneosls unrtiex teuvroel uctlic
t hat of the ethanol reference system. Althou
ri gorous because the two alyshemsoexeperi ¢éhee C
indicates that the measured pressure increase
| ower absolute pressure observed for the mixt
mat eri aloravwap aril zatfi on compared with the pur
The piteesmpareat ure representation reported in |
Throughout the ther mal cycl e, the experi ment .
reference curve and exhibitefathgseehanios coe
indicating the absence of significant addi tio
Taken together, these observations indiciate t
et hanol smipxtewroersi niantly governed by physical

contribution remains too small to be unambigu
Similar results were obt attngeodl ufteer raltli osheanidr
Al t hough minor differences were observed in t
the overall trends remachedrgesal deatevefydscm
investigated conditions.
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4. 3 Tetr ame tEhtyh agnuoaln i Syi sntee ms

The ther mal beheatvh mmual orhi xther eTsMGwas subsequen:
experi ment al approachetaldaompdleds yf otre msh.e linmi d@rz!
di scussed in the previous sweaniidinne trhes ulntte d c
di fferent t her mal response, suggesting the o
evaporation. Representative temperat utr-deMGnd ¢
mass ratio of @©f52a6t ACheamni igarateeported i
behaviour was observed for the remaining inve
intensity of the thermal response varied with
400 15
a) ——  Oven b)
—— Sample

10

=
5 <
= 5

= o

=

-10
0 0 50 100 150 200 250
0 50 100 150 200 250 2 i

Time (min) Time (min)

FigurRepré&sentative ther maietphraonfoill enainxotbuttbdh Wa tr e toi
andheaating rat-B. ofaR. SamEl eni and oven temp¢grbgdt LCroa r

tempeitdtderre vati ve profil e.
As shown i7an, Ftilgaur teh etr. mal profile differs sub:
observed f oietthhaen oil nkisdyabzooelimes g t he evaporati on
et hanol vaporization, the temperature rapidly

for a system governed Tbeebhsebyvetyshemmalhex
within a relatively innatrerrovvwa |tceampdeirsatteunrte waintdh ttil
exothermic decomMpescoli o@as parmctiersgg.deri vaivbi ve p

further supports this interpretation. A disti
a rapid incheatieng ncadmter ishetioodi oy tbetbgstcem.
Chapter 2, such behaviour is consistent with
both a clearly identifiable onset and a | ocal
Similar features were obseriwadhanol meyst ems t h
intensity and visibility of the ther mal event
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influence of composition and heating rate on
sectPoeassur e measurements were subsequently e

t her mal activity was accompanied by additiona
pressure profiles were compared wapbrazatifenm:
equi valent iThdairads wlotndiarieéB.nrseported i n Figur
50 50
a) —— Sample b) ——  Sample
—— Ethanol —— Ethanol
40 40
ESO 530 '\.\
8 L
= 2 )
701 v
L L
r35:20 DB:ZO /)
10 10

0 50 100 150 200 250 0 50 100 150 200 250
Time (min) T(°C)
FigurPrds8ased anal ysi s ofetaharneoplr essyesntteam.i v(ea )T MEX
compared with ethanol itefmpeenterpret¥voleaeti oh) oP
corresponding ethanol reference
As shown in Figure 4.8, the pressure evolutioao
system. Although the two systems do not heces.
et hanol mi xture exhibits ca eqaskkesttahnatni aeé X ye cgtree

vaporization ailt emep.er dher epresepueseent ation fur
t hrough the pronounced hysteresis between the

exceedi ng t heef ecroennsceer vpart a fviel er, despite the | ow
mi xture. Together, these observations indicat
by vaporization phenomena and providwitshrohneg
decomposition event identified from the therm

4. 3.1 Eff4&Stol aft eSdRlav e ot

Having established t he octeutrhraennocle soyfs ttehmesr, matlh e
sol ¥esmtl ute ratio was subsequently investigat
compositions ar e itdseoltu tfeteinid shsy fotah,e vehad naem ot

a represent the iIiniTMG@l rmapeesi okl gt hEhglur and
and pressure responses obtained at different

TY



selected because it allowed t hephheonsamecnoampwiett he
i nvestigated temperature range.

350 50
a) — R=0 b) — R=0
— R=0.1 — R=01
— —— R=05
_— 40 == Rl
Lo
= 30
— =
= A
E 20
10
0 0
0 50 100 150 200 250 0 50 100 150 200 250 300 350
Time (min) T(°C)

FigurEf #e®t todoboteenati o on the t herimdlh aamrmod Bry
heating rate of 2.5 AC min T. (a) Sample tempera
(b) Corrmprse@oqnndriengevol ution as a funct

As shown 9an IFmgmuea&sidng the ethanol content pr.
of the system. Il n particular, the evaporation
over a wider temper attaualeutientreatviad eiarsthreehaes edso.t ¥
al |l i nvestigated systems exhibit t her mal act

consistent with the onsdetdiaononhdirt iommssetr epanrdti &
observed from the pressibre aprnt dfoiulgds sng@gmorfti €edn
in the subsequent pressur.e evolution and hyst

Tabl eAvde.rlaage onset temperatures and ki neieitch amarl a metsdresr

di fferemsoboteenati os and heating rates. Values mar k.
comparative anal yrsicso mpnltdeDaernteostse.Def i @@ df o The par amet el
determined from the experimental data.
mass ratio HR Tonset poH (ool ¥ Ea _
ET/TMG _ (°C/min) __ (°C) __ (kcalimol) _ (K) (kamoly  "N(Kkinr) " Category
0 25 227 -11.8 193 249 58 2 Decompmsition
0.1 25 217 ND ND ND ND ND Decompsition
0.5 25 216 -6.94 128 228 53 1 Decompmsition
1 25 216 -5.92 133 200 46 1 Decompsition
0 5 249 ND ND ND ND ND ND
0.1 5 214 ND ND ND ND ND ND
0.5 5 219 -8.2 183 177 41 1 Decompsition
1* 5* 154* ND* ND* ND* ND* ND* ND*
The onset temperatures reported in Table 4.1
determination methods. Four of the investiga
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whereas the dtrmet meempdr ahowed sl ightly | ar
greater subjectivity associated with the sele

As previously discussed, the onset temperat ul
narrow 2%y éHOC) most of the investigated syste
t hermal event is only-twedlty hefafoendbtyed ilgynitihe a
represented by the expttsoimeneé performbedlatand
min T, which was treated as an outlier and ex
event was!l lojml gevywalradpead and coul d not be reli
heating profile. Under these conditions, the
resulted in a |Ilimited residencei @ahblme @ahared ectvar
the ther BlaVerealenparameters are reported as N
perforRné&d latahadating rate of 2.5 AC min T, the
of overl apping phenomenaabsionrcptuidonn gs taa gleo coacl ci|
decomposition process. This behaviour seaidygest
eventprewant sl i able kinetic interpretation. I
heating rate Rof. 3 RAGdmhowedaondly a |imited de
event within the investigated temperature r at
consistent with decomposition phenomena, t he
det eriminnatft the corresponding kinetic paramet e
As expected, both the decomposition enthalpy

influenced by the amount of reactive materi al
are expressed per mol e of imisx ttiree hitghe spureen eT
(@H=-11.8 kqglaklea®f mang the investigated condit.i
of ethanol genevmblukeyg dHeanmdt hea ohewet ent with

associated with the reduction MNdvdrhteh erleeascst,i vte
et hanol cannot be interpreted exclusively as
et hanol and TMG may also influence the obser\
addition, t he ds yRy/tGe b cabaairi aacgt herraitzee of 5 AC min
parameters comparable to(@hihB2lkc @lbimegla88AL f or

indicating that factors other than simple dil

The apparent activation energy generally de
approximately 249 to 177 kJ mol T, aecxcpoonmpeanntiiee
fac®iomce both parameters are derived from app
with caution, as they may be influenced by

vaporization rather than excleuascitvieony krienfelteicctsi.
The apparent reaction order obtained from the
mo st ectohnatnacilni ng systems, whereas a value <c¢cl o
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phen

erence should not be interpreted as direct
er , it may refl ect the i1influence of ove
rization and its prexmpegsimeantdi swehp geha rcaamc

tic behaviour extracted from the ther mal

|l d be regarded as apparent kinetic par ame
e Table 4.1 provides a quantitative s ummz:
tional i nformation can be obtained from t
il es r epFitgendi fiinc aFnitg udrief f4e.r e n ¢ eTsh iesmebr eghea vaif
onsi stent with the hypothesis that increa
t, concentrating the ther mal response wi-t
nt of reacti ve smdtyer iasl tphree drhta.noCorcwercen
vity becomes distributed over a broader t
ution.it@#mpepaesserprofiles reported in Fi
erences among the investigated systems. !
ing and cooling stages, the magnitude of

mpl e monotonic trentd. with increasing etha
articular, the systems-tebbuatetenitzed Rxhi
sure generation and the most pronounced

entration does nprnescoumse spoqn@wiorn o the high
e observations indicate that the rol-e of
sure contribution. I nstead, the experi men
uence both the exthentmassehbcti e edheprmalsueeer
ysis of these phenomena is presented in t
2 Proposed Physical |l nterpretation
results discussed above suggest t hat t he

rned by the combined effects of TMG dec
oration. A physical i nterprethdiionf lwaesndd
easmtl ute ratio on the thermal and pressure
relatively similar onset temperatures obs
iation of the thermal event is primarily
viour of the purethMGmaystaem, vwhiclhvi €hhh
e observedortoai nihneg emihxatnuwrle s . Consequent |
ted influence on the temperature at whi ch
senbts egqgqwud hat it direr mal profile of pure TMG f
omena occur before decomposition. A partd.i
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d using approxi mately t het sxnd mea et ataa
nd It ofl MGo weorn tiemittsi.,a Therefore, althougl
i n the liquid phase, it simultaneouslI|

transformati on.
r contribution arises from the ther ma
t hanol contents generate a more prono.
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i n thermal gradient promotes a more
i on and décemposierpoetadbexinsi s consi s
eR e & B@gstteme c &mlp acCeedth swiqtule nttHe , | ess
evaporation before decomposition deve
g in the liquid phlhaseexwphemi méret &lheo na
ntly interpreted through the combined
ent evolution i nduced by et hanol . W
ntal uedi degqoéerwag fbe direct involven
or the formation of additional react.
vent during the -Isiygnutihde ss yss taefimst. hoed diemr ve:
n hysteresis magnitude, pressure gene
effects, which appear sufficient to
ari sk nG.bs Ravedesny sttheems provides particul
et hanol. Despi tR H ket leinigdh eSneexelt ihbaintod Ica
is loops, higher final pressures, and
ankR EFhgsaemewbbhéd be expected to benef
associated with ethanol, including th
and the reduced time avail &@&bréhktfomoTH
directl y egoennterriabtuitnegd ptroo ctehses ,p rae scsounmpea r
woul d Rob& seypeemed for the
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The fact that the opposite behaviour is obse
decomposition remains the dominant factor co
Al t hough the higher ethanolf avwoureniM@ rroenoetnetsi o
phase, the | ower guantity of reactive mater:i
associated pressure geneRabt.shpat etdndppebaheseoc
favourabl e balawaiel ded wekep, gMBGs i c al ef é 2wl tsi m(
in the | argest hysteresis | oop and pressure g
Th behaviour oR &hk sgwrms TMG tehred supports t|
the introduction of ethanol may favour TMG r e
of R hBeslystem remains | ower than that of pure

|l oop. This suggests that, at | ow ethanol cont
insufficient to compensate folraldlhe freerduddd omp
Il nterestRnglsystéemeexhibits the smallest hyst
compositions. Since this mixture also contain
supports the hypothesis that the quarndgmaiynsft f
domi nant factor controlling the overal/l ext e
favour able physical effects associated with e
Together, these observations indicadoteedhatf aeae!
are sufficient to explain the experimental be
from the Dbalance betweensithbksadicrognpedi mgqv o©@T
composition characterized by theBhilarlgepdt hegsit
further examined through the additionallheexpe
experi mental observations therefore support a
investigated trends without requiring the as
decompositidmemepcloproisem. i nterpredZation I s sum

Tabl ePrdo.p2oosed i nter pridteanpiecratafr et hg sprdeesams®bbsegstvenhs i
summari zes the qualitative balance -bpttweed ethett 8euma

the experimenteatéyi sbmagrwiedudeagodtutaci frfagr eorst. s ol

Sol vte TM.G .Etha-nc Hyst.er Proposed interpre
solut availainduced magnit

. : A | ampaent of reavtaiVveal
0 Max 1 mi Absen Hi gh decomposi ti oni,n dbuectefda o
. Reduction i hsd®MGyebn they
0.1 Hi gh we a k Mo der et hdamaluced effec
I nterm . . . Opti mal bal ance betwe

0.5 high ©Signif Highe et hdamaledddct s

1 Low Stron Lowe s Et hanolarpefdeaents, but

mat eirgivaali | abl e f or d
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43. 3 Additional Experi ment al Evidence

To further evaluate the proposed inteRpG.eG.at i
Unl i ke the previous tests, the amoRNG. 50fs yTsMGe 1
while the ethanol content was increased. Cor
approximately 3.0 g to 3.2 g. This experi ment
of ethanol alone coull dandrphessemdameepomee t 0

optimum composition haR=0m.1% ecadryd ibteiecan.r eached
The ther mal and pressur=d.5eRaPars essy sa ketnmesi maerde f

Figur®hdough the sample temperatureitempleutait am
profil es.
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a) / b)
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w
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Figut@eCodmpari son Rb&t weRafkdb hiEMBanol systems at a heatin
Sample temperature evol ut i ttne ngpse raa tfuurnec tpircorf idfe st ihmey.h | (i

behaviour of the investigated systems.
As shown 1M IFmngnuea&asidng the et hanol content whi
does not enhance either the thdhmRal. ®@rcdrheo Pirt
exhibits a | ower ther mal peak anK=0a 5s nsaylslteerm.h
behaviour i's particularly significant because
pressure contribution of the mixture while | e
| f et hanol directly-gerartriaci mat epd oicess he apres
response would RFd . &xpgcttedn.f d msttlea d, both the
prestsemger ature hysteresis decrease upon i ncr e
suggests a | ower extent of chemical transform
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These observations support the hypothesis tha

reach a maxi mum within an intermediate composi
appears to introduce etrdhgeet sdi rediuen ngnd hdi
t her mal event. Consequently, the results furt
compositi oR=C.Issyse etmo t he

To further i nvestigate the validityndfermbdi @
composition range, addi tional experi ments wer

Y ™Y ™M@ n amd@® mAl t hough these experi ments we.l
operating conditions from those discussed pr
regarding the evoluti ®kn naet eTthéeeesc.oy stesmponds pgn
pressure responsesllarwhircehp occrotnepda riers Rihgeu rsea n¥p.l e
a function of time anid emper xtourespondi hgs pf
compositions.

350 40
a) b)
300
30
250
=
. 200 é
s 2 2
% 7
150 G
&
100
10
50
00 100 200 300 400 00 50 100 150 200 250 300 350
Time (min) T (°C)
Figurdnnf.llulence of ethanol content oietthhaen otlh esrynsal
rate of 1.25 AC min 1T. (a) Sampl eR tGeMRob@r. 2t0Rr & n& 0
Corresponditegnpereassiurce profiles highlighting the
ethanol content.

As shown f@lfdaFilglurienvde.sti gated compositions ex
characterized by an initial evaporation plate.
a similar temperature range. Howeeses] veheg imtc
aRis increRaGed R GFo@h.is trend is more cliearly
temperature profillldosBoepotrhedmaxi Rugupreedsur e
the magnitude of the hysteresis | oop increas
pressure increase may f{pe eaststurrieb wtoend rti d utth e nl aal
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the simultaneous increase in hysteresis sugge

by physical evaporation effects.
According to the interpretation proposed in t|
this composition range may enhance the benefi
the kinetic |imitationaofedMGhevmapabr griadnean
evaporation plateau. As a result, a | arger fr.
the |iquid phase, |l eading to a mMmorfargrhemrowcmond
i's found3 i nwhleabkel &€ hee. main ther mal, ther modynar
the investigated systems are summari zed.
Tabl3ThMer mal, thermodynamic, and kinetiiet pamalmes estsem
investigated at a hetating rate of 1|.25 AC min T. ND: N

he experimenta dat a.

HR Ea

mass rati (AC/n_Tons(etA gHr(cal / glad K (kJ/mcIn(’&n Categ:

0.30 1.25 20 70 1109 25 60 1 Dec oonsp

0.20 1.25 193 -453 61 25 65 1 Dec oomsp

0.15 1.25 213 -4 6 3 62 N D ND NCDe c consp
Al t hough these experiments were performed at
directly compared with the results obtained a
interpretation and provi dreceaddfitaonalpt smpmor
intermedi ate ethanol contents. A further conf
reported3Bothabhe decomposition enthalpy and
from 17T4.88 to 18.84 kcal mol T and-t8obmt 88r &t
increases from R iEndi d&t itrog Ra =pr0log@rlessi vely n
et hanol content i ncreases within this compos
gualitative observations derived from the th
proposed interpretation of theThel eappfaretnhamd
energy remains essentially constant, varying
variati ons are observ-edpdmenttheaid t @iatcd sop g h(d4 tQhg
parameters may be influenced by the overl ap ©
no clear evidence of significant changes in t

4 4Bummary of Statistically Derived Par

I n addition to the direct interpretation of t|
were analysed to identify possible relationsh
system rGadsvpeonn steh e i mited number of experi m

thermodynamic parametkesstaui dt bealdeadaeaimy siesd,
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in trends within the experiment al. dAathaascetwar
epwi se regression procledul.elOviwds aaddmtne d.i c

ted that the number of observati onsr dlidatfeed
rameterfgayPopsudid a®ul d be determined for a |
oviding a higher number of residual degrees
rameters could only be evaluated for exper
veldomnd clearly interpretable. As a result,
wer observations and shoulQwilneg itmot etrhper eltiendi

grees of freedom, only main effecrndemwetrer mo1
t i ncluded. Consequently, the following r1e:¢
atisticadd shgnrfroascsestancy with the experi
e regression analysis performed on tRa&naonse
e heaAdomar diatge.t o the backwar d=s@.ep®w)i ,sebotely
te antdesclowtvenrtati o wer e As®tsah cverd By 1H dnueartieiiacsrs
e ethanol content delayed the onset of the
ateau associated with | arger ethanol fracti
me required tonseadhetkbebOBftet bcempisereed Vv
e fully consistent with the therTrhael hlkeeahawigo
hi bited the strongest infl uenctes wlnutte er ateise
weaker but still significant effect (p = 0.
e standarhddrzee dt red feeacrtsr,i bwut i on of the heati:

O pXVWwcHOY pti ¢AQE DS OQ (4.
eto@ S t heée menm)keRi st t he heating rat et dlCutmd nmd s
tio isd de¥ii n@)A asst ati stically significant r.
e onset pressur £2i Mer sdaioiwmg btyh & gautah armol cont
essures due to the | arger partial pressur e
decomposition. Consequentl vy, systems con
cmams i tion onset under higher pressure condi
aracteristics of the investigated mh&twrebk.
e observed variability, suggesting that add
set .prleccsardei ng to the backwdrdOsfi®6pwi sbher be
s initially included in the analysis but wa
atistical significance -{golmutle 6981t i o | me ncaoin
roughout adhedwsred evcavliidodn dparsr ggasi ng from 0. 06F¢
029 in the final regression equation. Thes
ntrolled by the amount of ethanble peaseng r
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negligible within the investigated experi ment

% of the observed variability, the i dentified

i ncrease i n vapour presswmnoé¢ @sonoenated with i
0 ghow oy b £ & TQE ®6 0 'Q (4.

Wh e rPeni s t he onset pressutreeol (udar )maasrsd rtalie o s

a Ta (I)Among the investigated parameters, th

of the strongest statistical respoBsaeadicdhed

significant dependence -b@aoboté hettongAcaodrredia
stepwise regrles Di.dm)pr dowdacdurfec(t or s we rvea | rueetsa i
of 0.038 and O0.046 ftogolhuetada i magt iroa,t er easnpde csto | vve
explained more than 99 % of t he o btscerrsyv ecda pitauri a

of the variation observed within the avail abl
From a kinetic perspective, the activation en
for the thermal evenEate phecekdrelLassgocivat ad:

of reaction occurrence at a given temperature
from the overlap of decomposition and evapor
i Nt erapsr edpepdar ent activation energies rather tt

Bot h increasing heating rate and increasing e
energi es. Since the intrinsic activation ene
i mposed heating rate, thi sobbseehravvei do utrr esntdr oinsg | iy
physical phenomena occurring simultaneously v
appalBaestconsi stent with the interpretation pr
et hanol content and heating rate modify the r
processes. Consequently, thkbecanégatdéeéddascyl o
of the overall ther mal behaviour rather than
reaction itself.
O CWwpXUwo DY TwphHPEt aWNMQE DO 0 Q ( 4.

WheE€ed s the apparent actHRvett be beatgwpg (kat eno
sol ¥emtl ut e mass natifa (5 Nbefstmed sas cally sign
were identified for theAltdmaigmi ndhedareigweeds sp &
identify statistically significant effects, t

and are therefobobneatdiscassesd bbakeowackward step
in the exclusion of t hewal mess teixgateadde df & diteo rsse

t hr esthmo | d. 1(0) . Consequentl vy, no statistically
sol yesmtl ute ratio could be established within
Neverthel ess, S 0me gualitative observations
temperature rise and reaction enthalopy. Al t h
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investigated factors coul d be-mosntoa olnii sch ebde,h abva
hi ghest values were obtained for theompuaieniTnv

mi xt,uhesl|l argest values were generally observe
t he R = 0.5 system. Thi s behaviour IS al so
thermodynamic parameters, whichhanepexpmetssed
Consequently, the progressive addition of =eth
present i n the system, coh b nagiibeu t T Mer e foo rleo,wetrh
observed -doonrt aeitnhiasngolsyst ems should not necess
energetic decomposition process, but rather a:
phenomena g oweerlmoipmmge nt heof det he t her mal event .
compositions, higher heating ratesghuaeangHed t o
Since the ther mal event i's attributed to TMC
di fferences cannot be directly associated wit
suggest that the extent st aduwhincgh tthhee edxepceo n proesni
by the physical environment created by the pr
di scussed, i ncluding ethanol ev-apor attidoaim e &TeM (
l'imitati ohser mapyomot e or attenuate t he obse
decomposition mechanism itself remaining unch
Consequentlliy,eatrheb erhcarnv igbaiad nagll b sse rcvoends i fsarent wi t
and hysteresis trends discussed in the previ
optimum intermediate composition resulting fr.
induced physical effects.

4. 4 TMMG daktoh a&n ol Syst ems
The ther mal beliamii bbezohlach ot heyTMé&ms was subseq

the same experiment al approach adobopaerdl f or xitt
Al t hough sever al aspects of tshesdamttiearprred mdii ro
the presence of iIimidazole and the formation o
may contribute to thelobsadardvded ohhdaromadt hrasmsp
evaporation, and TMG decomposition, the inves
formation as well as by subsequent ionic | iqg\
simultaneoeusamd cpogxinltl e overl ap of these phe
complexity of the observed thermal and piressu
et hanol systems.

Consequently, the experimental response resul
phenomena, making its interpretation inherent
et hanol systems. An overviewiohstaedi nhebstiga
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classification i sThe poirxteaden nexXrmadl iemdnt s wer e
et hdamolIMG+1 mi da@®)l & hetrodnMiGdba z d ITg anad itohe heat i ng
on the characteristics of the observed ther ma
decomposi toiromspraocdeesgsr adati on process

Tabl4deEx4p.er i ment al conditions, onset temperatureis, and
i mi dieeztdchlaenol syst ems.
ET/ ( TMGH TMG/ I m HR (AC Tonset Catego

0 1.692 2.5 150 Degr ada

0.5 0.845¢ 5 150 Degrada

0.5 0.845¢ 2.5 171 Degr ada

0 0.845¢ 2.5 148 Degrada

0.25 0.845¢ 2.5 164 Degr ada

0.5 1.692 2.5 135 Degr ada

1 1.692 5 18 Decompo

0 0.845¢ 5 165 Degr ada

0.25 0.845¢ 5 164 Degrada

0.5 1.692 5 158 Decompo:

0 1.692 5 185 Degrada

1 0.845¢ 5 146 Decompo:

0.25 1.692 5 18 Decompo:

1 1.692 2.5 16 0 Decompo:

1 0.845¢ 2.5 161 Decompo:

0.25 1.692 2.5 18 Degr ada
Therefore, the ther mal events observed in the
decomposition of free TMG. Al t hough wunreacte
pressure response, the | oweagnalnspertodempes ad LT (
ionic |liquid phase are |ikely involved. For t
the same combination of ther mal and petelsamnagle
mi xtures, wigiltdecadsi demoinal phenomena potent.
The classification of the experimental result
TMG mi d&eztohlaen o | systems and t hietmaeawi oud Ixy uir re
the sixteen experiments perifdemmaed, abhley deicx m
characterized by a | ocalized ther mal response
remaining experiments were instead classified
could be itdenthéi pdesespe of pressure evol uti

This behaviour differs signifi teatnhta nyo If rnoinx ttuhrae

decomposition events were detected under mosH

t hermal response appear s pteog alt esrdei gtarnigheut endh kd wne

of a |l ocalized decomposetieshiaeagényt mbeeodctfr
oM



not randomly distributed Ambnexpkei Mmanest eghah
decomposition event were associated with favo
and TMOGni dazoFwer trltadrimare, when comparing exper
et hanol concentrations and heating tcomddazohs
ratios more frequently exhibited decompositio
These observations suggest that both ethanol
in determining whether the ther mal event dev
process or remains distributedcdppeari agwegper
degradation phenomenon.

To facilitate interpretation of the experi mej
performed Tatd. 846&@n atnalnta heating rate of 5 AC
t empeirtatmer eandt epmpeesrsautruer e profi |l e&2aarde prewyo rdte
overview of the main thermal and pressWhel eesj

T 6. 8459 and a&5hd&tiinem gr eipmdret @ed i n Appendi x C.
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onset of the deviation assocfbagt ed owii i e st iddnt ialricertetds
systems aT 0a 8c4cbn9s taanndt a heating rate of 5

Al t hough only the E yk twans cchlaarsascitfeireidz eads bay dec
these conditions, the overall temperature pro
from the evolution of the ther mal event It se
chata&ari satnidlecaysdéehaviour associated with de
systems display a more distributed t heMomael re
significant differentempematgeefpofonfddesystEdm
the miwttElhGe25E &Ond exhibit hysteresis | oops of
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progressive reduction in the ampupar bEc@EH.Msr av

composition generates one of the | argest pres
among the i nvesTthiigsathleeh acvoinoduirt iiosmmsnoteworthy &
content Il ntroduces two competing effects. Or
decomposition decreases. On the other hand,

evol utoinbens bienccr easingly i mportant. Despite t he
intermedi ate ethanol contents exhibit hyster
observed fdmrmethenigthhareol Thi s sasggrest sornlhyatt lee
l evel thr-pougés wragpoeatrfect s, but also the exte
devel ops during the experiment.

The system chdy axthe biiz2esd abyi fferent behaviour
classified as a decomposition process under t
t hanE tG-he@ 5E abnd5 systems. This observation indi
decomposition event does not necessarily corr .
the distribution of the transfoawmatanonmpueet ah
determining the final evolution of the system
Overall, the results #Hndieaat a ntfH aite necteh aamo It hex
mi xXtures. The observed response cann@t ebsur««
contribution associated iwng ht led hpneserovapof a

influencing the extent and distribution of th
appears to result from the combined interact
TM& o mi dazoo.l e rat.

The experiments per2o0%5mA@ minai heahi bigt edt beb.
with that observed at 5 AC min 7. Although so
response were observed, the overall -ctorndgdmd :ii m
syesms continued to exhibit hysteresis | oops co
ethdmele mi xtures, confirming that the observe
pressure effects. Theseogedul nhserfpmrdthatri osnu pa
identified trends are mai nArtaatienerdanagcer.oss t he i
To further evaluate-ttwhe dazbl eenmnad i of BheseTUG
experiments perfTokFEm@&d2 adandh aomesdtainig rate of

correspondiing mee mamétr eprimnpeesrsautruer e pr of i | Whad e r €
T =. 6a9n2d a heati Ag imsa nreeifpdrted in Appendi x C.
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A qualitative compalrZzasdindd beit ecvateteas Fti gatr asondr e

i midazole ratio does not substantially alter

although differences iitetmpermagniet hdestefr eshes
speci fi cn Coomppoasriitsioon o f experi ments perfor med
heating rates indicatend dtalzatl ei marta s imay temé amn
pressemeger ature hysteresis, whil e prtenseersvyisntge:
The effect I s mo s t evident for t he hi ghest

concentrations exhibit very -tsoinmidaazro!|l Blg srsaetriec
observations sugegesitdazbae trhei aM@rimarily i
transformation rather than the underlying mec
A complementary analysis of the <calcul ated |
performed and is summarized in Table 4.5. Sin
only be extracted from expertihneeenmasl eexvheinbti,t itnhge
restricted to the systems previously classifi
of experiments classified as decomposition pr
on a reliacdtecd|l Jatrraeasetr. Consequently, the iden
as qualitative indications rather than defini
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Tabl eKidn e5t:i ¢ and ntahpra rmeordeytnearms cc al diuthiad seaichlfaeno | t s ST RGS ¢
as decomposition processes.

ET/ (TMGTMG/ HR (AC TonscA(gHi(kcal 1glad KEa(k] mo | ng K n

1 0.84 25 16 3.22 72 225 57 1

1 1.6 ¢ 25 16 0 -8.04 170 401 106 3

0.25 1.6¢ 5 18 4 -8.84 15 522 129 3

0.5 1.6¢ 5 15 8 5.75 119 253 63. 1.

1 0.84 5 14 6 -4.88 115 163 40. (1

1 1. 6 ¢ 5 18 -4.18 8 3 167 41, 1
The statistical anal ysis was performed Wsing
0.10) adopted in the previous sections. Consi ¢
only for a | imited number of wvariables. As e
et hanol content, whi lley tihnef | auresnecte dt ibmge bwa sh  phre
composition. Conversely, no st attsstiidaalollye sriag
identified for the investigated responses, an

t he rfeigiradssi on model s.
Parameters associated wi tglagtgh B, tded matheceapmar ¢

order, did not exhibit statistically signifi
domai n. Neverthel ess, some quanl iptaarttiivceul dairf, f etr
val ues span a r eldcdtviavreyliyn gwifdreo nr aln3g. eXy®. i ob iim 81.58 <
to 170EEKromnd63 to 522 kJ mol T, despite the
suggesting that the overall response i s stroni
physical and chemical phenomena. The overl ap

i odiiqui d formati on, and scubrspeogsu e nito nd epgrroacdeastsi e
obscure sirmppenksactret ati onshi ps.

Consequent | iyt,e mphea agrue e£siirnahet pmpér hearprovi ded
basi s for i nterpretation t han t he statistic
thermodynamic and Kkinetic parraimadreirlsy sdaao ut¢t dmp
descriptors of the observed behaviour rather

tredtts s behaviour i s consistent iwmt déettdhlmengt e
systems, where the overlap of multiple physic
regression models to isolate dalhef aSetvdenrsalb uttirce
previously obsekertvheadhoflorsytshem¥MG&emai n recogni
i midazol e, despite the substanti al changes ol
degradation behaviourl. i dgriied folreraartli yo na foffe ctthse ti

systaesmdemonstrated by thelB84wAE, oosmpat ecper t
21249 AC f det hehreoITdMBds tt dhras)i ncreased preval enc
behaviour. However, the influence of ethanol

(ON



and hysteresis development remains evident ac
This suggests that the formation of the i1 on
transformation occurs rathersmhagocempilmrdget i
evolution of the system.

45Physi cochemical Characterization of t
The synthesized ionic |iquids were subsequent
properties. The objective of this analysdis wa
assisted-famrded soglnteéretsi s tbaetesfhodnte evalaat
physical and thermal Dbehaviour. The discussio
and i mcbmpgdasi son with available |iterature da

451FTI R and DSC Characterizati on

FTIR spectroscopy and DSC analyses were perfo

through the two synthesis routes. FTI R measu
di fferences between the syntshe@sioxve dl edati enrf ioa Ims,
their ther mal behaviour and phase transitions
The FTIR spectrum obtained for 1 L1 was first
in the [llif4ger ahBreame ionic |iquid. 1he compar
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H
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Fi gur eCodmpladr:i son between the FTIR spectrum obtain
literature for the same ionic |i
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Fi gureehdws an excellent agreement between the
absorption bands are observed at the same wayv
indicating that the synthesiezedtmat dmuinzlt i post

ionic |iquid reported in the |iterature. The
synthesis procedure successfully reproduced t
Only minor differences dh2a0Mmecmbiseregidonvi thhi
contains sever al overl apping vi brati onad mo d
stretching vibrations, as welld ssroacher emodf€es
observed discrepancy may originate from diffe
variations in the purification procedures ado,|
reporteld tienf dttpas e n ot guantitatively determine
di fference iIis not possible based solely on th
Nevertheless, the excellent overall agreement
ionic liquid is fully consistent with the me
validation of the syntlgadsies tphreooedwnea. oTo tfhwer

direct comparison bet wieenshdwhwen sipreckirqurrod 4 .L1L5.

100

80

60

Transmittance %

40

L2
— IE1

o 1000 2000 3000 4000
Wavenumber (cm-1)

Figur eCodmplad:i son between the FTIR spectra

Fi gur®shdws an excellent degree of overl ap bet\
both synthesis routes successfully produced
absorption bands appear at identioakensaveasmb
high degree of structur al similarity between

(OD



The most noticeable difference is observed i1
slightly more intense absorption band than 11
vi brational modes i nvol ving nteh emoG=eN yf. unSctnicoen e
TMG during i1tonic |liquid formation modifies th
and partially delocalizes the C=N bond charac
the | ocal orhmemtc adf etntbvea rguani di ni um cati on.

The observed difference may reflect slight va
the two synthesis routes. Under thirel abhedr pbra
observed for 1 L1 could ke ods o oitaotnead i wint lofa td
Neverthel ess, FTI R evidence al one I s i nsuf f
conveMNsivemt hel es s, the overall spectr al agr e
successful synthesis of the target ionic |iqu
DSC analysis was performed in the temperatur

capacity behaviour of theatsyndmaecitzyedprn ofiilced
|l L2 are repar6ted in Figure 4.

3.00

IL2
2.754 IL1
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)2.251
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3 1.754]
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Temperature (°C) Universal V4.5A TA Instruments

Fi gur eRedv.elr6s:i ng heat <capac y pr I obtained
0

it

from 180 t

As shown 16 FLBueeh#4dbits a relatively stable
temperature range, with values close to apprc
observed around room temperatur e,ntaf tTehri swhh eh
indicates a stable t-heeemai onespbngei of wi hki BO
I n contrast, I L1 shows a |l ess stable heat cap
temperatur e, a progressive decrease in the a
approxi mately 50 AC, t ogataheéronwi tant rhargehepr dn

of i es
100 AC.
a
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behaviour may be associated with the presence
parti al evaporation of residual solvent may
effective mas s during the menaesau r eareemac i tTyh elr e
representativphaseamatabl al singl e

Overall, the DSC results indicate that 1 L2 ex
the investigated conditions. The behaviour of
affects not only traeospoctl pcopduttes)jtguchuct
response of the synthesized materi al

452Vi scosi ty

Vi scosity measurements were performed over a
evaluate the rheol ogical behaviour of the syn
remained essentially i ndepenhdeenitnveefs tri gtadteido mra
Newt oni an behaviour-de preurdehretr meft e ctnso werme ob
measurements under coRshaefuepelgati hbecwondcCcbE
di fferent rotational speeds were averaged to
t emperMdoateut e.mper ature dependence of the averag
reported?li7zn Fi gure 4.

10

u (mPa s)

e

20 25 30 35 40
T(°C)

FigurreAvderlage viscosity as a function of

The viscosities of |l L1 and | L2 remai n rel at i
indicating that both synthesis routes produc
However, a di fference can ebned eonbcsee.r vieLd2 ienx htihbeiit
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viscosity values at | ow temperatures, whereas

increases. As a result of its stronger temper e
to, and slightly | owet thenhi ghese mepasestedat
Comparison with Iliterature data further suppo
ionic | iquids, the measured viscosities rema

literature values throughgeG40t R&E€)i nWe s t4i0g aAtCg ©
deviations were approxi maft H44y&bn s4i% € roirn d Ltlh ea na
uncertainty associated with viscosity measur e
Il L1, this agreement can be considered satisf a
materials wiptohtpdewsiycuw lmg.r e

453Density and El ectrical Conductivity

The effectiveness of the purification proced
introduced. I1.nTibeecddlonul ated reco9£%,y dordreexs @ ormr
to an estimated r els.i3dgudarln etthhea nfoil n aclo nsteempt!| eo.f T
the sremoveat step was | argely effective, altho
the synthesized material after purification.

Density measurements were subsequently perfo
resi dual ethanol on the bulk properties of th
values with Iliterature datsgntbesains apildod e duwmraed
densities are s6@tnongaertihzeerd wint hT atbhee cdorrespondi
deviations.

Tabl6eExdp.er i ment al density values of 1 L1 and I L2 at 20
rel ative deviations.

SampDensity Literature D¢ Relative De

L1 0.984 0.99 06

| L2 0.98 0.99725 1.32
El ectrical conductivity measurements were sub
species within the synthesized materials and
t wo synthesis routes. TEBheetasmpedattomaeudependes

Fi gulr8 4.
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2000 —
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Fi gurBeElde.clt ri cal conductivity as a functi
FiguIsshoéows that both i1 onic |l iquids exhibit t
conductivity increasHoweasriempeltaanurdifherean
the entire investigated temperature range, Wi
than I L1. Furthermore, the conductivity gap be
wi temperatur e, suggesting that the factor r es
|l evel without substantially altering its temp
The | ower conductivity observed for |1 L1 may |
remaining after the purification step. Since
mobility-carfr ywihmmg gieoni ¢ o p eciioeosn ¢ tchoempporneesnetn cnea
overall conductivity of the system. This inte
and wil |l be further investigated through the
ethanoldmsegussed in the following sections.
Compari son wi tphr olviitdeersa taudrdei td aotnaa | support for
mat ef 1.4])]Ilsn particul ar, t he ¢ o(n2deXbtcewiht i T alaue &
deviation of approximately 2. 4003054 0mdihnediccoartri
excell ent agreement. This result further conf

The higher conducti vi tcyo nwssawsutedsn ttmeea saily aln d e r o fl
and suggest -ftrhead dyret hseoslivsentout e produces a

affected by dilution effects.
To further i nvestigate the influence of res.|
synthesized i onic | i qiuimdg Beztohhaen oclo nndiuxctt u rve st yw ao

NMM



fixedtdMGdazol e mol ar ratio of 1:1, correspo
during ionic liquid synthesis. The ethanol <co
mol ar rati o betweenFbhecomparesohapusposast aaol
were also performed on the pure compounds. ,
negligible electrical conductivity at both 20
mi xXtures, haonftihremionbgsetr ved conductivity origi
generated wiiThencotmeucstyistietmy val ues measur ed
Fi ulr%e 4.
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ite the different operating temperatures,
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re ction in the -ccaornrcyeindg afp @ mine so f wicthhairmget he |
par
a
Th

co

p
ductivity decreases progressively as the e
u
ticularly pronounced at | ow ethanol conten
ubstanti al reduction in conductivity.

similarity of the trends observed at 20

entration IS significantly mor e I mportar

< S5 O O»

nw o o O

i n
by
Th e results provide a possible explanati on
and I L2. Although the amount of residual et ha
strong conductivity r edaandemt roabtsieornvse di nadti clad

stigated range. Consequenmntrisy,t ot thee @an dnaati
omposition rather than by ther mal effects

D

guantities of residual solvent may significan:
conductivity values measured for | L1 are cons
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through the recovery index analysis and furth
section.

45 . Tdher mal Stability of 1L1
Before investigating the influence of ethanol
was first analysed in order to establish a r¢

were performed at di f fbetraeinne ch eaatt i2n gA G amiens ,i twhe
di scuswémnif a h&atmipngoid a¢es of he&s same resul ts
Appendi Xh€ corresponding thermal and2@hessghe

the tempiematprefile, its first derivativie, th
temperature representation. For comparison pl
compared with a ref erdeenrciengproonfliyl et hcealtchud rameeld
nitrogen atmosphere according to the ideal ga

identifying adeéinteranaling ppédeswomena associate
decomposiges.n proces

a) ——  Sample b)
—— Oven \/Mq
0
_ £
B S
5 ]
=)
4
-6
0 90 100 L 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
12, 12,
C) —— Sample d)
—— Reference N2
10 10
:;\j‘\ 75 /c;d\ 75
=, £
(o] [}
E Z
3 g
[=¥] ~
—— Sample
—— Reference N2
% 50 100 150 200 250 300 4 20 o 150 200 8 abo
Time (min) T(°C)
Fi gu2 @T hde.r mal and pressure response of pure I L1
temperatures as a function of time. (b) First de
function of ti mes scuornep airnecdr evaisteh ptrheed ipcrteed from tt
at mosphere according to the iideampegas urawprod) |

compari son.
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The ther mal and pressur2dp rporvoifdiel ecsl eraerp-oeev iieddee racn
decomposition even28, Ashes hoamplie tFe gueratdur e

the heating profile imposed by the furnace,

identifiable fitomet taar vempdmatsurbeehavi our I S
derveadbi the temperatur2b.siTghneald erreipvoarttievde iinn iFt
the baseline, reaches a maxi mum, and subseque
stabilizing. Such behaviour is characteristic
of a pseeoessated with a transient heat release
Addi tional confirmation is provided Dg, tthee p
experi menttad mpereasuuree profile exhibits a sub
behaviour predicted considering only the the
according to the ideal eassdraev.c Astsuimbuigi @an | fin
under the investigated conditions, this exces
expansion effects alone. Il nstead, it strongly
thermal eecvemibi nBld evi dence obtained from the
supports an unambiguous <classification of 't he
rather than a si mpl é adegradaei omeecvempairi son
ethanol systems, the main experimental, kinet
Tabl7e Bhe table also reports the qualitative
the observed thermal and pressure response.

Tabl7eMadi.n experi mental, kinetic, and ther mddtymamolk pa
syst ems. Parameters reported as ND could not be relie

decomposition event.

HR A . . oH:- lad Ea

ETOH/(AC nTons(etAPons(etbctons(eﬂTll (kc a | n(K (kJ moln(,lﬁnCate

0 2 16 2.6: 75 -5.1 52 118 30. 1 Deco

0.5 2 18 6.5: 128 N D N D N D ND ND ND

1 2 14 1 6.0: 128 8.2 12 25.€ 66. 2 Deco

0 5 117 2.3¢ 35 -4.8 9 50 117 2®8. 1 Deco

0.5 5 15 8 6.6f 61 -ND N D N D ND ND ND

1 5 14 3 5.4¢ 60 -13.216' 94.4 22. 1 Deco
Among t he Si X experiments perfor med, four (
decomposition, including a | ocalized ther mal
The remaining two experi ment sy,albbwt sthioenmerd celva s
|l ess straightforward. One test displayed a hi
interpretation of the ther mal event, whtiilnee t h
derivatid ebe&fudr e ntdlree event could fully devel o]

NMO



not treated as complete decomposition events,
predominantl| yy ikecomposi tion
A preliminary indication of the influence of

temperatures report ed hfeoro ntsheet itneviepsetriagtautreed osfy
observed at approximatelxondtl®i nAQ,g whiexrteuarse st
temperatures ranginighifsroomehh4lotuo 158 cACsiste
previously -cmantaifmomrngd MGystems and may be attr
and chemical phenomenaThoe cpurres enrgc evi afhient it ahreo Is
evaporation effects that contribute to the ov
stages of decomposition. Therefore, t he dev
decomposi th®enomeasoceéstsectable only at hi gher

increase in the measured onset temperature.

The E = 1 mixture exhibited a slightly | ower

158 AC at 5 AC min 7 ;THi4d WehdbiBoAIC satg@e ACCs m
temperature is not determined exclusively by
characteristics of the decomposition event it
becomstidngui shable from the underlying physic
| ower experimentally detected onset tempeer atu
=1 mixture may indicate that the decompositi
interval and therefore emerges more readily f
To further investigate the influence of et h
corresponditegnppratssmue eprofiles were analysed
t empeitatmer e ur ve2sl iForFicgluarrel tdy., only the experi
of 5 AC min 7T are discussed in detail, whi |l e
reported C€n TApe emidglxer heating rate was sel ec
appear |l ess affected by the prolonged evapor a
decomposition behaviour to be idesianf aedngnot

investigated compositions.
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heating rate of 5 AC min 1T with d

guR ek Maws t hat t he magine mpelratoufr et hhey spree £s

creases with increasing ethanol content. Th
| | oweE Oby tmh et ur eE aln dc of mmpnoasliltyi acnh.e Thi s beha\
dilution effect, as increasing ethanol con
ailable for decompositionewhtl eei saoleant nwi

l i ke fchet aMGBIi ng systems discussed previous
gni ficant amount s @aft v dileatbh elged mne andyti igwe d s p €
aracterized by extremely | ow vapour pressur
neration through evaporation can be consi d:
nge. Consege@antplegsstuhe ®elvoemuti on i s primar.
d with the gaseous products generated durin
e progressive reduction of hysteresis with

the decomposing ionic |iquid represents th
ntent increases, t hlee afmmrunde owdmp @oaiitci ¢ n qdie dr
onounced ther mal event. Although ethanol cCo
essur e, this effect does not alter the gene
dive phase.

e experiments performed at 2 AC min T showe
5 AC min T, confirming the influence of et
e | ower heating rate | mdr epahseendo meme , c onatkn inl
olution | ess straightforward to interpret (

NMP



A compl ementary statistical analysis was per

ther modynamic par ameters. Simil ar relat+onsh
containing systemstwainBonsiedbntrir éasdndg oet hadreol
resulted in higher onset pressures and |l onger
introduced by the solvent. Since these trend

previous hegctairensnott analmoanegd tfhwer tihnewre sht a rgea.t e
estimated adiabatic temperature rise exhibite
44, t he final regression model retained ethano

WY U OB £ aUQEdO6 0 Q (4.

Whengled s the adiabatic tempetrtalt Lr mags seat(iKg ia

a T7&¢ ()According to the backwarlW= sOt.elpOwi,s et hree ¢
tdL1 ratio was retained as the only statistic
rate was removed from the final mo d e | (p =

approxi mately 87@botitlge Obdecmaedngat hat et ha
on the apparent sevd@hity tofentdhe st ceoemmalst emen

di scussed previously. Although increasing eth:
present in the system, it also modifies the p
pairccul ar, the evaporation stage associated wit
|l eadi ng t o | argergaelshhd mabedi wead ue b eromody nami
nevertheless be interpreteacamighilhr ecaasi @m. sTh
assumptions regarding the ethanwhicdhntariebudiisae
AppendCansBequentl vy, the calculated values shc
indicators rather than absolute thermodynamic
No statistically significant relationships we
the same backward stepwilUse Or d@r esadiloni nwresdd d
removed from the models. The absence of robust
to the | imited number of decomposition exper
simultaneonece odcunud ti ple physical and chemicze
t her mal response. Consequentl vy, within the i
systematic changes in the apparent kiemdtiing e
could be established.

4.5.5 Ther mal Stability of 1 1L2

The ther mal behavi couan toafi nliLn2g ammidx tiutrse se twhaasn oiln
experi ment al met hodol ogy previously adopted f
several similarities withrtart beihfavememc®dsem

NMZ



and | ocali zati on of t he t her mal event s. | n

decompoyisttaepmse ar ed | ess evident, with several
responses that could not be unambiguously cl a
Before evaluating the influence of ethanol , t
analysed in order to establish a reference b

performed at a heating rataibéd?2aver nisfaia nhweaas
of C5 mipm oilduces equival entThreeswlrtr®es@iomdApme r diie:
responses are PRéa&pharotuegd itrhi¢eFingeuTpes oM.t ree i ts f
pressure evolutioniwemmert atmer, e ameptbeeptr asisoan.
the measured pressure evolution was aldsoa ianagmp

only the thermal expansion of the initial nit
400 4
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gu_/zoo %/—
& <
=
=]
-4
100
]
0 -8
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
15 15
C) —— Sample d) —— Sample
——  Reference N2 —— Reference N2

Pressure (bar)
Pressure (bar)

i
L
L
b

0 50 100 150 200 250 300 0 50 100 150 200 250 300 350
Time (min) T(°C)

Fi gur eT hde.r2nPa:l and pressure response of pure I11L1

temperatures as a function of time. (b) First de

function of ti messcuonmnep drnecsr evaisteh ptrleediprteed from th

atmosphere according to the iidempegasulrawpr ood) |
compari son.
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The ther mal and pressurerper ocfoinlse ss treengo rwietdh ian

rather than a |l ocalized deco2nposiheosampleat't
foll ows the iIimposed heating profile without

observation is further supported by 2Zb)e, fwhisdh
does not di spl ay -ardte c a W arbaechtaevriiosutri ¢ prrevsieo u ¢
decomposition processes. |l nstead, the derivat
oscill atory behaviour throughout the experi me
A different behaviour i s observeidi ma &ahé pre:c
temperature profiles show a substanti al devi e
only the thermal expansi oAsodmitihg a nn g laibginlylee
contribution from the ionic |iquid wunder t h
generation suggests t he formati on of gaseou
decomposition eveots!| yj sthespdepPsure increase
thermal response.

The combination of significant pressure evolu
event indicates that the transformation occur
than through a | ocal i zednddcyomp dsi toibsre rpvreac eose:
as degradation. To facilitat e ietthhea ncool mpsayrsi tseomms .
experi mental, kinetic, and ther mo@&ynlahha ct pmllre
reports the qualitative classification assighn
pressure response.

Tabl eMadi.n8:experimental, kinetic, and ther moidyhamot pa
systems. Parameters reported as ND could not be relia

decomposition event.

ETOH/ (AHCR ] I"gsce (P"k;‘;el (tOr:]siel (kcq:"lf rTC?TaKd(kJEamOI ngKn Classi
0 2 106 2.0 72 ND ND ND ND NC Degdat
0.5 2 192 11. 143 ND ND ND ND NC Degdat
1 2 191 12. 150 -7.94 96 246 60 2 Dec oomsp
0 5 140 3 36 ND ND ND ND NC Degdat
0.5 5 172 7.3 60 ND ND ND ND NC ND
1 5 183 10. 67 ND ND ND ND NC ND

As shown 8 nomapgl ené. experi ment exhibited a su

to allow the calculation of kinetic and therm

performed at a heating rate of 5mA€emicon®kj sdie:

the onset of a decomposition process than wit|
NMY



derivative profiles showed features similar t
However, the ther mal response did not devel o
compl ete event, preventndgthenrefiormadl eh&imetl
devel oped decompbei oincrtprtempesas 8precvirkcgpoat t
i ndication of t hlehei ntfwou eenxcpee ra fmeentt hsa npoelr.f or me d
| owes't onset temperatures (r0®ntandi h40 MARY ur
substantially hiig®2rTABinss et e hvaavliuceusr (ils72consi st
previously discussecdonftoari nliLnlg asnyds tf eoms ,t hseu dgrdviess t
to the physical background of the thermal r esj
th@epaarance of a clearllynteetesct agll g, t Aét malx
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Fi guaB dghows a progressi Vtee mpearueacttu roen h yns ttehree spi

ethanol content. The pure ionic |iquid exhibi
1 mixtures display progres®i tdiley gsmaltleer umyestr
with the classification of the ther mal event
ident iThi ablbee.havi our i s consistent with a dil
mai ntained approxi mately constant throughout
reduces the amount of i1 onic |liquidnav&iolnasklqge e
extent of Il rreversible transformation decrea
magniAsadereviously discussed for | L1, et hanol
vapour pressure but does not appear to direc
primary effect i s to modi fy tihoen pahnyds idceaclo nepnovsii
The observed hysteresis trend therdfiogrua ds wpdm
remains the dominant effect under the invest.:
The experiments performed at 2 AC min 7T exhib
in ApgLendlobwever, the | ower heating rate incre
phenomena, making the interpretation of t he
compositional trends |l ess clearly defined.

A complementary statistical analysis was perf

relationships to those previoushyaiobmisegvegsHf
identifiedndfeaoRrhndeoThet beset pressure was found

sol aesmtl ute ratio, confirming the contribution
established prior to the onset of t he ftihearnmdl
influenced by bothtéeltti egr ait e, ainad 3ot eemeént
di scussed for the investigated systems.

Il n contrast with the previous cases, the ons.
dependence oOmoihmé esolatewt The final regressi

stepwi se @4 i0milnG)t iroent ai resdo lountley rtahtei os calsv eantsi g
Y POP Qi EaUQE ®S6 0 Q (4.

Wh e rTensktsS t he onset t emper attdulr 22 naAsCs) raantdi ot hies

a fa& () The model explained approxi mately 63%

tsolute ratio was ws ttpdtG:.sOt@ibBcearlelays strhgenh el aeaftéiericgt
removed during the backwar d-vall iurd .nteBdcere degmdo d ¢

selected significance threshold. This result
onset temper at ur eAsupprne witchuasnloyy didsdaus soend, t he
should not be interpreted as an enhancement
Rat her , it i's |Ii kely associated with threl yi ncr

NNM



et hanol evaporation, which overl aps with the
del ays the appearance of No cltaailsyi datl ¢gt ashlga

were i dentified for the remaining kinetic and
stepwise regresd$Fom.A0eceadur ei nwietsnt i gated f ac
corresponding models. The absence of robust s
of exper i meaetdse feixnheido idteicnogmposi ti on behaviour,
bet ween physical and chemical phenomena contr

N NN



Concl usi ons

The present work investigated thbasdel mahi de
systems for acid gas capture through a progr
ternary reactive systems amdtthlae $ycule gz ek c

final product s, the study followed the entir
thermal phenomena to be interpreted on the ba:
hierarchi caledapprseandh agpr d or understanding t h
and for establishing reliable |Iinks between c
Beyond the characterization of the investigat
work is the development of an integrated met
systems. The obtained remadssr dmenoinstaladmree t drae
to reliably distinguish physical phenomena fr
when evaporation, heat transfer and chemical

i nterprethaitevoend whays caocmbi ni ng t her-maf emeaser exm
thermodynamic reconstruction and stateBérente
model s enabled deviations associ at edwhwilteh tchhe
combined evalwuation of temperatur eitempbuoat an
hysteresis provided practical criteria for di
di stributed degradationpbeddvi bar modwymaimiec mpr
corrected decomposition enthalpies and equiva

noadi abatic TSU experiments by integrating e
simul ations. eCdehvetbpmehys phesvsi de a gener al
be extended to the investigation of other rea
The systematic investigation of increasingly

t he mechani sms governing the Jiehksearnwdd stylsd remesl,
indicate that ethanol pri mahrbvwghf pagsscaher s
effects. No direct experimental evidence supp:
was i dentified. l nstead, et hanol modi fies th
evoluti omrs,f efreatndt rtehe residence time of TMG wi
the apparent devel opment o f decomposition pt
remained relatively constant wheneveentdecwmeo:e
its apparent dependence on ethanol became pro
was increasingly masked by physical contribut
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e progressive introduction of i midazol e fu
st ems, producing a -lgog@aluiaded rdaecsomp oxni tfiroonm
stributed degradation behawveoDuprodtessievehimne
e synthesized ionic |iquids exhibited the |
servations -indqurcdtéotmati ooeonsabstantially m
acting esysothgm rwhinlg t hat such behaviour <can
multaneous evalwuation of thermal, pressure
peri mental observable

e comparison between the two synthesized i
ndi ngs of this work. Al t hough FTIR anal yse:
emical structures, their . thhedmal thespongssi
1 generallVyoeahi bededheremal event s, wher eas
ermal behaviour. These differences are |ike

mount of endainddaretained within the -d&ddsiadt ed

nt hesis adopted for I L1 may promote a highe
mpensating for its more prohbencedetheomalo
propriate synthesis strategy should not re
nsider conversion efficiency, puri fication
oduct

om an industrial perspective, the obtained

evel opment-badeduiammide nlei qui ds for acid gas ¢

termine whether the comparahlleaphdysiLR2Qoahemis
mi | ar capture performdmees.syinft heensi mmad e
tractive alternat irveemobvyal e lsitneipn atsiinmgp |tihey i snal

manufactur i nsgelcyo s tist-ads&oentseod veynrtt hesi s provi de

[
pr
t h
ap
Fu
Sy
be
de
on
Sy
Sp

guid conversion, the additional purificat:i
oduction efficiency. These consi deewaadl watsi rh
er mal behaviour, synthesi s performance anc
propriate production route.

ture work should therefore focus on extendi
stems while further i mproving the understa
haviour. Particul ar attentioerouwshoahd b e n &
composition product s, -leivgauliuda tp unrgi ttyh ea nidn frl eusei
t her mal stability, vwalsiedda t mentgh otdlod o g iy 0 s e
st ems, and optimedungst hehsght weskesrppooduc«
ecifically optimized within the present wor
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gas absorption applications would allow therm
separation performance to be assessed simulta

the most suitable industrial process.

Overall, this work demonstrates that the ther
interpreted by considering physical and chemi
continuous Il nteraction t hr mudghohbe t har atch err
tetramet hydgedni @dinme ' i qui ds, t he principal
devel opment of an integrated methodol ogy thai
statistical anal ssddsnguoshlkyandmatnitealplryet dit he s

framewor k provides a robust basi s for t he
i mpl ement ati oHd iofuirde ascg/tsitveensi oni c
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Nomencl|l at ur e

Sy mt Description Uni t
[ A] Concentration ofompen mol
Al « Preexponential fa vari
Cao I niti al concentr atciooompo mol
0 Specmafdissat capaci J kg
0 Mol ar heat capald mol
E Et hansod!| ut e mass | T
Ea Apparent activati kJ m
HR Heating rate AC m
k Apparent reaction vari
m Ma s s g
n Apparent reactio |
P Pressure bar
Prin Final pressure bar
Po n Onset pressure bar
R Et hanjoMG mass r at |
r Apparent reactio var.i
t Ti me mi n
ton Onset ti me mi n
T Temperatur e AcC
Ttin Final temperatu AC
Tmax Maxi mum temperature d AC
Ton Onset temperatu AC
Tmass TM& o mi dazol e mass |

* Depends on the adopted

N NP
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Greek Letters

Sy mt

Descriptic Uni-

U
gHd
qHv a

Significanc T
Decompositiokcal

Vaporizati orkcal

gHr Reacti on/ deconkcal

Qla d Adi abatic te: K

« Ther mal I nei T

| Density g cn

Acronysm
Acron Meani ng
ARC Accel erating Rate
Aspen Process simulatior

ATR Attenuated Total R
BAT Best Avail abl e Tec«
DOE Design of Experir
DSC Di fferenti al Scanni
DTA Differential Therm
FGD FIl ue Gas Desul phu
FTI R Fourier Transform In
GBI L GuaniBdaisneed | oni c Li
HCCA Heating and Cooling
| L l onic Liquid
I L1 lonic liquid synthassizet
| L2 l onic | iquid synthfseee
MDSC Modul ated Differentia
N D Not Deter mined
SO Sul phur di oxi de
TGA Ther mogravi metric
TMG Tetramet hyl guani ¢
TSU Ther mal Screening

NNZ
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Appendlil x A
Design of Exper.|

A.1 TBMGhanol systems

Table A.1: Complete Design of Experiments
adopted fiethahel ThHMGperi ment al campaign.

NIJt (ET/ TMG maHeating ra
1

o ~NOoO N ®WN
OCOo0OO0OFr oo gor
O UuEr OPr O g O
oA NN NNN o
oo v ol oo

A. 2 | miEkdtahzaonloel syst ems

Table A. 2: Compl ete DoE matrix for the

i mi deeztchlaenol experi mental campaign.
Nigt ¢ ET/ I M Heating r a
rati o
1 1.00 5.0
2 0.50 2.5
3 0.00 2.5
4 0. 25 2.5
5 1.00 2.5
6 0.25 5.0
7 0.50 5.0
8 0.00 5.0

NN®



A. 3
A. 4
A. 5

TMG daiEztoh &n ol

Tabl e

A. 3

systems
: Compl et ei Dio&bemanitaenioA

fexrp etrhi enelMM@ | camp

TestET/ (TMG+Ilm) T

MG/ | m maHeati ngARA

1 0 1.6920 2.5
2 0.50 0.8459 5.0
3 0.50 0.8459 2.5
4 0 0.8459 2.5
5 0.25 0.8459 2.5
6 0.50 1.6920 2.5
7 1.00 1.6920 5.0
8 0 0.8459 5.0
9 0.25 0.8459 5.0
10 0.50 1.6920 5.0
11 0 1.6920 5.0
12 1.00 0.8459 5.0
NO MIO= P N IOz &= \ P IOM
N N IOMM N0z ® = N = IOP
NP N FOM M MY M P d = 1OP
Nz MIO= P N IOz &= \ = 1OP
iTEttHanol systems

Tabl eCoAmpdl:et e

DoEl hathaxolf oexpdédri ment al

TestETOH/ Ma §s

Heati ngARat

o 0ok WN PP

1.

o O O O -

00
.00
.00
.50
.00
.50

g1 o NN NN O

O O O o o o

TEtLi2Ranol
Tabl e

systems

A.5: Compl etietbhak orha terxipxe rfi arre ntt had

TestETOH/ I L2MeHeati ng

Rat

o O WDN PP

0.

O r + OO

50
.00
.00
.00
.00
.50

N O NN OOl

O O O o o o

campai

IclaZmp a i |



AppenBdi X
Det aitlhse ocnal cul ati o
t hermodpnamect i es

B.Bnthal py of (dyaRorization

The mol ar vaporization enthalpy used for the ¢

to different procedures depending on the invi
Aspen Pl useE. For multthiec oarspsonretxit asny sd fle enBdieya lour
Unl ess otherwise stated, all vaporization ent
For the multicomponent mixtures, the vapori za
prestsemgerature trajectory recor deeldo ndgu rtihneg ttrha
(every 5K in the temp@merfdtawsrhe crad aatliadn oma wae)
equilibr-pbmseapontuhal py of the mphkaue eentThal gy |

calcul ated at the sameetmempar avaper andt pomrsasn
the difference betwepemsteheapd@auwielgietrdihuanh pv &30 w

thermodynamic conditions. An interpolatien fu
aver agade wver the reaction interval was wused
of the mixture.

For pure TMG, the vaporization enthal py was
dat abase. The value corresponding to the aver
was adopted.

For eibancl | iquid mixtures, the vaporizati on
the ethanol fraction. The mol ar vaporizati o
decomposition temperatur e, vwas omu lotfi peltiheadn ol y
mi xture. This simplified approach provides a
as the initial et hanol composition was assum
whereas the ienhahel | cquidnphase iIis expected

vaporizati on.

B.RReat capacity(pef, the TSU cell

The massive heat capacity of theddpdnadenht wwarmsr
provided by the i1 nstrument manufacturer. The
pol ynomial function of temperature according

N=N



0 p A OY 0Y

WhefTi she cell temp@mgpuren p)lando pdYpm . The
resulting heat c Aplwaist ys,u besxepqrueesnstd dy iums eadalt o e\
facwhbac({(or) throughout the experiment.
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Append@i x
Addi ti onal experir

This appendi x reports supplementary experi men
conciseness.

C.1 Pure MEt2hasn oA (nd n

30
21) —— P experimental b)
—— P literature _
25 P exp corrected 25
20 20
£ £
£ £
© o
= & = 15
2 B
8 8
A A
10 10
5 >
0 0
0 50 100 150 200 250 25 50 75 100 125 150 175 200
Time (min) T2€)
Figure C.1: Thermal and pressure behaviour of pimrg et h

Comparison between the experi memdsadurpea eprsalfriel e vrod aud i sotni
correlations after correction for the ciometmpiebat uoe ef o
duringatheghand cooling stages of the expe

C.2 Pure |Rnisd aAzCd)ine n( H

400
a) b) —— Pure Imidazole
——  Pure Imidazole —— Reference model
—— Oven 7
&
&
o =
. 2
&
[=™
4
3
% 50 100 150 200 0 50 100 150 200 250 300
Time (min) T(°C)
Figure C.2: Ther mal behaviour of pure imidazol e

evolution odads ta nfeunit(ebihp ePrr @tswsrug eevol uti on during
wi t hprtehde ct emr pfrielsssualet ai ned from the combined
i midazole vapour pressure.

N=0



C.3 Pur eRTSMG Q'Hmi n

Figur@he€r ghal behaviour of pure tetramethylguanidine (°

oven temperature evo(hbhjiGormaespohidihmgi demp&@a&i meepro

Experi mental and theoretical (dré&xpere mendladt iadhd dahear
temperature profiles.

C.4 TMETOH Mi xRuze5 (MC i 0. 84509)

a)

300

200

T (°C)

100

50

0 50 100 150 200 250
Time (min)

Figur®e@re€sent at itviemet e(nep)e itagdapper as suee (b)) piiorhii di
ethanol systégm&. &45% amdhsd amegating rate of

N=T



