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Abstract

The interest in ionic liquids (melting point below 100°C; IL) and their potential applications are
still rising in academia as well as industry due to the variety of their chemical and physical
properties. In separation processes, evaporation losses and product contaminations can be
avoided because of their very low vapor pressure. A number of ionic liquids have hygroscopic
character, so they can absorb a certain extent of water. This property can be an advantage for
gas and fluid drying.

Gas drying is an important separation process for drying of natural gas in order to avoid corro-
sion and hydrate formation in the pipelines. In the industry, the absorptive gas scrubbing with
glycols (especially with triethylene glycol; TEG) as absorbent is well established.

The absorption of hydrogen sulfide is also of great importance in the gas industry. The toxicity
and corrosive properties of H,S dictate stringent control of its release into the environment
and contact of aqueous solutions of H,S with iron and steel as tanks, piping, valves and
pumps. The most common way for the removal of acidic components from gas streams are
amine solutions. In contrast to various studies on the absorption of CO, and SO, in ILs, the
number of publications on absorption of water as well as hydrogen sulfide is still low. ILs could
be alternative absorbents for water and hydrogen sulfide absorption too.

At the beginning of the 21. Century, ionic liquids were immobilized on porous supports in or-
der to combine e.g. the advantages of both the homogeneous and heterogeneous catalysis.
Other researchers tried to combine both the unique properties of polymers and ILs. This leads
to supported membranes and the so-called “ionogels”. lonic liquids confined in gel matrices
make them suitable in various applications e.g. stable electrolytes in dye-sensitized solar cells,
secondary batteries, electrochromic displays, electrolytic membranes and perhaps even for
gas separation processes in a kind of “fixed bed absorber”.

The present work is divided in two main parts. In the first part the immobilization of the ionic
liquids in a polymer matrix and the evaluation, if these hybrid materials are suitable for gas
dehydration was investigated. The hygroscopic ionic liquid [EMIM][MeSOs] was immobilized
into the three polymers, the agar agar Kobe | and two types of poly(vinyl alcohol) (PVOH)
Mowiol 56-98 and Mowiol 40-88. The occurred fouling due to the high amount of water in the
agar agar-[EMIM][MeSQs] ionogels was the reason why the PVOH-[EMIM][MeSOs] ionogels
were chosen for the gas dehydration. First the main components of the ionic liquid — polymer
mixtures were characterized. The thermal decomposition of the [EMIM][MeSOs] was calculat-
ed with a “model free” method, the isoconversional method (E, =137 kJ mol’l, ko=6.2-10%s
1) and compared with literature data. The calculation of the kinetics of thermal decomposition
using the isoconversional method took considerable time without having any advantage com-
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pared to the TGA-method established at the Chair of Chemical Engineering of University of
Bayreuth. At next the thermal decomposition of the two types of PVOH (Mowiol 56-98,
Mowiol 40-88) was also determined with the TGA method (E, = 175 kJ mol™, ko = 7.89 10" s™).
Furthermore the density and viscosity of the prepared IL - polymer mixtures were measured.
Based on the results the IL - polymer mixtures with about 10 wt% PVOH in [EMIM][MeSOs]
were chosen for the gas dehydration measurements. Therefor a dehydration plant was build
up. The experiment was accomplished at an absorbent temperature of 42 °C and three differ-
ent dew points of the feed gases. Comparison of the activity coefficients of water in the iono-
gels compared with the activity coefficients of water in the pure ionic liquid show no measur-
able deviation from each other. This means that the polymer matrix doesn’t influence the ab-
sorption capacity of the ionic liquid in greater extend.

In the second part of this study, the absorption of the hydrogen sulfide was accomplished us-
ing the [EMIM][MeSQs] as an absorbent. The measurements showed that the ionic liquid [EM-
IM][MeSO0s] is suitable for the purification of gas from its hydrogen sulfide component. For the
absorption temperature of 22 °C, the Henry coefficient of H,S in the [EMIM][MeSOs] is 3 924
mbar and by a factor of about 1.5 lower compared to the N-methylpyrrolidone at 20°C. The
Henry coefficient of the H,S in [EMIM][MeSOs] for a temperature of 32 °C is 5 041 mbar and
by a factor of 5,7 lower compared to the ionic liquid [hemim][BF,] at a temperature of 30 °C.

In conclusion, the present work shows that the ionic liquid [EMIM][MeSOs] can be immobi-
lized into the polymer poly(vinyl alcohol) without losing its absorption capacity. On the basis
of the results, the main idea to get a kind of “fixed bed absorber” seems to be possible since
the IL - polymer mixtures keep the absorption capacity of the ionic liquid. Further studies con-
cerning the ternary mixtures H,0 - IL - polymer should be conducted in order to get more in-
formation about the mechanism of gelation, rheological behavior, miscibility gaps and infor-
mations about the mass transfer in such a gel layer.

The investigation on separating the hydrogen sulfide (H,S) with the ionic liquid [EM-
IM][MeSOs] from a gas stream showed that the [EMIM][MeSQs] has a good absorption capac-
ity. It is already proven that the [EMIM][MeSQs] is an alternative drying agent to the absor-
bent TEG commonly used for industrial gas drying. In the ideal case, both gases would be ab-
sorbed simultaneously. Therefor it should be furthermore investigated if the [EMIM][MeSOs]
can also separate H,S from natural gas in presence.

Both the experimental part and the written composition of this work were conducted during a
stay at the Chair of Chemical Engineering at the University of Bayreuth, which was funded by
the Erasmus Exchange Programme.



NepiAnyn

To evéladépov yla ta Lovtika vypd (onueio téng <100 °C) kot Twv rbavwyv epappoywv
TOUG, aUEAVOVTOL CUVEXWG TOOO OTOV aKAdNUAIKO 600 Kal 0TOV BLOUNXAVLKO TOREQ AOYw TWV
TIOWKIAWV XNUIKWV Kal Guolkwv Toug olotATwy. e Slepyacieq SLoXwpPLOUOU, Ol OMWAELEG
AOyw e€AaTuiong Kol ol HOAUvVon TwV TPOIOVIWY UIopouv va anodeuxbouv xapn otnv oAU
XaunAn mieon atpwv Toug. Kamowa ovIKA Uuypd €XOUV  UYPOOKOTIKO XOpPOKTHPQ,
amoppodOVTOG ML CNUAVTIKA ToootnTa vepou. H dotnta autry amoteAel oNUOVTIKO
TIAEOVEKTN LA YLO TNV XPHON TOUG 0TNV ENPOVON UYPWV Kal agplwv.

H &npavon tou ¢uolkol aepiou amotedel onuavtiky OSwadikacia ywa tnv amoduyn
SLaBPWOEWV KAl OXNUOTIOMOU USPATUWY 0TI CWANVWOELS. H TTAeov edpalwpévn Enpavon Tou
¢duolkoU aepiou OTOV BLOUNXOAVLKO TOMEN TIPOYHOTOTOLEITAL ME TNV XPron YAUKOAWV Kol
el8IkOTEPA TNC TPLOLBUAEVOYAUKOANG (TEG).

MeyaAn onuaocia otnv Blopnxovia tou GuoLkoU aepiou €XEL emiong n AmMopdkpuvon Tou
LV6pOBeLou. H TofkoTNTa KoL OL SLOBPWTLKES LALOTNTEC TOU LSPOBELOU UTTAYOPEVOUV QUOTNPO
€\eyxo TepLOPLOpOU TNG ameAeuBEpwoaong Tou oto meptBarAov kal emadng Tou He oldnpo Kat
XaAuBa onwg yla mapadeypa oe Se€apeveg, owAnvwoelg, BaABideg kat avtAiec. O mo
OUVNBLOUEVOG TPOTIOG ATTOUAKPUVONG TWV OELVWV CUCTATIKWY oo pelpata agpiov gival ta
SlaAUpaTa apvwy.

AvtiBeta pe tig dtadopeg peréteg anoppodnong CO, katl SO,, 0 aplBUoS Twv SNUOCLEVCEWV
OXETIKA UE TNV amoppodnon vepou (udpatuwv) kabwg kot udpoBelou eEakolouBel va eivat
XapunAog. Ta lovtikd uypd Oa pmopoucav vo AmnmoTeEAECOUV €va eVOAAOKTIKO HECO
anoppodnaong vepouL kat udpoBelou.

ITIc apxég tou 21°Y awwva, Eekivnoe n mpoomndBela otaBepomnoinong toug oe Mopwdn UAKA
WOTE va ouvALAOTOUV T TTAEOVEKTALOTO TOUG TOCO OTNV OMOYEVH OCO0 KOl OTNV ETEPOYEV
kataAuon. AAAoL epeuvntég Eekivnoav mpoomabele ocuvbuaopoU TOUG HE TIOAUMEPN
eAnilovtag otov ouvdbuaouo twv WoTATWY toug. O cuvduaopog autog odnynoe ota
Aeyoueva ,ionogels” kat kaBiotavtal katdAAnAa oe Stddopeg epapuoyEG (NAEKTPOAUTLKEG
UEUPBPAVEG, NAEKTPOXPWHULIKEC 000VeC KTA.) Kal ow¢ akoun oe Slepyacieg Slaxwplopou
aepilwv oe otabepr) kAivn anoppodpnonc.

H mapouoa epyaocio xwpiletal oe U0 KUpLA PEPN. ITO MPWTO HEPOC, VIVETAL CUVOUAOUOG TWV
LOVTIKWV UYPWV HE TTOAUHEPN Kal afloAdynon Toug otnv &npavon aepiwv. To UYPOCKOTILKO
LOVTIKO UypO [EMIM][MeSOs3] cuvdudotnke pe tpla MOAUMEPH UALKA, agar agar kat Suo
TUTIoUuG BVUALKAG aAkooAng (PVOH) to Mowiol 56-98 kat Mowiol 40-88. H peydAn moootnta
vepoU ota agar agar - [EMIM][MeSOs] ionogels Atav o Adyog yla tnv emidoyni twv PVOH -
[EMIM][MeS0Os] ionogels yla ta mepdpata Enpavong oepiov. ApXLKA £YLVE XOPOAKTNPLOUOG
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NepiAnyn

TWV CUOTOTIKWY TWV HLYMATWVY LOVTIKWVY UYpwV - TOAUpEpwy. H Begpuikr) amoocuvbeon tou
[EMIM][MeS0Os] umoloyiotnke pe pa péBodo “eAeuBepou povtélou™, tnv isoconversional
method (E, = 137 KJ mol™, ko = 6,2 10% s™) kat cuykpiBnke pe Sedopéva tne BBAoypadiag. O
UTIOAOYLOMOG TNG KLWNTIKAG TNG omooUvBeong XpnoLdomowwvtag auth tn uEBodo ntav
XPOVOBOPOG XWPLG KATIOLO TAEOVEKTNUA O OX€on ME tnv Beppootabukr péBodo (TGA-
method) mou avarmntuyxtnke oto Chair of Chemical Engineering, University of Bayreuth. Ztnv
ouvéxelw n  Bepuiky  amoocuvBeon twv Vo  TUMWV  BWUAKAG  aAKOOANG
(Mowiol 56-98, Mowiol 40-88) mnpooblopiotnke pe TNV Beppootadbuiky pEBodo
(Es = 175 KI mol™, ko = 7,89 10™ s). EmutAéov mpaypotomnotiOnkav LETPAOELS TNE TTUKVOTATOG
Kal Tou Suvaplkol KwooUG TWV HUIYUATWY LovTkoU uypol - MoAupepous. Me Baon ta
OIMOTEAECUATA TWV TAPOTMAVW HUETPAOEWV T Helypata pe mepimou 10 % k.. PVOH oto
LOVTIKO uypo [EMIM][MeSO3] emtAéxBnkav yla TiG LETPAOELS Epavaong agpiou. Ma tov okomo
OUTO KOTOOKEUAOTNKE EYKATAOTOON YlA HETPAOELS amoppodpnong udpatuwv omo agpla
pebpata. Ta mMelpdpata npaypatonol)énkav os Bepuokpacia anoppodntikol UALKoU 42 °C
Kal tpla Stadopetikd onpeia pocou Twv asplwv Tpododociag. O cUVTEAECTEG EVEPYOTNTOG
TWV UETPROEWV amoppodnong udpatuwv ota ionogels cuykpiBnkav pe TOuG OUVTEAEOTEG
gvepyotnTaC amoppodnong udpatuwv oTo KaBapd oviikd uypo [EMIM][MeSOs]. O
aTOKALOELG ATAV UNSAULVEC KOL N UETPNOLUEG. ZUUTIEPACUATLKA N Soun Tou oAU pepoUC dev
eNnpealel og peyalo Babuod tnv amoppodnTikr LKAVOTNTA TOU LOVTIKOU UypoU.

Y10 SeUTEPO HEPOC TNG epyaciag emtevxOnke amoppodnon udpobeiou XpPNOLLOTIOLWVTACG WG
anoppodnNTIKO PECO TO LOVIIKO Lypd [EMIM][MeSO0s]. Ol petpioelg £6€L€av WG TO LOVTIKO
UypO eilval KatdAAnAo yla tnv amoudkpuvon tou udpoBeiou amo aépla pevpaTA. TNV
anoppodnaon oe Bepuokpaocia 22 °C o cuvteleotric Henry tou H,S oto [EMIM][MeSOs] eivat
3924 mbar kot Kata €vav mopadayovta mepinou 1,5 yapnAotepog anod ekeivov tng N-pebulo-
nuppoAdovng otoug¢ 20°C. O ouvteleotric Henry tou H,S oto [EMIM][MeSOs] oe
Bepuokpaoia 32 °C eival 5041 mbar kal katd €vav napayovta nepinou 5,7 xapunAotepog ano
€Kelvov Tou LovtikoU uypol [hemim][BF,] otoug 30 °C.

JUMUTIEPAOUATIKA N Tapouoa €pyacia mapoucldlel tov ocuvduaopd Tou LovilkoU uypou
[EMIM][MeS0Os] pe moAupepn, dlatnpwvtag TS WBLotnTeg Kal Twv dUo cuotatikwy. Me Bdon
Ta anoteAéoparta, n Baoikn Wéa dnuoupyiag evog eidoucg otabepng kAivng amoppodnong
daivetal va eival mpaypotomnowjolun adol dwatnpeital n WOTNTA amoppodnong tou
LOVTIKOU uypoU. Oa mpenel va Sie€axBouv mepattépw peAéteg AapBavovrtag unmoyn oe
ONUAVTLKO BaBuod Tnv mocoTnTa VEPOU oTa piypoata. TpLuepn Hiypata vepou - LovikoU uypou -
moAupEepoL¢ Ba eetaotolv yla tnv ANYn mAnpodopLwv CXETLKA HE TOV NXAVIOUO tHENG, TNV
PEOAOYLKN CUUTEPLPOPA KOL AVAMELEN TWV CUOTOTLKWV.

H épeuva Tou Slaxwplopol tou udpbBelou amo Eva aépLlo pela £XOVTAC WG ATtOPPOPNTIKO
puEoo 1o [EMIM][MeS0s] £€6¢€Lée OTL £XeL La TIOAU KaAH LkavotnTa amoppodnong. Oa mpemnel
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va yivouv mepetaipw PEAETEG yLa TOV Slaxwplopd tou udpobelou amod pevpa ducikol aepiou.
ExeL nén amobdeiyOet 6tL to [EMIM][MeSO03] eivat pia evalhaktiki Avon yla tTnv £npovon tou
duaoikoU aepiou otnv Blopnxavia. ITnv LSavikn MePLMTWon TO00 To VEPO 600 Kal To uSpoBeLo
Ba anoppodouvtal Tautdxpova.

To MEPAUATIKO LEPOC KAL N YPATTTH) OUVOEGDN TNG EPYQCLOC TpayaTtonolnonkav Katd tnv
Slapkela mapapovng oto Chair of Chemical Engineering, University of Bayreuth ota maiola
TOU TPOYPAMMATOG avTaAAayn g poltntwy Erasmus.






1 Introduction and objectives of the work

Gas dehydration/purification is a very important separation process in industry like e.g. the
dehydration of natural gas to avoid corrosion and formation of hydrates in pipelines [1-3].
Therefor the most commonly used industrial process is the absorption of the water vapor with
glycols. In the early 1930s, diethylene glycol (DEG) was the first absorbent to dry natural gas in
dehydration plants. Triethylene glycol (TEG) was also proved to be very effective [1,4]. How-
ever, TEG has two major disadvantages:

e TEG has a relatively high vapor pressure [5] and

e TEG is not stable against oxidative attack. Hence, the regeneration of water loaded
TEG is not straightforward. A distilling unit with temperatures up to 573 K is commonly
used to avoid high evaporation losses and contact with air has to be avoided [6,7].

Now the question arises: What is an ideal solvent for gas dehydration? An ideal solvent for
dehydration of a gas by absorption/scrubbing of water vapor should have the following prop-
erties:

o The partial pressure of the solvent should be as low as possible to avoid evaporation
losses.

e The affinity of the solvent to water vapor should be high, i.e., the water vapor pressure
of the solvent/water mixture should be as low as possible.

e The solvent should be robust with regard to thermal decomposition and to a chemical
attack by oxygen.

e The absorption agent should be non-toxic.

lonic Liquids (ILs) are often defined as low melting salts with a melting point below 373.15 K.
Since their discovery, the number of potential applications of neat ILs is still rising in academia
as well as in industry. This is due to the wide variety of their chemical and physical properties
which can be modified by combinations of different anions and cations [8-12]. These often so-
called “designer solvents” [13,14] represent a new and promising solvent class, e.g. for homo-
geneous (two-phase) catalysis [10,15,16] and for separation processes like extractions [17,18]
and other applications which have been reviewed various publications [9,19].

One main reason that ILs have gained interest in both academia and industry is that they have
an extremely low vapor pressure. The hydrophilic ionic liquid 1-ethyl-3-methylimidazolium
methanesulfonate ([EMIM][MeS03]) shows an extremely low vapor pressure at ambient tem-
perature compared to common solvents like TEG and a relatively high thermal and oxidative
stability at elevated temperatures up to 423 K. This makes it very attractive for separation
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processes like the natural gas dehydration, since losses by evaporation and thus impurities in
product streams can be avoided [20].

At the beginning of the 21. Century, ionic liquids were immobilized on porous supports in or-
der to combine e.g. the advantages of both the homogeneous and heterogeneous catalysis
[21-24]. Other researchers tried to combine both the unique properties of polymers and ILs.
This leads to supported membranes and the so-called “ionogels”[21]. lonic liquids confined in
gel matrices makes them suitable in various applications e.g. stable electrolytes in dye-
sensitized solar cells, secondary batteries, electrochromic displays, electrolytic membranes
[25] and perhaps even for gas separation processes.

This leads to the two main objectives of this work: The first objective is to investigate the ab-
sorption of H,S in the neat ionic liquid [EMIM][MeSOs3], which is a common impurity besides
water vapor in natural gas. This may expand the possible applications of this IL to other gas
purification processes. Therefore, the Henry coefficient of hydrogen sulfide is measured at
different temperatures and is compared to literature data.

The second objective concerns the immobilization of the ionic liquids in a polymer matrix and
the evaluation, if these hybrid materials are suitable for gas dehydration. In this case, the
main idea is to get a kind of “fixed bed absorber”. For these purpose two different commer-
cially available polymers, the agar agar Kobe | and the poly(vinyl alcohols)
Mowiol 56-98 and Mowiol 40-88, were used. The obtained hybrid materials were character-
ized in terms of thermal stability, viscosity, density and dehydration capability in a dehydra-
tion plant.

The present work was co-operated with the University of Bayreuth at the Chair of Chemical
Engineering of Prof. Dr.-Ing. Andreas Jess. The experimental procedure were performed at the
Chair of Chemical Engineering at the University of Bayreuth. In the following, Chapter 2 gives
an overview about the theoretical background. The scope of this work and the conducted
measurements are described in Chapter 3. The description of the experimental set-ups and
the used measurement methods follows in Chapter 4. The results of this work are presented
and discussed in Chapter 5. Finally, a summary and an outlook are given in Chapter 6.



2 Basic theory and background of the work

This chapter gives an overview of the theoretical background that has to be known for under-
standing the following work. At first, the physical properties of the ionic liquid [EMIM][MeSO;]
and the polymers agar agar Kobe | and poly(vinyl alcohols), that are used in this work for the
production of the ionogels, are described. Afterwards a kinetic computation on thermal analy-
sis data known as isoconversional method is explained. The computation of the kinetic param-
eters with regard to thermal decomposition of the ionic liquid [EMIM][MeSOs], the polymer
poly(vinyl alcohol) and the produced ionogels are described. Furthermore the absorption pro-
cess is described and the calculations of the parameters that quantify the absorption capacity
are presented.

2.1 lonic Liquids

In the last 10 years the scientific interest in ionic liquids (ILs) increased rapidly. lonic liquids are
low melting salts with melting point under 100 °C [8]. They consist exclusively of ions or al-
most exclusively of ions such as protic ionic liquids (ethylammonium nitrate) and therefore
exhibit ionic conductivity [9]. lonic liquids have a huge variety of chemical and thermophysical
properties [26,27].

One of the features of ionic liquids is the broad variation of their solubility and miscibility
properties. They can, for example dissolve both ionic and covalent compounds. This feature
makes them attractive not only as solvents and electrolytes in electrochemical reactions and
chemical processes, but also for the separation and extraction of materials from solutions and
mixtures [9,28]. They are also good solvents for a wide range of both organic and inorganic
materials and can be brought into the same phase with unusual combinations of reagents.
However, a number of organic solvents are immiscible with them, so they provide a non-
aqueous, polar alternative for two-phase systems [10].

Another reason why ionic liquids gained scientific interest is their extremely low vapor pres-
sure (e.g., ca. 10™"° Pa at 298 K for [C4mim][PFg] [29] compared with 3-10°% Pa at 298 K for H,0
[30]) and low flammability. That makes them attractive for separation processes, avoiding
losses by evaporation in product steams [31,32]. These characteristics make ionic liquids
promising candidates in the field called ,,Green Chemistry” as a substitute for currently used
toxic, flammable and volatile solvents [9,14,28,33].

This work is based on the ionic liquid [EMIM][MeSOs]. Therefore physical properties of this
ionic liquid will be described hereinafter in detail.



Basic theory and background of the work

2.1.1 1-Ethyl-3-methylimidazolium methanesulfonate [EMIM][MeSO3]

The ionic liquid 1-ethyl-3-methylimidazolium methanesulfonate, [EMIM][MeSOs] was pur-
chased from Sigma-Aldrich (BASF quality, purity of =95 wt%). The molecular formula is
CeH11N; - CH303S. The structural formula of [EMIM][MeSOs] is shown in Figure 1.

@)
/Nﬁ Me—g—O'
NN~ I

Figure 1: Structural formula of [EMIM][MeSO3].

In the following the physical properties with relevance for this work are presented
in Table 1.

Table 1: Properties of [EMIM][MeSOs] with relevance for this work.

Molar massin g mol™ [34] 206.26
Melting point in °C [35] 31
Density in kg m?>[32] 1240 (T=298.15K)

The activity coefficient of the binary mixture of [EMIM][MeSOs] and water has been measured
in the past at the Chair of Chemical Engineering of the University in Bayreuth. For tempera-
tures between 30-50°C the activity coefficient is given by Eq. (2.1).

Yi,0(xm,0,T) = 0.925 - xyy,0%7 + 0.075 30°C < 8 < 50°C (2.1)

The vapor pressure of [EMIM][MeSOs] can be calculated through the Arrhenius equation
(Eq. (2.2)) for Cyap = 7.5 10" Pa, AyspH = 141.0 kI mol™ [36].

AvapH
Pvap = Cvap ‘e RT

(2.2)

where py,p, is given in Pa and Tin K

The activity coefficient of the mixture [EMIM][MeSOs] and H,S will be measured and present-
ed in this work. The ionic liquid [EMIM][MeSOs] was used not only for the absorption of hy-
drogen sulfide and water but also in a combination with the polymers presented in the follow-
ing section for the preparation of the ionogels.
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2.2 Agar agar Kobe |

2.2 Agar agar Kobe |

Agar agar Kobe | or agar is a hydrophilic colloid extracted from seaweeds of the Rhodo-
phyceae class [37,38]. The raw material of agar can be of different seaweeds like different
species of gelidium but also species of gracilaria, pterocladia capillace and gelidiella, depend-
ing on the country where they are produced [39].

Early studies showed that agar is a polysaccharide that is composed entirely of galactose resi-
dues which are arranged in chains with galactose repeating units [40]. Nowadays it is estab-
lished that agar consists of two fractions, agarose and agaropectin [39]. Agar is composed of
alternating D-galactose and 3,6-anhydro-L-galactose repeating units. Agarose, the gelling
component is a sulfate free polysaccharide and its basic sugar units are
D-galactose, L-galactose, 3,6-anydro-L-galactose and D-xylose. Agaropectin is a non-gelling
ionic polysaccharide and includes a small amount of sulfate (=2%). Its basic sugar units are
D-galactose, L-galactose, 3,6-anydro-L-galactose, D-xylose, galactose sulfate and pyruvic
acid [41,42] .

Agar molecular formula of is [-C;,H1809-],. Its molecular structure is shown in Figure 2.

_ H _
on f°
0
O rOH
o ﬁ_
| © N
A OH |
H OH

Figure 2: Molecular structure of agar agar.

In this work agar agar Kobe | was purchased from Carl Roth. The properties of this gelator are
shown in Table 2. The gel strength is a measure of the ability of a colloidal dispersion to de-
velop and retain a gel form. There are different techniques for measuring the gel strength like
the Bloom test, the Nikan-Sui method (extended Kobe method) and various other rheometric
techniques. The Bloom test for instance gives the gel strength in terms of the force required
to depress a plunger of given diameter, set on a gel surface, a distance of 4 mm. To the con-
trary, the Nikan-Sui method measures the force required to the point of rupture of the gel in a
certain time [39,43].
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Table 2: Properties of agar agar Kobe | [44].

Density 0.55
Gel strength (1.5% gel) > 1000 g/cm’
Gelling Temperature 35-42°C
Moisture <15%
pH-value 5.0-8.0
Ash <15%

An important property of the gelation with agar is that it has an excellent thermal reversibility
allowing it to be repeatedly gelled and melted without losing any of the original properties
[45]. However the large number of hydroxyl groups makes agarose insoluble in cold water and
many common organic solvents. Agar gels find numerous applications in various fields such as
food gelation (jams, candies, ice creams etc.) in the food industry, dental molds and pharma-
ceutical formulations, electrophoresis, tissue engineering or a matrix of soft-matter organic
devices. [25,41].

Agar was used for the agar-[EMIM][MeSOs] ionogels, which will be described in the chapter 4.
The ionogels will also be produced from the mixture of poly(vinyl alcohol) and [EM-
IM][MeSO0s]. Important properties of the poly(vinyl alcohol) are presented in the following
section.

2.3 Poly(vinyl alcohol) (PVOH)

Poly(vinyl alcohols) are watersoluble polymers of vinyl alcohol [46]. The monomer, however,
has been neither isolated nor obtained in a high concentration. Thus PVOH is a special syn-
thetic polymer, that cannot be prepared by polymerization of the corresponding
monomer [47].

In this work was used PVOH from Kuraray. Its molecular formula is [-CH,CHOH-],. Its structural
formula is shown in Figure 3.

HO |,

Figure 3: Structural formula of poly(vinyl alcohol).
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2.3 Poly(vinyl alcohol) (PVOH)

The ester of vinyl alcohol is vinyl acetate, which is the raw material for its production. The
poly(vinyl acetate) dissolved in methanol is converted to poly(vinyl alcohol) by hydrolysis (al-
coholysis). The catalyst is sodium hydroxide. By varying the catalyst concentration, reaction
temperature and reaction time, it is possible to adjust the residual acetyl group content. In
the chemistry and use of poly(vinyl alcohol), a distinction is therefore drawn between »fully
and partially hydrolyzed« grades [48].

The degree of crystallization in a poly(vinyl alcohol) has a major influence on the solubility and
swellability of the polymer [47]. The partially hydrolyzed grades may be considered as mixed
polymers of vinyl alcohol and vinyl acetate. The degree of hydrolysis J{ indicates the percent-
age of the basic polyvinyl acetate is hydrolyzed to polyvinyl alcohol. Complete hydrolysis
means that the PVOH has no acetyl groups. In most of the partially hydrolyzed polyvinyl alco-
hol grades the acetyl content is generally about 11 wt%, corresponding to approx. 88 mol%
hydrolysis in the basic poly(vinyl acetate) and 140 mg KOH/g. The degree is calculated by using
Eqg. (2.3)

100 — 0.1535 EV
"~ 100 — 0.0749 EV

100 mol% (2.3)

where EV is the “ester value” which shows the number of mg KOH needed to neutralize the
acid released from the ester by saponification of 1 g of substance [48].

The fully hydrolyzed poly(vinyl alcohols) are in the range from about 97 to 100 mol% hydroly-
sis and produces very clear differences in the property profiles. The crystallization tendency
increases very sharply in this range having as a result a reduction in the cold-water solubility
of the poly(vinyl alcohol) [48].

PVOH has been used successfully in a wide range of applications for many years, thanks to its
physical and chemical properties and the ability of its large number of hydroxyl groups to re-
act with other substances [46]. The special properties of Mowiol are:

e Excellent film formation and film stability

e Stable to organic solvents

e Temperature resistant

e Highly elastic

e Soluble in water

e Specific colloid chemistry properties

One of the various names of poly(vinyl alcohol) is Mowiol. Many different types of Mowiol
exist depending on the dynamic viscosity and the degree of hydrolysis (saponification) of the
PVOH. To make them distinctive many manufacturer use a marking consisting of two num-

13



Basic theory and background of the work

bers. The first number of this marking shows the dynamic viscosity in mPa s and the second
one shows the degree of hydrolysis (saponification) in mol %. In this work Mowiol 56-98 and
Mowiol 40-88 are used. The Mowiol 40-88 has a partially hydrolyzed grade while the Mowiol
56-98 has a fully hydrolyzed grade. Table 3 shows the kinematic viscosity and the degree of
hydrolysis of the two Mowiol types [46,48].

Table 3: Dynamic viscosity and degree of hydrolysis of the used Mowiol types.

Dynamic viscosity Degree of hydrolysis
inmPas in mol%
Mowiol 40-88 40+£2.0 87.7+1.0
Mowiol 56-98 56 +£4.0 98.4+0.4

*dynamic viscosity of a 4% aqueous solution at 20°C

Table 4 shows the molar mass and the degree of polymerization of Mowiol grades. The molar
mass and degree of polymerization are given by the average molar mass M, and degree of
polymerization P,, in relation to their molecular size. The molar mass measurements on the
PVOHs themselves show often false results. Therefore it is often calculated from the molar
mass values of the poly(vinyl acetates) used to manufacture the poly(vinyl alcohols). For the
following grades, the mean molar mass was determined by gel permeation chromatography
(GPC) combined with static light scattering on re-acetylized specimens. The accuracy of the
M,, was estimated at + 15%. The degree of polymerization was calculated using Eq. (2.4) [48]:

_ i,

P, = 2.4
Y (86 — 0.42 - degree of hydrolysis) (2.4)
Table 4: Mean molar mass and degree of polymerization of the used Mowiol types.
Linear formula Average molar Average degree of
mass (M,,) in kg mol™ polymerization (P,,)
Mowiol 40-88 [-CH,CHOH-], 205 4200
Mowiol 56-98 [-CH,CHOH-], 195 4300

The dynamic viscosity depends on the concentration of the Mowiol in the solution. At Mowiol
solutions, the dynamic viscosity rises rapidly. As a consequence, it’s difficult to reach very high
concentrations of Mowiol in the solutions. The dynamic viscosity also increases when the so-
lution stands for some time at room temperature or below [48].
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2.4 Gels and lonogels

During heating, polymers degrade forming low molecular products. For typical vinyl polymers
degradation involves breaking of C-C bonds whose bond energy is around 350 kJ mol™. Alt-
hough this energy demand is large, vinyl alcohols readily degrade above 200-300 °C [49].

The described polymers were used in this work to gelate the ionic liquid [EMIM][MeSOs]. The
definition of a gel in general and especially an ionogel is given in the following section. Fur-
thermore physical as well as chemical properties of gels are discussed.

2.4 Gels and lonogels

Different opinions exist about the definition of a gel. It is difficult to define them as a material
class. The IUPAC definition of a gel is: “A gel is a nonfluid colloidal network or polymer net-
work that is expanded throughout its whole volume by a fluid” [50,51]. Generally, a gel is a
colloid and can be defined as an intermediate state that has a liquid as also solid rheological
behavior. It consist of a solid network which is interspersed by a liquid [52-55].

A gel can be categorized in physical and chemical gels. Chemical gels have the polymer mole-
cules linked through covalent bonds while physical gels have formed all their structure only by
polymer molecules which are aggregate through hydrogen bonds. Physical gels have the
property to hold a great amount of liquids in the interior network (most of its applications
water). For example the gelation of agar produces physical gels produced by hydrogen
bonds [56,57].

The polymerization of a monomer solution displays the transition from the sol state to the gel
state. In the sol state, monomers start to agglomerate, forming small clusters. At a specific
point, called the gel point, these clusters consolidate to form a giant network [58]. The IUPAC
definition of the gel point is: “Gel point is the point of incipient network formation in a pro-
cess forming a chemical or physical polymer network.” The gel point is often detected using
rheological methods. However different methods give different gel points. The reason there-
for is, that the viscosity is tending to infinity at the gel point and a unique value cannot be
measured directly [51].

The rheological behavior can be determined with oscillatory shear measurements. By subject-
ing a specimen to an oscillatory stress (o) and determining the response, both the elastic and
viscous or damping characteristics can be obtained. A cone is forced into oscillatory shear (an-
gular frequency w) or rotation. When oscillatory shear measurements are performed in the
linear viscoelastic regime, the storage modulus G' (elastic response) and loss modulus G" (vis-
cous behavior) are independent of the strain amplitude. The dynamic viscosity can be deter-
mined as n = G"/w.
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For incipient gels at the gel point, G’ and G” are expected to obey power laws in frequency:

o I~ n
G'~G"~w (2.5)

where n is the relaxation exponent [59,60].

As already mentioned in Section 2.2, ionic liquids have attracted the attention in the chemis-
try field. However, it could be desirable to immobilize the ILs in a solid device while keeping
their task specific properties. This may be achieved by hybridizing ILs with low molecular
weight organic gelators or polymers, which are called ionogels. lonogels are expected to pos-
sess both the chemical versatility of the ionic liquid and the morphological versatility of a pol-
ymer [21,25,41,61].

lonogels can be characterized as host — guest complexes. The larger molecule can be consid-
ered as the host component (polymer) in which the guest molecule (smaller molecule) is en-
compassed [62,63]. The ionic liquid represents the guest molecule. Figure 4 shows the gela-
tion of an IL/polymer. At high temperatures the mixture is liquid. When the mixture under-
goes the gelation temperature, an ionogel is formed.

ionic liquid polymer network

l ionic liquid
T

<

(if thermoreversible) W /

Figure 4: Schematic illustration of the gelation of an IL/polymer by changing the
temperature. The arrow is bidirectional only for thermoreversible gelation.

~

polymer

lonogels have already been used in many applications. They take part in catalysis, biocatalysis
and as electrolytes. Furthermore, they offer new ways to design conducting materials for elec-
trochemical devices, such as batteries, fuel cells, electrochromic windows or photovoltaic cells
[14]. lonogels show multiple advantages such as tunable solubility, adjustable chain flexibility,
relatively high ionic conductivity or ionic responsiveness [22].
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2.5 The absorption process

In this work the use of ionogels of the IL [EMIM][MeSOs] based on agar agar and PVOH are
characterized. The ionogels of PVOH are also going to be used for the absorption of water
from a gas stream. The absorption process will be described in detail in the following section.

2.5 The absorption process

The process where a gas component is selectively dissolved by contact with a liquid in which
the component is soluble is called absorption [64]. The absorption capacity of an absorber
depends on the equilibrium concentrations between gaseous phase and the liquid [65,66].

Absorption may be either chemical or physical or a combination of both. The difference is that
the physical absorption involves the solubility and the vapor pressure relationships while
chemical absorption involves a reaction of the primarily physically absorbed solute with the
absorbing medium. Thus, chemical absorption is always combined with physical absorption
such as the absorption of hydrogen sulfide (H,S) in an amine solution [64].

The absorption of hydrogen sulfide is of great importance in the gas industry. The removal
and disposal of hydrogen sulfide is the most common problem. The toxicity and corrosive
properties of H,S dictate stringent control of its release into the environment and contact of
aqueous solutions of H,S with iron and steel as tanks, piping, valves and pumps [67,68].

The most common way for the removal of acidic components from gas streams are amine
solutions. In 1930 Bottoms described that the ethanolamines (diethanolamine and triethano-
lamine) were the most satisfactory compounds for the removal of acid components because
of their high absorption capacity and their availability at a reasonable price [69,70]. Aqueous
monoethanolamine and diethanolamine solutions were almost exclusively used for many
years for the removal of H,S and CO, from natural and certain synthesis gases[1,71-73]. Alt-
hough they are rapidly being replaced by other more efficient systems, particularly for treat-
ment of high pressure natural gases, monoethanolamine is still the preferred solvent for gas
streams containing relatively low concentrations of H,S and CO, and essentially no minor con-
taminants such as COS and CS,. Especially when gases are treated at low pressures and maxi-
mum removal of H,S and CO, are required. Its advantages are the low molecular weight of
monoethanolamine, resulting in high solution capacity at moderate concentrations (on a
weight basis), its high alkalinity and the relative easy regeneration possibility [1]. Using this
method, purities of 1 to 4 ppm of hydrogen sulfide could be achieved [4]. However in the
waste gas, the mass concentration of 3 mg/m? (= 2 ppm) and the mass flow of 15 g/h of hy-
drogen sulfide should not be exceed [74].

Another important separation process is the gas dehydration for drying of natural gas (dew-
point (TP) of dry natural gas: -5 ° C to -15 ° C [1,36]), in order to suppress corrosion and hy-
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drate formation in pipelines [1-3]. The dew point is the temperature, at which the water va-
por containing in the gas, starts to condense (100% relative humidity) [75,76].

In the industry, several methods for gas drying are employed. The first method was based on
cooling the moist gas to the required dew point, achieving a separation of the condensate
[1,4]. The achievable dew point is limited to about 15 °C, when no special cooling processes
are used [77].The most common gas drying process is the absorption of water through liquid
solvents (absorptive gas scrubbing) [1,4]. In the industry glycols are used as absorbents for the
absorptive gas dehydration of natural gas. In the early 1930s, diethylene glycol (DEG) was the
first absorbent to dry natural gas in dehydration plants. Triethylene glycol (TEG) was also
proved to be very effective. Over the next 60 years the number of glycol-type natural gas de-
hydration plants grew to more than 20 000 in the U.S. and Canada [1].

In order to describe an absorption process, two laws have to be known depending on the mo-
lar fraction of the gas component.

For ideal mixtures, Raoult’s law is valid for all solvents that approach purity and the partial
pressure of component i is given by Eq. (2.6)

Di = XiPisat(T) forx;—1 (2.6)

where as p; is the partial pressure in bar, x; is the molar fraction of the component in the
mixture and p; s,¢ is the saturation vapor pressure in bar at a given temperature.

Sufficiently diluted solutions whose molar fraction of component i approach zero, obey to
Henry’s law. According to Henry’s law, the amount of a given gas that dissolves in a given type
and volume of liquid is directly proportional to the partial pressure of that gas in equilibrium
with that liquid, at a constant temperature.

pi = Hj x; forx; >0 (2.7)

where H; is the Henry coefficient in bar. In most cases, by increasing the temperature the gas
solubility decreases and as a consequence, the Henry coefficient increases. An exception is
hydrogen, where the solubility in hydrocarbons increases with the temperature [64].

For non-ideal mixtures Eq. (2.6) can be modified by the activity coefficient y;(x;, T). The activi-
ty coefficient is a factor used to account for deviations from ideal behavior in a mixture of
chemical substances [78].

pi = ¥i(x;, T)xipisac(T) (2.8)
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2.5 The absorption process

Figure 5 shows the dependency of the molar fraction and the partial vapor pressure of a non-
ideal mixture compared to the Raoult’s and the Henry’s law. It is easy to understand from the
diagram, the validation limits of each law.
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Figure 5:  Deviation of the behavior of a non-ideal mixture compared to the Henry and
Raoult’s law.

The saturation vapor pressure used in Eq. (2.8) can be calculated using the Antoine equation
(Eg. (2.9)) [79]:

Pisat B
1 — | =A—-—- 2.9
0g10< 10 > CxT (2.9)

where p; s, describes the saturation vapor pressure of the water in Pa, p° is the reference
pressure in Pa, T is the temperature in Kand A, B in Kand C in K are the material and temper-
ature dependent constants.
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The Antoine constants for the saturation vapor pressure of the hydrogen sulfide in barin a

temperature range of 212.8 - 349.5 K are given in Table 5.

The Antoine constants for the saturation vapor pressure of water in Pa for temperatures

above 273,15 K are given in Table 6.

Table 5:  Specific constants of Antoine equation for hydrogen sulfide, with PsatH,0 in bar

(po=1Pa) [80] .
Temperature T in K Al-] B [K] C[K]
212.8-349.5 452887 958.587 -0.539

Table 6: Specific constants of Antoine equation for water (p, = 1 Pa) [81].

Temperature T Saturation vapor pressure

. . Al-] Bin K CinK
in K PsatH,0 N Pa
273.15 - 318.08 611.2 - 9555 10.31549 1794.88 -34.764
318.08 - 394 9555 - 204 045 10.11048 1680.59 -43.932
394 - 647.1 204 045 - 20 728 013 10.09938 1681.00 -43.037

For temperatures below the freezing point of water, its saturation sublimation pressure is
given by the Magnus equation after Sonntag in the temperature range of 208,15 K- 273,15 K

[82]:

22.46-T — 6134.949)

PsatH,0 = 611.2 - exp( T—053

with the temperature T in Kand pg,¢ 0 in Pa.

(2.10)

In the following section the characteristics of the ionic liquids and especially the physical
properties of [EMIM][MeSOQs], which is used in this work, are discussed.
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3 Scope of the work

The following work is divided in two parts. The first part refers to the immobilization of the
ionic liquids in polymer matrices. The purpose was the development of new polymer-based
materials, which could achieve unique and tunable properties in gas purification applications.
In this work, an experimental investigation on immobilizing the ionic liquid [EMIM][MeSOs3] in
the polymers agar agar and two types of poly(vinyl alcohol) was attempted. First the ionic lig-
uid — polymer mixtures were prepared and characterized. The density is measured with a
Hubbard pycnometer as well as the dynamic viscosity using a Falling ball viscosimeter. Fur-
thermore the kinetics of the thermal decomposition of the pure samples (two PVOH types and
[EMIM][MeSO3]) and the prepared IL — polymer mixtures were investigated. Discrimination
between thermal decomposition and evaporation was achieved by thermogravimetrical anal-
ysis (TG) experiments at different temperature rates under nitrogen and helium atmosphere.
The kinetics of the thermal decomposition of the ionic liquid [EMIM][MeSQs], through iso-
thermal TG-experiments, were determined using a model free method known as isoconver-
sional method and afterwards compared to literature data. The kinetics of the thermal de-
composition of the other samples were investigated by non-isothermal TG-experiments.
Based on the obtained data, a maximum operation temperature for industrial processes and
laboratory applications with regard to thermal decomposition was derived for each sample.

The second part of this work concerns the purification of a gas stream from hydrogen sulfide
and water vapor. The purification of a gas stream from hydrogen sulfide component was ac-
complished through an absorption column filled with the dehydrated pure ionic liquid [EM-
IM][MeS0s]. Measurements with gas streams of gases with different hydrogen sulfide con-
tents were accomplished at three different temperatures. The Henry coefficient was deter-
mined and compared to common solvents from literature data. The dehydration of humid gas
streams was realized using the prepared IL - polymer mixtures as absorbents. Therefor a com-
plete new set-up was build up. Finally the results of these measurements were furthermore
compared to the literature data of dehydration using the pure ionic liquid [EMIM][MeSOs].
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4 Experimental method and data analysis

In this chapter the preparation and characterization of the ionogels is presented. In the follow-
ing, the kinetic computation on thermal analysis data using the isoconversional method and
analysis and modeling of TG-experiments is described. Furthermore, the experimental set up
and the measurements of the absorption of H,S in [EMIM][MeSOs] and H,O in the prepared
ionogels are described.

4.1 lonogel preparation
The gelling procedure was carried out as following:

The IL [EMIM][MeSO3] was heated up to 100 °C and stirred concurrently. When the tempera-
ture was reached, a well-defined amount of polymer (agar agar, PVOH) was added in small
portions. The mixture was stirred at 100 °C until it gets homogenous. After that, the mixture
was cooled down. The total water was calculated as the sum of the initial water contents of
the polymer sample, the IL sample and, if needed, the additional amount of water.

4.2 Determination of water content in poly(vinyl alcohol)

The examinating samples of poly(vinyl alcohol) are big particles and it is not possible to solu-
bilize them. Thus, a water determination method from Sigma-Aldrich was used:
100ml Methanol and about 7g of sample are weighted and put into an Erlenmeyer flask. The
flask has to be tightly closed. The mixture is stirred for a night. The water content of the pure
methanol is first determined using the Karl-Fischer Titrator (KF Coulometer 756/831,
Metrohm). After that the water content of the mixture was also measured. From the obtained
data, the water content of the pure poly(vinyl alcohol) can be calculated.

The same method was used for the determination of the water content in the prepared IL -
polymer mixtures (ionogels). The validation of the method was proved by measuring the wa-
ter content of the ionic liquid — polymer mixtures with thermogravimetrical measurements.

In the next section the density measurements of the samples used in this work are described.
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4.3 Density measurements with a Hubbard pycnometer

The densities of the prepared IL - polymer mixtures were measured with a Hubbard pycnome-
ter (Neubert - Glass GbR). The Hubbard pycnometer is suitable for viscous liquids like pastes,
vaseline, creams and bitominous compositions. The close-fitting ground glass stopper has a
capillary tube NS24/15mm. The relevant characteristics of the pycnometer are shown in Table
7.

Table 7: Characteristics of the Hubbard pycnometer.

Volume 26.025 cm™
Mass 37.6174 ¢

At first the pycnometer was validated with glycerin (99 wt%, water free, Griissing GmbH). The
result of the measurement at 31 + 0.2 °C is shown and compared to the literature value in
Table 8.

Table 8: Density of glycerin at 31 £ 0.2°C compared to the literature value [83].

Measured value in g cm™ Theoretical Value in g cm’ Error %

1.2518 1.2516 [83] 0.015

The measured densities were used for the calculation of the dynamic viscosities of the IL -
polymer mixtures. The dynamic viscosity measurements are described in the next section.

4.4 Viscosity measurements with a Falling Ball Viscosimeter

The dynamic viscosities of the ionic liquid — polymer mixtures were measured with a Falling
Ball Viscosimeter (HOPPLER® KF 3.2, RHEOTEST Medingen GmbH) which is based on the
measuring principle by Hoppler. It operates according to DIN 53015. The falling Ball Viscosim-
eter is shown in Figure 6.
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4.4 Viscosity measurements with a Falling Ball Viscosimeter

. Temperature Indicator Sample

Falling Ball

Figure 6: Falling Ball Viscosimeter (HOPPLER® KF 3.2, RHEOTEST Medingen GmbH).

In the Falling Ball Viscosimeter the fluid is located in a vertical glass tube with an inclination
of 10°. A Thermostat (HAAKE F4) filled with a low viscosity silicone oil (20-10° m%s™t at 25°C,
Polydimethylsiloxane). A sphere of known size and density is allowed to fall through the liquid.
The viscosity is calculated by measuring the time, required for the ball, to fall under gravity
through a sample-filled inclined tube. The average time of five measurements was taken.

Using Eq. (4.1), the results were converted into a dynamic viscosity value in mPa s.

n=t-(p1—p2)-K (4.1)

Where n is the dynamic viscosity in mPa s (cP), t is the time of descent from the top to bottom
annular mark in s, p; is the density of the ball in g cm™, p5 is the density of the fluid in g cm™
and K is the ball constant in mPa cm® g™

The selection of the appropriate ball depends on the viscosity of the liquid. The correct selec-
tion of the balls is done according to Table 9 (manufactory specifications).
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Table 9: Constants and characteristics of the falling balls.

Ball Number Minimum fall- Measuring range in mPa s
ing time in s (upper range at a maximum falling time of 300 s)

1 60 0,6 5

2 50 3 30

3 50 25 250

4 50 200 4800

5 30 1250 12500

6 30 7000 70000

The constants and characteristics of the falling balls are given in the test certificate for the
viscosimeter and are shown in Table 10.

Table 10: Constants and characteristics of the falling balls.

Ball Num- Diameter  Density p; Mass Ball constant K Ball constant K
ber inmm ing cm?® ing forward backward
(at 20°C) (at 20°C) in mPa cm® g'1 in mPa cm? g'1
1 15.802 2.224 4.5944 0.01149 0.01161
2 15.630 2.226 4.4507 0.08143 0.08181
3 15.564 8.145 16.0782 0.1295 0.1297
4 15.104 8.126 14.6599 0.917 0.919
5 14.002 7.720 11.0959 6.721 6.726
6 11.003 7.706 5.3748 34.93 34.94

The Falling Ball Viscosimeter was first validated with H,0, glycerin and the IL [EMIM][MeSOs].
The obtained results were compared with the one of the literature data given in Table 11
[84-86]. There were no literature data for the dynamic viscosity of [EMIM][MeSOs] (95 wt%)
at 90°C. For a comparison, dynamic viscosity data for 30°C and 90°C were measured with the
capillary viscosimeter AVS 310 from Schott and thermostat DL 20 KP from LAUDA. The densi-
ties of this IL, measured at the Chair of Chemical Engineering at the University of Bayreuth
were used.

Table 11: Dynamic viscosity validation measurements.

Sample Temperature Density Ball Viscosity Literature data
in°C ing cm number inmPas inmPas
Water 32+04 0.995 [85] 1 0.76216 £ 0.004  0.76417[84]
Glycerin 30+0.3°C 1.252 4 642.76 £ 0.03 612 [86]
90 £ 0.2°C 1.211 2 21.5+£0.2 21.3 [86]
[EMIM][MeSO3] 31+0.5°C 1.236 3 111+1.26 122.4
90 £ 0.5°C 1.198 2 13.54 £ 0.16 13.03
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4.5 Thermogravimetrical analysis (TGA)

The results of the dynamic viscosity measurements using the Falling Ball Viscosimeter were
satisfactorily. As observed from the validation measurements, only a minor deviation from the
literature data is recognized. The average error of the validation measurements is about 4%.

In the following the characterization and kinetic computation of the PVOH and the IL - PVOH
mixtures using thermogravimetrical analysis is described.

4.5 Thermogravimetrical analysis (TGA)

This chapter describes the methods used for the kinetic computation of the thermal decompo-
sition of the samples from TGA experimental data. At first the kinetic computation using the
isoconversional method is described. Furthermore the kinetic computation analyzing and mod-
eling the TG-experimental data is also represented. At last the calculation of the maximum
operation temperature of the samples in laboratory and industrial use is mentioned.

4.5.1 Definition of thermogravimetrical analysis

The concept of thermal analysis (TA) is defined in the DIN 51005. Thermal analysis is a general
term for measuring methods which measure physical and chemical properties of a substance,
a substance mixture or a reaction mixture as a function of temperature or time, while the
sample is subjected to a controlled temperature program [87]. From the thermal analysis data
it is possible to find out the kinetic parameters of the decomposition of the sample [88,89].

Thermogravimetry is a special measuring method in the field of thermal analysis. The change
in mass of a sample is recorded in a defined gas atmosphere during a specified temperature-
time-program [90]. A derived measured variable is the mass loss (TG-Signal) or the rate of
mass loss (DTG-Signal, Differential-Thermogravimetry-Signal). The normalization of TG meas-
uring curves or DTG measuring curves is performed using the initial mass. A thermogravimet-
ric measuring instrument is referred to as a thermobalance [33].

4.5.2 Sample preparation and conditioning

For all TGA measurements the program method was first set to a conditioning phase (60 min
at 100 °C and after that 60 min at 50 °C) to avoid moisture and then set to the desirable heat-
ing rate. The measurements were made under nitrogen and helium atmosphere of
6 | min™ (NTP). The PVOH samples were crumbled into smaller particles in order to get ho-
mogenous sample for the TG-measurements. The particles size of the samples for the meas-
urements was tried to be kept constant.
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4 Experimental method and data analysis

4.5.3 Discrimination between thermal decomposition and evaporation during a TG-experi-
ment

Every sample was first measured under nitrogen and helium atmosphere, at the same tem-

perature conditions. No differences at the normalized rate of mass loss in the whole tempera-

ture range, means that only a pure thermal decomposition takes place. If differences at the

curve are recognized, a pure or a partial evaporation takes place [33].

Furthermore the calculation of the kinetic parameters of the ionic liquid [EMIM][MeSOs] using
the isoconversional method is described.

4.5.4 The isoconversional Method

The isoconversional methods are used for the description of the kinetics from thermal analysis
data. The activation energy is determined as a function of conversion without assuming or
determining any particular form of the reaction model. This is the advantage of the method
and the reason why this method is frequently called “model free’”” method. Although the reac-
tion model has to be considered and identified because the rate of conversion depends on the
function f(x) [89,91-93]. Using thermogravimetric analysis data (TGA) from 3-5 runs at dif-
ferent heating rates or a series of runs at different constant temperatures, a correlation of the
kinetic parameters may be obtained [89,91].

The z(X) plot and the determination of the kinetic model

Kinetics deals with measurement and parameterization of the process rates. The process rate
can be a function of three parameters, the temperature T, the extent of conversion X which is
represented by the reaction model f(X) and the pressure p :

dx
— = k(M fX)h(p) . (4.2)

dt
In most of the kinetic computational methods used in thermal analysis, the pressure depend-
ence is ignored. The majority of isoconversional kinetic methods consider the rate to be a
function of two variables, temperature T and conversion X [89]

dX

E = k(T)f(X) . (4.3)
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4.5 Thermogravimetrical analysis (TGA)

The dependency of the process on temperature is parameterized through the Arrhenius equa-
tion

E,

k(T) = kyexp (— ﬁ) (4.4)

where ky is the pre-exponential factor, E, the activation energy and R is the universal gas con-
stant. The purpose is to determine a kinetic triplet koin s, E; in Jmol™, f(X) that describes
the process. Integration of Eq. (4.3) leads to the integral form of the model reaction:

gX )_ff(X) kofOeXp< IL:T dt = B-f exp ——)dT
(4.5)

E,
or gX)=—In(1-X) = B-[ exp RT)dT

where B is the heating rate in K s*

The temperature integral of Eq. (4.5) can be replaced with various approximations (k) as fol-
lows:

koE
g(x) = ==

BR exp(—kx) l@l withk = E,/RT.

(4.6)

Combining the differential and integral forms of the reaction models derives the z(X) master
plot. From Eq. (4.3) and Eq. (4.6) follows the z(X) function as:

[”(K) (4.7)

z(x)—f(X)g(X)—(—> T¢ BTy

It has been established that the term in the brackets of Eq. (4.7) has a negligible effect on the
shape of the function z(X). Thus, the value of z(X) for each value of conversion can be deter-

mined by multiplying the experimental values of (Z—f) and T# [89].
X

The selection of the appropriate model is a very important step in model fitting. In Table 12
some of the kinetic reaction models are shown.
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4 Experimental method and data analysis

Table 12: Kinetic reaction models.

Reaction Model Code f(X) a(Xx)
Mampel (First order) F1 1-X -In(1-X)
Contracting sphere R3 3(1-x)3 1-(1-x)"3
Contracting cylinder R2 2(1—X)1/2 1—(1—X)1/2
Two dimension diffusion D2 [-In(1-x)]* (2-X)In(1-X)+X

The experimental data are determined from non-isothermal thermogravimetric analysis data.
The results of the experimental values of z(X) will be plotted as a function of the conversion
and compared against the theoretical z(X) master plots. A suitable model is identified as the
best match between the experimental and the theoretical z(X) master plots. Figure 7 shows
the theoretical master plots for the reaction models listed in Table 12.
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R3
= F1
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< 0.4 -
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Conversion X
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Figure 7: Theoretical z(X) master plots for the reaction models listed in Table 12.
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4.5 Thermogravimetrical analysis (TGA)

Activation energy computation and pre-exponential factor

Isoconversional methods take their origin in the isoconversional principle that states that the
reaction rate at constant extent of conversion is only a function of temperature [89]. The iso-
conversional principle lays a foundation for a large number of isoconversional computational
methods that can generally be split in two categories, differential and integral. In this work
the method of Friedman is used which is the most common differential isoconversional meth-
od [89,94]. The method is based on Eq. (4.8):

dX

E,
In (E)X = In[f (Okoy] - 2% (4.8)

The dependence only from the temperature can be easily demonstrated by taking the loga-
rithmic derivate of the reaction rate Eq. (4.3) at a constant conversion:

aln _ [Olnk(T) dInf (X) 4.9
cort Iy T Lart Iy 9

In this case f(X) is constant because of X = const., so that the second term in the right hand
side of Eq. (4.9) equals zero. Thus:

om(ge)| _
oT—1 R’
b

(4.10)

The activation energy can be evaluated from the slope without assuming any particular form
of the model reaction. To obtain the temperature dependence of the isoconversional rate, a
series of runs at different constant temperatures have to be performed. For every tempera-
ture and every conversion, a process rate is calculated from the average term of the process
rate for X £ 0.01. An E, value in a range of X=0.2-0.7 with a step of 0.1 for each temperature
is determined. For every conversion the activation energy is estimated from the linear fit of
Eqg. (4.10). The average of them results the activation energy of the sample.

The intercept of the plot In (i—f) and T* of Eq. (4.8) represents the ln[f(X)kOX]. The pre-
X

exponential factor depends on the reaction model. For every conversion a pre-exponential
factor is calculated. The fit on the logarithmic Arrhenius plot of all conversions with fixed acti-
vation energy results the pre-exponential factor.
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The above described procedure was used to analyze the thermal decomposition of the pure IL
[EMIM][MeSOs]. This method was compared to the simple method, developed at the Chair of
Chemical Engineering of the University of Bayreuth, described in the following section [33].

4.5.5 Analysis and modeling of TG-experiments at ambient pressure and constant heating
rate

In the following the rate of mass loss during a non-isothermal TG-experiment is formally de-

scribed by a first order kinetics. This assumption is based on two observations.

e During non-isothermal TG-experiments, the rate mass loss caused by thermal decom-
position only depends on the initial mass.

e When only thermal decomposition takes place during a non-isothermal TG-
experiment, the mass signal shows an inflection point. This could not be described
with a zero order kinetics [32].

Based on this assumptions, the normalized rate of mass loss due to thermal decomposition for
a component i during a thermogravimetrical measurement is expressed by:

dmi 1 dmi my
——=k(T)m; or ———=k(T)—. (4.11)
dt m m

where m is the initial mass and m; the residual mass.

The dependence of the rate constant of the thermal decomposition from the temperature
k(T) is given by the Arrhenius equation (Eq. (4.4)).

Introducing the conversion X:

Xi=—0 - o5 gy (4.12)

and differentiation of Eq. (4.12):

dmi
ax,

=-my, = dm;=-mydX;. (4.13)
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4.5 Thermogravimetrical analysis (TGA)

Eq. (4.11) turns into:

dx;
T k(T)(1 — Xy). (4.14)

The experimental data were fitted by Eq. (4.14) adjusting the parameters ko and E,. In the fol-
lowing the maximum operation temperature calculated from the thermal decomposition ki-
netic parameters is described.

4.5.6 Definition of the maximum operation temperature with regard to the thermal de-
composition

In the case that the measured sample has a pure thermal decomposition, this means that the

evaporation is negligible, the conversion due to thermal decomposition can be calculated

through Eq. (4.15) using kinetic data obtained from TG-measurements. This equation de-

scribes the conversion at a given temperature within a certain time interval

X =1-—exp(—k(T)-1). (4.15)

Once the parameters of the kinetics of the thermal decomposition are known, it is possible to
define a reliable maximum operation temperature for any application. For an industrial pro-
cess in this work, a loss of 1% per year and for laboratory applications 1% per month (30 days)
is suggested [33]. Rearrangement of Eq. (4.15) leads to:

Tonas = 22 (0(0) +In(ko) ~ In(~ In(1 ~ X)) (4.10)
After characterizing the used samples, two different vapor liquid equilibria were studied: the
H,S - [EMIM][MeSOs] and the water - ionogel vapor liquid equilibrium. In the following the
set-up and analysis of the absorption of H,S in the ionic liquid [EMIM][MeSOs] and the dehy-
dration of a gas stream from the water component using the [EMIM][MeSOs] and the pre-
pared ionogels are presented.
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4 Experimental method and data analysis

4.6 H,S Absorption

During absorption, a gas component is selectively dissolved by contact with a fluid in which the
component is soluble [64]. In this case, scrubbing a gas stream from H,S using the ionic liquid
[EMIM][MeSOs] as absorbent was accomplished. In the following sections the experimental
set-up and the data evaluation is presented.

4.6.1 Experimental Set-up
The most important parts of the set-up are the absorption column, the mass flow controllers
and the gas analyzer. The apparatus is shown schematically in Figure 8 and Figure 9.

Bypass

Sample Collection

E =

FIC FIC
O _—1 Shell outlet NGA 2000
X X diln I Gas Analyzer
Packed Column Fume Hood
A

N,  HzSwith Nz
(1,5 Vol.-%)

Shellinlet | ~—o-"

Figure 8: Schematic set-up for the H,S absorption in [EMIM][MeSO3].
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Figure 9: Set-up for the H,S absorption in [EMIM][MeSOs].

Absorption Column

The absorption column is a shell side heat exchanger with inner diameter 2.9 cm and outer
diameter 4.8 cm. Water heats up with a thermostat (RKS 20, Lauda Company). The column is
filled until height of 29 cm with column packing balls of 6mm diameter. The gas is entered into
the column, flows through the IL [EMIM][MeSOs] and then continuous to the gas analyzer
(NGA 2000MLT 3, Emerson Process Management).

The [EMIM][MeSO3] was dried with a rotary evaporator (Hei-VAP Value, Heidolpf with the PC
510 NT, Vacuubrand) before usage. The initial concentration of water in the ionic liquid was
measured by Karl Fisher Titration (KF Coulometer 756/831, Metrohm) and equals 0.36 wt %.
The column was filled with 94.56 g of [EMIM][MeSOs].
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4 Experimental method and data analysis

Gas Analyzer

The gas that is fed to the column is a mixture of 1.5 Vol.-% H,S/N, gas which could be further
diluted with N,. The volume of the two flows is shown in Table 13. The gas analyzer (NGA

2000MLT 3, Emerson Process Management) measures the concentration of H,S. The measur-

ing channel of the gas analyzer has to be calibrated before use. There must be set a span cali-

bration before the first use and a zero gas calibration before every measurement. For the

span calibration various concentrations of H,S were generated by diluting the 1.5 Vol.-%

H,S/N, gas with nitrogen as shown in Table 13. The zero gas calibration is performed with

nitrogen flow. Thereafter, a linearization of the measuring channel was performed. Two Mass
Flow Controllers (Model 5850 TR Series, BROOKS Instrument) were used for the flow meas-
urement and flow control of the gases. The flows were measured and then converted to
Standard Temperature and Pressure (STP) conditions (T =0 °C, p = 1.01325 bar).

Table 13: Volume of diluted H,S with nitrogen gas flows for various concentrations.

N> H,S/N»
ppm*15ppm | MFC+0.1% |h™+1% (STP) | MFC+0.1% | h™' +1% (STP)
550 84.8 157.7 5.2 6.0
800 86.0 160.0 8.1 9.0
1375 59.2 109.0 10.0 11.0
1500 54.0 99.0 10.0 11.0
1813 44.0 80.0 10.0 11.0
2000 39.5 71.5 10.0 11.0
2200 35.6 64.0 10.0 11.0
3300 22.4 39.0 10.0 11.0
4024 17.7 30.0 10.0 11.0
6250 10.0 15.4 10.0 11.0
9622 21.9 38.0 66.0 68.0

After that, the linearization has been checked using two validation measurements with cali-

bration gases. The results are shown in Table 14 and proof the validity of the performed cali-

bration.

Table 14: Validation using calibration gases.

Set point in ppm

Actual Value in ppm

1024 +20.48
100.6 £ 2

1050 £ 15
127+ 15
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4.6.2 Absorption of H,S in [EMIM][MeSO:s]

Absorption measurements at three different temperatures, 20°C, 30°C and 50°C and H,S/N,
concentrations of 550, 2000, 4000 and 8000 ppm were performed in the absorption appa-
ratus shown in Figure 8, using [EMIM][MeSQ3] as absorbent. Each absorption experiment was
conducted as follows:

After reaching a stable temperature of the ionic liquid in the column, the mass flow control-
lers both nitrogen and hydrogen sulfide are set on a set point. The volume flows were checked
at the beginning and the end of the measurement to certify their stability and converted in
NTP conditions (T = 20 °C, p = 1.01325 bar). At first the inlet, H,S concentration of the column,
was measured using the bypass. After the concentration signal didn’t vary anymore, the gas
stream was sent through the column and then to the gas analyzer. The IL absorbs H,S until the
concentration at the gas analyzer returns to its initial concentration. In order to check wheth-
er the inlet H,S concentration has changed during the experiment, the gas was again passed
through the bypass. At last the gas flows again through the bypass, the H,S valve turns off and
the gas analyzer shows zero ppm while he receives only nitrogen. Figure 10 shows an absorp-
tion example for a 2100 ppm H,S/N, mixture at a temperature of 32 °C.

2400 , ; 40
i i
bypass | through the column i bypass -
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- | -10 S
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1400 i . : — 0
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Figure 10: Example of an absorption experiment (2100 ppm H,S/N,, T =32 °C).
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4.6.3 Desorption of H,S from [EMIM][MeSO:s]

Desorption measurements of the hydrogen sulfide from the IL [EMIM][MeSOs] were conduct-
ed, to verify that the gas that is absorbed in the ionic liquid can also be desorbed. Therefor the
loaded IL was stripped with pure nitrogen at the same temperature as for the absorption. In
order to verify if the whole H,S amount was desorbed, the column temperature was increased
until almost all H,S has desorbed. Figure 11 shows a desorption example for a 2100 ppm
H,S/N; flow mixture at a temperature of 32 °C.

1000 , ! 40
i !
1 bypass i through the column ibypass .
| | _
i i
200 I | IITTIII_I_IIEE_FIIIII:'-_
£ i i 430 ¥
& ] i | <
c ! ! Q
= 600- | | o=
2 ! ! ©
) ! !
© | i i 420 &
i 7
| [ —
R i i 415 ¢
] ! ! =
Q - |
wn 1 i i =
T : | 410 8
200 4 ! !
| i 15
! |
0 T ! | . T T [ I| 0
0 10 20 30 40 50 60 70 80 90

Time in min
Figure 11: Example of a desorption experiment (2100 ppm H,S/ N, T =32 °C).

In order to conduct gas dehydration experiments with ionogels, a new set-up was built up.
This dehydration set-up is described in detail in the following section.
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4.7 Gas dehydration using ionogels

In this section the experimental set-up and analysis of the gas dehydration plant using ionic
liquid — polymer mixtures are described. Furthermore, the most important parts of the experi-
mental apparatus and the data evaluation are presented.

4.7.1 Experimental Set-up

Figure 12 shows the schematic set-up for gas dehydration with using ionic liquid — polymer
mixtures. The nitrogen flow is controlled by a mass flow controller (Model 5850 TR Series,
BROOKS Instrument) and can be either satured with moisture or feed directly in the absorp-
tion apparatus. All tubes are made from stainless steel (3mm diameter) to prevent corrosion.
The absorption apparatus and its most important parts are shown in Figure 13.

Bypass Waste Gas

i o]

% Humidity sensor | —I Humidity sensor

@7 Nel.

L_| Absorption Apparatus

H,O Saturator

Figure 12: Schematic set-up for the H,O absorption in polymer mixtures with the additional
part of the set-up for dilution of the saturated gas stream (dashed frame).
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Figure 13: The absorption plant.

Saturator

The saturator is a shell side heat exchanger. The temperature is controlled using a thermostat
(Immersion thermostat A 100, LAUDA). Its diameter is 11 cm and the height 30cm. The satura-

tor is filled with 6x6 mm Rasching rings and water until the

3/4 of its high. When the gas flows

through the water, having a sufficient contact time, the dew point of the gas corresponds to

the temperature of the water.

In order to achieve lower dew points, an additional piping

with two dosing valves was added

to the apparatus as shown in Figure 12 (dashed frame). With this extension a dilution of the

saturated gas stream with nitrogen stream can be achieved. Thus, dew points under 14°C

could be obtained.
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Absorber

The absorber is shown in Figure 14. It consists of three parts, the top, the bottom and the
heating jacket. The bottom part of the absorber has a recess (Aaps.= 24,78 cmz) where the ab-
sorbent is filled in. A temperature sensor is placed in the absorber. The gas in and outlet of
the absorber are located at the top of the absorber.

Gas Inlet Top Gas Outlet

Temperature Indica-
tors Guideway Absorbent Bottom

\

Figure 14: Upper and lower part of the absorption column.

The column is screwed sturdily between a fitment to avoid gas loss. The absorber is placed in
a heating jacket (maximum temperature application 250°C). The moisture content of the gas
streams were detected by tow humidity sensors described in the following part.

To certify the stability of the temperature through all the absorbent placement of absorption
apparatus, a temperature profile along the recess was made. The temperature indicator was
put from the begging of the recess at the temperature indicators guideway to the end of it
(distance of 24 cm). The temperature was measured from the beginning (x = 0 cm) to the end
(x = 24cm) every 2 cm. The temperature profile was made for temperatures of 30 °C, 40 °C,
60 °C, 80 °C and 90 °C and at three different normalized (STP) volume flows of 44 | ht 881h?
and 130 | h'l. The temperature profiles at all temperature and volume flows were stable with
a maximum deviation of 0.2 °C. The temperature profile of the 44 | h™ volume flow is exem-
plarily shown in Figure 15.
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Figure 15: Temperature profile of the absorption apparatus at a normalized volume flow
of 44 1h™,

Humidity sensors

Two humidity sensors (HYT-221, Hygrosens), one at the absorber entrance and one at the ab-
sorber outlet, were used in this dehydration plant. The sensor is a capacitive polymer humidi-
ty sensor with intergraded signal flow. The signal processing integral in the sensor, completely
processes the measured data and directly delivers the physical parameters of relative humidi-
ty (rH) and temperature over the I°C compatible interface as digital values. The module is first
precisely calibrated. The most important technical data of the HYT-221, Hygrosens are shown
in Table 15.
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Table 15: Temperature calibration fits of the temperature indicators.

Humidity measuring range 0-100% rH
Humidity measurement Humidity accuracy +1.8% rH (at 0-80% rH)
Response time <12 sec with membrane filter
Temperature measuring range -40 - 125°C
Temperature measure- Temperature accuracy +0.2 K (at 0-60°C)
ment Response time <12 sec with filter
Operating voltage 2.7-55V
Operating data Application temperature -40-125°C
Humidity application range 0-100% rH

For the adjustment, monitoring and recording of the operating parameters and measured
values, a separate monitoring program in Visual Basic 2010 was written [95]. In the following
section the absorption process is described and an exemplary experiment is shown.

4.7.2 Absorption of water in the polymer mixtures

Absorption measurements were accomplished at different dew points of the feed gas and
absorbent temperatures. Each absorption experiment was conducted with the apparatus
shown in Figure 12 as follows:

After the absorbent in the absorption apparatus and the saturator has reached a stable tem-
perature, the mass flow controller of nitrogen was set on a set point. The volume flows were
checked flowing bypass of the saturator and through the absorption apparatus, through the
saturator and bypass the absorption apparatus and through the saturator and then throw the
absorption apparatus. These volume flow measurements were made at the beginning and the
end of the experiments to certify the stability of the flow and converted to STP conditions
(T=0°C, p=1.013 bar). Starting the measurement, the gas flow passes the saturator and by-
passes the absorber until the dew point doesn’t vary anymore. After the signal didn’t vary
anymore, the gas stream was passed through the absorption apparatus. The absorbent ab-
sorbs water, so the sensor after the apparatus sees no humidity. At the end of the absorption
the absorbent cannot absorb any more water and the humidity and dew point of the sensor
after the absorption apparatus is again at its initial values.
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4 Experimental method and data analysis

Figure 16 shows an experiment example of an absorption having as absorbent the 9,8 wt%
Mowiol 56-98 in [EMIM][MeSOs] mixture with an absorber temperature of 43 °C and a dew
point of the feed gas of 17 °C.
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Figure 16: Example of a water absorption experiment with 9,8 wt% Mowiol 56-98 in
[EMIM][MeSOs] mixture with an absorber temperature of 43 °C and dew point
of the feed gas of 17 °C.

In the following chapter, the results of this work are presented and furthermore discussed.
The first part of chapter 5 concerns the material characterization. In the second part the ab-
sorption measurement of H,S and water are presented.
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5 Results and discussion

The results of the measurements are furthermore discussed and compared to the literature
data. First the results of the density and viscosity measurements as well as the kinetic of the
thermal decomposition of [EMIM][MeSOs], the two PVOH types and PVOH-[EMIM][MeSOs]
mixtures are presented. In the following the results of the absorption of H,S in pure [EM-
IM][MeSOs] are presented. Last but not least, the results of the gas dehydration using the pre-
pared ionogels are shown and discussed.

5.1 Agar agar Kobe | - [EMIM][MeSO;] mixtures

At first the agar agar Kobe | and the [EMIM][MeSOs] were dried with the rotary evaporator
(Hei-VAP Value, Heidolpf with the PC 510 NT, Vacuubrand) at 60 - 70 °C and 90 °C respectively.
The water content of each sample was determined by the Karl Fisher Titration (KF Coulometer
756/831, Metrohm). The water content of agar agar before and after the evaporation was
about 16 wt % water in both measurements, which means that it was not possible to remove
the water from the agar agar powder in this way. The [EMIM][MeSO3] has only 0.36 wt % wa-
ter. So the gels will always have a relatively high amount of water.

A series of mixtures at different agar agar - [EMIM][MeSOs] - water ratio were produced. The
water couldn’t be ignored because of its high concentration in the agar agar. However most of
the mixtures have additional water. It was figured out that an amount of water is necessary
for the better solubilization of agar agar.

The results were mixtures of different viscosities. The mixtures were divided as liquids (low
viscosity), pastes (high viscosity) or gels (solid). Figure 17 shows the ternary plot of agar agar
Kobe I, [EMIM][MeSOs] and water. The grey line represents the lower limit of the water con-
tent because of the irremovable amount of water in the agar agar Kobe I. As a consequence,
mixtures with water contents bellow 16 wt% can’t be prepared. It is also impossible to pre-
pare a gel with a small amount of water. There have to be at least 20-25 wt % water to be-
come a gel.
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Figure 17: Ternary plot of the agar agar- [EMIM][MeSOs] - water mixtures.

The necessity of high water content in the gel is not desirable. It was also noticed that some of
the gels which had a high amount of water became moldy after 2-3 months as shown in
Figure 18. For this reason the idea to use agar agar as gelator was rejected and gels using
PVOH were tried out.

=
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Figure 18: Gels with a high amount of water became moldy after 2-3 months.
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5.2 PVOH - [EMIM][MeSO3] mixtures

5.2 PVOH - [EMIM][MeSO;] mixtures

From the two PVOH types, six mixtures were prepared. The concentration of each was calcu-
lated as follows. For every mixture, 60 ml [EMIM][MeSOs] were weighted and then varying
the PVOH quantity, mixtures with different PVOH concentration were prepared. For the con-
centration determination, the following has to be noticed. These mixtures have also a small
part of water. The water of the Mowiol was 0.2 wt% and of the [EMIM][MeSOs] 0.3 wt%. The
prepared mixtures are shown in Table 16. Their water content is measured as described in
Section 4.2.

Table 16: Mowiol 56-98- [EMIM][MeSOs] and Mowiol 40-88 - [EMIM][MeSOs] mixtures.

PVOH type Concentration of PVOH Viscosity

in wt% at RT
Mowiol 56-98 4.8 low
Mowiol 56-98 5.0 low
Mowiol 56-98 9.8 high
Mowiol 56-98 15 solid
Mowiol 40-88 5.2 low
Mowiol 40-88 9.9 high

However the approximate upper concentration limits of both PVOH types in water was 12
wt% [48], mixtures of 15 wt% Mowiol in[EMIM][MeSOs] were also tried out. The results were
mixtures full of bubbles because of their high viscosity that didn’t let them stir correctly.

Although, obviously some of these mixtures are pastes and not gels the term “ionogel” is used
in the following course of the work in parts.

The above mentioned ionogels were characterized and used as absorbents for the gas dehy-
dration. In the following the density measurements of the prepared ionogels are presented
and discussed.

5.3 Density measurements of IL-polymer mixtures
The density measurements were carried out using a Hubbard pycnometer which is suitable for

pastes like vaseline, creams and bituminous masses. All densities were measured from 30 °C
to 90°C in steps of 10°C.

In Figure 19 the results of the density measurements of the ionogels are presented and com-
pared to the density of the [EMIM][MeSOs]. The densities of the IL [EMIM][MeSQOz] were al-
ready measured at the Chair of Chemical Engineering at the University of Bayreuth.
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Figure 19: Densities of the prepared IL — polymer mixtures compared to the pure ionic lig-
uid [EMIM][MeSO03].

It is easy to recognize that the densities shows same trend like the IL sample. All curves are
almost parallel to the density of the [EMIM][MeSOQs]. It was expected that the PVOH - [EM-
IM][MeSO0s] ionogels would have higher densities than the pure ionic liquid. An explanation
for this deviation could be the water content of the ionogels. The mixtures are absorbing wa-
ter from the environment during their storage and the filling into the pycnometer. Unfortu-
nately the water content was measured a few days after the density measurements. The re-
sults of the measurements are shown in Table 17. Even though the obtained density data are
reliable, the observed differences between the neat IL and the polymer mixtures are rather
small.

Table 17: Mowiol 56-98 - [EMIM][MeSOs] and Mowiol 40-88 - [EMIM][MeSOs] mixtures.

Sample Water content in mol%
4.8 wt% Mowiol 56-98 in [EMIM][MeSO;] 32
5.0 wt% Mowiol 56-98 in [EMIM][MeSO;] 49
9.8 wt% Mowiol 56-98 in [EMIM][MeSO;] 59
5.2 wt% Mowiol 40-88 in [EMIM][MeSO;] 18
9.9 wt% Mowiol 40-88 in [EMIM][MeSO;] 48
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5.4 Viscosity measurement of ionic liquid - polymer mixtures with the Falling Ball Viscosimeter

The bubbles and the high viscosity of the 15wt% Mowiol 56-98 - [EMIM][MeSQOs3] ionogel
didn’t make it possible to measure its density either the viscosity. In the following the results
of the dynamic viscosity measurements are presented.

5.4 Viscosity measurement of ionic liquid - polymer mixtures with the Falling

Ball Viscosimeter
At first the IL — polymer mixtures were put in a water bath to take a liquid form again. Then it
was able to fill them into the glass tube of the viscosimeter. The dynamic viscosity measure-
ments were conducted at 30°C, 60°C and 90°C. The average falling time of five forward and
five backward measurements were taken. The Mowiol 56-98 - [EMIM][MeSOs] ionogels and
Mowiol 40-88 - [EMIM][MeSOs] ionogels were measured. The results are shown in Table 18.

Table 18: Dynamic viscosity of PVOH - [EMIM][MeSO3] mixtures.

Sample Water con- Temperature Density Ball Viscosity
tentin in°C +0.3 ing cm’ number in mPas
mol%
4.8 wt% Mowiol 56-98 in 32 1.233 6 25838 £ 419
[EMIM][MeSO0s] 32 61 1.215 5 5012 + 184
90 1.196 4 2054 + 107
5.0 wt% Mowiol 56-98 in 30 1.233 6 13424 + 243
[EMIM][MeSO0;] 49 60 1.215 5 1371+ 10
90 1.196 4 860t 5
9.8 wt% Mowiol 56-98 in 59 90 1.203 6 14796+ 323
[EMIM][MeSO3]
5.2 wt% Mowiol 40-88 in 30.7 1.231 6 23704 £ 216
[EMIM][MeSO0;] 18 59.6 1.213 5 4253 +13
90.3 1.199 4 1173 +3
9.9 wt% Mowiol 40-88 in 48 90 1.192 6 10741+ 90

[EMIM][MeSOs3]

The viscosity of the almost 10 wt% PVOH in [EMIM][MeSOs] ionogels could be measured only
at 90°C. At the other two temperatures, the time of the ball falling exceeded the maximum
falling time.

The viscosities are decreasing as the temperature rises and as the PVOH concentration rises. It
was figured out that the water content of the ionogels is also an important parameter affect-
ing the viscosity measurements and leads to a decrease of the viscosity. The given water con-
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5 Results and discussion

tents were also measured a few days after the viscosity measurement and are therefor not
reliable.

In conclusion, the water content of the ionogels has to be considered for the density and vis-
cosity measurements. Before and after every measurement, the water content has to be de-
termined. The ionogels have to be stored in a tight closed bottle, so that no water can be ab-
sorbed at its storage. In the following section the characterization of the ionic liquid [EM-
IM][MeSQOs] is presented.

5.5 Characterization of the IL [EMIM][MeSO;] using thermogravimetric analy-

sis data
In the next section the ionic liquid [EMIM][MeSOs], is characterized using thermogravimetrical
analysis data. At first determined if evaporation has to be taken into account. Furthermore the
kinetic parameters of the thermal decomposition of the ionic liquid [EMIM][MeSOs] using the
isoconversional method (section 4.5.4) and the maximum operation temperature (Section
4.5.6) are calculated and discussed.

5.5.1 Discrimination between thermal decomposition and evaporation during the TG-

experiments with the ionic liquid [EMIM][MeSO;s]
Discrimination between thermal decomposition and evaporation due to the TG-experimental
data was carried out. Figure 20 shows the thermogravimetric measurement of the [EM-
IM][MeS0Os] under nitrogen (N,) and helium (He) atmosphere of 6 | h™* (NTP) and temperature
rate of 2 K min™ in glass pans. No significant deviation is recognized at the two measurements.
This confirms the assumption of pure thermal decomposition of the ionic liquid during the TG-
experiments.
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5.5 Characterization of the IL [EMIM][MeSO3] using thermogravimetric analysis data
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Figure 20: TG-experiments of [EMIM][MeSOs] under N, and He atmosphere (HR = 2 K min’?,
61 h™ NTP).

5.5.2 Kinetic of thermal decomposition of [EMIM][MeSO;]

The kinetic computation of the ionic liquid [EMIM][MeSOs] was made using the differential
isoconversional method of Friedman [49,89,94] (section 4.5.4). As mentioned in section 5.5.1,
TG-experiments were made at a temperature rate of 2 K min™ in helium and hydrogen atmos-
phere (6| h™ NTP) in glass pans. No differences at the normalized mass loss rates were no-
ticed. Thus, the mass loss signal can be referred to a pure thermal decomposition of the IL and
evaporation can be neglected. A z(X) plot was plotted as a function of the conversion X ac-
cording to Eq. (4.7) and compared to the theoretical z(X) master plots. The comparison is
shown in Figure 21. The thermal decomposition of [EMIM][MeSO;] follows the 1* order reac-
tion model over a wide range of conversion (< 0,8).
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Figure 21:  Comparison of the theoretical 1% order reaction model and the TGA measures
of [EMIM][MeSOs] under He and N, atmosphere (HR =2 K min™, 61 h™ NTP).

Furthermore isothermal TGA measurements at 8 different temperatures between 255-325 °C
were conducted. These temperatures were chosen because the thermal decomposition of
[EMIM][MeSOs] becomes measurable at about 255 °C.

As described in section 4.5.4, for every temperature and every conversion, the logarithmic

. . ax\ . .
derivate of the reaction rate In (E) is calculated from the average term of the conversion
X

for X+ 0.01. The In (Z—f) of every conversion at the different temperatures vs T! plot was
X

made according to Eq. (4.8).

The intercept of the plot In (3—};) and T* of Eq. (4.8) represents the ln[f(X)kOX]. The pre-
bs

exponential factor depends on the reaction model, i.e. in this case 1** order reaction model
(see section 5.5.4). For every conversion a pre-exponential factor is calculated.

For example, the calculation for X = 0.6 is explained: From every isothermal measurements,

. . . . ax .
the logarithmic derivate of the reaction rate In (d— is calculated as the average of

t)X=O.6i0.01
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5.5 Characterization of the IL [EMIM][MeSO3] using thermogravimetric analysis data

the conversion from X = 0.59 to X = 0.61. The In (Z—f) to the T ! plot according to
X=0.61+0.01

Eq. (4.8) was made as shown in Figure 22. The activation energy from the slope and the pre-
exponential factor were calculated for this conversion.
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Figure 22:  1pe Ip (Z—f) to T plot for X= 0.6 for the eight isothermal TG-experiments
b

(61h™ N, NTP).

These steps were done for all conversions. The results were six activation energies and pre-

exponential factors. Figure 23 shows the calculated activation energies.
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Figure 23: The calculated activation energies for every conversion obtained from the
isoconversional method.

In order to get an average pre-exponential factor, the six kinetic data sets were taken and
plotted in an Arrhenius plot (see Figure 24). Via linear regression the average value as ob-
tained using the before determined average activation energy of 137 kJ mol™. The linear fit of
the Arrhenius plots of all calculated conversions results the pre-exponential factor. The activa-
tion energy of the ionic liquid [EMIM][MeSQ3], calculated with the isoconversional method is
137 kJ mol™ and the pre-exponential factor is 6.2 10 s
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Figure 24: Arrhenius plot of kinetic parameters of [EMIM][MeSOs] for conversions 0.2 to 0.6
with step 0.1.

The result of the isoconversional method was compared to the results the TG-measurements
(E, = 189 kI mol™, ko = 3.9 -10™ s7%), the isothermal magnetic suspension balance (MSB) meas-
urements at N, (1 bar) and different temperatures (E; = 142 kJ mol™?, ko = 8.5 -10” s7%) and the
recommended data as the average of the TG- and MSB- experiments (E, = 199 kJ mol™,
ko = 2.9 10" s7) given in the literature [33]. The comparison is shown in Figure 25. The start-
ing and ending points of each line indicated the temperature range in which the given kinetic
dataset is valid. Taking the different areas of validity into account, the results are very satisfac-
torily.
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Figure 25:  Rate constant of thermal decomposition of [EMIM][MeSQs] calculated with the

isoconversional method compared to the TGA and MSB measurements and the
recommended data in the literature [33].The starting and ending points of each

line indicate the range in which the given kinetic datasets are valid.

Nevertheless the computation of the kinetic parameters using the isoconversional method
took considerable time without having any advantage compared to the other TGA method
(analysis and modeling of TG-experimental data). The results obtained by the two different

methods are within the errors equal

confidant method. For this reason the computation of the kinetic parameters of all further

to each other. However the TGA method is a quick and

samples will be accomplished with the TGA method.

The maximum operating temperature was calculated using Eq. (4.15) with the already known

kinetic data from the literature [33].

laboratory applications 1% per month (30 days) were determined. The maximum operating

temperature for an industrial process
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5.6 Characterization of Mowiol 56-98 and Mowiol 40-88

In the following section the characterization of the two PVOH types are presented. Further-
more the results of the kinetic of their thermal decomposition with the TGA method (section
4.5.5) are shown.

5.6 Characterization of Mowiol 56-98 and Mowiol 40-88

In this section, the characterization of Mowiol 56-98 and Mowiol 40-88 with TG-measurements
is presented. The dependence on the crucibles materials as well as on the initial mass of the
measured samples is investigated. Furthermore the kinetic parameters of the thermal decom-
position of the pure polymers were calculated analyzing and modeling the TG-experimental
data (section 4.5.5) obtained from TG-experiments.

5.6.1 Influence of the crucible material during TG-experiments

At first it was examined if the use of quartz glass or aluminum crucible has an influence on the
thermal degradation of the PVOH. As shown in Figure 26 the crucible material doesn’t influ-
ence the results. Although it affects the measurements of the pure IL [EMIM][MeSQs]. For this
reason for all following TG-measurements only glass crucible were used in order to make the
different measurements comparable.
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Figure 26: TG-experiments with Mowiol 56-98 using quartz glass and aluminum crucible
and almost the same initial mass of about 6 mg (HR =2 K min™®, 6 | h™" N, NTP).
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5.6.2 Dependence of the TG-signal on the initial mass of the sample
An influence on the rate of mass loss by varying the initial mass of the samples was not ob-
served. Only at high weights a minor influence was noticed as shown in Figure 27. Although
another reason could also be the different density of the small “fixed bed” of the PVOH in
every measured sample. The samples were tried to be taken with the same particle size. The
samples for the kinetic computation had an initial weight of 6 £ 0.5 mg.
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Figure 27: TG-experiments with Mowiol 56-98 having different initial masses
(HR=2Kmin™, 61 h™ NTP).

5.6.3 Discrimination between thermal decomposition and evaporation during TG-
experiments

Both PVOH types and their ionogels were measured under nitrogen and helium atmosphere

of 6 I h™ (NTP) and different heating rates. All measured samples show a pure thermal de-

composition. Figure 28 exemplarily shows the thermogravimetric measurement of the Mowiol

56-98 under nitrogen and helium atmosphere of 6 | h™* (NTP) and temperature rate 2 K min™

in crucible made of quartz glass.
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Figure 28: TG-experiment of Mowiol 56-98 under nitrogen (N;) and helium (He) atmosphere
(HR=2Kmin™, 6 | h NTP).

5.6.4 Kinetics of thermal decomposition of Mowiol 56-98 and Mowiol 40-88

The measurements were made under nitrogen atmosphere of 6 | min™ (NTP) and heating
rates of 0.1 Kmin™, 0.5 Kmin™, 1 Kmin®, 2 K minand 10 K min™ using samples with initial
masses of 6+ 0.5 mg. Figure 29 shows the normalized rate of mass loss (DTG signal) of the
Mowiol 56-98 and Mowiol 40-88 in relation to the temperature. The kinetic model was fitted
at the first curve of the normalized rate of mass loss curve according to Eq. (4.14).
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Figure 29: TG-experiments with Mowiol 56-98 and Mowiol 40-88 and the modelled fit for

pure thermal decomposition (Eq. (4.14)) (HR=2K min, 6 1 h™X NTP).

The result of the kinetic computation of the thermal decomposition of the PVOH types are
shown in Table 19.

Table 19: The kinetic parameters of the thermal decomposition of the Mowiol 56 - 98 and
Mowiol 40-88.
Pre-exponential Activation energy Temperature range Rate constant

factor E, of the evaluation kins®

koin st in k) mol™ in °C at 220°C
Mowiol 56-98

and 7.89 10" 175 150 - 240 2.110°

Mowiol 40-88

For typical vinyl polymers the thermal degradation involves breaking of C-C bonds whose
bond energy is around 350 kJ mol™*. Although, thermal degradation already occurs above 200-
300 °C because of the inherent weak link sites of the polymer chain. Typical weak sites include
head-to-head links, hydroperoxy and peroxy structures. Consequently, once the macro radi-
cals are formed, further degradation occurs via various radical pathways whose activation
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5.7 Thermogravimetrical characterization of the IL-polymer mixtures

energies are markedly smaller than the C-C bond energy. For this reason, the effective activa-
tion energy varies throughout the process tending to be lower, representing the process of
initiation at the weak links [49]. This was proven for thermal decomposition of poly(vinyl alco-
hol) 98 - 99% hydrolyzed, MW 13 000 - 23 000. At conversion of 15 to 60% interval the de-
composition, the activation energy was nearly constant, ranging from 120 - 170 kJ mol™ [96].
Thus, the calculated activation energies of about 175 kJ mol™ seems to be reasonable.

In the following the maximum operating temperature is calculated using the kinetic parame-
ters of Table 19.

5.6.5 Maximum operating temperature of Mowiol 56-98 and Mowiol 40-88 with regard to
thermal decomposition

The maximum operating temperature was calculated through Eq. (4.15). For an industrial pro-

cess, losses of 1% per year and for laboratory applications 1% per month (30 days) were de-

termined. The results are shown in Table 20. For comparison the maximum operating temper-

ature of the IL [EMIM][MeSOs] with regard to thermal decomposition is also shown.

Table 20: Maximum operating temperature, for laboratory applications Tmax1%/m and for
industrial applications Tmax 1%/a-

Mowiol type Tmax,l%/m Tmax,l%/a
in °C In °C
Mowiol 56-98 and Mowiol 40-88 137 118
[EMIM][MeSO;] 181 160

It can be seen that the polymers are less stable than the selected ionic liquid. In the following
the IL-polymer-mixtures are also characterized using their TGA data.

5.7 Thermogravimetrical characterization of the IL-polymer mixtures

Using the prepared IL-polymer mixtures /ionogels (see Section 5.2), non-isothermal TG-
experiments were conducted at different heating rates under He and N, atmosphere. The
normalized rate of mass loss curves exhibit a small degradation peak around 240 °C and fur-
thermore a big degradation signal at 260-270 °C. The first step is due to the existence of the
PVOH in the mixture and the second curve occurs from the presence of the ionic liquid [EM-
IM][MeS0Os]. The two degradation processes (polymer, ionic liquid [EMIM][MeSOs]) start tak-
ing place in almost the same temperature range; so discrimination between them is very diffi-
cult.
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5 Results and discussion

The first small peak can be better recognized at higher concentrations of PVOH in the mix-
tures. It lies in at the same temperature range as the first peak of the thermal decomposition
of the pure PVOH sample. Hence, the PVOH is the limiting component with regard to thermal
decomposition of the maximum operating temperature.

The kinetic model using the kinetic parameters of the thermal decomposition of the pure
Mowiol 56-98 (shown in Table 19) are used to model the normalized rate of mass loss accord-
ing to Eq. (4.14) assuming that only the Mowiol 56-98, which means the 9.8 wt% of the initial
mass of the IL — polymer mixture is decomposing. Figure 30 shows the modelled curve of the
9.8 wt% Mowiol 56-98 in [EMIM][MeSOs] mixture. Comparison of predicted and experimental
data demonstrates that the first curve is almost entirely caused from the thermal decomposi-
tion of the PVOH. Figure 30 also shows the thermal decomposition of the IL - polymer mix-
tures compared to their pure components.
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Figure 30: Normalized rate of mass loss of pure Mowiol 56-98, pure [EMIM][MeSQs],
4.8 wt% Mowiol 56-98 mixture in [EMIM][MeSOs], 9.8 wt% Mowiol 56-98 in
[EMIM][MeSO3] mixture and the predicted normalized rate of mass loss assum-
ing a pure thermal decomposition of 9.8 wt% Mowiol during the experiment
(HR=2Kmin™, 61 h™ N, NTP).
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5.7 Thermogravimetrical characterization of the IL-polymer mixtures

Figure 31 shows the thermal degradation of the 5.2 wt% Mowiol 40-88 in [EMIM][MeSOs]
mixture and the 9.9 wt% Mowiol 40-88 in [EMIM][MeSOs] mixture compared to their pure
components Mowiol 40-88 and [EMIM][MeSOs] with heating rate of 2 K min™ under nitrogen
atmosphere of 6 | h™* (NTP). In the same way the normalized rate of mass loss of the 10 wt%
Mowiol 40-88 in [EMIM][MeSOQs] is modelled using the kinetics of the thermal decomposition
of the pure Mowiol 40-88.
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Figure 31: Thermal degradation of pure Mowiol 40-88, pure [EMIM][MeSOs], 5.2 wt%
Mowiol 40-88 ionogel in [EMIM][MeSOs], 9.9 wt% Mowiol 40-88 ionogel in
[EMIM][MeSO03] and the predicted normalized rate of mass loss assuming a pure
thermal decomposition of 9.8 wt% Mowiol during the experiment(HR =2 K min™,
61h™ N, NTP).

In conclusion, the thermal stability of the poly(vinyl alcohols) determines the thermal stability
of the IL - polymer mixtures.

After having characterized the samples used in this work in terms of density, viscosity and
thermal stability, their suitability for gas purification should be validated. First the results of
the absorption of hydrogen sulfide in the pure ionic liquid [EMIM][MeSOs] are presented and
compared with literature data.
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5 Results and discussion

5.8 Henry coefficient of H,S in [EMIM][MeSO;]

Table 21 shows the Henry coefficient and activity coefficient for three different temperatures.
The Henry coefficient was calculated by the linear fits of Figure 32. The activity coefficient is
calculated through Eq. (2.8).

Table 21: Henry coefficient and activity coefficient at different temperatures.

Temperature in °C Henry Coefficient in mbar

22 3924
32 5041
52 9664

a = 22°C

32°C

Partial Pressure of H.S in mbar

. = 5

J T y T y T : T J
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Molar Fraction of H_S in [EMIM][MeSO,]

Figure 32: Partial Pressure of H,S dependence on molar fraction xy,s in [EMIM][MeSOs].

The question arises if the ionic liquid [EMIM][MeSOs] is a good absorbent for hydrogen sulfide
compared to the commercial solvents. Figure 33 shows the hydrogen sulfide absorption in
different solvents at 20 °C (the absorption in H,0 is at 25 °C and in [EMIM][MeSQs] at 22 °C).
The compared absorbents are water (H,0) [64], methane [64] and N-methylpyrrolidone [64].
Furthermore it shows the comparison with the H,S absorption in the ionic liquid
1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate, [hemim][BF,4] [97] at 30 °C.
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5.8 Henry coefficient of H2S in [EMIM][MeSO3]

In conclusion, as shown in Figure 33, the ionic liquid [EMIM][MeSOQs] has a better absorption
capacity from the compared solvents. For an absorption temperature of 22 °C, the Henry coef-
ficient of the H,S in the [EMIM][MeSOs] is by a factor of 1,5 lower compared to the N-
methylpyrrolidone at 20 °C. The Henry coefficient of the H,S in [EMIM][MeSOs] is for a tem-
perature of 32 °C by a factor of 5,7 lower compared to the ionic liquid [hemim][BF,].

The [EMIM][MeS0Os] could be an alternative solvent for the absorption of the hydrogen sul-
fide from its gas not only primilary in the laboratory but also in the industrial-scale application
of research.

50
5 40 in themi i
_r-éu in methane (20°C) in [hemim][BF ] (30°C)
£ | \
=304 inH.0(25°C :
% ‘/m H,0 (25°C) EFactor ~ 5.7
v 1 .
> in N-Methylpyrrolidone (20°C)
o 204 :
o in [EMIM][MeSO_] (32°C)
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E 10 4 : sFactor ~ 1.5
in [EMIM][MeSO,] (22°C)
O - T

' | L I ’ I ’ 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Molar fraction of H?_S

Figure 33: Experimental data of the hydrogen sulfide absorption compared to solvents from
the literature.

After the measurements, the color of the [EMIM][MeSOs] has gotten darker without showing
any kind of decrease in the absorption capacity. Nuclear magnetic resonance spectroscopy
(NMR) measurements showed that there was no change in the formation of the IL.

To certify that there is almost no H,S in the absorption column after the desorption, a defec-
tion reaction was used. A beaker was filled with 15 g cupric sulfate CuSO4 and 40 ml of water.
The mixture was stirred taking a blue color. Then 5 ml IL from the absorption column were
taken and added to the mixture. The color almost didn’t change.
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5 Results and discussion

After that a flow of 8000 ppm H,S/N, gas was passed through the column. At the saturation
point, the flow was stopped. A sample of 5 ml IL was taken again and added to a 15 g CuSO4
and 40 ml of water mixture. The color got darker and after 3 hours, black particles could be
recognized. The difference can be noticed in Figure 34.

-
-

Figure 34: a. CuSO4; /H,0 mixture with a sample of IL at its saturation point with H,S,
b. CuSO4 /H,0 mixture, c. CuSO4 /H,0 mixture with a sample of the IL after the
last desorption with N, flow.

The ionic liquid [EMIM][MeSO3] has a good absorption and desorption capacity for the H,S. In
the following, the results of the ionogel preparation are presented.

5.9 Dehydration of gas with the ionic liquid [EMIM][MeSO;]

The validation of the gas dehydration plant was first checked using as an absorbent the pure
ionic liquid [EMIM][MeSOs]. A layer of about 5 g [EMIM][MeSOs] was filled in the recess of
the absorption apparatus. The experiment was accomplished at four different combinations
of absorbent and dew point temperatures. After the end of the absorption measurement, a
sample was taken from the recess and its water concentration was measured via Karl Fischer
Titration (KF Coulometer 756/831, Metrohm). This value was compared to the calculated val-
ues from the experimental data of the absorption measurement as shown in Table 22.
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5.9 Dehydration of gas with the ionic liquid [EMIM][MeSO3]

Table 22: Results of the gas dehydration using as an absorbent a layer of [EMIM][MeSQs].

Absorbent Dew Molar fraction X Molar fraction X calculated from Activity
temperature  point  calculated fromthe  the water concentration of the  Coefficient
in°C in°C experimental data Karl Fischer Titration data y
36.8 23.5 0.81 - 0.58
47.1 24 0.67 0.68 0.41
46 17.2 0.63 - 0.31
56 2.4 0.28 0.31 0.16

The difference between the molar fraction of the last measurement could be caused by the
absorbing facility of the ionic liquid. It might have already absorbed a small amount of water
while putting it in the absorption apparatus. The results of the molar fraction calculation from
the experimental data and the measured one with the Karl Fischer Titration are quite satisfy-
ing. This confirms the validation of the absorption process. The results are furthermore com-
pared to literature data [20] in Figure 35.

1.0
. 0.8
:‘g B }/at 90 OC //
S 064 '
@ ™
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>
> 0.44
&
< B
0.2 4
1 56 °C
0.0 y T y T 4 T T T g
0.0 0.2 0.4 0.6 0.8 1.0

Molar fraction X, 0

Figure 35:  Experimental data of the water absorption with pure [EMIM][MeSOs] compared
to the literature data [20].
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5 Results and discussion

Comparison of the experimental data with those from literature shows that the absorption
experiments and the gas dehydration plant works successfully. In the following the ionic liquid
- polymer mixtures are used as absorbent with the same experimental conditions as the
measurements with the pure [EMIM][MeSOs].

5.10 Dehydration of gas with the PVOH - [EMIM][MeSO;] mixtures

At next the absorption process was accomplished using the prepared ionogels. An ionogel
layer of about 6 mg was put in the recess of the absorption apparatus. The water content of
the ionogel was determined before the measurement and after that via Karl Fischer Titration.
From the difference, the absorbed water could be calculated.

The experiment was accomplished with two IL-polymer mixtures as absorbents. The 9.8 wt%
Mowiol 56-98 in [EMIM][MeSOs] ionogel and with the 9.9 wt% Mowiol 40-88 in [EM-
IM][MeSO0s] ionogel at an absorbent temperature of 42 °C and three different dew points. The
results are furthermore compared to literature data [20] of the pure ionic liquid [EM-
IM][MeSQOs] in Figure 36.
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Figure 36: Experimental data of the water absorption in PVOH - [EMIM][MeSOs] mixtures
at 42 °C compared to the literature data [20].
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5.10 Dehydration of gas with the PVOH - [EMIM][MeSO3] mixtures

The IL — polymer mixtures have successfully absorbed the water having a small deviation from
the literature data of the pure ionic liquid. In this way, it can be figured out that the polymer
matrix doesn’t influence the absorption capacity of the ionic liquid in greater extent.

However, it was noticed that at high water content, the structure of the mixture changes. Af-
ter the absorption some samples with high molar fractions get white and solid like a gel. Fig-
ure 37 exemplary shows the 10 wt% Mowiol 56-98 in [EMIM][MeSOs] mixture after an ab-
sorption process having 0,78 mol% H,0 in [EMIM][MeSOs].

Before the absorption After the absorption ‘

Figure 37: 10 wt% Mowiol 56-98 in [EMIM][MeSOs] mixture before the absorption process
having 48 mol% H,0 in [EMIM][MeSOs] (left) and after the absorption process
having 78 mol% H,0 in [EMIM][MeSO3] (right).

It is assumed that the water connects with the polymer matrix because of the small concen-

tration of the ionic liquid. The sample was put in the oven at 110 °C for an hour taking again
its initial form.
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6 Summary and Outlook

Background and objectives of this work

The interest in ionic liquids (melting point below 100°C; IL) and their potential applications are still
rising in academia as well as industry due to the variety of their chemical and physical properties.
In separation processes, evaporation losses and product contaminations can be avoided because
of their very low vapor pressure. A number of ionic liquids have hygroscopic character, so they can
absorb a certain extent of water. This property can be an advantage for gas and fluid drying.

Gas drying is an important separation process for drying of natural gas in order to avoid corrosion
and hydrate formation in the pipelines. In the industry, the absorptive gas scrubbing with glycols
(especially with triethylene glycol; TEG) as absorbent is well established. However, TEG has two
major disadvantages:

o TEG has a relatively high vapor pressure and

e TEG is not stable against oxidative attack. Hence, the regeneration of water loaded TEG
with air stripping gas is not feasible due to the oxidative decomposition of TEG (formation
of organic acids, corrosion problems)

The absorption of hydrogen sulfide is also of great importance in the gas industry. The toxicity and
corrosive properties of H,S dictate stringent control of its release into the environment and con-
tact of aqueous solutions of H,S with iron and steel as tanks, piping, valves and pumps. The most
common way for the removal of acidic components from gas streams are amine solutions.

In contrast to various studies on the absorption of CO, and SO, in ILs, the number of publications
on absorption of water as well as hydrogen sulfide is still low. ILs could be alternative absorbents
for water and hydrogen sulfide absorption too.

At the beginning of the 21. Century, ionic liquids were immobilized on porous supports in order to
combine e.g. the advantages of both the homogenous and heterogeneous catalysis. Other re-
searchers tried to combine both the unique properties of polymers and ILs. This leads to support-
ed membranes and the so-called “ionogels”. lonic liquids confined in gel matrices make them suit-
able in various applications e.g. stable electrolytes in dye-sensitized solar cells, secondary batter-
ies, electrochromic displays, electrolytic membranes and perhaps even for gas separation process-
es.

The objective of the present work is on the one hand the immobilization of the ionic liquids in a
polymer matrix and the evaluation, if these hybrid materials are suitable for gas dehydration. On
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6 Summary and Outlook

the other hand, absorption of H,S in the neat ionic liquid [EMIM][MeSQOs], which is a common im-
purity besides water vapor in natural gas, is in the main focus.

Key results

The hygroscopic ionic liquid [EMIM][MeSO3] was immobilized into the three polymers, the agar
agar and two types of poly(vinyl alcohol) (PVOH). The high amount of water in the agar agar-
[EMIM][MeSQs] ionogels was the reason why the PVOH-[EMIM][MeSQOs] ionogels were chosen for
the gas dehydration. First the main components of the ionic liquid — polymer mixtures were char-
acterized. The thermal decomposition of the [EMIM][MeSOs] was calculated with a “model free”
method, the isoconversional method and compared with literature data. The calculation of the
kinetics of thermal decomposition using the isoconversional method took considerable time with-
out having any advantage compared to the TGA method established at the Chair of Chemical Engi-
neering of University of Bayreuth. At next the thermal decomposition of the two types of PVOH
(Mowiol 56-98, Mowiol 40-88) was also determined with the TGA method. Furthermore the densi-
ty and viscosity of the prepared IL — polymer mixtures were measured. IL - polymer mixtures with
about 10wt% PVOH in [EMIM][MeSO;s] were used for the gas dehydration measurements. The
results compared with the literature data for the absorption of water in neat [EMIM][MeSOs],
were satisfactorily. This means that the polymer matrix doesn’t influence the absorption capacity
of the ionic liquid.

The absorption of the hydrogen sulfide was accomplished using the [EMIM][MeSOs] as a solvent.
The measurements showed that the ionic liquid [EMIM][MeSOQs] is suitable for the purification of
gas from its hydrogen sulfide component. For the absorption temperature of 22 °C, the activity
coefficient of H,S in the [EMIM][MeSOs] is by a factor of about 1.5 lower compared to the N-
methylpyrrolidone at 20°C. The activity coefficient of the H,S in [EMIM][MeSOs] is for a tempera-
ture of 32 °C by a factor of 5,7 lower compared to the ionic liquid [hemim][BF,4].

Conclusion and Outlook

In the present work, it shows that the ionic liquid [EMIM][MeSOs] can be immobilized into the
polymer poly(vinyl alcohol) without losing its absorption capacity. These hybrid materials have to
be stored carefully in order to maintain the initial water content. The pure ionic liquid could be
dried using a rotary evaporator while for the ionogels it is not easy because of its colloidal compo-
sition. A solution could be the preparation of the ionogels under vacuum und their storage into
tight closed glasses. On the basis of the results, the main idea to get a kind of “fixed bed absorber”
seems to be possible since the IL - polymer mixtures keep the absorption capacity of the ionic lig-
uid. Further studies concerning the ternary mixtures H,O - IL - polymer should be conducted in
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order to get more information about the mechanism of gelation, rheological behavior, miscibility
gaps and informations about the mass transfer in such a gel layer.

The investigation on separating the hydrogen sulfide (H,S) with the ionic liquid [EMIM][MeSOs]
from a gas stream showed that the [EMIM][MeSOs] has a good absorption capacity. It is already
proven that the [EMIM][MeSOs] is an alternative drying agent to the absorbent TEG commonly
used for industrial gas drying. In the ideal case, both gases would be absorbed simultaneously.
Therefor it should be furthermore investigated if the [EMIM][MeSOs] can also separate H,S from
natural gas in presence of water vapor.
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