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Summary

The use of Lignocellulosic residues (LC) such as conventional food crop
remains, for Bioenergy and Biorefinery applications is an attractive way to increase
feedstock availability without the investment in additional land area. Moreover, it
is noteworthy that biomolecules produced from LC, namely second generation
(2G), has a potentially better greenhouse gases (GHG) emissions balance. One of
the most economically successful lignocellulosic sources is the sugarcane crop,
with a global production of about 1.7 gigatonnes in 2019. Although LC is rich in
carbohydrates, 40 — 90 wt%, these sugars are not readily converted due to their
molecular structure. Consequently, it must be treated, so that LC’s molecular nature
is changed into a more convenient arrangement favoring subsequent conversions.
Such process is called pretreatment (PT) and is considered the most important step
to obtain an efficient conversion of LC’s constituents. Recently, ionic liquids (ILs)
have emerged as an alternative technology for biomass pretreatment. ILs can break
the H bonds which stabilize LC’s molecular structure, improving components
solubility and/or turning LC’s structure more susceptible to further conversions,
such as improving the enzymatic digestibility of pretreated solids.

The objective of this work was to use ionic liquids (ILs) for the
pretreatment of a lignocellulosic (LC) residue in a Biorefinery concept. Sugarcane
straw (SW), instead of bagasse, was chosen as model LC feedstock, and ethanol
used as ultimate bio-based product to elaborate on experiments in order to answer
the research question: “Are protic ionic liquids viable alternatives for biomass
pretreatment in large scale Biorefineries, and which are the key parameters
involved?” .

Two ILs were considered throughout this work, namely 2-
hydroxyethylammonium acetate ([Mea][Ac]) and 2-hydroxyethylammonium
hexanoate ([Mea][Hex]). The selection of ILs was based on literature review and
experimental screening with respect to their efficiency to improve the enzymatic
saccharification and decrease lignin concentration in pretreated solids. The
temperature, water content, solid loading, agitation speed, ultrasonication, use of
pure and ILs mixtures were considered during the PT setup, in order to assess their
relevance on PT efficiency as a matter of scale-up.

The efficient recycle of ILs’ streams is vital to sustain process’s
sustainability. In this work, two methods were explored for IL recovery, namely
freeze concentration (FC) and aqueous biphasic system (ABS). The freezing point
of several ILs solutions were assessed and, through thermodynamic correlations,
used to calculate the water activity from each system. The ice wash ratio was



evaluated, and its influence in the mass balance stablished. The mass and energy
balances were calculated considering the FC operating in a continuous regime.

Process setup and operating conditions have a direct impact on energy
consumption, downstream efficiency, product price and environmental impact. The
techno-economic and environmental analysis of the process was performed on a
full scale Biorefinery perspective assuming ethanol as target product. The capital
and operational expenditure, CAPEX and OPEX, respectively, and the
environmental impact were assessed considering 8 different scenarios. Taken
together, the sustainable metrics of the process were achieved, whereas
recommendations to improve process’ sustainability were given.

Structure

After a general introduction to the context, this work moves forward with
3 chapters presented in a scientific paper format. Each chapter will provide a
relevant introduction, methodology, results and discussion and conclusions to the
topic. The references are provided at the end of each chapter with the
supplementary information. This first part addresses the matters related to the
process design.

The final part of this work consists of two appendices which explore the
physicochemical properties of the neat ILs and their mixtures in water. The
combination of the Appendices is intended as a 4™ publication from this thesis.

Results

In Chapter 2 at lab scale flasks, a good enzymatic digestibility efficiency
was obtained using a 1:1 (w/w) mixture of [Mea]|[Ac]/[Mea][Hex] at 13 % (w/w)
solids loading and water content in the reaction medium. Under mild temperature
conditions (90 °C), the [Mea][Ac]/[Mea][Hex] mixture increased delignification
compared with pure ILs, 3-fold more. Although 1-ethyl-3-methylimidazolium
acetate achieved the best enzymatic digestibility at initial conditions (dry biomass),
it had the worst performance following water addition and solid loading increase.
Two crucial parameters for scaling up. The effects of variables on residual solids
enzymatic digestibility and delignification were assessed and the process scaled up
from a 50 mL static flask to a 1 L impelled reactor. The most significant variables
were found to be temperature, solid loading and water content. Enzymatic
hydrolysis of residual solids after bench-scale pretreatment of SW for 3 h at 15%
(w/w) solids loading and 20% (w/w) water content in the liquid phase resulted in
98% cellulose digestibility under non-optimized conditions.



Although interesting for their flexibility, ILs can have a carbon-intensive
production background, may be toxic and expensive. Thereby, in Chapter 3 the
recycle of [Mea][Ac] [Mea][Hex] were explored. The aqueous biphasic system,
using phosphate-based salts as phase separation promoters, was not efficient for the
recycling of the tested ILs. On the other hand, the ILs were efficiently recycled
whether pure or mixed, without mass loss by the freezing concentration process.
The freezing point of the aqueous solutions were determined in the concentration
range of 0.5% to 50 % (w/w) for both ILs. Water activities were satisfactory
calculated from the water freezing point depression trough the Hildebrand and
Scott’s equation. [Mea][Hex] solutions showed a similar freezing curve as that
found for an organic acid. The FC can be operated in continuous mode without
waste generation and removing water as pure as desired.

The setup of the pretreatment step has a direct influence on the properties
of the resulting solids, which in turn affects the yields of subsequent conversion
steps, impacting the overall productivity. Apart from the residual solid quality, the
pretreatment design will also affect the mass and energy balance within the hole
Biorefinery, which were assessed in Chapter 4. Results showed that the solid
loading and IL dilution have a direct effect for the reduction of steam consumption.
Temperature also had a direct influence in the steam consumption, but with
significant impact in the saccharification yield, consequently, in the overall ethanol
productivity. Apart from product selling price, IL recycle is the dominant factor on
economic and environmental impacts. Most of the process’s parameters analyzed
in this work had a significant impact on ethanol’s environmental impact profile.
The IL-based pretreatment feasibility was shown to be dependent on conditions that
minimize the IL make-up.

During the process design study, the information regarding the
physicochemical properties of the IL-based solutions reveled to be equally
important and scarce. In the Appendices a systematic study of the physicochemical
properties characterization of [Mea][Ac] and [Mea][Hex], and their mixture in
water, was carried in the entire range of dilution between 278 K and 393 K. Density
data was fitted to a polynomial for density predictions as function of temperature
and IL concentration with the average deviation percentage (ADP) not exceeding
0.63%. The viscosities of the binary systems (IL+water) were studied considering
6 different models, and deviations between predicted and experimental data
provided. The conductivity, water activity and surface tension data were
summarized and the influence of both anions, i.e [Ac] and [Hex], evaluated. The
mixture of ILs showed to be an interesting strategy to fine-tune system’s properties.

In the outlook, the opinion of the author about the Bioenergy position on
the path for a sustainable development is shared in short lines. Moreover, the
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directions for broader use of ILs in improved biomass valorization and IL recycle
are highlighted.

In a short conclusion, there is a bright future for ILs in Biorefinery
application, with still many options for improved use.



Resumo

O emprego de residuos lignocelulésicos (LC) como, por exemplo, os restos
provenientes de culturas alimenticias, para fins energéticos e em Biorefinarias ¢é
uma alternativa interessante para obten¢ao de matéria-prima sem a necessidade de
expansdo da area agricola cultivada. A produgdo de biomoléculas a partir de LC,
ditas segunda geragdo (2G), sdo potencialmente favoraveis ao balangco de emissdes
de gases de efeito estufa (GHG). A cana-de-agticar ¢ uma das culturas mais bem
estabelecidas fontes para obten¢@o de LC, com a produ¢ao mundial em 2019 a cerca
de 1,7 giga toneladas. Em virtude de sua organizacdo molecular, os agtcares
contidos na L.C, 40-90 % em massa, sdo resistentes as transformagdes bioquimicas.
Desta forma, esses materiais sdo tratados, alterando sua estrutura rigida de modo
conveniente as futuras etapas de conversdo. Recentemente, os liquidos i6nicos (ILs)
surgiram como uma alternativa promissora para o pré-tratamento de biomassas. Os
ILs atuam predominantemente quebrando as ligagdes de H que estabilizam a matriz
lignocelulosica e/ou solubilizando seus componentes, 0 que torna o material mais
susceptivel a etapas de transformag@o como, por exemplo, a conversdo enzimatica.

O objetivo deste trabalho ¢ utilizar ILs no pré-tratamento (PT) de LC no
conceito e Biorefinaria. A palha de cana-de-aguicar (SW) foi escolhida como
residuo lignoceluldsico modelo e o etanol como bio-produto para a concepgao dos
estudos a fim de responder a pergunta: “S3o os Liquidos i6nicos uma alternativa
viavel para o pré-tratamento de biomassa em escala industrial, e quais sdo os
parametros chave envolvidos?”

A escolha dos ILs e das condigdes de pré-tratamento sdo pontos
fundamentais para a viabilidade do projeto em grande escala. Dois ILs em
particular foram estudados ao longo dos capitulos, acetato de monoetanolamina
([Mea][Ac]) e hexanoato de monoetanolamina ([Mea][Hex]). Estes foram
selecionados a partir da revisdo de literatura e posterior screening experimental
levanndo em considera¢do a eficiéncia da hidrdlise enzimatica ¢ o teor de lignina
nos solidos pré-tratados. A temperatura, teor de agua, propor¢do de sodlidos,
agitagdo, ultrassom ¢ o uso de misturas de ILs foram estudados durante a etapa de
pré-tratamento, a fim de identificar ¢ entender a efetividade de cada variavel para
o desenvolvimento e aumento de escala dessa etapa.

O reciclo eficiente dos ILs ¢ vital par a sustentabilidade do processo. Neste
trabalho dois métodos de baixo consumo energético foram estudados, separacdo
aquosa bifasica (ABS) e concentracdo por congelamento (FC). Os pontos de
congelamento para diferentes composicdes de ILs em solug@o foram estabelecidos
e, através de correlagdes termodinamicas, utilizados no calculo das atividades de
agua passa cada sistema. A “raz@o de lavagem”, utilizada durante a recuperagao,
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foi avaliada quanto ao seu impacto nas perdas dos ILs e no balango de massa. Os
balangos de massa e energia foram calculados considerando o sistema de FC
operando em modo continuo.

As caracteristicas operacionais do pré-tratamento e reciclo dos ILs, tem
um impacto direto no consumo energético, eficiéncia nas etapas de downstream,
custo do produto e impacto ambiental. A analise tecno-econdmica e ambiental do
processo foi realizada no ambito de uma Biorefinaria completa, considerando o
etanol como o bio-produto alvo. Os custos de capital empregado e operacional,
CAPEX e OPEX, respectivamente, bem como os impactos ambientais foram
avaliados para 8 cenarios diferentes. As métricas e recomendagdes para otimizagio
do processo foram estabelecidas e exploradas através da avaliagdo conjunta dos
resultados.

Estrutura

Ap6s um primeiro capitulo introdutorio, este trabalho segue por 3 capitulos
apresentados no formato de artigo cientifico. Cada capitulo provera uma
introducdo, metodologia, resultados e discussdo e as conclusdes pertinentes ao
topico. As devidas referéncias serfo fornecidas ao final, seguidas de material
complementar quando cabivel. Esta primeira parte diz respeito a concepgido do
processo.

A parte final deste trabalho consiste em um capitulo onde a perspectiva do
autor sobre o tema ¢ apresentada, seguido de dois apéndices, os quais exploram as
propriedades e fisico-quimicas e carateristicas moleculares dos ILs estudados neste
trabalho quando puros e/ou misturados em agua. A combinacdo desses apéndices
pretende ser a 4* publicaco direta desta tese.

Resultados

No capitulo 2, foi observada que a mistura de [Mea][Ac]/[Mea][Hex], 1:1
em massa, teve uma resposta positiva, mantendo a eficiéncia na etapa de hidrdlise
enzimatica mesmo com o amento do teor de agua e propor¢do de solidos durante o
pré-tratamento. Em baixa temperature (90 °C), a mesma mistura apresentou melhor
eficiéncia de deslignificagdo, 3 vezes mais, quando comparada aos ILs puros.
Embora o acetato de 1-ethil-3-methilimidazolio tenha apresentado o melhor
resultado para digestibilidade enzimatica nas condigdes iniciais, este apresentou a
pior performance quando acrescido de dgua e com o aumento da propor¢do de
solidos, parametros essenciais para o aumento de escala. O efeito conjunto das
variaveis foi estudado e o processo de pré-tratamento escalonado a reator agitado
de escala bancada, onde a temperatura, propor¢do de sdlidos e teor de dgua foram
as variaveis mais relevantes. Foi alcangada uma digestibilidade enzimatica de 98
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% para a celulose apds 3 h de pré-tratamento com 15 % (massa) de sélidos e 20 %
(massa) de agua.

Embora interessantes por um lado, os ILs podem apresentar rotas
produtivas carbono intensivas, e sio um ponto de atencdo ambiental e de custo para
o processo. Desta forma, o reciclo dos ILs foi estudado no capitulo 3. A
recuperacdo dos ILs ndo foi possivel através do sistema aquoso bifasico. Entretanto,
os ILs foram recuperados de forma eficiente através do processo FC, sendo
determinado os pontos de congelamento no intervalo da concentragdo de IL 0,5 %
- 50 % (massa). As atividades de agua foram calculadas por meio da queda no ponto
de fusdo da agua através da equacdo de Hildebrand e Scott. [Mea][Hex] apresentou
um comportamento em solugdo proximo aquele observado para solucdes de acidos
organicos. O processo de FC pode ser operado de forma continua, sem a geragio
de residuos e recuperando agua com a pureza necessaria.

As configuracdes usadas no pré-tratamento tém impacto direto nas
caracteristicas dos soélidos resultantes, o que por sua vez afeta as etapas de
conversdo seguintes e, consequentemente, a produtividade geral. Ndo obstante, o
projeto do pré-tratamento também tera influéncia em todo balanco de massa e
energia da Biorefinaria. Os quais foram estudados no capitulo 4. Foi observado
que a propor¢do de solidos e dilui¢do do IL tém efeito direto no consumo de vapor
da planta e, de forma substancial, nas eficiéncias de sacarificacio,
consequentemente, na produtividade em etanol. Ademais ao preco de venda do
produto, o reciclo do IL € o fator dominante para o impacto econdmico e ambiental
do projeto. A maior parte dos parametros avaliados neste trabalho tiveram impacto
relevante nos impactos ambientais na producdo do etanol. A viabilidade do pré-
tratamento baseado em IL mostrou-se dependente de condigdes que maximizem o
reciclo desse.

Durante os estudos de desenvolvimento do processo, as informagdes a
respeito das propriedades fisico-quimicas das solugdes e misturas de ILs mostrara-
se igualmente importantes e escassas. Um estudo sistematico das caracteristicas de
[Mea][Ac] e [Mea][Hex], bem como suas misturas em agua, foi realizado por todo
intervalo de diluigdo entre 278 K e 393 K, e apresentado nos apéndices. A predigdo
da densidade das misturas de ILs em fun¢do de sua composi¢ao e temperatura foi
realizada através de ajuste de um polindmio, obtendo um desvio médio percentual
(ADP) maximo de 0,63 %. As viscosidades das misturas binarias (IL+H20) foram
avaliadas segundo 6 modelos diferentes, e os resultados apresentados. A
condutividade, atividade de agua e tensao superficial sdo apresentadas avaliando a
influéncia dos ions envolvidos. Os resultados mostraram que o ajusto das
propriedades também pode ser realizado através da mistura entre diferentes ILs.



No outlook, o autor divide sua perspectiva em breves linhas obre a
relevancia da Bioenergia para um desenvolvimento sustentavel. Ademais, as
diregdes para um uso amplo dos ILs na valorizagdo de biomassa sao levantadas.

Em uma breve conclusio, existe um futuro promissor para o emprego dos
ILs em Biorefinarias, mas ainda com muitas op¢des para sua melhoria.



Samenvatting
Translation: Danny de Graaff

Het gebruik van restproducten vanuit voedselgewassen is een
aantrekkelijke optie voor toepassingen in bioenergie en bioraffinage.
Lignocellulose residuen (LC) verbeteren de beschikbaarheid van grondstoffen,
zonder dat extra landoppervlakte benodigd is. Hiernaast hebben de producten uit
LC (tweede generatie biomoleculen) een betere balans aan broeikasgassen. Een van
de meest succesvolle bronnen van lignocellulose is suikerriet, met een wereldwijde
productie van nabij 1.7 gigaton in 2019. Hoewel LC rijk is in koolhydraten met 40-
90wt%, zijn deze suikerpolymeren niet direct biologisch omzetbaar door hun
moleculaire structuur. Deze koolhydraten moeten behandeld worden zodat deze
omgezet worden in een meer geschikte structuur voor daaropvolgende omzettingen.
Dit proces heet voorbehandeling (of pretreatement PT) en wordt gezien als de meest
belangrijke stap om lignocellulose efficiént te kunnen verwerken.

Recentelijk zijn ionische vloeistoffen (IL’s) ontwikkeld als een alternatieve
technologie voor dergelijke voorbehandeling. IL’s kunnen de waterstofbruggen
verbreken die de structuur van LC stabiliseren. Hiermee kan de oplosbaarheid van
individuele onderdelen vergroot worden en/of wordt de LC-structuur meer
toegankelijk voor omzettingen zoals enzymatische conversie van voorbehandelde
vaste stoffen.

Het doel van dit onderzoek is om ionische vloeistoffen te gebruiken voor
de voorbehandeling van lignocellulose residuen in een bioraffinage concept.
Suikerrietstro (SW) is gekozen als het LC-grondstofmodel en ethanol als het
eindproduct om de experimenten te ontwerpen en de onderzoeksvraag te
beantwoorden: “Zijn protische ionische vloeistoffen levensvatbare alternatieven
voor biomassa-voorbehandeling in grootschalige bioraffinage, en wat zijn de
belangrijkste parameters?”.

Twee IL’s zijn gebruikt in dit werk, namelijk 2-hydroxyethylammonium
acetaat ([Mea][Ac]) en 2-hydroxyethylammonium hexanoaat ([Mea][Hex]). De
selectie van IL’s was gebaseerd op literatuuronderzoek en experimentele screening
van hun efficiéntie in enzymatische saccharificatie en van de afname van
lignineconcentratie. Tijdens dit proces zijn meerdere parameters van belang
geweest van de PT-opzet, namelijk temperatuur, watergehalte, stofgehalte,
roersnelheid, ultrasonicatie en het gebruik van pure IL’s dan wel mengsels.

Het efficiént hergebruiken van IL-stromen is essentieel voor het duurzaam
gebruik van het proces. In dit onderzoek zijn twee methodes gebruikt voor IL-
terugwinning, namelijk vriesconcentratie (FC) en waterige tweefase systemen
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(ABS). Het vriespunt van enkele IL-oplossingen is gebruikt om de wateractiviteit
in elk systeem te bepalen met thermodynamische correlaties. De ijswasratio is
geévalueerd en haar invloed op de massabalans is bepaald. De massa- en
energiebalansen zijn berekend met de FC in een continue operatie.

De opzet van het proces en operationele omstandigheden hebben een
directe impact op energieconsumptie, downstream efficiéntie, prijs en milieu-
impact. Techno-economische en milieukundige analyse van het proces is
uitgevoerd op een volle schaal bioraffinage met ethanol als product. De
kapitaaluitgaven (CAPEX), operationele uitgaven (OPEX) en de milieu-impact zijn
beoordeeld in acht verschillende scenario’s. De duurzaamheidseisen van het proces
zijn behaald en adviezen zijn gegeven voor het verbeteren van deze duurzaamheid.

Structuur

Na een algemene introductie worden in dit proefschrift drie hoofdstukken
gepresenteerd in het format van samenhangende wetenschappelijke papers. Elk
hoofdstuk bevat een relevante introductie, methodologie, resultaten en discussie en
een conclusie. Referenties zijn gegeven aan het einde van elk hoofdstuk in de
appendices. Het eerste deel van dit proefschrift richt zich op het procesontwerp.
Het tweede deel van het proefschrift bevat twee appendices waarin ingegaan wordt
op de fysisch-chemische eigenschappen van de IL’s in water. De combinatie van
de bijlagen is bedoeld als een 4% publicatie uit dit proefschrift.

Resultaten

In hoofdstuk 2 wordt een goede enzymatische omzetting behaald in
maatkolven met een 1:1 (w/w) mengsel van [Mea][Ac]/[Mea][Hex] bij 13% (w/w)
vaste stof en watergehalte in het reactiemedium. Onder milde condities (90 °C)
verbeterde, 3 keer, het [Mea][Ac]/[Mea][Hex] mengsel de delignificatie in
vergelijking met pure IL’s. 1-ethyl-3-methylimidazolium acetaat had de beste
enzymatische omzetting bij de initi€le condities (droge biomassa), maar had de
slechtste omzetting na toevoeging van water en verhoging van het vaste stofgehalte,
wat twee cruciale factoren zijn voor opschaling. De effecten van variabelen op de
enzymatische omzetting van residuele vaste stof en op delignificatie zijn hierna
bepaald. Het proces is opgeschaald van een 50 mL maatkolf naar een 1 L geroerde
reactor. De meeste belangrijke parameters waren temperatuur, vaste stofgehalte en
watergehalte. Enzymatische hydrolyse van residuele vaste stof na bench-scale
voorbehandeling van SW gedurende 3 uur met 15% (w/w) vaste stofgehalte en 20%
(w/w) watergehalte resulteerde in 98% afbraak van cellulose onder niet-
geoptimaliseerde condities.
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Hoewel IL’s interessant zijn door hun flexibiliteit, kan hun productie
koolstofintensief zijn en daarnaast toxisch en duur. Hierom is in hoofdstuk 3 het
hergebruik van [Mea][Ac] en [Mea][Hex] onderzocht. Het waterige
tweefasensysteem met fosfaatzouten als promotors van fasescheiding was niet
efficiént voor het hergebruiken van deze IL’s. In parallel hiermee, werd een
vriesconcentratieproces ontwikkeld voor efficiént hergebruik van de IL’s zowel in
pure als gemengde vorm, zonder noemenswaardig massaverlies. Het vriespunt van
de waterige oplossingen was bepaald in het concentratiebereik van 0.5% tot 50%
(w/w) voor beide IL’s. De wateractiviteit is berekend van de vriespuntdaling door
de vergelijking van Hildebrand en Scott. [Mea][Hex] oplossingen lieten een
gelijkaardige vriescurve zien als organische zuren. De FC kan zo worden
uitgevoerd zonder afvalproductie en met verwijdering van puur water.

De opzet van de voorbehandelingsstap heeft een directe invloed op de
eigenschappen van de vaste biomassarestanten. Dit kan vervolgens de opbrengst
van vervolgstappen en de algemene productiviteit beinvloeden. Naast de kwaliteit
van de residuele vaste stof, zal het ontwerp van de voorbehandeling de massa- en
energiebalans beinvloeden binnen de gehele bioraffinaderij. Dit is onderzocht in
hoofdstuk 4. Resultaten laten zien dat de vaste stof loading en IL-verdunning een
direct effect hebben voor reductie van stoomconsumptie. Temperatuur heeft ook
een directe invloed hierop, maar hiernaast ook op de algemene productiviteit van
ethanol vanwege de significant invloed op de sacharificatie-opbrengst. Naast de
verkoopprijs van het product is het hergebruiken van IL’s de meest dominante
factor voor de positieve impact op economie en milieu. De meeste van de
procesparameters die in dit werk zijn geanalyseerd, hebben een significante impact
op de milieu-invloed van ethanol. De haalbaarheid van de IL-gebaseerde
voorbehandeling is athankelijk van condities die de IL-samenstelling.

Tijdens de procesontwerpstudie bleek dat de informatie over de fysisch-
chemische eigenschappen zowel belangrijk als schaars is. In de appendices is een
systematische studie uitgevoerd voor de fysisch-chemische eigenschappen van
[Mea][Ac] en [Mea][Hex] en een reeks aan mengsels in water tussen 278 K en 293
K. Dichtheidsdata is gefit op een polynoom voor voorspellingen als functie van
temperatuur en IL-concentratic met een gemiddelde deviatie percentage dat niet
hoger kwam dan 0.63%. De viscositeiten van de binaire systemen (IL en water) zijn
bestudeerd met zes verschillende modellen met voorspellingen van deviaties en
voorziening van data. De geleidbaarheid, wateractiviteit en oppervlaktespanning
zijn samengevat en de invloed van beide anionen [Ac-] en [Hex-] is geévalueerd.
Het mengsel van IL’s bleek een interessante strategie om de systeemeigenschappen
te verfijnen.
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In de vooruitzicht (outlook) is de mening van de auteur uiteengezet over
de positie van bio-energie op het pad van duurzame ontwikkeling. Aanwijzingen
worden gegeven voor breder gebruik van IL’s in verbeterde biomassavalorisatie en
IL-hergebruik.

Concluderend is er een veelbelovende toekomst voor IL’s in bioraffinage
toepassingen, met vele mogelijkheden voor verbeterd gebruik.
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Chapter 1

General Introduction
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1.1 Introduction

Humankind has counted significantly on chemical bonds as a reliable
source of stored energy, firstly using natural wood and, then, relying mostly on
fossil-based components. During the combustion of these energy carriers, useful
heat is provided which in turn can be converted into mechanical work, then,
mechanical work is either used directly on pumping engines or converted into
electrical energy. Within the process there is an inevitably emission of particular
gases, resulted from the oxidation, i.e., CO (carbon monoxide), CO, (carbon
dioxide), NO: (nitrogen dioxide), and reduction reactions, i.e., CH4 (methane), H,O.
Naturally present in our atmosphere, these molecules are essential for ecosystem
homeostasis, crucial within the Carbon and Nitrogen cycles, and for the
maintenance of global temperature acting as greenhouse gases (GHGs). However,
the progressive accumulation of these molecules, due to intense use of fossil
sources of energy, lead to unbalanced levels of GHGs, and, consequently, to
undesired increase in global average temperatures.

The outcomes of our unsustainable relation with the environment are
already noticeable, as successive top highest average global temperatures on record.
Beyond to what is noticed by our body in a warm day, the increase in global
temperatures have a direct and far-reaching effects on the dynamics of planet’s
atmosphere and biosystems. With the aim of ensure the prosperity of future
generations — and ours —, countries have committed themselves to reduce GHG
emissions, expressed as CO, equivalents, to minimize the increase in global
temperature. The urge for technologies capable to meet our energy needs without
compromising our relationship with environment is an essential subject within the
4™ Industrial Revolution towards a sustainable development'.

Renewable energy currently accounts for 20 % of total primary energy
consumption globally, or 11 % if nuclear and traditional biomass are excluded °.
Lately, significant investment has been done in wind and solar power, first and
second most invested technologies for the renewable energy expansion in 2019
(excluding hydroelectric)’. Wind and solar represent an interesting strategy for
electrification due to their low cost of operation and absence of emissions during
energy production. However, they are greatly impacted by atmospheric conditions,
which compromise their capacity to provide power uninterruptedly.

Apart from the renewable production of energy, new technologies must
cope with the circular economy approach. Circular economy is conceived on the
notion of an industrial metabolism and industrial ecology *. In contrast to the
regular linear economy, it diminishes the accumulative environmental impact of
production. The life cycle of a given product is remodeled so that the by-products
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of the productive procedure and the end-of-life product itself serve as feedstocks
for the same or another process within the industrial network. The reuse and recycle
by the end-of-life of the technology are crucial for a circular economy. Wind
turbines and solar panels life cycle is of major importance while considering their
environmental implementation. The recycling and reuse of wind turbines and solar
panels at the end-of-life is challenging due to the way the equipment are produced,
as their current production relies on carbon intense, fossil industries’ 6 These
aspects, if not addressed, represent a mismatch with the sustainable development.

Bioenergy was the third highest investment in renewable energy capacity
in 2019 with 9.7 US$ bn®, and is currently the major source of renewable energy.
A reasonable share of the total bioenergy production comes still from traditional
biomass use, which is the combustion of natural feedstock, such as wood, in
households. The most interesting strategy for energy production, however, is by
means of the modern bioenergy, which uses higher density energy carriers such as
liquid biofuels, reducing the negative impact of emissions. Drop-in biofuels are an
interesting alternative to fossil fuels, that can be used directly in the transport sector,
which accounts 32 % of the global total energy consumption®. Ethanol is a prime
example of large-scale application of renewable energy. In 2019, United States of
America and Brazil, first and second major ethanol producers respectively,
produced approximately 49 Mtoe (million tons of oil equivalent) of ethanol”®. To
put into perspective, this corresponds to the total primary energy consumption of
Norway in 2019.

Ethanol is mostly produced following the sugar platform, in which
carbohydrates are converted to the desired molecule by means of microorganisms.
Based on this general transformation concept, sugars can be transformed into any
other molecule within the range of metabolism of a given microorganism’. The
possibility to diversify products from ethanol-alone is of vital importance to fossil
independence since plastic, pharmaceuticals, solvents, fine-chemicals — and so on
— could be produced from bio-based and renewable sources. Such diversification
increases the biorefinery potential from biomass to products and is one milestone
for a prosperous Bioeconomy.

The bioeconomy is defined by the European Commission as the economic
activities covering the production of different renewable biological resources and
its conversion into value-added bio-based products such as food, feed, chemicals
and fuel'’. In 2017, the bioeconomy had a turnover of € 2.4 trillion in EU,
accounting for 18.5 million jobs''. The conventional agricultural sector still
contributes the largest share, even though , it has the lower labor productivity (€
per employed person) among the sectors of the bioeconomy'?. It is expected that
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efficient implementation of biorefineries can contribute to improve labor
productivity, thus increasing bioeconomy contribution to GDP'2.

The use of Lignocellulosic residues (LC) such as conventional food crop
remains, is an attractive way to increase feedstock availability without the
investment in additional land area. Moreover, it is compatible with the circular
economy principles, as this provides an answer to concerns around water and food
security. It is estimated that the LC production potential, within limits of
biodiversity, water and food security, could account for almost half of the total
global energy demand by 2050'°. One of the most economically successful
lignocellulosic sources is the sugarcane crop, with a global production of about 1.7
gigatonnes in 2019'. This crop is especially important in Brazil, where the sector
accounts for 2 % of GDP, and represents 18 % of the total primary energy supply
1516 In 2019/ 2020, Brazil harvesters processed 640 Mt of sugarcane stalks'’. It is
estimated that 280 kg of humid bagasse and 250 kg of straw (dry weight) are
generated per ton of processed sugarcane'®. Moreover, it is noteworthy that ethanol
production from sugarcane residues, namely second generation (2G), has a
potentially better greenhouse gases (GHG) emissions balance than other high
production crops', as the same time that improves bio-based products productivity
within the same agricultural area.

Although LC is rich in carbohydrates, 40 — 90 wt% °, these sugars are not
readily converted due to their molecular structure, as elaborated in the
Lignocellulose Material section above. Consequently, it must be treated, so that
LC’s molecular nature is changed into a more convenient arrangement favoring
subsequent conversions. Such process is called pretreatment (PT) and is considered
the most important step to obtain an efficient conversion of LC’s constituents® .
Even though improvements have been achieved over the past years, to be effective
and economical the PT still need to overcome some hurdles, such as: i) high power
and energy consumption; ii) recovery and recycling of auxiliary materials such as
catalysts and solvents, when applicable; iii) scale-up towards lower CAPEX and
OPEX per unit of product ». These 3 aspects were the milestones and served as
guidance during the elaboration of the “Research Questions” of this work.

Different pretreatment methods exist, as discussed in the Pretreatment
section above, and a weighted approach is useful for selecting the most
economically and environmentally sustainable strategy*'**°. The pros and cons of
each method need to be carefully analyzed in a project design phase. Recently, ionic
liquids (ILs) have emerged as an alternative technology for biomass pretreatment.
ILs can break the H bonds which stabilize LC’s molecular structure, improving
components solubility and/or turning LC’s structure more susceptible to further
conversions, for instance, improving the enzymatic digestibility of pretreated
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solids. ILs are salts that are often molten at temperatures below 100 °C because of
the large size, asymmetry, and conformational flexibility of their constituting ions
2027 Cation and anion groups can be designed to confer specific properties, such as
low vapor pressure, high solubility of solutes, or high (or low) miscibility with other
solvents 2222 TLs can be involved in different kinds of molecular interactions,
for instance, H bonding, Coulomb, van de Waals, solvophobic and dipole-dipole
interactions. The first three are considered the main contributors to the cation-anion
interaction®’. These features are important when addressing the selective recovery
of the different components present in LC materials.

Lately, much attention has been given to lignin valorization since efficient
valorization of this by-product as a potential source of revenue, has a direct positive
impact in the biorefinery’s profitability’'. The application of lignin might be limited
by its heterogeneous molecular structure which is largely dependent on its source.
The choice of the pretreatment technology will also have an effect in the final
properties of resulting lignin®”. The tunable characteristic of ILs’ systems could
represent an advantage during pretreatment design to obtain lignin with desirable
characteristics®”.

To date, imidazolium-based ILs are the most explored cations for LC
pretreatment, mostly associated with acetate (Ac), chloride (CI) and fluor-based (-
F-) anions. Ac and CI anions are commonly used in IL-based pretreatment studies,
that when associated with imidazolium cation can lead to the dissolution of all LC’s
major components, i.e. cellulose, hemicellulose and lignin. Acetate is particularly
noteworthy for its ability to promote H-bounding between the IL and LC matrix.
The recovery of dissolved molecules is achieved by the addition of an anti-solvent,
usually water, but it may vary depending on the IL involved?.

Water has several roles in IL-based systems. Apart from its uses as anti-
solvent, water has been also explored as a dilution agent, decreasing system
viscosity and reducing the amount of IL used. The extension to which water can be
added without compromising pretreatment efficiency is dependent on types of both
cation and anion. The temperature and time conditions can vary greatly among
studies, ranging from 25 °C to high as 180 °C, and from minutes to hours 2°**.
Usually, higher temperatures will contribute to reduced pretreatment residence
times, and increased solid loadings®. Higher temperatures have also undesired
effects, such as, enhanced carbohydrates degradation and IL decomposition®®. To
minimize material loss due to degradation, pretreatment temperatures and
(decreasing) particle size need to be optimized. A significant number of different
lignocellulosic materials was studied”” with regard to IL pretreatment, while the
most explored are cellulose (avicel), lignin, pine, poplar, eucalyptus, switchgrass,
rice straw, miscanthus and sugarcane bagasse. In this work, sugarcane straw (SW)
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was chosen as model feedstock due to sugarcane crop potential. The choice of SW
rather than bagasse was mainly due to: 1) it is a residue traditionally left on the field,
being a readily source of extra LC; ii) far less information is available on straw
pretreatment than bagasse.

Recently, protic ILs (PILs), characterized by a proton transfer between
cation and anion, have emerged as an interesting option to aprotic ILs due to their
lower cost, toxicity and easier synthesis ***°. Among PILs, ammonium-based
cations are the most studied, especially choline ([Cho]). Quaternary ammonium-
based cations are interesting options when objecting the enhancement of residual
solids digestibility and delignification, not much efficient on cellulose dissolution
though. Ethanolamine-based ILs have being reported as an efficient class of
solvents for the valorization of agricultural residues 4041 In addition, at bulk scale
production, this class of ILs might be as cost-effective as regular organic solvents**.
Detailed information about existing IL-based pretreatment studies can be found
elsewhere®*?’

As with every new technology, there are challenges to be overcome in IL-
based PT method for LC biomass. IL-based pretreatment methods must be
improved for large scale applications in terms of conversion yield, energy
consumption and IL recyclability, which will be addressed in further chapters.

1.1.1 Lignocellulose Material

LC materials are basically composed of three main constituents, namely
cellulose, hemicellulose and lignin *, and the use of each component may vary
based on process needs. Cellulose is the most abundant organic compound in
nature. It is a linear polymer with high molecular weight, composed of glucose
molecules. The glucopyranosyl monomers are linked by B1-4 glycosidic bounds,
which gives a stretched chain conformation for the molecule. Hydrogen bounds
link those chains in a flat position, which differs from starch. The latter has a
bounds in anomeric carbon, conferring it a helicoidally shape. The linear
configuration enables cellulose chains to be packed in crystalline fibrils *. In
natural cellulose, each glucosyl is linked with 3 hydrogen bounds, 2 intramolecular,
and 1 intermolecular, with the neighbor lateral cellulose molecule *°. Natural
crystalline cellulose is very stable, hampering its conversion and molecular break,
thus, transforming it into amorphous cellulose is desirable. In this later format, an
additional intermolecular hydrogen bound occurs between cellulose chains,
reducing fibril compaction *°. Full chain of cellulose can vary from 1000 up to
50000 glucose units depending on vegetal source ***.
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Although hemicellulose chains are smaller than cellulose, they have higher
heterogeneity in composition. Hemicellulose has xylose and arabinose as major
components, and mannose, galactose and glucose in lower proportion. The main
chain is branched and added of functionalities such as glucuronic, galacturonic
acids, and acetyl and methyl groups *°. Hemicellulose binds to the cellulose surface
through non-covalent interaction, putting together the fibrils. The addition of
hydrophobic molecules, such as methyl and acetyl, enhances the affinity with
lignin, binding the three major components together *°. Unlikely cellulose,
hemicellulose chain is majority amorphous which entails higher solubility in water

and susceptibility to pretreatment.

Lignin is an amorphous polymer responsible for vegetal inert property,
providing hardness, hydrophobicity and resistance to enzymatic and chemical
attack. It is mainly present in old tissues in cellular middle lamella. The polymer
can vary in composition and complexity depending on vegetal source: softwood,
hardwood, grasses. Nevertheless, is polymerized from up three monomers: coni-
feryl, sinapyl and pcoumaryl alcohols. In the molecule, each subunit is identified
by the radicals’ positions in the aromatic rings, as shown in Figure 1%.
Hemicellulose and Lignin are both, entangled and covalently cross-linked in a
complex, which in grasses, such as sugarcane, has ferulic acid, binding components
through ester bounds 247,
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Fig 1: Lignin molecular subunits. Adapted from Brandt et al., 2013

1.1.2 Pretreatment (PT)

Great part of LC molecular components is buildup of carbohydrates, these
cannot be directly used, though. As mentioned, cellulose, hemicellulose and lignin
interaction leads to a recalcitrant structure, depicted in Figure 2, limiting its
conversion 2***. The overall objective of pretreatment is to destabilize the LC
matrix, making it more susceptible to further conversion. Efficient pretreatment
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processes should target: i) full carbohydrates recovery; ii) high yields on
subsequent conversion steps, for instance during saccharification through
enzymatic hydrolysis; iii) do not produce undesirable compounds from sugar and
lignin decomposition decreasing overall yield of feedstock into products; iv)
efficiently separate carbohydrate fractions and lignin; v) low energy demand; vi)
low capital and operating costs *.

Fig 2: Lignocellulose polymer structure. U.S Department of Energy Genome
Program image gallery (BRANDT et al., 2013)

Even though pulp and paper industry goes back to 19" century®’, some
limitations and disadvantages still to be solved for Biorefinery applications.
Moreover, some standards must be achieved within the process to make LC feasible
as feedstock to biological conversion. Traditional methods are: mechanical, steam
explosion, ammonia fiber explosion (AFEX), acid, organic solvent (Organosolv)
and alkaline pre-treatment***>. Those methods have some disadvantages, such as

high thermal demand, use of toxic reagents and production of inhibitory compounds
24-26,49,51

Mechanical pretreatment aims the reduction of particle size, increasing
surface area and reducing the degree of polymerization. This effect can be achieved
by chipping, grinding and milling processes, which can lead to particles ranging
from 10 to 30 mm, until 0.2 to 2 mm 2. Particles comminution or size reduction
can be attained using different milling processes, such as: ball, hammer, two-roll
and colloid milling °'. The major drawback of this strategy is the high-energy
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demand of the process, which could be reduced in consolidate processes where
pretreatment and hydrolysis are performed simultaneously in the same reactor™.

Steam explosion is one of the most widely used and known pretreatment.
It relies on subjecting biomass to a pressurized steam stream in a range of time,
varying from seconds to several minutes, and then it is suddenly depressurized. In
this process, there are two mains mechanisms acting in biomass. First, the
mechanical expansion of the fibrils, opening and fracturing the material. Second,
the chemical hydrolysis of carbohydrates down to acid formed from released acetyl
groups present in LC. Due to partial hemicellulose solubilization, lignin is partially
removed, which is beneficial to enzyme activity. In addition, the partial
hemicellulose solubilization exposes the cellulose fibrils, which also contribute to
enhance the enzymatic digestibility of this component *. Steam explosion is
mainly governed by particle size, temperature and resident time>. This method has
some advantages, such as not using toxic substances and short resident time.
Nevertheless, it generates inhibitory components, for example hydroxymethyl
furfural, furfural and acetic acid, which have negative effect on biological
conversion”. Moreover, the design and construction of pressure resistant
equipment will lead to an increase in the capital expenditure (CAPEX).

In AFEX, biomass is pretreated with liquid ammonia under high pressure
in temperatures ranging from 60 to 100 °C. The pressure is then released, provoking
sudden expansion. Similarly to steam explosion, the expansion leads to mechanical
disruption of LC fibrils. It is also reported that AFEX process acts on bounds
between hemicellulose and lignin, and lowering cellulose crystallinity *°. This
method is not worryingly affected by inhibitors production; however has low
efficiency with high lignin content feedstocks and high initial cost due to ammonia
input®®. Ammonia is also a component that demands attention due to its toxicity.

The main objective of acid strategies is to hydrolyze the carbohydrate
portion of LC, and can be conducted with diluted or concentrated acid. The prior
acts mainly in hemicellulose, and the latter in all carbohydrate quota. Due to acid
costs and corrosion issues, the diluted strategy has been preferred. Usually, it is
conducted between 120 to 180 °C, with the residence time dependent on the
temperature used ***°. In the process, hemicellulose is extracted from LC, and can
be solubilized in oligomers and monomers, depending on temperature and time
conditions. This is one advantage of this process, which can convert hemicellulose
into fermentable sugars without enzymatic conversion, while lignin is recovered by
solid-liquid separation. Nevertheless, this strategy can generate undesirable
concentration of inhibitors, negatively affecting fermentation. Acid strategy also
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imply in use of more expensive steel to avoid corrosion, thus increasing
CAPEX24’25’49.

In Organosolv, biomass is treated using an aqueous solution with organic
solvent, such as methanol, ethanol, glycerol, acetone and ethylene glycol. Some
process also use acid to catalyze hemicellulose bound breaking, accelerating
delignification and enhancing the process efficiency 2****’. Acid addition is
necessary in lower temperatures, under 180 °C, in higher temperatures acid is
produced from LC matrix, thus acting as catalyst °’. Temperature working range
vary in between 100 °C and 250°C. Moreover, Organosolv acts mainly in three
bounds level, hydrolyzing lignin internal linkages, between lignin and
hemicellulose and breaking glycosidic bounds within hemicellulose *’. Thus,
resulting in high delignification and hemicellulose dissolution. On the other hand,
residual solvent inhibits fermentation and enzymatic hydrolysis, so that efficient
wash or removal is necessary. Additional drawback is solvent price and
inflammability.

Alkaline pre-treatment acts swelling biomass, increasing internal surface
of cellulose, decreasing crystallinity, thus disrupting lignin structure®'. It enhances
carbohydrates digestibility, being more effective on lignin solubilization though.
The process can be conducted at room temperature or at higher temperatures,
impacting on residence time. It produces less inhibitors in comparison to acid

pretreatment; however it loses efficiency in materials with higher lignin content
24,2549

1.1.3 Ionic Liquids (IL)

Tonic liquids were initially introduced by Gabriel and Wiener (1888) *.
Nevertheless, more detailed studies concerning its synthesis and water and air
stability began in the early 90’s *°. Among IL, imidazole-based salts are widely
studied. IL are molecules composed by and anion and cation, that are mainly, but
not solely, linked by ionic bounds, from which came their names. Differently to
NaCl, ILs have complex and usually not symmetric molecules, making difficult
their arrangement in a full ordered way. Thus, conferring a lower molten point,
which gave them the label of “room temperature molten salts”. Additionally to
ionic forces, anion and cation can also interact through hydrogen bounds ' | that
impacts ILs behavior in solution and is a crucial characteristic for LC solubilization,
as discussed in further chapters.
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Due to IL’s common complex molecules, its nomenclature generally
follows equation 1

c, ¢, (c,c, ) 4] eq. 1

where “C” refers to alkyl chain (up to four alkyl chains can by linked to cation’s
nucleus), and indices indicate the chain length (methyl units’ number plus ending
methyl). The “x” defines cation nucleus, such as “N” for ammonium salts, “im” for
imidazole, “pyr” for pyridine and “pyrr” for pyrrolidine salts. “A” refers to anion.

Electric conductivity, low vapor pressure, ionic strength and thermal
stability are some interesting properties regarding chemical catalysis and
purification through phase equilibrium ***, In addition, IL solvent property has
been studied due to its capability to dissolve variously the different materials
depending on ions involved. Such characteristic also imply that IL can interact with
different materials according with its molecular configuration. Taken these features
together, ILs are often addressed as tailored solvents.

From extraction perspective, IL are interesting to dissolve components
specifically from a complex matrix. Using algae as an example to illustrate, the
extraction of internal lipids demands at least three main actions: cell disruption;
lipid extraction; purification®. The cell disruption lead to other components release
which difficult the purification, such as proteins. IL have been addressed for lipid
extraction from algae for disruption of cells and selectivity dissolve components.
Thus, extracting not only the lipids, but also recovering proteins as a by-product®.
IL facilitate the recovery of diverse compounds hence different anti-solvents can
be applied specifically for each solute, such as ethanol for carbohydrates, water for
lipids and salt for proteins “ . Another example of compound purification from
complex matrix field is purifications of active compounds from vegetal tissue.
Chowdhury and partners (2010)*® used N,N-dimethylammonium N’-N'-
dimethylcarbamate to extract hydrolysable tannin. Authors reported 85% of
efficiency, which is higher than conventional methods.

We can classify ILs in two big families: protic and aprotic. The first group
is characterized by the transfer of a proton from Brensted acids to a base. The
hydrogen bonding has a greater role in the interaction between cation and anion in
protic than aprotic ILs, affecting the ionic bulk properties*’. Hydrogen bound is also
related to IL capability of solubilization ®"¢>¢7¢% In IL with non-functional cations,
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hydrogen bonds basicity, related with solvent parameter Kamlet-Taft (§), has been
pointed out as an important characteristic for solubilization. Kamlet-Taft model for
linear solvation energy relates the capacity of both, solvent and solute donor
hydrogen bound energy, acidity (o), and acceptor hydrogen bound energy, basicity
(B)*¥. Considering that, LC is greatly stabilized by hydrogen bounds, protic ILs
would act as efficient solvent for LC pretreatment. It was observed a direct
relationship between the increase of  parameter and solubilization efficiency.
Anion is the major responsible for hydrogen basicity character of an IL2%%6770,
Although Kamlet-Taft solvation parameter can estimate IL efficiency on LC pre-
treatment, cellulose dissolution is not only governed by such property. Indeed,
cation play an important role in this sense. Taking the 1-ethyl-3-methylimidazolium
cation to elaborate on this, the molecule has 4 characteristics impacting on cellulose
dissolution: 1) the presence of nitrogen heteroatom in 1-ethyl-3-methylimidazolium
aromatic ring, which can delocalize the cation charge; ii) its ability to play a part in

hydrogen bounds; iii) the cation geometry; iv) association with the acetate anion
71-74

1.2 Scope and Thesis Outline

The objective of this work was to use ionic liquids (IL) for the pretreatment
of a lignocellulosic (LC) residue in a Biorefinery concept. Sugarcane straw (SW)
was chosen as model LC feedstock, and ethanol used as ultimate bio-based product
to elaborate on process’ parameters, such as productivity, yields and energy
consumption. The present work addresses the main research question: “Are protic
Ionic Liquids a viable alternative for LC pretreatment at large scale Biorefineries,
and what are the key aspects for this application?”. The overall structure is depicted
in Figure 3.
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Fig 3: Schematic thesis outline.

Currently, PT is one major bottleneck for efficient LC processing in
industrial scale. In short, PT must improve the conversion rates of LC’ constituents,
namely cellulose, hemicellulose and lignin, into target products by the subsequent
steps. At the same time PT improves LC transformation, it must minimize the losses
of its components due to decomposition and undesirable side-reactions, which
would compromise process overall yield. The selection of the IL will have a direct
effect on PT efficiency, in terms of conversion and chemical composition of
residual solids. In Chapter 2 the following question was addressed: “What are the
important characteristics of ILs for LC pretreatment? And, what are the settings
conditions to be addressed during scale up? . The selection of IL is carried out of
potential ILs selected from literature and their effectiveness assessed considering
criteria essential for industrial application. The PT’s operational conditions will
influence the performance and energy consumption of the process. Different
operational conditions were selected based on literature and assessed in Chapter 2
regarding the enzymatic digestibility and chemical composition of residual solids.
Variables were explored in a bench-scale reactor set-up for scalable purposes.

After the PT, the resulting slurry is separated into solid and liquid phases.

The solid stream is washed and destinated to further conversion steps, while the

liquid stream is combined with the eluent from solid wash and is mostly comprised

of water and IL, which must be recycled back to the process. The efficiency of IL
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recycle is as important as the PT itself, as observed in Chapter 4. In Chapter 3 the
following question was addressed: “Can ILs be recycled using alternative methodls,
for instance, by means of freeze concentration, lowering the energy consumption
at the same time it reduces IL losses?”. In this chapter, IL recycle is investigated
by means of freeze concentration (FC), which objective was the recovery of IL
from aqueous stream without losses and residues generation. The freezing point of
IL aqueous solution were determined as function of IL concentration, and the water
activity calculated from the freezing point depression. The effectiveness of ice wash
was studied avoiding IL losses and improving water end-use possibilities. The mass
and energy balances were determined considering a starting IL-water mixture
following the composition studied in Chapter 2.

From the results observed in Chapters 2 and 4, it was evident that the
different ILs were influenced variously by the water content in the system and that
the mixture of ILs could be an interesting strategy to improve IL solvent capacity
and fine-tune system’s physicochemical properties. In Appendix the
physicochemical properties of the ILs mixtures and solutions were characterized
and studied with respect to concentration and temperature influence, forwarding
the following question: “Can the mixture of ILs be used to adjust the properties of
the system with regard to process necessities?”. The results were linked to
molecular observations by means of FTIR and NMR techniques.

In Chapter 4, the IL-based PT was assessed with respect to a Biorefinery
application. The results obtained in Chapters 2 and 3, were used for the design of
a full process, from biomass to products, which was modeled in Aspen® in order
to answer the following question: “Will the best choice set-up for pretreatment also
be the best choice for the Biorefinery design? What would be the sustainable
metrics for the process?”. The mass and energy balance of 8 different scenarios
were provided, and the environmental e economic evaluation given as function of
PT conditions set-up. The life cycle assessment provided a valuable knowledge
regarding IL’s production background. From the environmental assessment, we
quantify the potential of GHG emissions mitigation in comparison to a benchmark
bioprocess and to that of a fossil-based alternative production.

Finally, Chapter 5 summarizes the main outlook from this work. It is also
highlighted the perspectives regarding this subject, questions raised that the author
would appreciate to investigate if time was not a finite resource.
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Chapter 2!

Which Variables Matter for Process Design and Scale-Up? A Study of
Sugarcane Straw Pretreatment Using Low-Cost and Easily

Synthesizable Ionic Liquids

Ionic liquids (ILs) have great potential as solvents and catalysts for
pretreatment of lignocellulosic biomass. However, process scale-up necessitates
that IL-based pretreatment methods be optimized in terms of cost and sustainability.
In this study, low-cost and easily synthesizable ethanolammonium-based ILs were
prepared and used in the pretreatment of sugarcane straw (SW). The effects of ILs,
IL mixtures, pretreatment temperature, water content, solids loading, ultrasoni-
cation, and agitation speed on residual solids enzymatic digestibility and
delignification were systematically assessed, and the process was scaled up from a
50 mL static flask to a 1 L impelled reactor. IL mixtures improved enzymatic
digestibility at higher solids loading and water addition in the reaction medium
under mild temperature conditions (90 °C). Enzymatic hydrolysis of residual solids
after bench-scale pretreatment of SW for 3 h at 15% (w/w) solids loading and 20%
(w/w) water content in the liquid phase resulted in 98% cellulose digestibility under
non-optimized conditions. This study pro-vides a practical review of IL-based
pretreatment methods, discusses the selection of variables for process design and

scale-up, and presents empirical results.

! This chapter was published as: Ferrari, F. A.; Pereira, J. F. B.; Witkamp, G. J.; Forte, M.
B. S. Which Variables Matter for Process Design and Scale-up? A Study of Sugar Cane
Straw Pretreatment Using Low-Cost and Easily Synthesizable Ionic Liquids. ACS Sustain.
Chem. Eng. 2019, 7 (15), 12779-12788.
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2.1 Introduction

Climate change and environmental degradation are a major concern for all
sectors of society, from governmental agencies to industries and consumers. This
awareness of environmental issues motivates the search for sustainable energy
production technologies. The society demands sustainability not only in electricity
generation and fuel production ' but also in the manufacture of chemicals and
starting materials . One solution to the environmental problems associated with
the large energy demands of modern society is to invest in sustainable biorefineries
to convert lignocellulosic biomass into electricity, fuel, and chemicals 35,

Lignocellulosic residues are low cost and abundant. These materials may
vary in composition depending on their origin but are typically composed of 40—
80% cellulose, 10-40% hemicellulose, and 5-36% lignin . Some of the most
economically interesting lignocellulosic sources are sugarcane residues. The global
production of sugarcane, estimated at 1.9 gigatonnes in 2017, is on the rise *. Only
about one-third of the sugarcane weight is turned into sugar and first-generation
ethanol. The other two-thirds are bagasse and straw, that is, lignocellulosic
biomass. Sugarcane residues can be burned for electricity generation or used as
lignocellulosic feedstock in the production of chemicals and second-generation
biofuels. It is noteworthy that ethanol production from sugarcane residues has better
greenhouse gas balance than from other high production crops °.

However, because it is recalcitrant to hydrolysis, lignocellulosic biomass
must be pretreated before it can be converted to biomolecules. Pretreatment
reactions disrupt the cellulose—hemicellulose—lignin matrix, facilitating the release
of sugars, such as glucose and xylose. Pretreatment optimization is a crucial step in
the implementation of a biorefinery: it directly affects the price of the final product
' and, consequently, the project’s viability.

Different pretreatment methods exist, and a weighted approach is useful
for selecting the most economically and environmentally sustainable strategy.
Several criteria should be taken into account, including energy consumption, prices
of reagents and starting materials, use of toxic chemicals (such as organic solvents,
alkaline solutions, and inorganic acids), implementation and operating costs, and
process yield ''™'*. The pros and cons of each method need to be carefully analyzed
in the project design phase.

Recently, ionic liquids (ILs) have emerged as a solution to the problems of
biomass pretreatment. ILs are salts that are usually molten at temperatures below
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100 °C because of the large size, asymmetry, and conformational flexibility of their
ions '*'®, Cation and anion groups can be designed to confer specific properties,
such as low vapor pressure, specific solubility of solutes, or high miscibility with
other solvents '*!¢'%,

As with every new technology, there are challenges to be overcome in IL-
based pretreatment methods for lignocellulosic biomass. Improvements in the
design and synthesis of IL molecules are required to reduce costs and make their
production less laborious. IL-based pretreatment methods must be improved in
terms of conversion yield and energy consumption. The state-of-the-art in IL
pretreatment is illustrated by the benchmark IL 1-ethyl-3-methylimidazolium
acetate ([Emim][Ac])'®. Although an efficient pretreatment agent, [Emim][Ac] has
to be completely removed from residual solids because of its negative impacts on
microbial cells and enzymes in downstream steps . Cholinium-based ILs are
interesting alternatives to [Emim][Ac], as they lead to good delignification
efficiency and enzymatic digestibility with reduced inhibitory effects on enzymes
and fermentative microorganisms '°. However, cholinium-based ILs must be
synthesized under a nitrogen atmosphere to avoid oxidation and are, therefore,
expensive. ILs containing other ammonium groups, such as triethylammonium and
2-hydroxyethylammonium ([Mea]’), have been used with success for
lignocellulosic biomass pretreatment 2**2. At the time this article is being written,
monoethanolamine, used in the synthesis of [Mea]-based ILs, is quoted about 40
times less expensive than choline hydroxide, used in the synthesis of cholinium-
based ILs (Sigma—Aldrich website). Taken together, these reports suggest that
[Mea] -based ILs may be cheaper and yet effective alternatives to [Emim][Ac] and
cholinium-based ILs.

Process setup and operating conditions have a direct impact on energy
consumption, downstream efficiency, and product price ****. For instance,
temperature has a large influence on process efficiency and other indicators.
Although high temperature may lead to high yields, it can break down cellulose and
hemicellulose molecules into single sugars, which is undesirable at the pretreatment
stage. Temperature acts predominantly in two manners: i) by lowering IL viscosity
and thereby favoring dynamic interactions between IL and biomass and ii) by
increasing the energy level of the system '®'®2. Ultrasound irradiation enhances
process performance through sonochemical and sonophysical effects: the first
generates radicals that attack the internal bonds of the lignocellulosic matrix and
the second disrupts the lignocellulosic structure through the mechanical impact of
sound waves *’. Other important factors affecting process efficiency and energy
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consumption are solids loading, agitation speed, and water content in the reaction
medium '*'®?° Aung et al. (2018)® studied the effect of solid loading increase on
lignocellulosic biomass pretreatment and observed a dependent relationship
between this parameter and temperature. Agitation will affect system homogeneity,
and at higher solid loading it will lead to more frequent contact between biomass
particle and IL . Nevertheless, agitation of lignocellulosic biomass at large scale
is very energy consuming, impacting on process energy efficiency *.

The effects of pretreatment parameters were assessed separately in
previous studies '*****3° This study aimed to synthesize low-cost ILs using a
simple chemical route and investigate the combined effects of temperature, water
content, solids loading, agitation speed, ultrasonication, pure ILs, and IL mixtures
on the pretreatment of sugarcane straw (SW) using a Plackett—Burman type
factorial design.

2.2 Material and Methods

2.2.1 Biomass characterization

SW was kindly provided by the Brazilian Bioethanol Science and
Technology Laboratory (CTBE). Dry leaves and tops were milled and passed
through a set of sieves. The material retained between 16- and 24-mesh sieves (0.7—
1.19 mm in diameter) was used for the experiments. Moisture content was
determined gravimetrically by oven drying (Fanen) the samples overnight at 105
°C. The chemical composition of untreated SW and the residual solids remaining
after pretreatment of SW was determined according to National Renewable Energy
Laboratory (NREL) methods *'.

2.2.2 Chemicals, synthesis of synthetized ILs

[Emim][Ac] (98% pure) was purchased from Iolitec (Germany) and used
as received. All other chemicals and standards were purchased from Sigma—Aldrich
(Germany) and used as received. 2-Hydroxyethylammonium acetate ([Mea][Ac])
and 2-hydroxyethylammonium hexanoate ([Mea][Hex]) were synthesized
respectively in 100 mL and 500 mL Schott flasks by a one-step, acid—base
exothermic neutralization method, in which a proton (H") is transferred to the NH,
group of an amino alcohol reagent, conferring a positive charge to the molecule
(NH5"). First, ethanolamine was weighed into a flask. The flask was closed with a
silicone septum and placed in a cold-water bath. An equimolar quantity of either
acetic acid or hexanoic acid was slowly added through the septum using a syringe.
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The reaction was carried out overnight at room temperature under agitation. The
formation of [Mea][Ac] or [Mea][Hex] was confirmed by proton nuclear magnetic
resonance (‘H NMR), as detailed in Appendix. The water content (measured by
Karl Fischer titration) was 0.53 % and 0.58 % (m/m) for [Mea][Ac] and
[Mea][Hex], respectively. The viscosity, glass-transition temperature, density and
other physic-chemical properties are detailed in the Appendix. Cholinium acetate
([Cho][Ac]) was synthesized from choline hydroxide and acetic acid under the
same conditions but under a N, atmosphere and with an additional washing step
using ethyl acetate.

2.2.3 Enzymatic hydrolysis and digestibility efficiency

Assays were performed in 1.5 mL plastic tubes using Cellic CTec2
(Novozymes) at 10 filter-paper units (FPU) of enzyme per gram of biomass and a
solids loading of 5% (w/w). Hydrolysis was carried out in citrate buffer (pH 4.8)
for 48 h in a thermoblock (Loccus Biotecnologia) at 50 °C and 1500 rpm. Upon
completion of the hydrolysis reaction, the supernatant was filtered through a 0.22
um syringe filter (Millipore), and its composition determined by high-performance
liquid chromatography (HPLC). The enzymatic digestibility of cellulose and
hemicellulose was calculated according to the relationship between the initial mass
of these components and sugar concentration in the supernatant of pretreated
samples, egs. 1 and 2, adapted from NREL LAP TP-510-43630 ',

Mgy, + 1.053 Mgy, (1)
Yeeu = 1
cell 1111 fmy, *100
v _ my,,; 0.9 + 0.9 my,, £100 )
Hem 1.111 f m,,,

where mgu, mass of glucose; 1.053, multiplication factor to converts cellobiose into
glucose; mceio, mass of cellobiose; f, mass fraction of cellulose or hemicellulose in
the biomass; msw, initial mass of SW; mxy, mass of xylose; mara, mass of
arabinose.

2.2.4 Biomass pretreatment

Preliminary pretreatment assays were performed in triplicate in 50 mL
glass flasks closed with a silicone stopper. Dried SW (0.6 g) was mixed with
different volumes of IL and water at different ratios to obtain predefined solids
loadings. Flasks were incubated in a convection oven at 90 °C for 12 h. After the
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pretreatment, 10 g of water was added to each sample, and solid and liquid fractions
were separated using a 125 um nylon filter. Residual solid fractions were washed
three times with 10 g of water and then dried overnight at 105 °C.

The pretreatment process was scaled up from 50 ml glass container
(referred to here as lab scale) to 1 L (referred to here as bench scale). Bench-scale
pretreatments were carried out in a stainless-steel reactor consisting of a jacketed
vessel with a maximum operating pressure of 10 bar, an anchor impeller, and a 300
W and 19 kHz ultrasound probe, depicted in Figure 1. All experiments were carried
out using 37.24 g of SW at 8.7% (w/w) moisture content. Different quantities of [L
and water were added to obtain the solids loading and water contents described in
Table 1 (Results section). After 4 h of pretreatment, 300 g of water was added to
the samples, and solid and liquid fractions were separated using a 125 pm nylon
filter. Solid fractions were washed twice with 300 g of water and then dried
overnight at 105 °C. The influence of solids loading (S), water content (H»O),
temperature  (T), agitation speed (N), ultrasonication (U), and
[Mea][Ac]/[Mea][Hex] ratio (IL1,) on pretreatment efficiency was assessed using
DOE (design of experiments) strategy by a Plackett-Burman matrix, in which
multiple conditions are varied simultaneously. The codified variables are
summarized in Table 1. The design consisted of 12 runs with the independent
variables at the low (—1) or high (+1) level and 3 repetitions of the center point (0),
totaling 15 experiments (Table 2). Center point runs were used to estimate process
reproducibility **. Pretreatment efficiency was evaluated in terms of enzymatic
digestibility and lignin content of residual solids. Data were analyzed using the on-
line software Protimiza Experimental Design (https://experimental-
design.protimiza.com.br).

Table 1: Table of Variables range used to design experiments of
section IV of Results and Discussion.

Variables L

-1 0 +1
T (°C) 80 110 130
H,O/IL % (w/w) 10 35 60
Loading % (w/w) 10 15 20
Ultrasound (W) 0 60 120
Agitation (rpm) 3 15 30
ILs Mixture % 25 50 75

([Mea][Ac]/[Mea][Hex])
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Fig 1: Bench Scale Reactor.

2.2.5 HPLC quantification

The contents of sugars, organic acids, furfural (FUR), and hydroxymethyl
furfural (HMF) were determined using an HPLC system (Thermo Fisher Scientific)
equipped with a refractive index detector. The column oven was kept at 35 °C.
Samples were eluted using a 0.01 M aqueous solution of H,SO4 (pH 2.6) at a flow
rate of 0.6 mL min~' and separated using an Aminex HPX-87H (300 x 78 mm)
column. Concentrations were calculated from calibration curves of standard
compounds. Sugar contents ranged from 0.01 to 10 g L™, organic acid contents
ranged from 0.01 to 5 g L™', and FUR and HMF contents ranged from 0.001 to 1.0
gL™.

2.2.6 Attenuated total reflection Fourier transform infrared spectroscopy

Infrared spectroscopic measurements were performed on neat samples
using an ALPHA attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectrometer (Bruker, Banner Lane). Spectra were acquired in the
wavenumber range of 400-4000 cm .
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2.3 Results and Discussion

2.3.1 Effect of water content and solids loading on pretreatment efficiency at
lab scale

It is necessary to select ILs that act efficiently on lignocellulosic biomass
and satisfy economic and environmental sustainability criteria, such as wide
availability, low price, and low toxicity. However, this is not enough to develop a
sustainable pretreatment method. It is also crucial to understand how operating
conditions affect biomass pretreatment. This section describes the steps taken to
evaluate pretreatment efficiency and reports the experimental results obtained with
four ILs, [Emim][Ac], [Cho][Ac], [Mea][Ac], and [Mea][Hex].

First, the performance of the protic ILs [Mea][Ac] and [Mea][Hex] was
tested under standard pretreatment conditions: 90 °C, 6% (w/w) solids loading, no
water addition, 12 h, no agitation. The efficiency of protic ILs was then compared
with that of [Cho][Ac] and [Emim][Ac], as depicted in Figure 2. As expected,
[Emim][Ac] was the most efficient pretreatment agent, achieving 100% of glucose
release from cellulose in the enzymatic hydrolysis step. [Mea][Ac], [Mea][Hex],
and [Cho][Ac] resulted in a glucose release of 69, 46, and 26%, respectively.
[Cho][Ac] was much less efficient than expected from previous studies ***°
probably because of its residual moisture content (4.1% w/w), as [Cho][Ac] is
highly sensitive to water *°. Although biomass pretreatment with acetate-based ILs
commonly affords good results, the association of acetate with different cations
may produce diverse effects ",

[Emim][Ac]-treated biomass showed the highest enzymatic digestibility,
which was expected as [Emim][Ac] can solubilize cellulose. The ability to dissolve
cellulose of [Emim][Ac] is likely due to i) the presence of a nitrogen heteroatom in
the 1-ethyl-3-methylimidazolium cation, which delocalizes the positive charge; ii)
its ability to form hydrogen bonds; iii) the cation geometry; and iv) the association
of the cation with an acetate anion *'**.

[Mea][Ac] and [Emim][Ac]-treated samples showed similar hemicellulose
digestibilities (Figure 3). This result is attributed to their similar delignification
efficiencies. During delignification, ester bonds between hemicellulose and lignin
are broken, and lignin is redistributed on the molecule surface or released,
facilitating the access of hydrolytic enzymes ***°. Interestingly, [Mea][Ac]
pretreatment was 40 and 87% more efficient in increasing cellulose and
hemicellulose digestibility, respectively, than [Mea][Hex], which contains the same
cation. The small size of acetate compared with that of hexanoate improves the
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molecular diffusion of [Mea][Ac] into the lignocellulosic matrix. At longer
pretreatment time (24 h, data not shown) the efficiency of [Mea][Hex] process came
closer to that obtained from [Mea][Ac], regarding enzymatic hydrolysis. The
difference on their efficiencies is time dependent, what suggests that under the
tested process conditions, IL diffusivity at molecular levels impacts on pretreatment
performance.

100,0%
80,0%

60,0%

I T,
40,0%
&
20,0%
I
0,0% -

In Nature [Cho][Ac] [Mea][Ac] [Mea][Hex] [Emin][Ac]

= Cellulose Digestibility Hemicellulose Digestibility

Fig 2: Enzymatic digestibility from residual solid after pre-treatment using different
ILs at 90 °C for 12 h. Results expressed as percentage of released sugars from
theoretical. Enzymatic hydrolysis using 5 % (w/w) of solid loading in acetate buffer pH
4.8, 50 °C, stirred for 48 h using 10 FPU CellicCtec2 (Novozymes®) per gram of dry
biomass

Other important aspects regarding the choice of ILs for biomass
pretreatment are related to scalability. Solids loading and water content influence
process scale-up and costs. Lignocellulosic residues are highly hydrophilic, and the
addition of water can reduce process costs and environmental impacts. Higher
solids loading reduce capital and operating expenditures and increase productivity
2423 Therefore, ILs that perform well in the presence of water and high solids
loadings are desirable. The effectiveness of [Emim][Ac], [Mea][Ac], and
[Mea][Hex] in the presence of water and high solids loading was evaluated.

Acetate-based ILs were greatly affected by the presence of water, resulting
in low cellulose and hemicellulose yields: 52 and 57% for [Mea][Ac] and 53 and
41% for [Emim][Ac], respectively. In contrast, [Mea][Hex] was positively
influenced by the addition of water: enzymatic digestion of cellulose was improved
in 49% and of hemicellulose in 89%. These results can be explained by an overall
reduction in viscosity, increasing system’s dynamics. Although the increase on
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systems’ dynamics holds true for all tested ILs, only [Mea][Hex] was positively
affected. Water influence is very dependent on IL’s components, entailing in
different consequences on system’s properties, i.e. viscosity, density, diffusivity *".
Up to a limit, water can also enhance the interaction of IL with lignocellulose.
Cations and anions interact with each other through electrostatic and also hydrogen
bonds, which can limit the formation of hydrogen bonds with the lignocellulosic
matrix. Therefore, water might hinder cation—anion hydrogen bonding, making
them more available to interact with lignocellulosic sources 3648 However, water-
IL interaction is also dependent on IL composition. Sanchez et al. (2017) studied
the solvation profile and the hydrogen bonds energy between water and ILs for two
different cations groups, namely cholinium and N-ethylpiridinium, concluding
different patterns dependence on IL’s cation and anion. It seems that in the
[Mea][Hex] system, the positive effects on system dynamics were greater than the
negative consequences due to water addition, and the opposite for the others ILs.
Moreover, water generally interacts closely with ionic region ***. Consequently,
long nonpolar alkyl chains of anions interact preferentially with the biomass instead
of water. Long alkyl chains increase the hydrophobic binding sites > of the IL
molecule, promoting hydrophobic interactions between [Mea][Hex] and the
biomass, mainly with lignin, explaining the superior performance of [Mea][Hex]
compared to [Mea][Ac].

The increase in solids loading from 6 to 13% (w/w) at 30% water content
led to a 20% and 23% decrease in cellulose and hemicellulose digestibility,
respectively, in biomass pretreated with [Emim][Ac] compared with [Mea] -based
ILs. Under these conditions, the effectiveness of [Mea][Hex] on cellulose
digestibility was not affected, but an 18% reduction in hemicellulose digestibility
was observed, attributed to lower delignification. [Mea][Ac] had the best
performance at high solids loading, increasing cellulose and hemicellulose yields
by 66 and 49%, respectively.

2.3.2 Effect of ILs and IL mixtures on pretreatment efficiency at lab scale

Although [Mea][Ac] resulted in a 14-fold increase in cellulose digestibility
compared with untreated SW, it did not cause a significant increase in
delignification. [Mea][Hex] reduced acid-insoluble lignin content by 11%, whereas
[Mea][Ac] gave a reduction of only 9%. Acid-insoluble lignin was quantified
instead of total lignin (soluble + insoluble) because compounds not derived from
lignin, such as wax, may lead to unreliable results in soluble lignin determination,
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and because acid-insoluble lignin has a direct impact on enzymatic hydrolysis
efficiency *°

100%
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=8 % Loading/ 0 % Water m6 % Loading/ 30% Water = 13 % Loading/ 30 % Water

Fig 3: Enzymatic digestibility of cellulose (A) and hemicellulose (B) in residual solids
obtained after pretreatment with different ionic liquids at lab scale. Experimental
conditions: 90 °C, 12 h, no agitation.

As [Mea][Ac] and [Mea][Hex] reacted differently in the presence of water,
a second set of experiments was carried out using a 1:1 (w/w) mixture of
[Mea][Ac]/[Mea][Hex] to investigate their combined effects on pretreatment
efficiency. First, SW was pretreated under standard conditions [6% (w/w) solids
loading, no agitation, no water addition, 90 °C, and 12 h]. The mixture increased
delignification by 2-fold (25% reduction in insoluble lignin) compared with pure
ILs (Figure 4). Cellulose digestibility did not differ from that obtained using pure
[Mea][Ac]. These results suggest that the acetate anion plays a major role in
cleaving intermolecular hydrogen bonds. Hemicellulose digestibility did not differ
between biomass treated with pure ILs or the IL mixture, suggesting that treatment
with the IL mixture did not increase the cleavage of ester bonds between lignin and
structural carbohydrates. The higher delignification observed in biomass pretreated
with [Mea][Ac]/[Mea][Hex] than in biomass pretreated with pure ILs is probably a
result of the increase in hydrophobic interactions with the hexanoate anion and
cleavage of ester and hydrogen bonds from acetate, which prevents released lignin
from redepositing on the lignocellulosic matrix.
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Fig 4: Enzymatic digestibility and delignification of residual solids after pretreatment
of sugarcane straw with pure ionic liquids (ILs) and an IL mixture at lab scale.
Experimental conditions: 6% (w/w) solids loading, 90 °C, 12 h, no water addition, no
agitation. Standard deviation bars for enzymatic digestibility may appear smaller than
graphic marker.

Water content and solids loading were varied to assess their effect on the
efficiency of IL mixtures. In addition to pure ILs and the [Mea][Ac]/[Mea][Hex]
mixture, a 1:1 (w/w) mixture of [Emim][Ac]/[Mea][Ac] was tested. Results are
presented in Figure 5.

An increase in solids loading from 6 to 13% (w/w) did not affect cellulose
digestibility in biomass pretreated with IL mixtures, different from the observed
with pure ILs. The results of enzymatic digestibility showed that the hexanoate
anion contributed positively to digestibil-ity performance in the presence of water.
As expected, water negatively affected delignification. The best result in the
presence of water (12% w/w lignin removal) was obtained using
[Mea][Ac)/[Mea][Hex]. [Mea][Ac] was more effective than [Emim][Ac] at high
solids loadings, which is probably due to their different interactions with the water—
lignocellulose complex. Hydrogen bonds between water and [Emim]* seem to be
more stable than those between water and [Mea]". Consequently, water is more
likely to bind to hydrophilic cellulosic regions of the lignocellulosic matrix than to
[Mea][Ac], allowing the IL to act on the lignocellulosic matrix. This effect becomes
more evident at high solids loadings.

The fact that [Emim][Ac] is extremely sensitive to the presence of water is
a limiting factor for industrial application. For instance, about 4 MJ/kg of water is
necessary to dry lignocellulosic residues, whose moisture content typically varies
from 30 to 60% (w/w). Thus, the use of [Emim][Ac] increases capital expenditure,
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lowers energy efficiency, and increases the risk of combustion due to dry material
> Furthermore, solids loadings higher than 10% (w/w) are necessary to achieve
cost-effectiveness . As such, [Mea]"-based ILs are promising alternatives for
industrial-scale processes.
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Fig 5: Enzymatic digestibility of cellulose (A) and hemicellulose (B) in the solids
remaining after pretreatment of sugarcane straw with pure ionic liquids (ILs) and IL
mixtures at lab scale. Experimental conditions: 90 °C, 12 h, no agitation.

2.3.3 Scale-up: effect of process conditions at bench scale

Process scale-up is a mandatory stage for any new technology during which
bottlenecks and challenges not observed at small scale will likely appear. In
addition to the type and composition of IL mixtures, operating conditions (such as
solids loading and liquid phase water content) strongly influence biomass
pretreatment efficiency. Pretreatment experiments were carried out on a 1 L bench-
scale reactor, increasing the volume of pretreated biomass by 60 fold. The effects
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of process variables were assessed, aiming to facilitate further scale-up. In all
experiments, SW was used without drying (8.7% w/w moisture content) to reduce
the number of steps in the process.

As shown in Table 2, delignification and cellulose digestibility varied
greatly according to process conditions, from 2 to 56% and 17.6 to 100%,
respectively. Variables were analyzed statistically at 90% confidence level (p <
0.10) to identify significant effects on enzymatic digestibility, lignin removal, and
hemicellulose removal (not desirable). According Rodrigues and Iemma (2014) *
this is the recommended confidence level for this type of DOE. In this set of
experiments, cellulose removal was not determined, as [Mea][Ac]/[Mea][Hex]
does not hydrolyze cellulose efficiently *°. The effects are summarized in table 3,
the detailed effects and Pareto Chart is shown in Figure 6.

The results of experiments conducted in the 1 L reactor were similar to
those obtained at small scale. Li et al. (2013)**and Li et al. (2015)> scaled up the
pretreatment of lignocellulosic feedstock with [Emin][Ac] from 10 mL to 6 L
without compromising residual solids recovery and enzymatic digestibility. The
authors reported that process scale-up was effective because of efficient
homogenization (using an anchor impeller) and heat transfer. According to the
authors, a homogenization after pretreatment is necessary to separate IL from
residual solids. Li et al. (2013) reported that the formation of a gel phase following
the addition of water can affect solids recovery if homogenization is not performed.
In the current study, post-pretreatment homogenization was not necessary, as no
gel phase was formed and no solid agglomerates were observed. Residual solids
were washed three times with water, and solid-liquid separation was achieved
using a bag filter.

Ninomiya et al. (2015) ' applied ultrasound during sugarcane bagasse
pretreatment to enhance process efficiency. In the present study, sonication showed
no significant effect on lignin removal or enzymatic digestibility. Sonochemical
and sonophysical effects of ultrasound depend on system characteristics and
operating conditions, such as viscosity, chemical components, agitation speed,
solids loading, and particle size *~*>°.

Velmurugan et al. (2011)°° observed that ultrasound and alkali
pretreatment of sugarcane bagasse were three times more efficient when combined
than when applied individually. The authors concluded that ultrasound promoted
radical formation in the NaOH solution, increasing lignin oxidation. Bussemaker et
al. (2013)* observed that sonochemical and sonophysical effects are dependent on
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solids loading and particle size and that high solids loadings (above 5% v/w)
hamper the propagation of ultrasonic waves. Accordingly, in the current study, high
solids loadings (above 10% w/w) and low ultrasound frequency (19 kHz), which
favors sonophysical effects, resulted in the lack of significant effects of

ultrasonication.
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Fig 6: Table of effects and Pareto Chart. Top left: Cellulose enzymatic digestibility.
Top right: Hemicellulose enzymatic digestibility. Bottom left: Hemicellulose content.
Bottom right: Insoluble Lignin content.

46



Tab 2: Chemical composition and enzymatic digestibility of residual solids after
pretreatment of sugarcane straw under different conditions

Experimental Set Up Residual Solid Composition Dllzgnezs)t,:ll)l:l‘lttl; a

Essay T H,O S U N ILy2 Cel. Hem. Ins. Lign. Y Cel Y Hem
) (%) (%) W) (pm) (%) (Yww) (Yeww) (Y% wWw) (%) (%)
nature - - - - - - 38.8 30.1 21.8 59 2.7
1 130 10 20 0 3 25 49.0 274 16.4 88.8 69.4
2 130 60 10 120 3 25 482 32.1 15.5 78.5 55.8
3 80 60 20 0 30 25 413 30.3 20.1 17.6 11.2
4 130 10 20 120 3 75 50.4 243 14.8 833 63.4
5 130 60 10 120 30 25 53.2 30.9 12.4 90.5 77.4
6 130 60 20 0 30 75 45.8 28.3 21.3 96.2 72.8
7 80 60 20 120 3 75 424 29.5 19.9 42.6 28.4
8 80 10 20 120 30 25 473 31.8 15.4 86.0 64.3
9 80 10 10 120 30 75 475 33.0 14.2 88.2 64.6
10 130 10 10 0 30 75 53.3 30.6 9.7 100 74.9
11 80 60 10 0 3 75 42.8 29.7 10.1 32.8 15.5
12 80 10 10 0 3 25 49.3 32.8 10.9 88.1 72.7
13 110 35 15 60 16 50 452 329 11.8 81.8 58.7
14 110 35 15 60 16 50 49.5 31.3 12.1 81.9 68.4
15 110 35 15 60 16 50 49.3 32.6 15.1 72.8 62.6

# Calculated according to Eqs. 1 and 2

The fact that mass and energy transfer are crucial for conversion processes
must be taken into account when optimizing IL-based pretreatments. ILs usually
have high viscosity, which compromises mass transfer and diffusion in solids, and
lignocellulose has poor heating properties, resulting in the formation of a
temperature gradient in the reactor. For these reasons, the effect of agitation was
evaluated in the 3-30 rpm range. As the system is connected to a heat source via a
lateral jacket and temperature is measured at the center of the reactor, agitation was
necessary to avoid overheating. Thus, a minimal of 3 rpm was used. Surprisingly,
agitation speed did not significantly affect delignification and enzymatic
digestibility, but a small effect was observed on hemicellulose extraction. Despite
the lack of significance observed in this study, homogeneous heat and mass
distributions during biomass pretreatment should always be viewed as essential.

The effect of IL ratio was only significant for hemicellulose removal. High
acetate/hexanoate ratios had a negative impact on this parameter. This result might
be associated with the ability of acetate anions to cleave hydrogen bonds within the
lignocellulosic matrix ', favoring the separation of hemicellulose from the
cellulosic fraction. The effect of solids loading was significant on all responses.
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Higher solids loading lead to lower delignification and, consequently, lower
percentage of carbohydrates in residual solids. The studied ILs promote lignin
dissolution and increasing the proportion of solids entails in higher amounts of
lignin to be dissolved. Consequently, a greater redeposition of released lignin on
the lignocellulosic matrix may occur because of the presence of high quantities of
lignin molecules not completely solvated by ILs. However, the increase in solids
loading from 10 to 20% (w/w) did not affect biomass enzymatic digestibility. A
similar result was observed by Rocha et al. (2017) ?°. The authors increased solids
loading from 5 to 10% (w/w) in the pretreatment of sugarcane bagasse with
[Mea][Ac] and obtained similar enzymatic hydrolysis efficiencies under both
conditions.

Tab 3: Summary of the effects of process variables on enzymatic digestibility, lignin
removal, and hemicellulose removal. Statistical significance was set at p < 0.10.

(resl?s::l’vsfﬁ " Enz. Digestibility (%)
Variable Hemi. Ins. Lig. Y Cel Y Hemi
Temp. ++ +++ +++
H20 oot +++ +++
Loading o N
Ultrasound
Agitation +
1L1/2 ++

Delignification and enzymatic hydrolysis were negatively influenced by a
water content of 60% (w/w) in the liquid phase, mainly at lower temperatures (80
°C). However, at high water contents, enzymatic hydrolysis and delignification
increased with temperature (runs 2, 5, and 6; Table 2). Lignin removal was lower
at a high solids loading (run 6). In general, the increase in temperature had a positive
effect on enzymatic digestibility and delignification. Nevertheless, high
digestibility yields, above 85% for cellulose and 64% for hemicellulose, were
achieved at low temperatures and water content (runs 8, 9, and 12). High
delignification values (>35%) were obtained at low temperature (80 °C), low water
content, and low solids loading (runs 9 and 12).

The FTIR spectra of residual solids obtained after enzymatic pretreatment

were compared with those of untreated SW to investigate changes at the molecular
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level. In Figure 7, three spectra are compared: those of raw SW, residual solids
obtained in run 3 (worst result), and residual solids obtained in run 10 (best result).
Four regions were noticeably altered by pretreatment. The peaks at 900 and 1098
cm! correspond to amorphous and crystalline cellulose, respectively. The sharper
peak at 900 cm™' indicates that intermolecular linkages were affected by the
pretreatment, resulting in a higher proportion of amorphous cellulose ***"*, i.e., an
increase in enzymatic digestibility. The peaks at 1235 and 1733 cm™" are attributed
respectively to C—O stretching in hemicellulose—lignin and stretching of C=0 ester
bonds between hemicellulose and lignin **°. Lower absorbance at these regions
indicates the breakage of hemicellulose and lignin bonds. Note that absorbance
gradually decreases from the spectrum of raw SW to that of run 10.

The reaction kinetics was evaluated under the conditions of run 10, with
modifications (solids loading of 15% w/w and water content of 20% w/w).
Ultrasound was not used and agitation speed was fixed at 3 rpm to avoid the
formation of a temperature gradient, as previously discussed. Samples were taken
at 0.5, 1, 2, 4, 16, and 24 h for determination of chemical composition and
enzymatic digestibility.

S Transmitance

STranammance

W Transmillance.

Warvenumbers [om-1)

Fig 7: FTIR spectra of untreated sugarcane straw and residual solids obtained in runs 3
and 10 (Table 1). 2,900 cm '; b, 1098 cm'; ¢, 1235cm '; and d, 1733 cm ™.

Enzymatic digestibility increased exponentially after 30 min of reaction
and reached maximum values in 2 h (Figure §). The cellulose yield was 93.2%, and
hemicellulose yield was 71.1% (12- and 19-fold higher than that of untreated SW,
respectively). After 4 h, enzymatic digestibility decreased slightly, which can be
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attributed to the redeposition of non-carbohydrate material on exposed fibrils **%°,

Although biomass particle size was not quantitatively determined, qualitative
analysis showed that particle size decreased with the increase in time; the most
noticeable changes were seen after 1, 2, and 4 h of treatment, Figure 9.
Delignification occurred mainly in the first 2 h, during which 49.5% of insoluble
lignin was extracted. In the remaining 22 h, only 20.6% of insoluble lignin was
extracted. A total delignification of 70.1% was achieved in 24 h. These results are
in accordance with those observed by other authors, who reported that
delignification occurs mainly within the first 3 h of pretreatment with protic ILs
2060 A significant hemicellulose loss was observed after 4 h of pretreatment. Rocha
et al. (2017) used [Mea][Ac] for the pretreatment of biomass and detected a shift in
the delignification curve at the same time that a shift in hemicellulose solubilization
occurred. This result suggests that after reaching a limit, delignification will only
occur with further hemicellulose solubilization. In other words, complete
delignification can only be achieved following hemicellulose extraction.

An additional experiment was conducted under the same conditions of the
kinetic assay to determine the recovery of residual solids. After 3 h of processing,
residual solids were collected and washed. Then, samples were dried and weighed.
The material separated by washing was filtered using an analytical paper filter to
recover solid particles smaller than 125 um. A total of 71.2% of initial solids was
recovered, 65.2% of which were larger; and 6.6%, smaller than 125 um. Small
particles had higher hemicellulose (38.3%) and lignin (24.2%) contents than large
particles (33.8 and 10.7%, respectively). On the other hand, large solids were 72%
richer in cellulose than small particles. A schematic flow chart of the process
showing the mass balance is presented in Figure 10. Investigation of particle size
distribution after pretreatment is an important step to avoid miscalculation of the
mass balance (small particles are not to be considered dissolved material) and to
better design downstream processes.

Cellulose and hemicellulose yields of 98 and 88%, respectively, were
achieved in this last experiment. These good results show that protic ILs are
promising for the pretreatment of biomass feedstock **%°. The objective of the
current study was to identify and understand the impact of each variable on the
pretreatment of SW using mixtures of ILs. In future studies, operating conditions
must be optimized. Gschwend et al. (2018) optimized the operating conditions for
pretreatment of Miscanthus using protic IL at lab scale and estimated a reduction
on reactor cost around 93%. Optimization of process parameters may lead to a
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reduction in processing times and energy consumption and an increase in solids
loading, resulting in a more cost-effective process ready for further scale-up.

100%
90%
80%
T0%
60%
50%
40%
30%
0%
10%

0%

untreated 0.5h 1h 2h 4h 16 h 24 h

Cellulose  wwm Hemicellulose wmmLignin - —e—Cell. Digestibility

Fig 8: Chemical composition (weight percentage) and cellulose enzymatic digestibility
of sugarcane straw residual solids after 0.5, 1, 2, 4, 16, and 24 h of pretreatment.
Experimental conditions: 130 °C, 20% (w/w) water content, 15% (w/w) solids loading,
no ultrasound, agitation speed of 3 rpm and rate [Mea][Ac]/[Mea][Hex] of 75%/25%.

Fig 9: Pre-treated SW at respective process times. Dry material.
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Cell.: 0.388

Hem.: 0.301
Ins. Lig.: 0.218
Ash: 0.044
Extrac.: 0.068

Solid 0.710
>125 ym: 0.652

Cell.:~ 0.0

Cell,:_0.349 Hem.: 0.056
Hem.: 0.220 Ins. Lig.: 0.111
Ins. Lig.: 0.070 Extrac.: 0.068

Others: 0.013

<125 um: 0.066
Cell.: 0.021
Hem.: 0.025

Ins. Lig.: 0.016

\ Others: 0.004 /

Fig 10: Schematic flow chart showing the mass balance of sugarcane straw
pretreatment with a mixture of ionic liquids. Values correspond to the mass fraction
starting with 1 kg of biomass.

2.4 Conclusions

The tested ILs exhibited great potential as SW pretreatment agents. Good
enzymatic digestibility efficiency was obtained using a 1:1 (w/w) mixture of
[Mea][Ac)/[Mea][Hex] at 13 % (w/w) solids loading and water content in the
reaction medium at lab scale. Under mild temperature conditions (90 °C), the
[Mea][Ac]/[Mea][Hex] mixture increased delignification compared with pure ILs.
Although [Emim][Ac] achieved the best enzymatic digestibility at initial conditions
(dry material), it had the worst performance following water addition and solid
loading increase. Two crucial parameters for scaling up. As such, [Mea] -based ILs
are promising alternatives for industrial-scale processes. The addition of water
changed completely the performance of all tested ILs. The screening of ILs, for
pretreatment purposes, must address water presence on its assessments, not only
dry material. [Mea][Hex] was the only IL that had better performance after water
addition regarding enzymatic digestibility.

Ultrasound and agitation speed had no significant effect on delignification,
hemicellulose removal, or enzymatic digestibility in the bench scale reactor
experiments. The increase in solids loading affected delignification and
hemicellulose removal. On the other hand, an increase in solids loading from 10 to

20% (w/w) did not negatively influence enzymatic hydrolysis. A liquid phase water
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content of 60% (w/w) reduced delignification and enzymatic digestibility. The
increase in temperature had a positive effect on enzymatic digestibility. Water
content, temperature and solid loading must be further investigated to improve
pretreatment setups. It was noticed that the [Mea][Ac]/[Mea][Hex] mixture is
benefit to the process.

Complete delignification is not likely to be achieved without hemicellulose
dissolution, even under optimized conditions. The highest enzymatic digestibility
was achieved within 2 h of pretreatment. The effect of operating parameters on SW
pretreatment using protic ILs was satisfactorily assessed. Temperature, solids
loading, water content, and IL ratios must be optimized to reduce process time and
energy consumption.
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Chapter 32

Complete Continuous Ionic Liquid Recycle From Aqueous Streams
through Freeze Concentration

Ionic Liquids (ILs) can be designed by combining a diverse number of
molecules, tuning desired properties for specific applications. The extensive
possible applications range from gas adsorption to complex matrix dissolution,
such as lignocellulosic materials. Although interesting for their flexibility, ILs can
have a carbon-intensive production background, may be toxic and expensive.
Thereby, it is essential to efficiently recycle them. This work presents a process
scheme for ILs recycling, and their mixtures, from aqueous streams, without mass
loss, by means of freeze concentration (FC). Process examples using 2-
hydroxyethylammonium acetate ([Mea][Ac]) and 2-hydroxyethylammonium
hexanoate ([Mea][Hex]) were explored. Their freezing point in aqueous solutions
were determined in the concentration range of 0.5% to 50 % (w/w). The water
activity and IL aggregation were investigated within the range. Water from
[Mea][Hex] solutions crystallized at higher temperatures than [Mea][Ac].
[Mea][Hex] showed a similar freezing curve as that from an organic acid. The ILs
were efficiently recycled whether pure or mixed, without mass loss by the FC
process. The FC can be operated in continuous mode without waste generation and

removing water as pure as desired.

2 Chapter submitted to Separation and Purification Technology as: Ferrari, F. A., Wielen,
L. A. M., Forte, M. B. S., Witkamp, G. J. Complete Continuous Ionic Liquid Recycle
From Aqueous Streams through Freeze Concentration
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3.1 Introduction

The expansion in the number of studies involving lonic Liquids (IL) in the
past 20 years is partly due to the vast range of possible applications of ILs. Based
on process requirements, one can design ILs by combining different cations and
anions, tuning desired properties, such as conductivity, vapor pressure, H bonding
potential, density and catalytic sites ">

Such diversity accredits ILs application as solvent for a wide range of
applications from catalysis to gas adsorption *. Referred to as tailored solvents, ILs
have been considered due to their capability to selectively dissolve different
materials depending on ions involved *°. The processing of lignocellulosic material
(LC) is a good example to illustrate ILs’ solvent character. LC’s composition
encompasses a range of different biopolymers, clustered in 3 main constituents,
which vary according to LC’s origin: 1) 40-80% cellulose; i) 10-40%
hemicellulose; iii) 5- 36% lignin °. ILs can be solvents for LC processing in
biorefineries, where LC is dissolved and then can be converted into valuable
chemicals, fuel, and electricity. The initial step in which IL and LC come together
is called pretreatment (PT)’. Moreover, ILs are commonly addressed as possible
green solvents due to their potential to present low vapor pressure, non-
flammability and recycle possibility. However, it is important to make clear that
ILs can have a carbon-intensive production background, equal or exceeding those
of regular solvents, incompatible with a sustainable development strategy °.
Besides, certain ILs may present toxicity levels comparable to that from
commercial bactericides’. Finally, price is a key factor for IL large-scale application
', Therefore, an efficient IL recycle is not only desirable but mandatory for
industrial applications.

Considering the vast use possibilities, several IL recycling methods have
been reported, such as evaporation, liquid-liquid extraction, pervaporation and
electrodialysis *''™'*. Strategies based on membrane separation usually are limited
by IL high viscosity and membrane fouling; additionally, some IL may demand
more expensive material for membranes to avoid degradation, which might affect
process’ operational costs '>'*. Evaporating the solvent from IL-aqueous streams is
energy consuming due to the high heat of water evaporation. Besides, acid-based
IL will add the corrosion hurdle to equipment, and some IL may degrade due to
heating and chemical reactions, even at low temperatures '*'*'*. Liquid-liquid
extraction using organic solvents is also possible, but the use of organic solvents is
incompatible with the “green” appeal and adds the combustion risks to the process
' Alternatively, aqueous biphasic system (ABS) by the addition of kosmotropic
salts could be an easy way to recovery IL from an aqueous stream '°. Nevertheless,
salt must be also recycled considering process sustainability.
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A recent study demonstrated the feasibility to crystallize water out of IL-
water mixtures by cooling down the system '’. Consequently, crystallized water
could be removed as ice from the bulk, recycling the IL in a more concentrated
stream. Freeze crystallization has been considered as an alternative strategy for
water desalination '®, which accredits the method for large-scale applications.
Moreover, energy costs can be significantly reduced, van der Ham et al ' studied
the crystallization of CuSO4 from aqueous stream, reducing in 70 % in the total
energy costs by means of freeze crystallization in comparison to traditional
multiple-effect evaporation. Operating at low temperatures would also prevent IL
degradation, and could be used as a strategy for systems containing thermo-
sensitive molecules.

Therefore, the present work assesses the freeze concentration (FC) process
as a strategy for IL recycle from aqueous streams. The study considers two
ethanolamine based ILs and their mixtures, namely 2-hydroxyethylammonium
acetate ([Mea][Ac]) and 2-hydroxyethylammonium hexanoate ([Mea][Hex]). ILs
designed from ethanolamine cations and organic acids anions are remarked as
efficient solvents in biomass applications "*°. Besides, at bulk scale production,
ammonium based ILs might be a cost-effective alternative to regular organic
solvents, *!. The outputs from this study are organized in 4 parts: i) salt addition as
phase promoters for the ILs recycle in ABS; ii) assessment of freezing points
temperatures of various IL-water compositions; iii) water removal and purity using
model solutions and a LC pretreated liquor; iv) process flowchart, mass balance,
and energy consumption. During the present work, we also highlight limitations
and alternatives for the hurdles found.

3.2 Material And Method

3.2.1 Chemicals and Synthesis of ILs

Kraft lignin, chemicals for IL synthesis and standards were purchased from
Sigma—Aldrich (Germany) and used as received. 2-Hydroxyethylammonium
acetate ([Mea][Ac]) and 2-hydroxyethylammonium hexanoate ([Mea][Hex]), as
shown in Figure 1, were synthesized in 500 mL Schott flasks by a one-step,
acid—base exothermic neutralization method, in which a proton (H") is transferred
to the NH» group of an amino alcohol reagent, conferring a positive charge to the
molecule (NH;").

First, ethanolamine was weighed into a flask. The flask was closed with a
silicone septum and placed in a cold-water bath. An equimolar quantity of either
acetic acid or hexanoic acid was slowly added through the septum using a syringe.
The reaction was carried out overnight at room temperature under agitation. The
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formation of [Mea][Ac] or [Mea][Hex] was confirmed by proton nuclear magnetic
resonance (‘H NMR), as detailed in the Appendix. The water content, measured by
Karl Fischer titration, for [Mea][Ac] or [Mea][Hex] was 0.53 and 0.58 % (w/w),
respectively.

A

O
OH
i ﬁ:w'/\/
H,C “ 5

Fig 1: A- 2-hydroxyethylammonium acetate ([Mea][Ac]); B - 2-
hydroxyethylammonium hexanoate ([Mea][Hex])

3.2.2 Freezing Process

Freezing point determination and FC experiments were conducted in a
triple-layered glass reactor (Laboratory Glass Specialists, Assen, The Netherlands),
as shown in Figure 2, equipped with an anchor impeller with silicon scrapers on
edges. The triple layer was comprised of an internal cooling jacket, and an external
vacuum insulation chamber. The temperature was monitored using a calibrated pt
100 thermometer with a precision of = 0.01 °C. The reactor was connected to a
Proline RP4090 CW Kryomat® (LAUDA, Germany) low-temperature thermostat
and the coolant fluid used was the silicone oil Kryo 90 ® (LAUDA, Germany). The
system was connected to a computer and data acquired in real-time.

The freezing point was determined of IL and MilliQ water mixtures, and
the concentration calculated based on the weight of each component. The serial
composition was achieved from both sides, by sequential addition of water to the
IL and IL to the water solutions, respectively. The temperature was lowered until
ice was observed upon seeding. The freezing point was determined by visual
observation and confirmed by the presence of the corresponding exothermic peak
in temperature. After each point, the temperature was raised until no ice was
observed anymore, then IL or water was added for the next measurement. In order
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to avoid underestimation of the freezing point, the system was let stabilize for 10
min before temperature changes. The reverse experiment where also conducted,
where the freezing point was assessed by the melting point while increasing the
temperature. The hysteresis was observed to be within the range between 0.5 -7 K,
with the higher differences, between melting and freezing, found at lower
temperatures.

anchor impeller

ymolnetm- \

< silicon scraper

g

refrigerant layer

vacuum layer
sampler

Fig 2: Freeze crystallization reactor

3.2.3 Ice Wash

Ice was harvested from the top of crystallizer, Figure 3, using a stainless-
steel sieve, kept in freezer at -18 °C before each use. The ice mass was set to not
exceed 10 % (w/w) of total batch and by the complete filling of the stainless-steel
sieve during the sampling, the excess of liquid was drained, the ice fraction
weighted, and the of 50 + 1,3 g of ice was standardized after multiple repetitions.
Therefore, ice was harvested and directly used in the wash experiments to prevent
melting while weighing. The collected ice was disposed in a jacked glass filter kept
at -5 °C, then, 15 ml of ice bath cooled MilliQ water were added, followed by
vacuum filtration, without complete reslurrying the ice crystal cake. The retained
ice and the liquid permeated were collected after each wash step for analysis.
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3.2.4 Lignocellulosic Pretreated Liquor

For the pre-treatment, we assumed the best choice design described in a
previous work (Chapter 2)’, which assessed different conditions for the pre-
treatment of sugarcane straw. Approximately 37 g of sugarcane straw was
pretreated in a stainless-steel reactor using a mixture of 10 %(w/w) H»O, 68
%(w/w) [Mea][Ac] and 22 %(w/w) [Mea][Hex], at 20 %(w/w) of solid loading and
130 °C (Ferrari et al, 2019 ). After 4 h of reaction, pretreated biomass was washed
with demineralized water, solid and liquid were separated using a 125 um pore size
bag filter. IL concentration in liquor was about 20 %(W/w).

3.2.5 Analytical Method

IL concentrations were determined by acetate and hexanoate quantified in
HPLC with an Aminex HPX-87H column from Biorad, coupled to a RI and UV
detector, using 0.01M phosphoric acid as eluent at a flow rate of 0.6 ml.min™'.
Concentrations were calculated from calibration curves of [Mea][Ac] and
[Mea][Hex]. Lignin concentration was determined by spectrophotometer
absorbance at 280 nm and calculated from the calibration curve of kraft lignin.

3.3 Results And Discussion

3.3.1 Water-IL separation by Salting Out

Kosmotropic salts, such as phosphate-based, can be used as phase
separation promoters in aqueous biphasic systems containing IL . This principle
could be used to concentrate ILs from aqueous streams by salting out, for instance
[Mea][Ac], from water. Then, the salt could be recycled, for example, by eutectic
freeze crystallization (EFC). Thereby, to determine the phase diagram of [Mea][Ac]
and [Mea][Hex] in water, a 50 %(w/w) K3POs solution was slowly added to the IL/
H>O mixture (50 % w/w) , following the cloud point procedure described elsewhere
2 In addition to PO4*, K;HPO, was also tried for phase separation. However, no
phase separation was observed in any tested condition, suggesting that these ILs
cannot be salted out from water and, consequently, ABS using salts is not a feasible
strategy for [Mea][Ac] and [Mea][Hex] recycle.

The absence of phase formation might be explained by the presence of OH
and NH;" groups in [Mea] and COO™ group in the anions, remarked for H-bonding,
which stabilize the IL-H,O bulk structure. In addition, the pH influence on proton
transfer between the carboxylic acid and the ethanolamine might also play a role.
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After measuring different solutions pH (data not shown), it was observed that
K3POy4 solution did cause more pH change than Ko;HPO, while increasing
[Mea][Ac] concentration. Taking into consideration the pKa values of the species
involved, i.e. NH;" (9.55), HPO4* (6.95) and PO,* (12.9), it is possible to infer that
K3PO4 might affect the proton transfer between the carboxylic acid and ammonia
in [Mea][Ac]. It is valid to mention that if it holds true that K;PO4 influences the
proton transfer in [Mea][Ac] it would also impact the IL formation, affecting the
system’s properties and functionalities.

Taken together the aforementioned, the IL-H>O stream was directed to
Freeze Concentration (FC) step, without prior concentration by salt addition.

3.3.2 Water-IL separation by Freeze concentration (FC)

First, the freezing point of water was determined for several concentrations
for both IL-species, namely [Mea][Ac] and [Mea][Hex]. Results from chapter 2’
show that both ILs have great potential for lignocellulose pre-treatment (PT) and
that their combination can be used as a strategy to improve PT efficiency according
to process’ necessities. Therefore, a mixture of [Mea][Ac] and [Mea][Hex] in a
molar fraction of 0.75:0.25, respectively, was also included in this study. The
freezing points of water for ethanolamine (Mea) and acetic acid (HAc) solutions
were incorporated for comparison.

In Figure 1, the freezing point of water is plotted against the solute
concentration (as wt% and as molal) for the different systems. The freezing point
curves of almost all solutions follow the same trend when expressed as function of
solute mass fraction, within the reported range. The exception concerns
[Mea][Hex], exhibiting water freezing at higher temperatures. When plotted against
molality, as shown in Figure 1-B, the differences in the freezing point drop among
solutions are more evident, especially above 2 molal. Under 2 molal, the highest
difference within the freezing point did not exceed 1.5 °C. The freezing point
depression curve of [Mea][Ac] lies in between those of its precursors Mea and HAc.
Conversely, [Mea][Hex] showed a freezing curve profile similar to that from small
organic acids, such as acetic and butyric**. In a closer look to Figure 1-B, it is
possible to note that the slopes of the [Mea][Hex] and H.Ac freezing curves from
about 6 molal becom less negative. Converting these into molar fraction, the slope
change from both components happens close to 0.9 water molar fraction. Using the
data from Noshadi and Sadehi ** for propionic acid and doing the same calculation,
the shift happens at 0.87 water molar fraction. The freezing point of [Mea][Hex]
aqueous solution should be assessed in more concentrated regions to investigate a
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possible eutectic point for this component. [Mea][Ac] aqueous solution might not
reach the eutectic point. The increase in viscosity, which lead to the increase in the
observed standard deviation in temperature measurements, due to worse heat
transfer not compensated by agitation, and the glass appearance of the material
(Figure 2) observed in the lowest temperature, suggest that [Mea][Ac]-water
system is more likely to exhibit a glass transition instead of the eutectic point.
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Fig 1: Freezing point of water as a function of solution composition expressed in A as
mass percentage and B as molality. Molality assumes IL dissociation into cation and

anion. Lines plotted for guidance. *Data from Louldrup et al. 25. ** Data from Noshadi and Sadehi
24
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Fig 2: [Mea][Ac] in detail at the lowest tested temperature (— 45 °C)

Freezing point depression is a colligative property dependent on the solvent
and proportional to solute molality, expressed according to equation 1 for ideal
systems:

where ATy is the variation in freezing point, kr is the cryoscopic constant of the
solvent (1.858 K.kg.mol”, for water) and m is solute molality considering IL
dissociation into anion and cation. Ma et al *° proposed a framework to model the
IL-water systems, suggesting a level of IL association dependent on its
concentration. Therefore, the results of freezing point depression were considered
in terms of Bjerrum’s osmotic coefficient “®”, relating the observed to the
theoretical freezing point depression, according to equation 2. Values between 0
and 1 indicate a smaller freezing point depression than that assuming complete
dissociation. Since the number of solute particles mostly determines A7y, ® would
indicate, to a first approximation, an average degree of IL association.

AT¢

CDZkfj eq. 2
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From the results of @ in Table 1 it is possible to observe that systems with
[Mea][Ac] behave closely to ideality. The increase in @ beyond 4.5 molal and 3.8
molal, pure [Mea][Ac] and mixture respectively, could be occasioned by small
differences between the temperature measured and initial crystallization, due to
increasing viscosity. [Mea][Hex]-water system, in turn, seems to exhibit a certain
degree of association progressively to molality increase. While @ relates to the
solute’s degree of aggregation, water activity (aw) expresses the ratio between
partial vapor pressure of water in a substance and the standard vapor pressure of
pure water. In other words, how easy the water content may be utilized. For IL-
water separation, a,, is an important parameter, since the higher a., the lower is the
energy consumed, per mole of pure water, during the freezing process. The value
of ay can be accurately calculated from the freezing point, assuming av at to the
solid-liquid equilibrium during the freezing process, the change in standard state
enthalpy (273.15 K) with temperature, and applying the Hildebrand and Scott’s
equation®’?*,

Considering the equilibrium at the freezing point:

HZO(S) (_)HZO(Z) eq3

water and ice coexist in equilibrium, so that the tendency of ice melts is the same
as that to water solidifies. In terms of chemical potential,

Hw(s) = Hw () cq.4

where Ly, stands for the chemical potential of water, subscripts (1) and (s) for liquid
and solid states, respectively. The addition of ionic liquid in the solution will affect
the aforementioned equilibrium by changing the chemical potential of liquid water.
In ideal solutions, the change in chemical potential is given by equation 5,

Hwy = Ww + RTIn x,, eq.5

where ., ‘is the chemical potential of pure liquid water, R is the gas constant (8.314
J.mol-1K-1), xy is the water mol fraction and T the absolute temperature. The
introduction of an extra term is necessary to cope with deviations from ideality, the
activity coefficient yy. The 7y, times the molar fraction of water (x\) gives the water
activity, thus eq.5 is better represented as,

Hw) = Ww + RTIn a,, eq.6
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at the freezing point and isolating the activity term, one finds,

_ (Mw(s) - uév)

l eq.7
na, RT
the derivative of both sides with respect to T results,
i (d“W(S) n d.“::;)
din a,, _ (uw(s) - ,uw) + daT dT eq.8

dT RT? RT

at the equilibrium there is no assignment for temperature and pressure change so
that u= G = H- TS. At constant pressure(%)P = —§, from the thermodynamics
first law and Gibbs - Duhem relation Vdp — SdT + },; u;dN; = 0 [(equilibrium)],
then, eq.8 can be reduced to,

Ina,  (Hws) —Hy) _ AHy

= = eq.9
dT RT? RT?
the integration of eq.9 from T to the melting point To, then,
AHf T,—-T
f lo
l =—— .10
Mw R "T.T, =

the difference of heat capacity of solid water and liquid is AC,, and AH¢= AH" - AC,,
where AH" is water enthalpy of fusion, then, the integration of eq.10 gives the
Hildebrand and Scott’s equation, eq. 11,

A_H*( ) 1 )_ ﬂ[Tf—(273.15) B ln( Tf )] eq. 11

nawp = -7 T; 27315 R Tf 273.15

where, AH* is water enthalpy of fusion (6009.5 J.mol™), R is the universal gas
constant (8.314 J.mol' K™, Tris the freezing point in K and AC, is water specific
heat capacity change (37.87 J.mol.K™). Correspondingly, the a, values also
indicate a distinguished profile between [Mea][Hex] and [Mea][Ac]. The longer
alkyl chain from hexanoate increases the number of hydrophobic binding sites *
and favors IL clustering, thus increasing water activity, which leads to higher
freezing temperatures. Interestingly, the IL mixture did not follow a middle term
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outline between that of [Mea][Ac] and [Mea][Hex], it exhibited fairly the same
pattern observed on [Mea][Ac] solutions instead.

It is valid to mention that for a process in which it is essential to have
[Mea][Ac] at lower water concentration than 50 %(w/w), one must incorporate an
additional step for further water removal. The choice of strategies to remove water
involving heating, such as distillation, must address potential IL decomposition and
energy costs.

Table 1: Freezing point depression, molality, Bjerrum’s osmotic coefficient @ and water
activity ay, for studied IL-water systems

[Mea][Ac] [Mea][Hex] [Mea][Ac]|:[Mea][Hex]
ATy*  Molality Ay ATy*  Molality Ay AT¢*  Molality v
(K)  (molkgio™) (K)  (mol. kgino™) (K)  (molkgino™)
0 0 - 1.000 0 0 - 1.000 0 0 - 1.000
-0.15 0.08 0.98 0.999 -0.12 0.06 - 1.000  -0.13 0.08 092 0.999

-0.74 0.41 096 0.994 -0.5 0.28 095 0.996 -0.65 0.40  0.88 0.995
-2.79 1.65 091 0974 -1.29 0.79 0.88 0.988 -2.86 170~ 0.90 0.973
-8.36 4.50 1.00 0.923 -2.62 1.71 0.83 0976 -6.95 383 098 0.935
-18.02 9.25 1.05 0.839 -3.55 227 0.84 0.967 -1491 7.66 1.05 0.865
-28.22 14.01 1.08 0.759 -8.32 5.65 0.79 0923 -2299 1148 1.08 0.799

-41.03 19.04 1.16  0.668 -12.07 1130 057 0890 -31.37 1528 1.10 0.736

*calculated from measured temperatures; - values not considered

3.3.3 Ice Slurry Wash

After crystallization of water, ice is removed from the top of IL
concentrated bulk, as seen in Figure 3. However, the ice fraction still has
contaminants from the bulk that, if not enclosed inside during crystallization, can
be washed out. IL entrainment in the ice stream would lead to IL losses and
environmental restrictions concerning removed water end-use, as shown in figure
4.

To assess the level of IL contamination and the efficiency of wash, 50 g of
ice was harvested from the crystallizer top after half an hour from the freezing point
begin. The starting solution was composed of 25 % (w/w) of an IL molar mixture,
[Mea][Ac] 0.75: [Mea][Hex] 0.25, in water. The model solution considers the
characteristics described in chapter 2 for a post-PT stream ’. The ice sampled from
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the crystallizer without previous the wash process is labeled as the step “0”. Then,
15 ml of demineralized water, previously cooled in ice, were added, without
complete reslurrying. Water was removed by vacuum in glass filters kept at -5 °C,

and the process repeated in “n” wash steps. IL concentrations in melted ice, after
each wash step, are presented in Figure 5.

Fig 3: Reactor during Freeze Concentration of [Mea][Ac]. Ice layer on top and
concentrated bulk on the bottom

From figure 5-A, 86 % of IL was removed in the very first trial and 99 %
of the total in the second step. By mass balance calculation, approximately 10
%(w/w) of the ice sample consists of adhering mother liquor. Considering the log
of IL concentration against wash steps, Figure 5-B, more or less linear correlation
is observed. These indicate that the IL present in ice is probably prevenient from
adhering bulk liquor. Therefore, it is possible to remove water as pure as desired
by tuning wash process design *°. The ratio between the concentrations of [Ac] and
[Hex] anions measured in all streams during the wash process was the same as that
from the initial solution, indicating that no preferential remove, or partition,
happened in the tested conditions.
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2.5 mm

Fig 4: Colored shades indicating IL contamination, white arrows, in melting ice harvested
from crystallizer. Difference in coloring was not observed in washed ice melting.

In the just mentioned experiment, pure water is added in every step, so that
in a closed process all percolated liquid coming from each wash must be combined,
resulting in a single stream to be recycled to the crystallizer. From now on, this
strategy will be addressed as crossflow wash (CF). To investigate an alternative
approach, a counter-current (CC) strategy was assessed. In the CC process, the
percolated liquid from step “n” was used to wash a more contaminated ice slurry,
step “n-17. Then, the resulting stream was used for step “n-2”, and on. The objective
was to reduce water volume by using pure water only in the final wash step.
Experiments were conducted using the same starting solution and wash method
already described. Results comparing CF and CC performance are depicted in
Figure 6.

Both strategies removed IL from ice slurry almost in its totality after 3
washes, carrying away 99.6 % and 98.6 % of initial concentration, CF and CC
respectively. As expected, the reduction profile from CF has a steeper slope than
CC, nevertheless, the final differences tend to fade considering more efficient
washing designs than the manual method employed during the experiments. The
water volume used in three steps wash was 3 times smaller for CC than CF,
consequently, higher IL concentration was obtained in the resulting percolated
stream.
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The use of IL as a solvent for complex matrix dissolution, such as
lignocellulosic feedstock, entails in many potential contaminants to be washout
from ice slurry using the CC strategy. After good results with a model solution, a
real PT stream was used to assess the viability of water removal by freeze
concentration and CC wash. The aqueous solution used is prevenient from
sugarcane straw pre-treatment. In short, it has in composition 20 % (w/w) of IL
molar mixture, [Mea][Ac] 0.75: 0.25 [Mea][Hex], 3 %(w/w) of lignin and other
minor contaminants, such as sugars, water accounts approximately 75 %(w/w). A
more detailed composition and PT conditions were described in chapter 2’. The
starting solution froze at -4.5 °C, a little bit higher than the expected -6.8 °C
observed with the model solution at the same IL concentration. In order to assess
the accuracy of freezing point the melting point was checked by increasing
temperature experiment, then followed by the freezing point repetition, where -4.5
°C is the average of freezing experiments. The difference might be due to IL
decomposition during PT, contaminants bonded to IL hindering IL-water
interaction, or a combination of both. The freezing process was kept for 15 min
until enough ice available for harvesting and wash followed the CC process already
described. The efficiency of wash was measured in terms of lignin removal. Lignin
was chosen to evaluate wash quality due to 3 aspects: i) is the major component in
the solution after IL; ii) it is a complex material, a potential source of different size
molecules contaminants; iii) it is easy and reliably quantified using a
spectrophotometer. The results of CC efficiency are depicted in Figure 7.
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Fig 7: Lignin concentration in melted ice (bars) after sequential CC wash. Pictures
were taken from ice during washing cycles.
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Lignin was removed in almost its totality, 99.7 % of initial concentration
after 3 washes. Lignin was easier washed out than IL in the very first wash step.
Probably the higher water-IL affinity led to a greater exclusion of lignin out of the
surrounding film on ice surface. Lignin precipitation was not observed on the
reactor bottom during the cooling process at -5 °C.

3.3.4 Freeze Concentration Process

In the FC process, by cooling down the system an initial IL aqueous stream
will originate three others, to be precise, concentrated IL, ice and the recycle stream.
It will require a certain amount of work (W), which is dependent, for instance, on
the amount of heat removed from the system, working temperature and the
thermodynamic work of separation, and, then, reject to the environment, namely,
cooling duty (Qauy). The work is performed following the Carnot cycle, where a
gas refrigerant is vaporized subtracting heat from the system in the crystallizer. The
heat transferred from crystallizer plus the heat produced during the gas compression
are rejected in a condenser. The ratio of Quuy to the power required gives the system
coefficient of performance (COP). One way to increase the COP is by improving
the heat recovery. There are two ways of doing so. The first one is to use the ice
produced to cool down the feed stream reducing Quuy. The second one is to use ice
to cool down the condenser after the crystallizer so that the compression power is
considerably reduced. Whether using strategy one or two is dependent on process
conditions and necessities and must be addressed considering one’s system. The
gain by reducing the compression power in strategy 2 must compensate the increase
in Qquy due to a larger temperature gradient between the feed stream and
crystallizer, then, strategy 2 which is more likely to happen at higher temperatures
of crystallization *'.

The energy requirements assumed in the present work consider the values
from Ham *' for the eutectic freezing crystallization of MgCl,. It is a reasonable
assumption given the proximity between the operation temperature, -36 °C for
MgCl, and -31° C for the present work. In this system, ice heat of melting is used
to cool down the feed stream, following strategy 1 for heat recovery. The process’
theoretical flowchart is depicted in Figure 8. For the mass and energy calculations
an IL-water stream is assumed. Therefore, the lignin would be removed in previous
steps, for example, by means of precipitation and adsorption ***,
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Fig 8: FC process flowchart. The numbers indicate independent streams.

The FC is a closed process demanding only electricity and the feed stream
(1) to operate. The water necessary for wash, stream 7, comes from molten ice from
stream 5. During the wash, cooler ice from crystallizer (3) is heated by part of water
liquid in 7, which in turns solidify. The net mass of liquid in pure water flow 7 that
solidifies during wash can be calculated by water mass and energy balance in the
wash column according to equation 12.

mg -AHice = Myjce - CPice AT €q. 12

where my is the mass of solidified water, AH. is the latent heat of ice (334 kl.kg™),
Maice is the mass of ice in 3, Cpic is the heat capacity of ice (2.08 kl.kg" . K") and
AT is the temperature difference between streams 3 (-31 °C) and 7 (0 °C).

The amount of water for washing is especially important for the process;
too little would not wash ice crystals properly or be solidified due to heat transfer
in the wash column. On the other hand, too much would generate a large volume
in recycle flow 6, consequently, increasing significantly stream 2. A large recycle
volume rises investment cost due to larger equipment requirements, especially the
crystallizer, an expensive unit due to its complexity, which might accounts for
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almost 50% of the capital expenditure (CAPEX) *'. It would also increase
operational costs since equipment would consume more energy. The size of 7 is,
then, dependent on the amount of ice to be washed in 3 and is calculated as the
mass ratio between stream 7 and ice in 3, namely wash ratio. Therefore, mass
balances were considered, and the increase in feed stream (2) was calculated as a
function of the wash ratio, depicted in Figure 9.

250 -
g
g 8- - 10°C
e -20°C
sy 2.00 o
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Wash Ratio (w/w)

Fig 9: The increasing factor in feed stream 2 as a function of the wash ratio. The
washing stream was calculated as a mass percent of the ice entering the wash column.
See Figure 7 for labels.

In Figure 9, an increasing factor of 1 means that the mass entering the
crystallizer (2) is the same as that from stream 1 (see Figure 8). A factor of 2 means
that a mass two times greater than that coming from the upstream process in
entering the crystallizer. Although it is possible to find in the literature that the wash
ratio might be as low as 0.09 (w/w) ' this value is not applicable to the present
work; hence all water would be solidified due to heat transfer with ice. Thereby,
the wash ratio is temperature dependent. The calculated minimum value for the
wash ratio is 0.19 (w/w).

Considering above mentioned, the wash ratio was set in 0.20 (w/w). The
mass balance was calculated considering a feed stream of 1 ton of 23 % (w/w) IL
mixture, 0.75 [Mea][Ac]: 0.25 [Mea][Hex] molar fraction, in water. According to
Figure 8, the increasing factor in feed stream for a wash ratio of 20 % is 1.08 and
results are presented in Table 2.
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Table 2: Streams’ composition and mass balance for FC process. Labels are
depicted in Figure 8.

Components (ton)

Stream Water [Mea][Ac] [Mea] [Hex]
1. 0.770 0.155 0.075
2. 0.778 0.202 0.098
3. 0.548 0.047 0.023
4. 0.230 0.155 0.075
5. 0.650 ; ;
6. 0.008 0.047 0.023
7. 0.110 ; ;
8. 0.540 ; ;

Energy consumption: 40 kWh.treq / equivalent to 74 kWh.tic™!

-: not present in that stream

3.4 Conclusions

Diluted [Mea][Ac] and [Mea][Hex] aqueous streams were efficiently
concentrated to 50 % (w/w), without IL loss. After concentration, anions’
proportion of [Mea][Ac]: [Mea]Hex] 0.75:0.25 molar mixture, respectively, was
the same of that from initial solution. [Mea][Hex] might be further concentrated,
beyond 50 %(w/w), using the FC method, additional experiments are needed
though. It is possible to remove water as pure as wanted by tuning the wash process
design, which increases water end-use possibilities.

The wash ratio will directly affect wash efficiency and the increasing
factor. Lower volumes must consider wash methods more efficient, such as
centrifuges and belt filters to separate and wash ice crystals, which in turn consumes
more energy. Higher volumes will increase operational dimensions, increasing the
capital expenditure. This tradeoff must be addressed by a techno-economic
assessment.

FC is a promising method for IL recycling, since it increases IL
concentration without losses.
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Chapter 4°

The Role of Ionic Liquid Pretreatment Design in the Sustainability of
a Biorefinery: a Sugarcane to Ethanol Example

Lignocellulosic (LC) feedstocks are a promising alternative to fossil- based
production of fuels, power and chemicals with its significant global warming
potential (GWP). The balanced utilization of LC residues, such as food crop
remains, is of great importance as an effective way to improve utilization from the
same cultivated land. The conversion of LC's carbohydrates into useful sugars
which in turn are converted into desirable molecules by microbial or chemical
conversion is dependent on the pretreatment (PT) efficiency. lonic liquids (IL) have
been explored as tailored solvents for the solubilization of the LC complex matrix
to overcome the existing hurdles of the PT process. This work assesses the impact
of variables™ set up, associated to IL-based pretreatment, using the production of
ethanol as an example. The influence of temperature, solid loading and IL dilution
in water were systematically studied with respect to mass and energy balance,
CAPEX, yields, profitability and environmental impact. Life cycle analysis (LCA)
was employed in a cradle-to-gate approach. Results showed that solid loading and
IL dilution have a direct effect for the reduction of steam consumption during the
PT and IL recycle and are critical to improve IL utilization, reducing the negative
impacts associated to IL production background and costs, for the environmental
and economic assessment, respectively. Temperature had a direct influence in the
steam consumption and in the saccharification yield, consequently, in the overall
ethanol productivity. Apart from product selling price, IL recycle is the dominant
factor on economic and environmental impacts. The IL-based pretreatment
feasibility was shown to be dependent on conditions that minimize the IL make-up.
This work was conceived on IL-based pretreatment and ethanol production, but the
outcomes provided are valuable for the design of Biorefineries in a broader sense.

3 This chapter is based in a prepared paper to be submitted in the Green Chemistry as:
Ferrari, F.A., Pessoa, G., Franco, T.T., C.K., Witkamp, G.J., Dias, M., Cavaliero, van der
Wielen, L.A.M., Forte, M.B.S. The Role of Tonic Liquid Pretreatment and Recycle Design
in the Sustainability of a Biorefinery: a Sugarcane to Ethanol Example
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4.1 Introduction

The transition towards a low-carbon approach has already moved from
intention to implementation. The environmental arguments are complemented by
economic drivers. Governmental investments on renewable technologies can
potentially generate more jobs than spending on fossil solutions'?. Among the
diverse possibilities, one must consider the best mix of technologies, fitting
resources to the energy consumption profile. Biofuels are an interesting alternative
to fossil fuels for the transport sector, which accounts 32 % of the global total
energy consumption®. Ethanol is a prime example of large-scale application of
renewable energy. In 2019, United States of America and Brazil, first and second
major ethanol producers respectively, produced approximately 49 Mtoe (million
tons of oil equivalent) of ethanol*’, which corresponds to the total energy
consumption of Norway, to put into perspective.

Most of ethanol production follows the sugar platform, in which
carbohydrates are converted to the desired molecule by means of microorganism
cultivation. Based on this transformation concept, sugars can be, ideally,
transformed into any other molecule within the range of metabolites of a given
microorganism. Such diversification brings about the biorefinery potential, from
sugars to products, similarly to from oil to products, in the old-fashioned refineries.
In this sense, any source of carbohydrates is a feedstock. Lignocellulosic (LC)
residues are abundant and globally available. Moreover, LC residues, for instance
crop remains, are a valuable source of carbohydrates that are generated as a by-
product of food production, without the investment in the land area expansion.
Although rich in carbohydrates at 40 — 90 %w ©, these sugars are not readily
available for conversion. Consequently, LC must be treated, thus converting
potential carbohydrates into useful sugars, in a process namely pretreatment (PT)
and saccharification. Pretreatment is considered the most important step for
obtaining an efficient conversion of LC’s constituents’®. Although improvements
have been achieved over the past years, to be effective and economical the PT still
need to overcome some hurdles, for instance: i) high power and energy
consumption; ii) input costs; ii) recovery and recycling of catalyst and solvent,
when applicable; iii) scale-up towards lower CAPEX and OPEX °. In this paper,
we study the outcomes of pretreatment design from the Biorefinery perspective.

One of the most economically successful lignocellulosic sources is the
sugarcane crop, with a global production of about 1.7 gigatonnes in 2019'°. This
crop is especially important in Brazil, where the sector accounts for 2 % of GDP,

and represents 18 % of the total energy offer ''. Moreover, it is noteworthy that
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ethanol production from sugarcane residues, namely second generation, has a
potentially better greenhouse gases (GHG) emissions balance than other high
production crops'?, and can improve biofuel productivity within the same
agricultural area.

Recently, ionic liquids (ILs) have emerged as a solution to the hurdles of
biomass pretreatment. Due to the size, asymmetry, and conformational flexibility
of their ions, ILs have lower melting points than regular salts, in some cases at
temperatures below 100 °C. The design of IL structure, by combining different
cations and anions, determine distinct properties, such as conductivity, vapor
pressure, H bonding potential, density, catalytic sites and dissolution potential®'*.
Significant research was focused on the screening of potential ILs and assessment
of PT conditions concerning LC’s component solubilization and the effect on
subsequent enzymatic saccharification'*® of resulting solids. The influence of
solid loading, temperature and IL dilution in water during PT are reported in

literature, and may vary dependent on ions involved'*'"""?,

Nevertheless, it is crucial to elaborate on techno-economic analysis of
potential large-scale applications when developing new technologies, identifying
and understanding process’ driving forces and economics. In this sense, it is known
that ILs’ price and recycle have an important and direct effect in process
profitability *?**'. Usually, price and availability are pointed out as the limiting
factor of IL large-scale application. Process intensification towards high solid

density are also described as good strategies to improve PT economic feasibility
21,22

The environmental assessment provides critical criteria for renewable
energy technology development. The Life Cycle Assessment (LCA) tool is widely
applied to identify potential environmental impacts of a given product, by
considering not only the production process itself, but also the background
activities and disposal of every relevant input and output. Historically, LCA studies
regarding sugarcane for first-generation ethanol manufacturing point the
agricultural phase as the main emissions hotspot in the life cycle #**. In second-
generation, where different chemicals and inputs are introduced, there are more
process bound emission contributions to be expected, which can change the
aforementioned convention. Nevertheless, the efficiency of second-generation
process in mitigate GHG emissions is usually also dependent on the agricultural
phase, being the choice of the feedstock of great importance®. For ionic liquids,
the embedded environmental burden can be traced back to the IL precursors and
also IL reuse efficiency, and can be as important in the overall process sustainability
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as the economic costs 2.

Through rigorous process simulation and previous work experimental data,
the effect of solid loading (SL), temperature (T) and water proportion (H,O1iq) were
analyzed and the mass and energy balance provided for eight different scenarios.
The CAPEX and OPEX are discussed and linked to the different PT variables, as
well as potential strategies to improve project economic feasibility, energy
consumption and IL recyclability. The environmental impact for the different
operational conditions is addressed by the means of LCA, highlighting potential
emission hotspots and proposing mitigation alternatives in terms of GHG
emissions. The focus is to understand and quantify the impacts of PT using IL in
the overall project rather than testify the economic feasibility of ionic liquid PT
technology, thus identifying set ups and concepts worth changing.

4.2 Method

4.2.1 Overview

The study relates to a Biorefinery project considering sugarcane crop as
feedstock and ethanol as the ultimate product. The ethanol synthesis is based on
biological conversion from carbohydrates. Sugars are available from both
sugarcane juice, basically sucrose (C12), and from the hydrolysis of the
lignocellulose’s (LC) constituents, namely cellulose into C6- sugars and
hemicellulose into C5 sugars. The fermentation of C12 and C6/C5 will be
addressed as first (1G) and second generation (2G) processes, respectively. The
C12 stream starts in the biomass reception and preparation block, depicted in Figure
1, after sugarcane stalks milling and crushing. The extracted juice is treated and
used in 1G fermentation, the residual bagasse combusted for combined heat and
power generation.

The 1G process runs exclusively on stalk derivatives, in another words,
sugarcane juice and bagasse. The 2G process starts with the reception of sugarcane
straw bales. The straw is cleaned and crushed, and subsequently mixed with the
surplus bagasse not burned in boilers. Consequently, the 2G facility is mostly bolted
on straw, accounting for 60 — 70 wt% of total LC. The LC stream is divided since
the 2G process runs for 200 days during the season simultaneously with 1G, and as
a stand-alone unit for 130 days in the off-season period. The LC is, then, destinated
to ionic liquid based (IL) pretreatment (PT). PT was simulated varying 3 key
parameters, namely temperature (T = 80, 110 and 130 °C), solid loading (SL = 10,
20 and 30 %w/w) and water content in the liquid phase (H2Oiiq = 20, 30 and 60
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%w/w). In total, 8 different PT scenarios were considered:7 assessing parameters’
effects, and 1 considering the best design regarding economic feasibility and
environmental impact. Changes in PT conditions impact the subsequent enzymatic
hydrolysis and, consequently, the production of fermentable sugars destined to 2G
fermentation. Variables will also influence hemicellulose and lignin dissolution
during PT. The specifications for each scenario are summarized in the “Process’
Parameters” section and are based on results from a previous work '*. After PT, the
IL is washed out from the residual solids. The liquid stream goes to the IL recycle
section, where the IL concentration is performed by a freezing concentration (FC)
process, followed by a multiple stage evaporation, as shown in Figure 2. The water
content in the recycled IL stream was dependent on the SL and H,Oiiq assumed in
the PT. The pretreated solids are subjected to enzymatic conversion into sugars,
then fermented to ethanol. The fermented streams from 1G and 2G facilities are
distilled together during the season, and 2G alone during off-season. All common
structures and equipment were dimensioned according to 1G+2G demand.

Lignocellulose off-season
Material Allocation ~—___

Combined Heat and Y
Power (CHP)
b @@0 ' ” |
0
— .00 (3 1 SN
o
Biomass Reception Second Generation
and Preparation Y (2G)
sl Z N
First Generation Ethanol Distillation
(1G) Dehydration

Fig 1: Process’ simulation overview.

4.2.2 The Modeling

Simulations were carried using The Virtual Sugarcane Biorefinery
(VSB)*?" established by the National Laboratory of Biorenewables (LNBR),
former CTBE. The VSB is a virtual facility developed to evaluate new technologies
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in biomass conversion platforms, providing useful information for academia,
investors, and decision makers.
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o Crystallizer w A
\ A
\ W
IL +Wk;\> " [ Multiple effect
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W Heat
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Fig 2: IL recycle process. W: water streams; IL: Ionic Liquid streams

The industrial modeling was designed in AspenPlus®, and the main
property method used was NRTL. Redlich—-Kwong equation of state, and Hayden
O’Connell (NRTL-HOC) equation also took place depending on pressure and
concentration of sugars and acids. For boilers and cogeneration, RKS-BM (RKS—
Redlich—-Kwong— Soave and BM-Boston-Mathias alpha function) was used, and
steam tables (Steam NBS) for pure water streams.

Results obtained for the first-generation simulation using the VSB were
validated by its developers against industrial bulletins provided by local Sugarcane
Mills. The deviations between the industrial data and the simulation were 0.24 %
for the ethanol production and 4.2% for the steam generation. The complete
information and description about the model, inventory and VSB can be found
elsewhere 27,

4.2.3 Process’ Parameters

The simulation was performed following an iterative process for energy
and mass convergence. A portion of the LC (solid residues after enzymatic
hydrolysis), bagasse and straw are burned in the cogeneration system to meet the
thermal energy demanded in the process, while the remaining part is diverted to
the 2G facility, which, consequently, alters the energy demand. The convergence is
achieved when the LC estimated for 2G is equal to the calculated LC surplus. The
model also considers the off-season operation, meaning that the surplus LC must
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converge with the estimated demand of season’s 2G and off-season’s 2G and
cogeneration.

The refinery runs for anhydrous ethanol production. Although electricity
accounts as an input and/or output for the process, it is only produced as
consequence of process’ demand for heat, while expanding high pressure steam in
steam turbines. The lack or excess of electricity did not impact the simulation and
was accounted as demand or supply to the electrical grid. The main overall
parameters are summarized in Table 1.

Tab 1: Overall industrial parameters.

Stalks Processed (Mt/yr) 4.00
Dry Straw Processed (Mt/yr) 0.18
Boiler Efficiency (LHV basis) 87.70%
Turbine Isentropic Efficiency 85%
Generator Efficiency 98%
Air Excess in Boilers 30%

Energy Demand for the Process, excluding Straw

Processing (kWh/ t stalks) 300
Electricity Demand for Straw Processing (kWh/t) 8.2
Sugar extraction efficiency 96%
Conversion of sugars to Ethanol (1G) 89.50%
Anhydrous Ethanol Purity (w/w) 99.60%

The PT was simulated according to results from chapter 2, where mixtures
of 2-hydroxyethylammonium acetate ([Mea][Ac]) and 2-hydroxyethylammonium
hexanoate ([Mea][Hex]) were used to pretreat sugarcane straw. In the mentioned
work, the authors assessed PT efficiency, in terms of residual solids enzymatic
digestibility, for several PT designs, from which the variables were selected for the
study carried in the present work. Each set up led to different yields in the
enzymatic hydrolysis step, changed in the simulations according to Table 2.
Likewise, solubilization of LC’s constituents were also adjusted according to PT
conditions. After variables assessment, an additional simulation was carried
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considering the best performing scenario. The Aspen simulation of 2G hierarchyare
depicted in Figures 3 and 4.

The IL recovery, as depicted in Figure 2, considers that the major share of
water is removed from IL recycling streams by freezing crystallization (FC),
reducing the energy demand and avoiding IL loss, chapter 3. Because FC could not
achieve the water level necessary for all PT conditions, a multiple effect evaporator
was considered as well. The mass balance in the FC process was calculated
separately, based on results from chapter 3. An extra scenario in the best design
was used to depict how the process would behave if the crystallization step on the
ionic liquid recycle presented different electricity demand, of 74 kWh/ton (Chapter
3), as opposed to the initial assumption of 12 kWh/ton®®, per ton of ice produced.
The difference on energy consumption is regarded to the distinct operation
temperatures during ice formation, -4.5 °C (12 kwh) and -31 °C (74 kWh).

Tab 2: Summary of pre-treatment and enzymatic hydrolysis conditions assumed in each
scenario.

Pretreatment Enzymatic Hydrolysis
Temperature (T °C) 80,110,130  Temperature / Residence Time 50 °C/48h
Solid L oadi SL - % . .
olid Loading ( ° 10,20.30  Solid Loading 15 % wiw
W/W)
Water Content in Liquid 58 gkgt

20,3060 Enzyme Loading

Fraction (H2Oiq - % W/w) cellulose

Component Solubilization during

Scenarios Pretreatm ent ® Yield Enzymatic
T - H20y, - SL Xylose / Liguin (% w/w) Conversion *° (%)
130-30-20% 18.6/24.2 96
80-30-20 10.0/24.2 70
110-30-20 12.0/24.2 82
130-20-20 18.6/24.4 96
130-60-20 18.6/122 88
130-30-10 18.6/30.0 96
130-30-30 18.6/12.2 96
130-60-30 18.6/12.2 88
Sugars conversion to 1G (C12 and C6) — 88% 2G (C6 and C5)— 80 %

Ethanol

* base case scenario; ? value assumed based on experimental results from Ferrari et al (2019):  cellulose and

hemicellulose hydrolysis.
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Fig 3: 2G facility used in simulations
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Fig 4: IL recycle hierarchy.
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IL losses occur predominantly during PT and IL recycle. It was found that
84 % of the ethanolammonium in [Mea][Ac] can be converted to acetamide after
the 6" pretreatment cycle, if the proportion of acid and base are not adjusted *-*°.
The reasons and quantities of IL losses are not on the scope of this work, therefore,
an overall make up of 5 % in mass is assumed.

4.2.4 Economic

Equipment and installations capital expenditures (CAPEX) were calculated
based on the literature, especially on VSB’s values ***’. For the PT reactor and FC
process the costs were based on BARAL; SHAH (2016)*' and VAN DER HAM
(1999)*, respectively. The FC process encompasses a crystallizer, two wash
columns, a centrifuge and a cooling machine. The equipment’s size was adjusted
using the Six-Tenths rule, and values adjusted by the Chemical Engineering Plant
Cost Index (CEPCI). As this study considers a project based on Brazil, a
localization factor of 1.35 and an exchange of 3.88 R$/ US$ were assumed. The
main economic assumptions are summarized in Table 3. The electricity selling
price was based on values provided by local sugarcane mills, and electricity
purchase price based on the Brazilian National Agency of Electric Energy
(ANEEL) tariff **. The production cost associated to sugarcane stalks and straw
were obtained using CanaSoft spreadsheet-based model, developed by the LNBR
in the Virtual Sugarcane Biorefinery context?’.

Ionic liquid price was calculated according to equation 1, established by
CHEN et al. (2014).

_ MyP; + M,P,

Wprice =37 =1 eq. 1

where, M and M, are the molecular weight of starting materials, while P and P,
the price of the two starting materials. The price estimation assumes an IL mixture
of 75% [Mea][Ac] and 25% [Mea][Hex].

The Internal rate of return (IRR) was calculated based on a greenfield
project (1G + 2G). In the sensitivity analysis, a variation of = 20% was considered
on the prices of ethanol, IL, sugarcane stalks and straw, + 40% on 2G CAPEX, and
an IL make up of 1% and 10% for the optimistic and pessimistic scenarios,
respectively, to evaluate their impact on the IRR.
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Tab 3: Main Economic Parameters

Economic Parameters

Equity 100%
Depreciation : 0%’

10 yrs linear
Lifespan 25 yrs
Income Tax 34% /yr
Discount Rate 12% /yr
IL Price ($/t) 1460.00
Stalks Cost (US$/t) 21.26
Straw Cost (US$/t) 24.48
Ethanol Price (US$/kg) 0.49
}E{ljesc;i\jll\tzllhs)elhng Price 54.03
fé?;ﬁ\%}ﬁuymg Price 122,68
Maintenance 3 % CAPEX/

yr

Staff 301
Cost/ Staff $1194.34

4.2.5 Environmental

The Life Cycle Inventories (LCI) for each scenario were built on SimaPro v9,
using Ecolnvent 3.5 as the main database for background information. The APOS
(allocation at point-of-substitution) were the datasets of choice, with the “market
for” inventories being used, to better represent the market share for different
manufacturers and processes with the same output. When available, inventories
regionalized for Brazil (BR) were preferred, but otherwise, “Rest of the World”
(RoW) and “Global” (GLO) data sets were used.

To better represent Brazilian sugarcane agricultural activities, with straw as
coproduct, the LCI published by the former CTBE ** was adapted. Straw-to-stalk
proportion and allowed retrieval fraction followed the work of Menandro et al.
(2017)*. ReCiPe 2016 was selected as the impact assessment (LCIA) method, since
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it presents characterization factors and normalization standards applicable on a
global scale *°. Three impact categories were considered: global warming potential
(GWP), marine ecotoxicity, and water consumption.

The Life Cycle Assessment (LCA) adopted a “cradle-to-gate” approach, with
1 kg of ethanol as functional unit. Coproduction of electricity was accounted as an
avoided product, using the Brazilian electricity matrix as reference, available on
Ecolnvent. Minor products such as low-grade ethanol, fuse oil and filter cake had
no allocation of burden.

Even though the ionic liquid adopted in this study is a mixture of [Mea][Ac]
and [Mea][Hex], this input was simplified as pure [Mea][Ac] in the LCI. This is
due to the lack of data on hexanoic acid production on Ecolnvent and other LClIs
published in the literature. Acetic acid and monoethanolamine were used instead,
in stoichiometric proportions. The effect of recycling water from the crystallization
step was also explored on the water consumption impact category. IL losses are
sent along with the other aqueous process’ streams to a generic wastewater
treatment unit, represented by the inventory “wastewater treatment (RoW), market
for”, on Ecolnvent, assuming ILs biodegradation in this process *"**. Thus, IL’s
environmental impact is mostly arising from its production background.

For the initial scenario screening, the LCIs for off-season operation were used,
since the operational aspects related to the ionic liquid are more apparent. The first
generation sugarcane mill, used as baseline on the LCIA, was based on the Virtual
Sugarcane Biorefinery (VSB) Autonomous Optimized **, with minor adjustments
to match the first generation plant’s operating conditions, present in the Aspen
simulations.

To display the ionic liquid process’ decarbonization potential, the Brazilian
RenovaBio certificate (CBio) was used. Gasoline was adopted as the fossil
counterpart, with an emission factor of 93 gCOs.q.MJ™'. Anhydrous ethanol energy
content is of 27 MJ.kg™" *°. All vehicular carbon emissions from ethanol were
assumed as biogenic and were not accounted for.

4.3 Results And Discussion

The simulations reflect the impact of PT set up on the mass and energy
balance. Therefore, the impact of variables T, SL and H,Oiq were assessed
considering the whole biorefinery perspective, and are disclosed as: a) process’
implications: mass flow, energy consumption and yields; b) economy: equipment
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size and CAPEX implications; ¢) environmental: life cycle analysis. The PT set up
in base case is 130 °C (T), 30 % (H2O1iq) and 20 % (SL).

4.3.1 Pretreatment conditions impact on process streams.

Although a combined 1G and 2G plant was simulated, the impacts of T, SL
and H,Or will be discussed concerning the 2G facility, schematized in Figure 5.
Table 4 summarizes the yields of anhydrous ethanol and residual solids on biomass
base, and process steam and IL consumption.

% Filter _— Filter
AT\ Solid-liquid separation Solid-liquid separation
q P q P
Biomass (LCM)Y™ A o 3
Enzymatic —
Pretreatment 4‘ | : * L — non-hydrolyzed
PT slurry PI*goliis Hydrolysis carbohydrates and
lignin (Cellulignin)
S (zcRrdara s ]
IL liquor : Water 1
i
IL Stream lonic Liquid | Water | _- ~__ Sugar Broth
Recycle 'y _———— concentration
v
2G
Water: \[Fermentation A Vinasse and
1L Recycle QA Phleg
. " oy b e
Broth concentration
: Ethanol N .
Ethanol Dehydration Water Distillation and [F"¢ Oil
Dehydration
Anhydous Low Grade
Bl l Ethanol

Fig 5: 2G plant scheme. Triangles identify relevant steam consumption
processes: 6 bar (black); 2 bar (white).

The increase in temperature during pretreatment has a direct and, usually,
positive effect on the enzymatic digestibility of residual solids. On the other hand,
higher temperatures demand more steam, consequently, higher amounts of LC will
be burned in the boilers to compensate for it. Therefore, both pretreatment and
steam production affect LC consumption, competing for it. The decrease in
temperature from 130 °C to 110 °C reduced in 32 % the steam consumption to
pretreat 1 kg of biomass and, at 80 °C the reduction reached 74 %. However, during
enzymatic hydrolysis, solids pretreated at 130 °C have a higher conversion yield
(96 %) than those pretreated at 80 °C and 110 °C (70 % and 82 %, respectively).
Differences in enzymatic conversion have a direct effect on sugars’ concentration,
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which must be adjusted to maximize ethanol productivity. Therefore, the stream
from enzymatic hydrolysis is, concentrated in a multiple-effect evaporator, as
shown in Figure 3. Higher enzymatic conversions lead to more concentrated
streams after hydrolysis, and, consequently, lower amounts of steam consumed to
reach the appropriate sugar composition. Although some energy was spared during
pretreatment at 80 °C and 110 °C, steam consumed in multiple effect evaporators
were 70 % and 127 % higher than the base case, respectively. Considering the
overall steam balance in 2G ethanol production, the process with pretreatment at
130 °C exhibited better energy efficiency than at 80 °C and 110 °C, improving the
ethanol yield in 9% and 4 %, respectively, mainly due to the higher enzymatic
conversion. Besides the lower steam consumption, a higher enzymatic conversion
is crucial to improve the relation between ethanol produced and IL consumed:
scenario with pretreatment at 130 °C was 13 % more effective in terms of IL utilized
than the scenario at lower T (80 °C).

Tab 4: Yields of ethanol and cellulignin as function of the mass of biomass consumed,
steam and lonic Liquid used in the second generation (2G) facility. Results from
simulations.

Yese  Yeept  Yweistam  Yen  Youf/Be  YouS/Bpt ngllj:n

W) W)W e e
TSL”;’OC//;IESQS :gagg/ 0216 0283 0095 178  0.16 021 08I
TR IO 0097 0214 0086 155 036 039 047
T IO 30%Y 0210 0249 0091 177 026 031 0.59
T-130 SE/ ‘2{50; ‘WZ" W 0219 0283 0095 169 0.17 022 083
TA0TIO- 0N 0037 0261 0112 329 027 030 071
TS0 TIR0- 0N 0200 0283 0080 084 0.5 021 081
T 0052 0284 0124 382 022 025 085

Yemtt: Anhydrous Ethanol/ total dry biomass pretreated and consumed for energy purpose; Y g/Bpt: Anhydrous
Ethanol/ dry biomass pretreated; YE/steam: Anhydrous Ethanol/ steam produced (2G); YL/ Btt: Cellulignin

after hydrolysis/ dry biomass pretreated and burned in boilers YcL¢/Bpt: Cellulignin after hydrolysis/ dry
biomass pretreated; “ dry solids after enzymatic hydrolysis.
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Biomass pretreatment in water diluted solutions reduce the amount of IL
consumed, decreasing process operational costs. Regardless of IL savings, water
addition generally affects pretreatment’s efficiency in IL process '**°, decreasing
sugar yielded from residual solids during hydrolysis. In the present work, water
content in the pretreatment reactor lower than 20 %(w/w) could not be achieved
considering the LC’s initial moisture, approximately 50 %(w/w), at a SL of 20
%(w/w). The relationship between SL, moisture and H>Oyq is depicted in Figure 6.
As expected, the increase in water content reduced in almost 50% the amount of IL
consumed per unit of ethanol produced.The reduction in enzymatic conversion
from 96% to 88% due to water addition during pretreatment had a negative effect
on ethanol yield from pretreated biomass. However, at higher H,Oyiq less water had
to be removed from IL recycling stream, which in turn consumed less energy. The
increase in HxOuiq from 30 to 60 % decreased in 18% the total steam consumption
and improved in 13 % the overall ethanol yield. For scenarios with H,Oyiq 60 %, IL
was concentrated exclusively by the freeze concentration process (FC).

100%

100% 80%
60%
80% 40% o
s F 20% - -
2 z = B
2 60% s %4 —
& £ 100%
5
S 40% gt
: . g
51
m B
2 =
20% -
| = T
0% S— 0% —

1% 5% 10% 15% 20% 30% 1% s% 10% 15% 20% 30%
Solid Loading (w/w)
Solid Loading (w/w)

Biomass mWater IL

Fig 6: Mass proportion of the three main components during pretreatment at several
solid loadings, considering three different biomass moisture,e.g., 50 %w (A), 30 %w
(B) and 10 %w (C), and assuming an anhydrous ionic liquid.

It is evident that the SL direct impacts the amount of IL. consumed during
pretreatment. The highest SL (30) scenario presented an IL consumption 48 %
lower than that from SL at 20 %. Moreover, the lowest SL (10) scenario revealed
the worst energy balance and ethanol productivity, 16 % and 10% lower than that
from base case scenario, respectively. Changing SL had a direct and substantial
effect on the energy consumed during pretreatment. The reduction from 20 to 10%
in SL increased in 77 % the amount of steam (6 bar) consumed to pretreat the
equivalent mass of biomass, while a reduction of 20 % was observed at the highest

96



SL (30). SL set up was also relevant for lignin. The lowest percentage of lignin
loss, 16 % (w/w), was observed in the scenario with the highest SL (30), which also
originated the residual solid, after hydrolysis (cellulignin), with higher lignin
concentration, 85 %(w/w), as summarized in Table 4.

4.3.2 Economics

The PT design impacted the CAPEXof almost all units from the 2G facility,
summarized on Table 5. Among them, enzymatic hydrolysis, pretreatment and IL
recycle were affected the most. The IL recycle facility accounted for approximately
half of 2G CAPEX, mainly due to the high cost of the FC unit. Even that FC unit
represents a significant share of CAPEX, it might be an efficient way to avoid IL
losses during recycling.

The breakdown of 2G anhydrous ethanol production in its major cost
drivers is depicted in Figure 7.

Cane stalks = Straw = Tonic Liquid
Other inputs = Maintenance = Enzyme
= Yeast = Labor force = Capital

Fig 7: Breakdown of 2G anhydrous ethanol production cost, considering the base case
scenario with 5 % of IL make up. Production cost of 1 L ethanol (2G) US$ 1.18. Total
yearly production cost for 2G ethanol 111.7 Mi USS.

Although the decrease in pretreatment temperatures was beneficial to
increase LC surplus, it did not compensate for the decrease in enzymatic
conversion, leading to a reduction in the annual profit, 4.3 % and 21.8 % for the
pretreatments at 110 °C and 80°C scenarios, respectively, in comparison with that
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from the base case. Conversely, the reduction in hydrolysis efficiency, due to water
increase in pretreatment, was compensated by the increment in LC surplus due to
energy savings and reflected by the growth in ethanol production. The increase in
H»Oiiq was also responsible for a substantial decrease in IL consumption. Thereby,
the annual net profit was boosted in 64.5 % (H20iiq 60 %), compared to base case.

The SL was even more critical for process economic feasibility. The lower
the solid density is, the bigger is the reactor volume to keep mass productivity
during pretreatment. Likewise, bigger is the IL recycle system due to the higher
liquid volume. Nevertheless, the most important consequences about SL were
related to ethanol productivity and IL consumption; therefore, increasing SL from
20 to 30 % led to an increase of 82% in the annual net profit.

Table 5: Capital Expenditure, ethanol production and Ionic Liquid expenses from the

different scenarios.
T 130 °C

CAPEX 2G ’ T s0:<c T 110°c T 130°Cc T 130°c T 130°C T 130°C
HOw 30%0W g0, 30 %w MO, 30%w  HO, 20 %w  HO, 60 %w O, 30 %w  HO. 30 %w
(Mi USS) oL 209%w SL 20%w SL 20%w SL  20%w SL  20%w SL 10%w SL 30 %w
Pretreatment 20.185 23113 22.055 20917 22886 29817 16.788
Solid-Liquid Separation _ e
e Pr 5.753 11.198 10.638 9.826 11.144 9.020 10.565
Enzymatic Hydrolysis 19.148 23330 22.121 19.148 23.330 17.939 22121
Solid-Liquid Separation N N N
After Hydrolysis 4323 9.441 7.642 4379 7.676 4209 5978
C-5and C-65
and &9 dugars 0.719 1.623 1.202 0.763 1228 0.635 0.940
Concentration
Fermentation 2G 16.266 16.266 16.266 16.266 16.266 16.266 16.266
Yeast Propagation 1.076 0.530 0.530 1.076 1.076 0.530 1.076
Sub-Total 71.473 85.504 80.458 72377 83.608 78.419 73.737
IL Freeze Concentration 70.963 80.882 77.198 72.695 $0.019 82.617 69.706
IL Evaporation 10.459 14.406 13.099 12.825 0.000 6.935 14.058
TOTAL 2G 132,894 180.792 170.756 157.897 163.627 167.972 157.501
2G Anhydrous Ethanol 543 884 533 532 106.8 851 107.0
Production/ year (Mi L)*
Increment in Tofal +276% +25.9% +273% +273% +313% +249% +313%
Ethanol production®
Net Profit/ year
283 221 26.8 24.0 46.6 -23.8 516
(Mi US$) 2

2: considering 5% of IL make up. * The production of 1G anhydrous ethanol was the same for all scenarios, 341.5 Mi L year.

98



4.3.3 Best Scenario Configuration

In the light of what has been discussed, an additional set up was simulated
considering the best choice design. An extra scenario in the best design was used
to depict how the process would behave if the crystallization step on the ionic liquid
recycle presented an electricity demand of 74 kWh/ton, chapter 3, as opposed to
the initial assumption of 12 kWh/ton %, per ton of water crystalized. Results are
summarized in Table 6.

Table 6: Economic and Process metrics from Scenario T 130 °C/ H,O,60 %w/ SL 30 %.

CAPEX 1G CAPEX 2G Expenses
millions of US$ millions of US$ millions of USS/ year
Auzxiliary Buildings and <
_ L 462 Pretreatment 183 Sugarcane 851
Urbanization
Sugarcane Reception Solid-Liquid Separation Lo Lo A
and Broth Extraction 3.1 After Pretreatment 113 Tonic Liquid 11
Straw Processing 11.6 Enzymatic Hydrolysis 245 Enzymes 145
Broth Treat.:ment and 17.0 Solid-Liquid Se.paratlon 77 Maintenance 133
Concentration After Hydrolysis
1G Fermentation 175 ~ Hydrolyzed Sugars 13 Straw 45
Concentration
Ethanol Facility 582 Fermentation 2G 163 Labor 43
Steam Production and :
Distribution 62.8 Yeast Propagation 11 Other Inputs 32
Electricity Production 246 Sub-Total 80.5  Yeast 0.6
and Distribution
Water Syst d Revenue
aver System an 186  IL Crystallization 751 )
Compressed Air (Mi US$/ year)
Electricity*
Total 1G 2892  IL Evaporation 0.0 ectrictty 12.6/3.6
(FC: 12 hWh/ 74 kWh)
Toral 2G 135.6 Ethanol 1G 167.8
TOTAL 1G + 2G = 444.8 Ethanol 2G 4.6
2G Process Yield Parameters gy
Ye/But 0.250 Y& Steam 0.129 Yerimu 0.29
Yeep 0261 Yoo 583 Yoot ept 030

Lignin in CL 0.71

a: considering 5% of IL make up; Yemy: Anhydrous Ethanol/ dry biomass pretreated and bumed in boilers; Yemp: Anhydrous Ethanol/ dry biomass
pretreated; Yr/steam: Anhydrous Ethanol/ steam produced; Y¢r©py: Cellulignin after hydrolysis/ dry biomass pretreated and bumed in boilers Yep©
sBpt: Cellulignin after hydrolysis/ dry biomass pretreated; U dry solids after enzymatic hydrolysis.*: electricity revenue idering FC electricity
consumption of 12 kWh'ton and 74 KWh'ton.

Although temperature reduction was beneficial in terms of energy demand,
the resulted surplus in LCM was not sufficient to compensate the reduction in
enzymatic conversion yield, leading to a lower ethanol productivity thus.
Nevertheless, it is important to highlight that any reduction in PT temperature
without significant loss in the subsequent enzymatic step is highly desirable. Based
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on scenarios considered in this work, the process would be benefitted in terms of
ethanol production when the reduction in enzymatic hydrolysis, due to reduction in
PT temperature, does not exceed 15 %. Besides decreasing energy demand, T
reduction might also be beneficial for particular ILs, avoiding undesirable reactions
¥ In a system where the IL make up is benefited by milder PT’s conditions, lower
temperatures should be considered, even if they lead to a decrease in enzymatic
conversion yield. To elaborate on that, if an IL make up of 2.5 % was assumed for
the lowest T (80 °C) scenario, in contrast with 5 % for the base case, owing to a
reduction in pretreatment temperature that would have doubled the economic
performance in terms of investment return, (IRR), even with an enzymatic
conversion 40 % lower. IL decomposition during PT is out of scope from the
present study, thereby, it was assumed the same IL make-up in all scenarios and,
the T of 130 °C was assumed in the best scenario. The H2Oiiq 60 % was considered
due to the reduction in IL consumption, decrease in energy demand and avoidance
of IL drying by evaporation step, which might be a potential spot for IL loss. The
SL 30% was assumed; since, it had the best performance on IL and energy
consumption. The increase in process power demand decreased 3.5 fold the revenue
prevenient from electricity commercialization, impacting directly on overall
profitability. Major impacts were also observed in the environmental assessment,
as discussed later.

Although the best scenario was set to minimize IL make up, the IL recycle
remains one of the major economic cost drivers, as shown by the sensitivity analysis
depicted in Figure 8, which illustrates the effect of key variables from the process
in the Internal rate of Return (IRR) for both scenarios of electric demand (12 kWh
and 74 kWh). The analysis assumes a green field project, in which the total CAPEX
(1G + 2QG) is considered. The 1G plant corresponds to 65 % of the total CAPEX
investment, the 2G facility can represent weather a benefit or disadvantage for the
overall economics depending on how it is designed, as discussed further on. The
given numbers observed in the scenario considering lower electric consumption are
dislocated towards larger IRR values due to the extra revenue accounted by greater
electricity commercialization, which also decreased the negative effect of inputs’
costs.

The IL recycle, rather than its price, should be tackled, even considering
more expensive methods, such as FC, towards process’ economic feasibility. Even
with higher CAPEX, the FC process can considerably reduce the energy
consumption related IL recycle per mass of pretreated biomass, considering
distillation, 91% of reduction, based on values reported in Chapter 3 and
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literature*'. Moreover, the complete IL recovery is even more relevant in the light
of environmental sustainability. Sun et al (2017) efficiently recycled IL using
pervaporation, beyond 99%. Nevertheless, the results showed a low cost-
effectiveness of this technique in comparison with vacuum distillation at high rates
of IL recovery and lower IL prices, due to increased operational costs, despite the
higher energy efficiency*?. The advantage of the FC process relies on the efficiency
of IL recovery, low energy consumption and operational costs.

Internal Rate of Return (IRR)

1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 1% 2% 3% 4% 3% 6% 7% 8% 9% 10% 11%
Ethanol Price [ — [
IL Recycle [ |
CAPEX 2G I | |
Sugarcane Stalks Price _— __
1L Price i | i |
Straw Price (] 74 kWh 12 kWh “

Fig 8: Economic sensitivity analysis depicted as tornado chart. The effects of variations
are expressed in terms of Internal Rate of Return (IRR, % per yr) for both electric
consumption figures assumed during the freeze concentration process. IRR considering
1G +2G.

The most relevant factor from Figure 8, as expected, was the product price.
The 2G ethanol corresponded to approximately 25 % of total ethanol production,
and accounts for 24 % of the total annual revenue. One strategy to improve the
average ethanol selling price is to go for markets inclined to pay more for advanced
fuels, such as the 2G cellulosic ethanol.

A second way could rely on diversification, similarly to an oil refinery.
Including different value-added molecules in the Biorefinery’s portfolio would help
2G valorization and reduce risks endured from market fluctuations. The revenue
breakdown from the 74 kWh scenario, and IRR as a function of 2G CAPEX and
2G product selling price, are depicted in Figure 9, which also remarks three
potential molecules for 2G production with higher market selling prices than
ethanol. Besides the attractiveness of selling value, these chemicals were selected
based on global market size and mature technology readiness level (TRL 8- 9), thus
having a near-term deployment potential **.
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In order to elaborate on molecules diversification, a hypothetical
production of lactic acid (LA) was included in the 2G facility, adjusting CAPEX,
average product selling price and IRR as function of the fraction of biomass
diverted to LA production rather to ethanol, based on values found in literature **.
The additional capital for LA’s facility was calculated from the CAPEX of
production and purification sections, assuming a constant relationship between cost
and ton of LA produced. In a scenario where 20 % of pretreated biomass is diverted
to LA production, and remaining 80 % to ethanol, the IRR would be 33 % higher
than that achieved by only producing ethanol. The same strategy could be applied
for other molecules. Nevertheless, it is important to mention that the ethanol
production is crucial to keep in place the economy of scale, and the choice of
product diversification must consider other arguments further than IRR, for
instance, process intensification, beyond the scope of this work.

1 20%

s CAPEX 2G 152 Mi US$
====-CAPEX 2G 190 Mi US$

Ethanol 2G CAPEX 2G 243 Mi US$
24%, Potential Molecules Price/

Global Market size
v Lactic Acid - 2.00 $.kg/ 300 kt
v Succinic Acid —3.40 3 kg'/ 45 kt

1 16%

v Butanediol - 2.8 $ kg''/ 1.5 Mt
¥ Ethanol - 0.49 S kg'// 90 Mt

1 8%

(48 95,) wIMay Jo vy wIup

Ethanol 1G w Ethanol 2G  Electricity " r T T
030 0.80 1.30 1.80

2G Product Average Selling Price (USS.kg-1)

Fig 9: On the left-hand side, best scenario revenue profile, and examples of potential
molecules. On the right, calculated Intern Rate of Return (IRR %yr) as a function of
different values of 2G CAPEX and 2G product selling price. Labels represent the 2G
CAPEX, 2G product average selling price and IRR for a production mix when in “i” 0
%, “ii” 10 %, “iii” 20% and “iv” 50% of the biomass is destinated to Lactic acid
production rather than ethanol in the 2G facility. The “*” represents the scenario
considering 12 kWh during FC, all others consider the 74 kWh scenario. Market and
price data: NREL, 2016%. Lactic acid production: Gezae Daful ez al. (2018)*.

4.3.4 Environmental Assessment

In the overall perspective, the IL background production played a major role
in three impact categories, as shown in Figures 10: (A) marine ecotoxicity, (B)
water consumption and (C) GWP. On the initial LCIA run, with all of ReCiPe
impact categories, five emerged as hotspots after normalization: terrestrial,
freshwater and marine ecotoxicities; and carcinogenic and non-carcinogenic human
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toxicities. Among the five, marine ecotoxicity was the most prominent and was,
then, selected for further analysis. On the remaining four, sugarcane straw, ionic
liquid and enzymes were identified as the main contributors. The IL is produced by
a mass proportion of 49.6% acetic acid and 50.4% monoethanolamine. This trend
proportion is followed into the LCIA, whereas in GWP, monoethanolamine has a
bigger share (62.5%).

Process design decisions that minimize the make up of IL led to smaller marks
on the three selected impact categories. By coupling specific scenarios it is possible
to verify the positive effect of increasing: water loading on pretreatment (130-20-
20, 130-30-20 and 130-60-20) , temperature on pretreatment (80-30-20, 110-30-20
and 130-30-20) and solids loading on the hydrolysis (130-30-10, 130-30-20 and
130-30-30).

The best configuration on all three impact categories combines the
aforementioned design choices: T130 °C, H,O1iq 60 and SL30, where IL make up
is the lowest. Without optimization, ionic liquid production background can
represent a significant share of the environmental burden, surpassing all other
inputs and process steps in most scenarios in GWP and marine ecotoxicity. In water
consumption, on the other hand, the process activity emerges as a new hotspot. This
water demand can be traced to the boiler water make-up, pretreated biomass
washing, and water loading in the hydrolysis. By comparing to the 1G baseline
scenario, where the last two demands are absent, this difference becomes apparent.

It is important to remark, however, that the increased ethanol production in
the 1G baseline compared to all 2G off-season scenarios, generates a dilution effect
on all three impact categories. So, in order to mitigate this perception, both season
and off-season operations were segregated and contrasted for the subsequent
analysis, as shown in Figure 11. For scenario 130-60-30 (74 kWh), operation in the
off-season negatively affects the whole-year performance on all categories, with
the opposite happening with 130-60-30. This shows the effect of generating
electricity surplus as opposed to using it from the grid in the overall performance.
Now considering the whole-year operation for both scenarios compared to 1G
baseline, 130-60-30 only succeeds in improving over the benchmark in GWP, with
a potential reduction of 13.7%. For both scenarios, off-season appears as the offset,
bringing the whole-year impact up and above the 1G baseline marks, on marine
ecotoxicity and water consumption.

As mentioned before, IL. make up was identified as a hotspot, so efforts
towards improvements on IL recycle may have a strong effect on the overall

103



environmental performance. Addressing this, a sensitivity analysis was carried out
on the IL make up, Figure 12. GWP and marine ecotoxicity indicators could be
reduced by 40%, and water consumption by 28%, by reducing IL make-up from
5% to 1%. While the latter two impact categories are, still, superior to 1G baseline,
they could be further improved by addressing other hotspots, such as enzyme
consumption and water usage in the process.
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Fig 10: Scenario comparison for: (A) marine ecotoxicity, (B) water consumption and (C)
Global Warming Potential (GWP). (T-H2Oiq- SL)
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Fig 11: LCIA comparison for different operational periods (T — H2Oiiq — SL)
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Fig 12: Ionic liquid make-up sensibility analysis (Off-Season operation)

In order to show the process potential for carbon emission mitigation the net
avoided emissions in greenhouse gases were accounted for considering gasoline as
the fossil counterpart, Figure 13. While in scenario 130-60-30 (74 kWh), the whole-
year operation presents a bigger GWP indicator than 1G baseline, the increase in
ethanol production, using the same sugarcane stalk crushing capacity in the mill,
results in a boost of 23% in avoided emissions. For 130-60-30 (12kWh), 48%. In
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the end, even with a larger GWP, in the 74 kWh’s case, compared to 1G baseline,
the net avoided emissions can be increased. And the boost in ethanol production,
using the same sugarcane stalk crushing capacity and, consequently, the same
agricultural land, can improve the amount of avoided GHG emissions.

700 -
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200 -

Net avoid GHG emission (ktons CO2 eq)

130-60-30 130-60-30 1G baseline
(12 kWh) (74 kWh)

B Off-Season = Season

Fig 13: Global warming mitigation capacity for the same sugarcane stalk crushing
capacity

4.4 Conclusions

The influence of the pretreatment (PT) design using ionic liquid (IL) for
production of ethanol from sugarcane was systematically assessed on a Biorefinery
perspective. The decrease in PT temperature reduced considerably the energy
expended during PT, but the generated lignocellulose surplus did not compensate
for the reduction in enzymatic hydrolysis conversion, resulting in a decreased
ethanol productivity. Nevertheless, if the IL. make up is positively affected by lower
PT temperatures, the economic performance of the plant may overcome even lower
enzymatic conversions.

The increase in water concentration during PT from 20% to 60% reduced
in 96 % the IL consumption. At the higher water content, IL was recycled from
water exclusively by the FC process. The SL had the highest impact on ethanol
productivity, yield and on IL consumption among the assessed parameters.

PT design had a relevant and direct effect on PT reactor and IL recycle
CAPEX, and an indirect effect on enzymatic hydrolysis reactor CAPEX. Among
the assessed variables, SL had the highest impact on CAPEX. The project’s
economic feasibility, expressed as IRR, was most sensible to product selling price
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variation, followed by IL make up, 2G CAPEX, sugarcane stalks price, IL price
and straw price. Diversification is an efficient strategy to increase the average
product selling price, and, consequently, improve process’ economic attractiveness.

The efficient IL recycle, reduction in energy consumption and unnecessary
use of consumables are the strengths of the FC process, resulting in low OPEX,
supporting its economic feasibility despite to account for 48 % of total 2G CAPEX.

Most of the process parameters analyzed on this work had a significant
impact on ethanol’s environmental impact profile. This effect translates into the
necessary make up for ionic liquid, the main contributor for the most significant
impact categories, by normalization.

IL make up, rather than its price, is the most urgent aspect to be improved
in an ionic liquid pretreatment based Biorefinery. Beyond economic arguments,
improving IL recycle is crucial to consider it a green solvent. The increase in
CAPEX is justified by the reduction of OPEX and, therefore, should not be the
limiting aspect.
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Chapter 5

Bioenergy and Thesis Outlook
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In 2020, we experienced how the decrease in the human activity had a
positive effect in the reduction of greenhouse gases emissions. International Energy
Agency estimated 10 -25% reduction in energy demand subject to severity of
lockdown regime, and approximately 8% reduction in GHG emissions relative to
2019'. But there is no reason to celebrate, since such reduction was caused by a
global pandemic disease, the Covid-19, which led to the deaths and
impoverishment of millions. Even though improvement in the human development
index (HDI) has been shown to directly relate to the increase in the energy
consumption?, it illustrated that the economic growth is not the only criterion for
society prosperity.

Although the reduction in consumption would be an efficient strategy to
decrease environmental impact of human activities °, it is unlikely to continue in
the next, post-pandemic years at a global scale. Even if highly industrialized and
developed countries are effective in reducing their relative energy consumption, the
development of Africa, Asia and Latin America will inevitably lead to an increase
in their energy consumption, boosting global demand for energy and resources”.

The deployment of bioenergy as a major player for energy transition is
often questioned. The threats to biodiversity and food security are hot topics under
the debate around the feasibility of bioenergy expansion. Dealing with such
criticism should not be avoided but embraced to guide the development of
sustainable technologies and public policies instead. The vulnerabilities concerning
food security and biodiversity are a heritage from unsustainable business-as-usual.
The new technologies, such as underpinning modern bioenergy development, are
an opportunity to tackle these issues which are a consequence of our unsustainable
economic development.

It is estimated that biomass —done right- can supply almost 50 % of global
total energy demand by 2050 without compromising biodiversity, water and food
security’. As a matter of fact, the development of a sustainable bioenergy sector has
been claimed to support secure and sustainable food production®. The necessary
technical effort to improve agricultural productivity is common for combined
energy and food crops. From a Brazilian perspective, the knowledge and
infrastructure created due to the expansion of bioenergy in 70’s and 80’s were
extensively used for the intensification of food production. It is expected that the
agricultural productivity increases between 0.6% - 0.8% yearly’. Carefully
selected, multi-annual biomass production in marginal and degraded areas can be
used to reestablish the soil fertility, improving and expanding agricultural
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productivity’. Improving the fertility of marginal lands is even more relevant if we
consider the clime-change effect on food production.

Apart from environmental aspect, the investment in renewable energy can
potentially generate almost two times more® jobs compared to the more capital
intensive fossil solutions. Bioenergy is an interdependent sector, involving
multiple stakeholders and can play an important role for the development of
vulnerable areas, thus promoting inclusive growth®'’. The use of agricultural and
forestry residues, such as food crop remains, is a fundamental strategy to increase
bioenergy capacity and increase the value added to the feedstock without land area
expansion, as observed in Chapter 4.

In this thesis, lonic Liquids’ (ILs) solvent character was explored for the
pretreatment of lignocellulosic (LC) residues, which are saccharified and, then,
biologically converted into desirable molecules. In chapter 2, it was understood
that ILs efficient on solubilizing LC’s components might not be as efficient on
pretreating LC. The use of ILs mixtures is a promising strategy to improve the
solubilization of complex components, for instance, lignin, without the expense of
heat. Moreover, mixtures can be used as strategy to overcome the negative effect
of IL dilution in water. The homogenization during pretreatment, by means of
agitation, should be considered only in case of temperature gradient. Temperature,
solid loading and IL dilution are the key operational parameters for scale up, and
should be optimized while varying them simultaneously. In chapter 3, its was
observed that IL aggregation in water was favored by the increase in the
hydrophobic region of IL’s molecule, which will direct impact the energy
consumption during the recycle. The proposed method (FC) was efficient to recycle
the studied ILs, without losses and with low energy consumption (74 kWh/ ton
water removed). The FC process would be also indicated where water end-use is a
limiting factor. In chapter 4, it was highlighted that the best pretreatment set up
was not the best choice set up with regard to the whole Biorefinery performance. A
less effective pretreatment can have a positive effect on the overall productivity due
to energy savings during pretreatment, streams concentration and IL recycle steps,
and one must consider this tradeoff during the process design. The FC process was
a key aspect for the economic and environmental outputs found, decreasing the
energy consumption, water footprint and for potentially reduce IL makeup. IL
recycle, rather than its price is the limiting aspect for its deployment at large scale.
Finally, in appendices it was highlighted that ILs mixtures are an efficient strategy
to adjust the properties of ILs’ systems. Density and viscosity are satisfactory
predicted by mathematical models. The H-bonding, and solvophobic interactions
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are major forces influencing ionic molecular bulk and, consequently, the changes
in such interactions had a direct affect in the viscosity, density, surface tension,
chemical activity and thermal and rheological properties.

5.1 Directions for broader use of Ionic Liquids in improved biomass
valorization

Nevertheless, further investigation is needed regarding the use of multiple
and mixed feedstock. Feedstock diversification is a key aspect for the sustainable
expansion of bioenergy, which cooperate with the crop rotation management,
benefiting soil fertility’. An efficient multiple feedstock pretreatment is an
opportunity to expand the potential sources of biomass for biorefinery application”.
Moreover, it will particularly benefit the inclusion of small producers into the
bioenergy sector, favoring wealth distribution and local development''.

Therefore, it is important that pretreatment sustains its efficiency either
working with single or multiple LC sources. The work from Oke et al'* underlined
the benefits of working with mixed as opposed to single feedstock. Apart from the
economic and environmental benefits, the use of mixed feedstock showed to be
beneficial for some biological conversion process; however, authors highlight the
necessary development of flexible technologies, capable to handle changing
feedstock characteristics.

Although ILs are generally efficient solvents for LC, some specific
pretreatment strategies have already proven their feasibility when one’s desire is to
turn LC’s constituents into fermentable sugars. Design and process strategies for
ILs-based solvents were discussed in Chapters 2, 3 and 4. They provide great
advantages compared to more traditional pretreatment strategies. The use of ILs
should, however, also be further investigated as a purification method in
Biorefineries in the downstream part. Examples are the recovery of by-products of
LC feedstock and from microorganism biomass. This includes the potential to
fractionate complex mixtures related to intracellular biomolecules purification,
such as polyhydroxyalkanoates. The recovery of useful products from biomass of
production organisms is a promising step for bio-based chemical and
pharmaceutical production'*!.

Regarding the recovery of LC constituents, ILs should be further explored
for the non-carbohydrate components of biomass, such as proteins and lignin'>'®.
For the proteins, an initial study could focus on the screening of potential ILs

considering the chemical reactions involved in pre-existing methods for the
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fractionation of protein from ruminant feeds'’. Another strategy could rely on the
selection of ILs following a literature review contemplating the solubilization of
other molecules analogous to proteins. The design of the IL-based system for
protein purification will need to cope with particular properties throughout the
process, for instance pH, surface tension, H bonding donor sites. Apart from the
physicochemical properties, IL could be also designed with respect to the
introduction of specific groups to the ILs, such as phosphate'’, which might
improve protein recovery.

In Chapter 2 the influence of IL and pretreatment design on delignification
of residual solids were assessed. Although the efficiency of lignin removal was
studied, the purity and structure characterization of the recovered lignin material
were not addressed. The complex and heterogeneous nature of lignin is a limiting
aspects for its large scale application'®, thus assessing the influence of ILs
composition and pretreatment design on the characteristics of recovered lignin
might provide relevant information to determine the possible applications of the
resulting material ', This study is even more important considering mixed
feedstock, since lignin structure is highly dependent on the LC source®.

Lignin valorization may vary depending on its application. It can follow
though lignin derivatization to aromatic chemicals'®. Or, lignin can be explored in
its original form, such as an additive for polymers reinforcement. ILs solvent
capability can be used for both applications, improving lignin fractionation and
purity. Moreover, the dissolution of lignin with ILs could be used to combine the
physicochemical flexibility of IL-based systems to the specific properties of lignin.
For example, the possibility to bind lignin-based composites to active surfaces
could be the starting point to explore the inherent lignin electrochemical and
photochemical properties, interesting for energy applications'.

5.2 Directions in IL recycling

The IL recycle is one of the major limitations for its large-scale application,
as evidenced by the findings in Chapter 4. In Chapter 3, the recovery of IL was
studied by means of a freeze concentration process, promoting the continuous and
complete IL recuperation. During the experiments it was observed that [Mea][Hex]
exhibited a favorable phase behavior from what was observed for [Mea][Ac]. The
IL recycle of [Mea][Hex], and other more hydrophobic ILs, should be further
investigated considering the freeze concentration process. Hydrophobic regions
might favor IL aggregation resulting in improved phase separation.
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On the other hand, [Mea][Ac] is not likely to crystalize, thus removing the
carbohydrates and aromatic contaminations from the pretreatment is required prior
to the IL concentration process. Although not explored in this thesis, the
purification of diluted aqueous IL streams by means of column adsorption should
be further investigated®*.

From a Biorefinery perspective, diversification would be key to be
considered in a smart, and efficient design. The diversification from a product
perspective can improve process economic feasibility and protect it from market
price fluctuation. The choice of product diversification must follow a techno-
economic feasibility study in which one must consider the thermodynamic
advantages based on feedstock characteristics and necessary steps to reach the
desirable product, in order to potential for increased mass yield **. The selection
must also consider the best options for process integration, minimizing CAPEX and
OPEX expenditures, and focus on non-carbohydrates portions of biomass. Another
option of diversification would rely on adopting technologies to valorize all
possible waste streams, improving overall conversion yield (atom efficiency).
Taking the example of a sugarcane mill to illustrate it, expand the traditional juice
to ethanol/ sugar pathways to: 1) lignocellulosic-based products; ii) capture and use
the released CO, for synthesis and/or microorganism cultivation®’; iii) biogas
production from vinasse®®; iv) use the solid residues, such as tart (mixture of
sugarcane juice impurities) for agricultural use or energy and chemicals production.
It is valid to mention, however, that the effectiveness of the choice is also
influenced by the market acceptance.

The best design strategies using ILs in this context is far beyond the scope
of this short text. It would demand an integral study, which could be structured as
follows: 1) identification of available feedstocks and screening of target market
products; ii) assess the mass and energy profile of related production technologies,
and understand the driving forces ruling the processes; iii) identify the hotspots for
energy integration and potential by-products streams; iv) classify the technologies
regarding OPEX and CAPEX; v) risk assessment related to each technology, which
involve the technology readiness level and might be divided into installation,
manufacture and operation'>**?’. The outcomes would provide a “matrix of
correlation” tool, where potential combinations would be identified and then,
validated by simulation. The socio-environmental assessment would also follow
the engineering study. Further on, the recent advances in genetic engineering
represents an opportunity where the feedstock and bio-catalyst, for instance
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enzymes and microorganisms, can be designed to improve process’ efficiencies,

and should be considered whenever possible'*2,

5.3 Directions beyond use of ILs in biomass processing

Energy transition is an integrated effort which encompasses industry,
academia, the public sector and, at some extension, consumers. It is substantial that
policy makers introduce initiatives to foster and guide sustainable development,
such as with carbon pricing. In this sense, it is meaningful that new technologies
are placed on the scope of such programs, making them tangible for other
stakeholders. Moreover, policies like that can mitigate economic disadvantages
present in new technologies for a sustainable development. Carbon pricing is a
strategy to account for the effects of Carbon related emission into the market
dynamics. It is supported by the market failure theory, which can be explained by
the Coase Theorem of market externalities®. In short, the emissions associated to
the production and consumption of a given product, such as gasoline, will affect a
common space, atmosphere, which in turn will change the way that other goods
must be produced, such as food. The food production will then absorb the extra
costs due to additional watering and fertilization to sustain the production in a
changed atmosphere, which is driven by the gasoline trade. The carbon pricing aims
to account for the additional costs related to HGH emissions and assign it to its
respective sources.

RenovaBio is the Brazilian alternative for carbon pricing The CBio is the
monetary unit from RenovaBio and is equivalent to the avoided emission of 1 ton
of COaeq. Based on the Cap-and-Trade strategy, it addresses the transport sector,
which accounts for 43 % of total emissions. Considering the results from Chapter
4 and assuming that 1 CBio is traded for US$12.89%°, the carbon pricing policy
could add 7.6 M USS$ in the Biorefinery annual income, representing a relevant
contribution to its economic performance.

5.4 In Conclusion

ILs are a promising alternative for lignocellulose utilization, but still many
options for improved use, as evinced by this work. The versatility of IL-based
systems represents a great advantage for process design. There is a bright future for
ILs in Biorefinery application, whereas minimizing their make-up for sustainable
deployment at commercial scale.
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Appendix A*

Physicochemical Characterization of Two Protic
Hydroxyethylammonium Carboxylate Ionic Liquids in Water and
their Mixtures

A systematic study, on the physicochemical properties characterization of
two protic ionic liquids {2-hydroxyethylammonium acetate ([Mea][Ac]) and 2-
hydroxuethylammonium hexanoate ([Mea][Hex])} and their mixture in water, was
carried. The density and viscosity have been measured in the entire range of dilution
between 278 K and 393 K. The conductivity, water activity and surface tension data
were also studied and the influence of both anions, i.e [Ac] and [Hex]’, evaluated.
The excess molar volume (V¥), molecular volume and thermal expansion
coefficient were calculated from the experimental data, with negative values for V*
in the entire concentration range. Density data was fitted to a polynomial for density
predictions as function of temperature and IL concentration with the average
deviation percentage (ADP) not exceeding 0.63%. The viscosities of the binary
systems (IL+water) were studied considering 6 different models. The resulting
viscosity of binary systems, for both [Mea][Ac] and [Mea][Hex] in water, were
better predicted by Herraez et a/ model when considering an IL concentration
higher than 0.25 molar fraction. The systems containing [Hex] exhibited higher
water activities and lower conductivity and surface tension.

4 This chapter is based in a prepared paper to be submitted in the Journal of Chemistry and
Engineering Data as: Ferrari, F.A., Malaret, F., Eustace, S., Djanashvili. K., Hallett, J.P.,
Wielen, L.A.M, Witkamp, G.J, Forte, M.B.S.F. Physicochemical Characterization of Two
Protic Hydroxyehtylammonium Carboxylate Ionic Liquids in Water and their Mixture
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A.1 Introduction

Recently, much attention has been given to ionic liquids (ILs), which
structure can be designed based on process needs, tuning distinct properties such as
viscosity, density, conductivity and hydrogen bond potential. Therefore,
physicochemical properties can be conveniently tuned optimizing the design of
more efficient processes.

Ionic Liquids (ILs) molecules can be involved in different kinds of
interaction, e.g. H bonding, Coulomb, van de Waals, solvophobic and dipole-
dipole[1]. Studies involving ILs application are found in a wide range of fields,
from catalysis to solvent applications[2,3], due to the vast number of possible
cations and anions combinations. Protic ILs (PILs), which are characterized by a
proton transfer between cation and anion, are an attractive sort of IL due to their
lower cost and toxicity, and easier synthesis in comparison to aprotic ILs[4,5]. The
fact that PILs contain both proton donor and acceptor sites lead to an increased
contribution of the H-bond to the cation-anion interaction, defecting the
electrostatic network, which gives distinct bulk properties for this class of
ILs[1,6,7].

The presence of hydroxyl groups in de cation, such as those found in
ethanolamine, will also affect the network formation. The additional H-bonding site
hinders polar and a-polar segregation, increases the hydrophilicity and might favor
cation-cation interaction[1,8]. Oxygen functionalized groups are also described to
increase IL viscosity, and promote stronger H-bonding network, more pronounced
in groups with higher electron densities, such as hydroxyl and ester groups [1,8—
10]. Although the size of anion’s alkyl chain has a direct influence on the molecular
arrangement of ILs, it does not have a common effect on their properties, i.e. a
longer molecule could potentially increase and decrease IL’s viscosity, depending
on the existence of a hydroxyl group in the cation[10-13].

Among PILs, ammonium based ILs, such as ethanolamine, have being
reported as being an efficient class of solvents for the valorization of agricultural
residues [14,15]. The physicochemical properties, such as density and viscosity of
2-hydroxyethylammonium acetate ([Mea][Ac]) and its aqueous mixtures were
previous reported in literature [7,16,17], and it is found that even small variations
in the IL’s residual humidity can impact on the properties of the final system. The
presence of water in some potential areas of ILs application is difficult to avoid.
Moreover, water dilution can be used to decrease IL’s viscosity and, therefore,
improve the mass transfer within the system.
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Besides cation-anion combination, the mixture of ILs can be used to fine-
tune system properties towards a more efficient process[18—20]. In Chapter 2, the
mixture of [Mea][Ac] and 2-hydroxyethylammonium hexanoate ([Mea][Hex]) was
efficiently applied to improve lignin solubilization and enhance the saccharification
of the carbohydrate portion of sugarcane straw. Later, the mixture of [Mea][Ac]
and [Mea][Hex] was studied during IL recovery from aqueous streams (Chapter 3),
where their distinct effect on water freezing point temperature was observed.

In this section, it is reported the experimental measurements of density,
viscosity, conductivity, surface tension and water activity for [Mea][Ac],
[Mea][Hex] and from their aqueous solutions. Temperature influence on density
and viscosity is also explored. The mixture of [Mea][Ac] and [Mea][Hex] were
investigate on regard the aforementioned properties.

A.2 Material & Methods

A.2.1 Synthesis and samples preparation

Acetic acid (99.7 %), hexanoic acid (99 %) and ethanolamine (99 %) were
acquired from Sigma Aldrich. MilliQ water was used for dilutions. 2-
Hydroxyethylammonium acetate ([Mea][Ac]) and 2-hydroxyethylammonium
hexanoate ([Mea][Hex]), depicted in Figure 1, were synthesized in 100 mL Schott
flasks by a one-step, acid—base exothermic neutralization. First, ethanolamine was
weighed into a flask. The flask was closed with a silicone septum and placed in a
cold-water bath. An equimolar quantity of either acetic acid or hexanoic acid was
slowly added through the septum using a syringe. The reaction was carried out
overnight at room temperature under agitation. The formation of [Mea][Ac] or
[Mea][Hex] was confirmed by proton nuclear magnetic resonance (‘H NMR), and
spectra are provided in Appendix B.

The humidity for [Mea][Ac] and [Mea][Hex] was 0.15 %(w/w) and 0.2
%(w/w), respectively, assessed through Karl Fisher titration. For the mixture
samples, either water or ILs were weighted with a precision of 1 x10™ g and, then,
vigorously mixed for complete homogenization. Samples were sonicated for 2 h in
sealed flasks at 45 °C, and kept in desiccator until analysis.
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Fig 1: [Mea][Ac] (A) and [Mea][Hex] (B).

A.2.2 Volumetric Properties

Densities (p) of pure IL, mixtures and aqueous solutions were measured in
the range of 298.15 — 396.15 K at atmosphere pressure, by means of vibrating tube
densitometer DMA™ 5000M Anton Paar (Austria), with precision of 1.0 x 10°
g.cm’ and 1.0 x 10~ °C. Instrument was calibrated before each experimental run
using dry air and water. At the end of each run, the density of MilliQ water was
acquired for consistency purposes. Aqueous samples were measured in triplicate,
and 5 times for the density of dry ILs.

The molar volume (V) was calculated according to eq 1, and the excess
molar volumes (VF) following equation 2:

v = (x1 M, x,M5) eq. 1
" Pmix
VE =V — xl_Ml _ xz_Mz €q. 2
" P P2

where, xi denotes for the molar fraction of the component, M; is the molar mass, p;
is the density. The correction of density due to viscosity is done automatically by
the equipment.

The thermal expansion coefficient (ap) indicates the volume dependence
on temperature and was calculated according to equation 3.

_ 1(6V) _ (alnp) 3
“*=y\or),~ "ot /, 2
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The molecular volume for a single IL pair was calculated using equation 4,
where Na is the Avogadro constant (6.02214076x10% mol ™)

Mw 10%nm?3 Mw,
yl=_—1 . — =1.6605- 1073 —= eq.4
Ng-py cm PiL

A.2.3 Viscosity

Viscosities (1) of pure IL, mixtures and aqueous solutions were measured
in the range 0f 298.15 —323.15 K at atmosphere pressure, by means of rolling ball
tube Lovis™ 2000M/ME Anton Paar (Austria), with accuracy of 0.5 % and 2.0 x
102 °C. Instrument was calibrated before each experimental run with MilliQ water
and standard oil provided by the manufacturer. At the end of each run, the vicosity
of MilliQ water and glycerol were acquired for consistency purposes. For samples
without water addition at ambient temperature, viscosity was measured using Cone-
plate model rheometer AR1500ex™ TA Instruments (USA) due to their high
viscosities. The shear rate used was 1s, from 0 to 300, with a cone diameter of 20
mm at 298.15 K. Aqueous samples were measured in triplicate, and 5 times for the
dry ILs.

A.2.4 Conductivity

Conductivity was acquired through electrical potential measurements by
means of self-made platinum probe at room temperature (293 K — 296 K). The
conductivity was calculated through KCI calibration curve. Probe was exhaustively
rinsed and dried between samples measurements.

A.2.5 Water Activity

Water activity (aw) was measured through vapor sorption analysis using
Q5000™ SA TA Instruments (USA) with weight sensitivity of < 0.1 pg and
accuracy of 0.01 %, isothermal stability of + 0.1 °C and humidity accuracy in
humidity chamber of + 1 %RH. Aqueous IL samples were weighted in platinum
pan, mass variations where acquired as the humidity inside the chamber was
changed until constant weight. Then, the humidity was decreased, and the mass
recorded after equilibrium, and on. After the desorption run, the humidity in
chamber was increased at a constant level and mass variation due to water
adsorption recorded. The aw was assumed to be RH/ 100 at the equilibrium.
Measurements were performed in triplicate.
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A.2.6 Surface Tension

Surface tension was measured against air at room temperature (= 293 K)
by means of the pendant drop method using DSA25S Kriiss (Gemany). Samples
were placed in a syringe, and the drop generated out the canula photographed. From
the digital shape of the drop, surface tension was calculated by solving Laplace’s
equation for the curvature of the interface exposed to a gravitational field.

A.3 Results & Discussion

A.3.1 Volumetric Properties

The density of aqueous [Mea][Ac] and aqueous [Mea][Hex] are depicted
in Figures 2-4 as function of temperature and water molar fraction. The complete
data in Tables 1-10.
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Fig 2: Density versus water molar fraction at different temperatures: 298.15 K (0),
303.15K (0), 318.15 K (o), 348.15 (A) and 363.15 (x).
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The increase in anion’s alkyl chain length leads to a lower density of
[Mea][Hex], as expected, which might be attributed to the bulkier chains,
increasing steric hindrance. Alvarez et al[16] reported a low dependency on
moisture for the density for [Mea][Ac], visible up to 0.5 water mol as shown in
Figure 1, beyond which water has a significant influence on this property. Water
content distinctly affects [Mea][Hex], the density slightly increases with increasing
water up to a maximum at 0.9 molar fraction and, then, decreases towards the
density of pure water. This trend is in agreement with a previous study for other
ammonium alkanoate-based ILs [21].

In order to predict the mixture’s density, the polynomial expressed in
equation 5 was fitted to the experimental data as function of IL wt%(y) and
temperature in K (x). The fitting parameters and the average percent deviation
(APD) are summarized in Table 11, deviations from each experimental point are
depicted in table 12. The APD was calculated following equation 6.

p=ax+hby+cx’*+dy’*+exy+f eq. 5
100 C |pexperimental - pmodel'
APD = Z eq. 6
n pexperimental

1

Excess molar volumes (V¥) were considered to estimate the nonideality of
the studied systems. VF was calculated using equations 2. For both ILs, the V* are
negative within the entire range of dilution, with a minimum at water molar fraction
near 0.75. The negative values indicate the attraction forces between the different
molecules are greater than that from the same molecules in neat solvent. The longer
carbonic chain from [Mea][Hex] had no evident effect on V¥, which is reasonable
since water tend to bind to the H-bonding sites, i.e. COO™ (anion) and NH;" and OH
(cation) [22,23]. It was observed a greater temperature influence on V¥ at 363.15
K, suggesting a lower thermal expansion by the mixture than that from pure
components.



Table 11: Fitting parameters from eq. 4 for the ILs systems.

a b [ d e f APD
[Mea][Ac] 4139x  2864x  -1.020x  -1459x  70x100 993x
and water 10° 10" 10° 107! 4 107! e

[Mea][Hex] -4.0x 1.132x  -2316x -8.75x 3.431x 1011 032%

and water 10+ 107! 10°¢ 102 105
[Mea[Ac] 6.0 1.14 3.894 1.42 6.864
-0.UX . X =-J. X . X . X o
and 104 107 107 102 10 1.037  0.07%

[Mea][Hex]

Mixtures of [Mea][Ac] with [Mea][Hex] were considered to assess the
effect of the anions combination on density. The anhydrous mixture exhibited a
progressive change in density following the variation in the molar composition,
with a slight deviation from linearity, as depicted in Figure 4. The higher deviations
from linearity and, consequently, from ideality are found to be within the range of
0.4 to 0.6 molar fraction.

Two distinct molar compositions were selected to assess the influence of
water on the mixtures, namely 0.25:0:75 and 0.75:0.25 [Mea][Ac]:[Mea][Hex]
molar fraction, respectively. Density and V* are depicted in Figure 5, the complete
data is available in SI. As expected, the system richer in [Mea][Ac] exhibits higher
density. Similarly to the dilution of pure [Mea][Hex], the density of mixtures
exhibit a slight increase as the water content is increased. The V values for the
mixtures are alike from pure ILs, being the minimum for 0.25:0.75 composition
slightly dislocated towards the IL richer zone though.
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Fig 3: Excess molar volumes as function of water molar fraction at different
temperatures: 298.15 K (0), 303.15 K (0), 318.15 K (0), 348.15 (A) and 363.15 (x).

The calculated molecular volume for a single IL pair (eq. 4) are 0.17 nm’
and 0.29 nm* for [Mea][Ac] and [Mea][Hex], respectively. These values were used
to estimate the heat capacities using Volume Based Thermodynamics (VBT)
correlations, equation 7 [24], which is believed to provide a result with a maximum
mean absolute error of 24.5%. The calculated Cp values are 226 J.mol' K™ (1.87
J.g' K" and 343 Jmol' K" (1.94 J.g' K") for [Mea][Ac] and [Mea][Hex],
respectively.

Cp[l.mol . K] = 1037V, [nm?] + 45  eq.7
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Fig 4: (A) Density and (B) molar volume of [Mea][Hex]:[Mea][Ac] mixture as function
of mol fraction at different temperatures: 298.15 K (©), 303.15 K (©), 318.15 K (o),
348.15 (A) and 363.15 (x).
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Fig 5: Density (p - top) and excess molar volume (V" — bottom) of

[Mea][Hex]:[Mea][Ac] mixtures as function of water molar fraction for two ILs

composition at different temperatures: 298.15 K (0), 303.15 K (0), 318.15 K (o), 348.15
(A) and 363.15 (x).

A.3.2 Viscosity and Conductivity

The generally high viscosities of ILs represent a major limitation in their
use, due to poor heat and mass transfer and overall handling in process equipment.
Therefore, the effect of temperature and water content on the viscosity of
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[Mea][Ac], [Mea][Hex] and their mixtures were assessed. The data is provided in
Tables 13-15.

The characteristics of the anions have a clear influence in the viscosity of
resulting IL. Previous works reported both an increase and decrease in viscosity
while increasing anion alkyl chain [7,11,12,25]. At 298 K (25 °C) [Mea][Ac]
exhibits higher viscosity than [Mea][Hex], 2.7 and 1.6 Pa.s respectively. The
difference reduces remarkably while increasing temperature, 1.3 and 1.1 Pa.s for
[Mea][Ac] and [Mea][Hex], respectively, at 303 K.

Water addition had a great impact in IL viscosity, as shown in Figure 6, as
expected due to water’s viscosity be remarkable lower than IL. In the diluted region,
up to 0.25 IL molar fraction, aqueous [Mea][Hex] exhibited higher viscosity than
that from [Mea][Ac], which is unexpected since the dry [Mea][Ac] has higher
viscosity.
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Fig 6: Viscosity as function of IL molar fraction in water at different temperatures: 298.15
K (0),303.15 K (©), 318.15 K (o) and 323.15 K (A). The region up to 0.3 IL molar
fraction is depicted to illustrate the viscosity profile at lower IL concentrations
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The mixture of the ILs were also assessed regarding viscosity, as shown in
Figure 7. It is possible to observe the existence of two distinct regions defined by
the molar composition. The viscosity remains stable despite the increase in
[Mea][Ac] concentration up to 0.4 molar fraction. The same holds true for
[Mea][Hex], up to 0.4 molar fraction. The equimolar composition assumes a
transition point between the lower viscosity region, [Mea][Hex]|richer region, and
the higher viscosity region, richer in [Mea][Ac]. The effect of temperature on
viscosity was assessed in respect to the Vogel-Tammann—Fulcher (VTF)
correlation[26], according to equation 8

B
N =n,.eT T cq. 8

where the angular coefficient corresponds to 1o, To and B are adjusted parameters.
The “B” parameter can be taken as proportional to the Arrhenius’ activation energy
(Ea)[27,28], giving a good indication concerning the viscosity thermal sensitivity
thus. The fitting parameters, determination coefficient (r*) and the average
percentual deviation (APD) of VTF equation are presented in Table 16. From the
results in Table 16, it is possible to observe that [Mea][Ac] has a lower B than that
obtained for [Mea][Hex], 35.24 and 205.26 respectively and, consequently, is more
sensitive to temperature increase, in accordance with the experimental results. All
ILs mixtures exhibited B values higher than those observed for the pure ILs,
suggesting that the combination of ILs lead to higher thermal stability.

[Mea][Ac] : [Mea][Hex]
2800 1
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Fig 7: Viscosity of [Mea][Hex]:[Mea][Ac] mixture in different ionic molar
composition at different temperatures: : 298.15 K (o), 303.15 K (0), 318.15 K (o) and
323.15 K (A).



Tab 16: Fitting parameters for Vogel-Tammann—Fulcher correlation

Mixtures (mg';.s) To (K) B 2 A(f/i))*

[Mea][Ac] 198.68 28475 3554 099878 63

[Mea][Hex] 195.03 249.535 205.26  0.99935 2.9
{%23[11{?;]] ?Hzesx] 19675 21443 54901 099547 187
{,?23“[{{;‘3] ?}fgx] 20303 20334 74635  0.99883 4.0
{,ﬁg“[{{;‘ej] ?}17 eSX] 20535 2006 78271 099922 3.3

*: (100/N). X [(Mpred.~ Mexp.)/ Nexp]

There are various equations to estimate the viscosity of mixtures in terms
of pure component data. They may differ by whether taking adjustable
parameters or not, which will be both considered to evaluate the mixtures
from the present work. Those without adjustable parameters include the
Arrhenius mixing law for viscosity, given in equation 9[29]. Kendall-Monroe
proposed equation 10, from which the mixture viscosity is calculated the
cubic-root average of the component viscosities [30]. Frenkel[31] considered
Eyring’s model [32] to take into consideration the interaction between
components in a nonideal binary mixture, as demonstrated in equation 11,
where, ni2 is a constant attributed to the pair interaction and is calculated
according to equation 12[33]. The further approaches assessed make use of
adjustable parameters in other to account for nonidealities. Grunber and
Nissan [29] correlated the natural logarithm of pure components’ viscosities
to that from the resulting mixture, including a so called “characteristic
constant of the system” d,, equation 13. Katti-Chaudhri [34] considered the
volume of each component when correlating them to the viscosity of resulting
mixture. In this work, we substituted the component volume (V) by the
inverse of density (1/p) to contemplate the volumetric characteristic of each
component, equation 14. Herraéz et al. [35] considered the Redlich-Kister
polynomial, vastly used for excess properties calculations, to propose a
model with the adjustable parameter By, equation 15. The APD calculated
according to equation 6 and the fitting parameters, when applicable, are
summarized in Table 17. We found that there is no unanimous model while
predicting the viscosity of the studied mixtures. In general, the models
presented smaller deviations for the viscosities of the mixtures between
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[Mea][Ac] and [Mea][Hex], while larger deviations were found for the
predictions of the aqueous mixtures. The smallest deviation for the
[Mea][Ac]/[Mea]Hex] mixture was found using the Katti-Chaudhi model,
while the best choice for the aqueous system was observed using Herraréz’s
model at IL concentrations higher than 0.25 molar fraction. For diluted
systems, under 0.25 molar fraction, deviations were not smaller than 20 %.

IN(Mmix) = %1 In (y)) + % - In (n2) eq.9
Nmix = (113 + 2,1, 3)3 eq.10
IN(Mymix) = X2 -In () + x2 - In (173) + 2x,x,1n (1) eq.11
N12 = 0.57; + 0.5n; eq.12
In(Mmix) = %1 - In (1) + x5 - In (n2) + x1 %204, eq.13
In (nmix-%) =x;In (771 p%) +x;°In (772 ,Dl) + x1x; (%) eq.14
Mmix =M + (2 — 11).%5° eq.15

Besides the importance of conductivity data for its direct application, it also
tells about the mass transfer since it can be used to assess the diffusivity of organic
electrolytes in water[36]. Conductivity data was acquired at room temperature (20
°C — 23 °C) from aqueous solutions of [Mea][Ac], [Mea][Hex] and from their
combination. In Figure 8, the conductivity is plotted versus solution molality.
[Mea][Ac] exhibited the highest values among the assessed ionic systems. The
conductivity increases in a higher rate up to 2 molal, reaching the maximum around
5 molal. The region of 5 molal is reported as a critical point where the ionic species
form ions pair in [Mea][Ac], which corresponds to the observed maximum
conductivity. The remaining systems seem to follow a similar trend of that
described for [Mea][Ac], being the maximum point of [Mea][Hex] dislocated to
more diluted regions though. Interestingly, the mixture with higher molar fraction
of [Hex] (0.25:0.75) presented higher conductivity than that observed in the [Ac]
richer mixture (0.75:0.25).
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Walden plot has been widely applied to evaluate IL character regarding
viscosity and conductivity. Generally, ILs can be classified as good, poor and
nonionic depending on its position on the chart, having poor ionicity as they move
away and to the right of the bisectrix and reference line[37]. The description of the
studied ILs with respect to Walden plot is depicted in Figure 9. The ionic systems
are distant to the reference line following the reported conductivities, i.e. [Mea][Ac]
is the closest system to reference line. [Mea][Hex] samples exhibit a clear non-
linear profile, not as apparent in [Mea][Ac], suggesting a possible aggregation,
which might have a negative effect in the conductivity, in addition to viscosity.
Walden plots are also used to investigate the ionicity of protic ILs [38] since a poor
proton transfer from the acid to the base would entail in lower conductivity and,
consequently, farther position from the reference line. However, both [Mea][Ac]
and [Mea][Hex] exhibit good proton transfer, as discussed in Appendix B, thereby,
their displacement to the right of reference line could be more to their high viscosity
owing to extensive H-bonding.

2
+
o x O
-1 °, ©
g o o
g0 &
13 X
@ o
<
-1 o
Eﬁ o
2 o o
-3
-3 -2 -1 1 2 3

0
log ! (poise ')

Fig 9: Walden plot for (o)[Mea][Ac], (0)[Mea][Hex], (+)[Mea][Ac] 0.25:0.75
[Mea][Hex], (x)[Mea][Ac] 0.75:0.25 [Mea][Hex].

A.3.3 Water Activity

Water activity (aw) express the ratio between partial vapor pressure of water in a
substance and the standard vapor pressure of pure water. In other words, how easy
the water content may be utilized or separated. As expected, no hysteresis effect
was observed during water adsorption and desorption experiments, as shown in
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Figure 3 of the complementary data. Nevertheless, the values for ay, shown in Table
18, are related to the adsorption experiments, where longer time lengths were given
to reach the equilibrium. In Figure 10, a is depicted as function of IL concentration
(A), and water activity coefficient (ym20) is shown as function of water mass fraction
(B) for both IL. An equimolar composition of [Mea][Ac] and [Mea][Hex] was also
considered. All systems have similar values for ay in the extreme regions of ionic
and water concentration, distinct profiles are more evident after 5 molal though.
The longer alkyl chain from [Hex] leads to larger hydrophobic regions, which in
turns increase ay. Similar trend was observed for the ay calculated from the freezing
point depression of IL-water mixtures in Chapter 3. The ay curve of the IL mixture
lays in between those from the pure components; however, it exhibits higher ayin
the region of lower water concentration.

Tab 18: IL concentration and water activity (ayw) at 298.15 K (25 °C).

[Mea][Ac] [Mea] [Hex] [Mea][Ac] 0.5 : 0.5 [Mea] [Hex]
IL %wtog DMolal [ IL%wto DMolal Iy I Y%owto Molal y
930 05 219 0.11 868 06 76 0.35 86.3 08 87 0.35
790 02 62 035 741 07 32 0.65 68.3 0.7 30 0.65
567 02 22 065 690 03 25 0.73 614 0.3 22 0.73
494 03 17 073 586 07 16 0.84 479 08 13 0.84
370 02 10 0.8 301 02 5 0.95 213 0.3 4 0.95
170 038 3 0.95 154 06 2 0.98 11.0 0.7 2 0.98

80 05 1 098

A.3.4 Surface tension

Surface tension can be mechanically evaluated as the force acting along the
edge of the fluid system and related to the border length. This force acts against the
surface expansion since the increase in surface requires the investment of energy.
Assuming the use of IL as a particular solvent, the surface tension would be the
first force limiting solute-solvent interaction and, therefore, the initial, but not
exclusive, constraint to mass transfer.

142



1.00 1

3
)
Q.0
0.80 N
o oo
o em
z 0.60
s
040 1
o o e
0.20 T T T T ]
0 20 40 60 80 100
IL molality
1.00 1 &
-
b O,
a7°
0.80 4
8 & o O
®
0.60 oy
) o
)
0.40 4
<
o
e}
020 1 ¢
o
o
0.00 T T T T "
0.00 0.20 0.40 0.60 0.80 1.00

x||20

Fig 10: Water Isotherm equilibrium in the different systems, where “A” depicts water
activity (aw) as function of IL molality and “B” water activity coefficient (ymo0) as
function of water mol fraction (Xmo): (0)[Mea][Ac], (0)[Mea][Hex], (¢) equimolar

[Mea][Ac]:[Mea][Hex]. Lines plotted for guidance purpose.

The measured surface tension for the pure ILs and for their mixture while
anhydrous or in aqueous solution are available in Table 19. The molecular
arrangement has a direct effect on the surface tension. For these ILs, it is considered
that the charged group, i.e., NH3" and COO", will be located toward the bulk of the
liquid, while the alkyl chains exposed to the air, or void[17,38]. The higher surface
of carbonic chain will decrease the surface tension, while the higher cohesiveness
of the liquid due to H-bonding and Coulombic interaction will increase this
property. [Mea]Hex] has a lower surface tension than [Mea][Ac], as expected based
on the aforementioned. Although both ILs act decreasing water surface tension,
[Mea][Hex] sows a better aptitude to act as surfactant, as depicted in Figure 11.

The presence of [Hex]", independent of concentration within the studied
range, confers the system the same surface tension of that from the pure
[Mea][Hex], supporting the assumption of alkyl chains being located toward the
interface. The mixture of [Mea][Ac] and [Mea][Hex] acts predominantly on the
molecular arrangement of the alkyl chains. The fact that the surface tension of the
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aqueous systems is the same of that observed for the neat ILs suggests that, the H-
bounding is the major responsible for fluid cohesiveness and, consequently, the
major force against surface expansion in these ILs.

Tab 19: Surface tension for different water concentration and IL composition

Molality Molar Surface Tension
Fraction (mN.m™)
[Mea][Ac] 5427
[Mea][Hex] 3027
025 31.60
[Mea][Ac] 0.50 3273
:[Mea][Hex] 0.75 33.58
0.90 35.56
58 0.05 67.67
[Mea][Ac]: 370 025 57.61
H20 1110 0.50 5293
3330 0.75 5241
5.8 0.05 3435
[Mea] [Hex]: 370 025 3147
H20 1110 0.50 2834
3330 0.75 30.67
[Mea][Ac] 6.0 0.05 2943
0.75:025 380 0.25 3226
[Mea][Hex] 114.0 0.50 33.54
: H20 3421 0.75 3431
H20 71.99
80 l
70 ¥
g 601 o
2 50 © °
=z
g2 « .
E 30 J RT——— B O o
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Fig 11: Surface tension as function of IL molar fraction: (o)[Mea][Ac], (0)[Mea][Hex],
(x) [Mea][Ac] 0.75:0.25 [Mea][Hex]. Lines used as guidance.
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A.4 Conclusions

Density and visosity data of the neat ILs [Mea][Ac] and [Mea][Hex], the
binary system (IL + water) and the tertiary system (ILs mixture + water) have been
measured in the range of 278 K — 363 K at atmospheric pressure. Properties, such
as molar volume, excess molar volume, thermal expansion coefficient were also
calculated. The observed V* values were negative in the entire range of dilution
and temperature for the binary and tertiary systems, considering both ILs. Density
experimental data were fitted to a polynomial for density prediction as function of
compositional and temperature for the binary systems, with [Mea][Ac] and water
system presenting the maximum ADP, 0.63 %.

[Mea][Ac]’s viscosity is more sensitive to temperature change than
[Mea][Hex], while their mixtures have lower sensitivity than the neat ILs. The
resulting viscosity of binary systems, for both [Mea][Ac] and [Mea][Hex] in water,
were better predicted by Herraez et al model when considering an IL concentration
higher than 0.25 molar fraction. Under this concentration, none of the models
considered exhibited an ADP inferior to 16 %. For the binary system [Mea][Ac]
and [Mea][Hex] the lowest ADP (5.06 %) was obtained using the Catti-Chaudhi
model.

[Mea][Hex] have a lower surface tension than [Mea][Ac]. The presence of
[Mea][Hex] lead to a reduction in the surface tension of [Mea][Ac] and water
systems. Moreover, systems with [Mea][Hex] exhibited higher water activities than
those containing [Mea][Ac].
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A.6 Complementary Data
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Fig 1: Excess molar volumes of [Mea][Hex]:[Mea][Ac] mixture as function of [Ac]
molar fraction at different temperatures: 278.15 K (©), 303.15 K (0), 318.15 K (o),

348.15 (A) and 363.15 (x)
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Fig 2: Graph of In 1 versus variation in temperature (K) for the thermal expansion (o)
determination of [Mea][Ac] and [Mea][Hex], and their molar mixtures: [Mea][Ac] (©),
[Mea][Hex] (o0),[Ac][Hex] — 0.15:0.85 (+) ,[Ac][Hex] — 0.25:0.75 (*),[Ac][Hex] —
0.50:0.50(),[Ac][Hex] — 0.75:0.25(0),[Ac][Hex] — 0.90:0.10(A).
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Appendix B*

Insights in the molecular ion interactions of 2-hydroxyethylammonium
acetate and 2-hydroxyethylammonium hexanoate and their mixture in

water using DSC, FTIR and NMR techniques

The understand of how ILs’ molecules interact, or change, in the presence
of other components, whether ions or water, can provide valuable information for
a better comprehension of this class of solvents. Differential scanning calorimetry,
FTIR and H' and C" NMR techniques were used to study the 2-
hydroxyethylammonium acetate ([Mea][Ac]) and 2-hydroxyethylammonium
hexanoate ([Mea][Hex]) at different compositions both anhydrous and in aqueous
solution. It was found that [Mea][Ac], as opposed to [Mea][Hex], did not go under
crystallization, what was observed for the latter at 245 K. All studied systems
exhibited a glass transition event, which varied according to the IL composition.
The FTIR and NMR analysis provided evidence of the distinct molecular behave
of [Mea][Ac] and [Mea][Hex]. The cation-anion interaction of both ILs were
greatly affected by water presence, as observed by the chemical shifts from the
FTIR and NMR analysis.

> This chapter is based in a prepared paper to be submitted in the Journal of Chemistry and

Engineering Data as: Ferrari, F.A., Malaret, F., Eustace, S., Djanashvili. K., Hallett, J.P.,

Wielen, L.A.M, Witkamp, G.J, Forte, M.B.S.F. Physicochemical Characterization of Two

Protic Hydroxyehtylammonium Carboxylate Ionic Liquids in Water and their Mixture.
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B.1 Introduction

The knowledge of the physicochemical characteristics of lonic Liquids
(ILs) is essential for process design and modeling. Within the ionic structure, there
are other molecular interaction, such as h-bonding and hydrophobic, stabilizing a
preferred conformation at the molecular level, which will affect the bulk property.
The understand of how ILs’ molecules interact, or change, in the presence of other
components, whether other IL or water, can provide valuable information for a
better comprehension of this class of solvents.

NMR spectroscopy provides a powerful tool for investigation of physical
properties in material science. NMR spectroscopy has been traditionally used as a
tool for structural determination or confirmation of 3D structures of both small
molecules and even large biomolecules such as enzymes. Many other
spectroscopic tools are available in NMR which are often overlooked by organic
chemists and biochemists alike. For example, Spin-lattice relaxation or
longitudinal, more commonly reported as T1 relaxation, and spin-spin relaxation,
more commonly reported as T2 relaxation, times can be explored to assess
molecular dynamics in solutions'. Pulsed field gradients (PFGs) not only allows for
increased performance in routine spectroscopy, it also permits chemists to identify
individual compounds in mixtures based on differences in diffusion coefficients’.
NMR spectroscopy is a valuable tool to investigate the behavior of individual
molecules™

The thermal characterization, for instance by means of differential
scanning calorimetry (DSC) technique, can provide valuable information about ILs,
such as melting point and glass transition temperatures. This assessment is
especially useful while trying to recover ILs from aqueous streams by means of
freeze concentration.

IR spectroscopy has been widely used in analytical chemistry identifying
intra-molecular vibrational modes, which assigns specific spectrum for substances.
Because IR technique can be used to assess the strength of H-bounds between
species in solutions, it became a valuable tool to evaluate the h-bonding between
cation and anion in ILs, since the variation in this interaction is sensitively reflected
in the spectrum and chemical shifts®.

In this work, DSC, 'H and '*C NMR, and IR techniques were used to assess
the influence of water in neat IL and mixtures at the molecular level.
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B.2 Material & Methods

B.2.1 Synthesis and samples preparation

Acetic acid (99.7 %), hexanoic acid (99 %) and ethanolamine (99 %) were
acquired from Sigma Aldrich. MilliQ water was used for dilutions. 2-
Hydroxyethylammonium acetate ([Mea][Ac]) and 2-hydroxyethylammonium
hexanoate ([Mea][Hex]), depicted in Figure 1, were synthesized in 100 mL Schott
flasks by a one-step, acid—base exothermic neutralization. First, ethanolamine was
weighed into a flask. The flask was closed with a silicone septum and placed in a
cold-water bath. An equimolar quantity of either acetic acid or hexanoic acid was
slowly added through the septum using a syringe. The reaction was carried out
overnight at room temperature under agitation. The formation of [Mea][Ac] or
[Mea][Hex] was confirmed by proton nuclear magnetic resonance (‘H NMR), and
spectra are provided in complementary data.

The humidity for [Mea][Ac] and [Mea][Hex] was 0.15 %(w/w) and 0.2
%(w/w), respectively, assessed through Karl Fisher titration. For the mixture
samples, either water or ILs were weighted with a precision of 1 x10* g and, then,
vigorously mixed for complete homogenization. Samples were sonicated for 2 h in
sealed flasks at 45 °C and kept in desiccator until analysis.

C 3
)J\ %‘q‘/\/r
H;E 2 3

A

Fig 1: [Mea][Ac] (A) and [Mea][Hex] (B). Numbers assign atoms discussed in NMR
section

B.2.2 Differential Scanning Calorimetry (DSC)

The glass transition (T,) of the ILs was determined using a calorimeter
DSC8500 PerkinElmer (USA) in a cooling—heating cycle at 10 K min'. The ILs
were first heated from 163.15 K to 396.15 K, to remove the previous thermal
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history. Then the sample was cooled down to 153.15 K, kept for 20 min. and heated
again to 323.15 K.

B.2.3 FTIR

The PerkinElmer Spectrum 100 FT-IR spectrometer with a diamond
germanium ATR single reflection crystal was used. The spectra were recorded
between 500 cm™ and 4000 cm™ with a resolution of 2 cm™ and each sample was
scanned 16 times.

B.2.4 NMR

All measurements were performed at 298.15 K in a 5 mm borosilicate
NMR tube containing a sealed 3 mm capillary containing deuterated benzene used
for locking and shimming. All spectra were referenced to CsDsH at 7.15 ppm in the
proton spectra and 127.00 ppm for carbon-13 for CsDs. The proton spectra were
recorded using 8 scans, a relaxation delay of 1.0 seconds and an acquistion time or
2.56 seconds at a 45° hard pulse width at 399.67 MHz. The carbon spectra were
recorded using 256 scans, a relaxation delay of 1.0 seconds and an aquistion time
of 1.31 seconds at a 45° hard pulse width at 100.51 MHz. The spectra were
processed using MestReNova version 12.01 with no apodization applied. All
measurements were performed using an Agilnet 400MR fitted with a OneNMR
probe.

B.3 Results and Discussion

B.3.1 Differential Scanning Calorimetry (DSC)

Samples of the pure ILs and their mixtures were submitted to DSC analysis
in order to assess their thermal profile. The DSC graphs and data are available in
complementary data. Pure [Mea][Hex] was the only one to exhibit a crystallization
peak, at — 28 °C. All samples presented well defined glass transition temperatures
(Ty). T, gives an indication about the cohesiveness of sample’s molecules. Less
cohesive the molecules are, lower is the T,'. In IL, the cohesive energy is mainly
attributed to Coulomb and H-bounding interactions®®. In Figure 2 T, is plotted
against the molar fraction of [Mea][Ac] in the ionic mixture. [Mea][Ac] has a
marginally higher T, than that observed for [Hex], 198.68 K and 195.03 K
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respectively. Among the mixtures, the composition of 0.75 [Mea][Ac] presented
the highest T,, suggesting a higher molecular cohesiveness at this point, which
agrees to the thermal sensibility assessed through VTF equation for viscosity
dependence of temperature in Appendix A.

213 4

208 A
203 A ° ‘
198 A .
g 193 A
=" 188
183 -
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0 0.2 0.4 0.6 0.8 1
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Fig 2: T, values for [Mea][Ac]:[Mea][Hex] mixtures as function of [Mea][Ac] molar
fraction

Glass-forming fluids can be classified as fragile or strong, based on how
sensitive to temperature are their viscosity”’. This analysis can be performed
through the Te-scaled Arrhenius plot, as depicted in Figure 3, which correlates the
logarithm of viscosity (Pa.s) against Ty/T. The studied ILs, whether the pure ILs or
their combination, occupy the same spot on the chart. Moreover, the similar
activation energy observed in the viscosity assessment (Appendix A) suggests that
the higher T, observed for the mixtures might be related to a more effective
molecular packing, and not due to formation of additional chemical bounding.

13

—_
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Fragile

log n (Pa.s)

o

0.00 0.20 0.40 0.60 0.80 1.00
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Fig 3: T,-scaled Arrhenius Plot relating the viscosity to the T;. Compounds over the
line have the viscosity less impacted by temperature, and the opposite for those under
the reference line, namely strong and fragile, respectively. (o)[Mea][Ac],
(0)[Mea][Hex], (¢) [Mea][Ac] 0.25:0.75 [Mea][Hex], (x) [Mea][Ac] 0.75:0.25
[Mea][Hex]. Viscosity values from Appendix A.
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Solutions at water composition of 0.75 molar fraction were used to assess
the influence of water presence on Tg, for the pure ILs and also for the mixture
containing [Mea][Ac] 0.75 mol. Water strongly interacts with IL’s molecules,
hindering cation-anion interaction, decreasing overall cohesiveness, thus lowering
the T, to 177 K for the pure ILs and to 178 K for the mixture at 0.75.

B.3.2 Infra-Red

The ILs used in this study are completely miscible with water. To
investigate the interactions between these ILs and water, the FTIR spectra were
recorded as a function of water concentration for binary and tertiary mixtures
(Figure 4). To the best of our knowledge, the TFIR spectra for these systems have
not been reported so far, therefore, the spectral assignment is based on previous
work involving the different moieties in these systems. The strong C=0 stretching
signal at 1707 cm™ in the acetic acid and hexanoic acid FTIR spectra cannot be
seen in any of the spectrum shown in Figure 3, indicating a complete proton transfer
from the acid to the amine.

There is a broad band from 2400 cm™ to 3700 cm™ , kwon as the “the
hydrogen stretching region”, which results from the overlapping of the N—H, C—H,
and O—H stretching modes of aminoalcohol with the O—H stretching modes of H,O,
which strongly absorbs int his region'’. It is difficult to distinguish between the
individual contributions, and in consequence, the wavenumber region from 2400
cm' to 4000 cm™' did not provide useful information. However, a small signal of
known origin can be seen at 3556 cm™ when the ILs are mixed, both in aqueous
and anhydrous conditions.

Upon water dilution of the neat ILs, as shown in Figures 4 A and 3B, some
signals experienced a water-induced shift. Figure 5 summarizes the magnitude of
the water-induced shift of the absorption maximum as a function of IL/water
concentration.

The wavenumber shifts observed upon dilution for [Mea][Ac] are: 1530
cm attributed to a combination of the symmetric rocking from the cation 5s(NH;")
and asymmetric stretching from the anion v,s(COO"), 1394 cm™ v(COO"), 1335
cm’' (CH; deformation - anion), 1071 cm™ v(C-N), 1012 cm™ v(C-OH), and 920
ecm’ (C-C stretching - anion). For [Mea][Hex] are: 1532 cm™ attributed to a
combination of the symmetric rocking from the cation §s(NH;") and asymmetric
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stretching from the anion v,(COO"), 1399 cm™ vy(COO"), 1225 cm™ (CH; anion),
1100 cm™ (CH; anion), 1071 cm™ v(C-N) and 1023 cm™ v(C-OH).
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Fig 4: FTIR spectrum for different systems as a function of concentration in molar basis.

[A] [Mea][Ac] and water mixtures. [B] [Mea][Hex] and water mixture. [C] Binary system

[Mea][Ac] and [Mea][Hex]. [D] Tertiary system: [Mea][Ac]:[Mea][Hex] (0.75:0.25 molar
fraction) system diluted with water.

For both ILs, the signals involving (COO") vibrations modes (~1530 cm™,
~1394 cm™) experiment a water-induced blue shift, indicating that, with respect to
the interactions involving this group and their direct environment in pure ILs, i.e.
anion-cation, adding water induces a weakening of these interactions, as a result of
the higher affinity of the water molecules towards the carboxylic groups. A similar
behavior have been observed for other [Ac]-based ILs'"'? . In both systems, the
v(C-N) signal at 1071 cm™ experienced a slight water-induced red shift. A similar
phenomena have been reported for imidazolium based ILs, for which upon water
dilution, there is a red shift of some vibrational modes of the cation concurrently
with the strengthening of the hydrogen bond interaction with the proton acceptors
126 An interesting result is the band attributed to the v(C-OH) vibration, 1023 cm™
for [Mea][Hex] and 1012 cm™ for [Mea][Ac], which experiments a water-induce
red shift for the [Mea][Hex] and a blue shift in the [Mea][Ac]. The blue shift is due
to the weaking of the hydrogen bonding between the cation and anion due to the
hydration of the carboxylic group in the [Ac] anion as previously discussed. The
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reason for the extreme red shift of the absorption band at 1023 cm™' for [Mea]Hex]
is not clear, and should be further investigated with spectroscopic and
computational methods. This strengthening upon dilution of that interactions
between the cation-anion in [Mea][Hex] might be the cause of the density maxima
shown in Figure 4.
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Fig 5: Water-induce shift for the binary mixture of ILs and water. [A] [Mea][Ac] and
water mixtures. [B] [Mea][Hex] and water mixture. [C] Binary system [Mea][Ac] and
[Mea][Hex]. [D] Tertiary system: [Mea][Ac]:[Mea][Hex] (0.75: 0.25 mol) system diluted
with water.

The 1335 cm™ signal attributed to the CH; deformation in the anion shows
a water-induced blue shift in the case of the [Ac] anion while it is not observed for
the [Hex] moiety. This might be explained by the inability of the [Ac] anions to
aggregate to form micelles, therefore, the addition of water influences the chemical
environment around the -CHs. For the [Hex] anions in aqueous sodium of n-
hexanoate, FTIR data have shown the formation of micelles that takes places in
three stages. Firstly, below ~0.75 M (Xu20=0.986) the solution is essentially
monomeric. At a concentration of ~0.75 M the onset of progressive aggregation
can be seen with counterion binding. At a concentration of ~1.75 M (X20=0.963)
there is a transition from a state of heterogeneous aggregation to a homogeneous
micellar state *'°. By analogy, in the experiments performed in this study, all the
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[Hex] systems should be in a homogeneous micellar state as (Xu20<0.963), which
corresponds to the region of maximum conductivity (Appendix A).

B.3.3 NMR

In terms of NMR spectroscopy the most obvious variables that can be
investigated are the chemical shifts of the signals in the proton and carbon-13
spectra. Secondary to the chemical shifts, both T1 and T2 relaxation reveals a lot
of information about the physical composition of the sample.

The most obvious trend from this system is the change in both the intensity
and the chemical shift in the water signal. In the most dilute system, the water signal
appears at the expected 4.8 ppm. As the concentration of water is decreased a
downfield shift in the signal is observed in combination with a reduction in the
signal. It should also be noted that the signal assigned to water is actually an average
signal for all exchangeable protons from each species in solution. On decreasing
the concentration of water, the relative contribution from these protons increases
until the water concentration becomes negligible. While this result is not entirely
surprising the results of the change in the chemical shifts of the non-exchangeable
protons is more remarkable.

While it is perhaps no revelation that a reduction in solvation due to waning
water concentrations which may be expected to be linear or almost linear, a
maximum change in chemical shift is observed in the region 0.10 — 0.25 molar for
[Mea][Ac], as depicted in Figure 6. In fact, this is most pronounced for the signals
corresponding to protons 1 acetate and 2 and 3 from ethanolamine. This overall
upfield shift of the signals can be attributed to an overall net increase in hydrogen
bonding and in increase in structure resulting in a net increase in local electron
density, especially for the signals attributed to ethanolamine which has both
hydrogen bond acceptor and donor sites. As the water concentration is decreased
an overall loss on solvation due to hydrogen bonding causes a downfield shift in all
peaks. Furthermore, there is also a steady increase in line-width on decreasing water
concentrations. A similar trend can be seen from the "*C spectra assessment, as
shown in Figure 6. Surprisingly, for the signals attribute to carbon 2 of acetate an
overall continued upfield shift is observed which would indicate an overall increase
in electron density, possibly attributed to a loss in ionic character, this rate of
change in chemical shift inflects at 50% mole fraction.
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Fig 6: 'H and ">C delta chemical shifts for [Mea][Ac] aqueous solution as function of IL
mol fraction

In contrast to the acetate system, the hexanoate 'H & signals do not show
an overall maximum or minimum. It is overserved an upfield shift at 0.75 molar
fraction for protons 2 and 5 for hexanoate and 3 for ethanolamine, and a constant
upfield for proton 1 from hexanoate, as depicted in Figure 7. The protons [Hex]-5
and [Mea]-3 seem to follow the same trend as water concentration increases,
possibly due to water close interaction to the charged sites from the IL, in
accordance with what is observed from FTIR data. Likewise the acetate
counterpart, line broadening is seen on increasing concentrations of ionic liquids.
The signals for the '*C show a downfield maximum at 0.75 mole fraction ionic
liquid, followed by an overall upfield, as shown in Figure 6. The exception relies
on [Hex]-6 carbon, which experiences a constant downfield after 0.5 IL mol
fraction, likewise to observed in [Ac]-1 carbon. This indicates the intense water
interaction with the carboxylic site from both ILs, which is in accordance to
reported literature '*'7 and FTIR data.
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Spin-lattice relaxation or longitudinal, more commonly reported as T1
relaxation, may be described as the decay constant for the recovery of the magnetic
moment towards equilibrium in the Z axis, this is typical measured by observing
the decay in signal in the XY plane using inversion recovery experiments.
Quantitatively these results are report as R1 (1.T1™).

The rates of R1 relaxation, as shown in Figure 8, of all signals also show a
similar trend to the change in "H and *C chemical shifts. All relaxation rates reach
a maximum at 0.25 IL mole fraction for [Mea][Ac], which can also be attributed to
an increase in hydrogen bonding efficiency. The rates of longitudinal relaxation
reach a maxim at around 0.75 [Mea][Hex] mole fraction, which also agrees with
the "°C data.
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Fig 7: 'H and "*C delta chemical shifts for [Mea][Hex] aqueous solution as function of IL
mol fraction
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Transverse or spin-spin relaxation more commonly reported as T2
relaxation, may be described as the loss of vector due to dephasing of the spins, and
is qualitatively reported as R2 (1.T2"). The R2 relaxation rates were determined

using the CPMG sequence.
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Fig 8: R1 relaxation for [Mea][Ac] (A) and [Mea][Hex] as function of IL molar

fraction.

As can be expected due to an overall decrease in mobility and subsequent
increase in anisotropy the R2 relaxation rates increase steadily. The increase in R2
relaxation rates concurs with the increased line widths observed for the proton
signals. However, close examination of the results reveals an inflection also in the
range 0.10 — 0.25 IL, figure 6 (complementary data). Similar to the acetate analogue
there is a net increase in spin-spin relaxation. However, it is clear from the trends
that there is a sharper increase at 0.75 IL, which is in accord with the other data.

The diffusion rates for each signal are summarized in Table 1. As expected,
an overall decrease in diffusion coefficients is seen on increasing mole fraction of
ionic liquid. There is, however, a steady region between 0.10 — 0.25 mole fraction
[Mea][Ac]. This follows the same trends seen for changes in chemical shift and
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relaxation rates. For [Mea][Hex], a pronounced decrease in diffusion on increasing
ionic liquid content as seen for the acetate counterpart. When comparing the
diffusivities of the cation in disrespect to the anion for both ILs, [Mea] exhibits a
close diffusion rate of that from acetate in the entire range of dilution. Conversely,
in [Mea][Hex] the proximity is only observed above 0.75 IL molar fraction,
suggesting that, for the latter, the cation mobility foes not follow that from the anion
[Hex] in the diluted regions, under 0.75 IL molar fraction.

Tab 1 Diffusion rates measured by NMR, as function of component molar fraction.

Diffusion Rates
[Mea] [Ac] [Hex] H.O

x D(cm’s’) Error  D(cn’s!) Error  D(em’sh Error D (em’s Error
- 0.01 1.5E-05 1.5E-07 15E-05 4 6E-08 - 1.8E-05 4 TE-08
% .%. 0.10 2 6E-06 14E-08 25E-06 3 0E-09 - 4 9E-06 3 3E-08
f—s - 2, 025 2 6E-06 1.3E-08 25E-06 45E-09 - 4 9E-06 3 5E-08
E E 0.50 7.2E-08 1.1E-09 T5E-08 28E-10 - 1.1E-07 4 TE-09
E E 0.75 23E-08 13E-10 23E-08 10E-10 - 2 6E-08 23E-10

1.00 5.5E-09 96E-10 59E-09 3 5E-10 -
= = 0.01 1.8E-04 6.0E-07 - 1.53E-05 29E-07 1.7E-05 92E-08
% '&' 0.10 22E-06 29E-08 - 1 9E-06 1.9E-08 4 5E-06 4.0E-09
f—s ﬁ O" 025 3.0E-07 25E-09 - 2.1E-07 13E-09 9.1E-07 1.0E-08
E ? == 0.50 5.1E-08 2.0E-10 - 4 6E-08 6.0E-11 6.9E-08 T.1E-10
25 E 0.75 1.8E-08 93E-11 - 1.7E-08 3 8E-11 2.0E-08 1.1E-10

1.00 9.5E-09 3.7E-10 - 9.7E-09 19E-10

015 1.0E-08 4 4E-10 1.0E-08 29E-10 9. 8E-09 2.8E-10 -
E E o 025 8§ 8E-09 J6E-10 91E-09 21E-10 8§ 9E-09 2.8E-10 -
E 3 i 0.40 9.3E-09 3 6E-10 8§ 8E-09 13E-10 9.1E-09 3 3E-10 -
"i E =3 0.50 T9E-09 23E-10 §3E-09 43E-11 7.8E-09 24E-10 -
%: - é 0.60 92E-09 43E-10 8§ 2E-09 12E-10 9.1E-09 J4E-10 -
= = 0.75 T1.1E-09 1.1E-09 T0E-09 23E-10 71.7E-09 1.3E-09 -

0.90 5.7E-09 T4E-10 53E-09 29E-10 3 .0E-09 2 0E-09 -
b E o 025 2.0E-07 1.8E-08 29E-07 3 6E-09 1.6E-07 3 SE-09  6.9E-07 1.5E-09
E, % 2] 0.50 5.5E-08 3J9E-10 62E-08 15E-10 4.8E-08 14E-10 8 (0E-08 1.3E-09
£S5 075 27E-08 18E10 28E-08 13E-10 25E-08 72E-11  33E-08  34E-10
g E o 025 3 3E-07 42E-09 40E-07 99E-10 22E-07 1.6E-09 1.0E-06 1.0E-08
%-' E‘ FE 0.50 5.7E-08 3J9E-10 6.1E-08 12E-10 4.7E-10 1.3E-10 8 TE-08 1.3E-09
= g B 0.75 1.8E-08 95E-11 1 8E-08 T1E-11 1.7E-08 5.6E-11 2.1E-08 1.2E-10
@ E o 025 2 7E-07 1.8E-09 3 1E-07 56E-10 2.0E-07 1.6E-09 T4E-07 6.8E-09
E % F'Z 0.50 2 7E-07 1.8E-09 3 1E-07 56E-10 2.0E-07 1.6E-09 T4E-07 6.8E-09
i 2 - 0.75 2 4E-08 13E-10 24E-08 10E-10 2.3E-08 1.5E-10 29E-08 2.6E-10

From the NMR assessment of the dry ILs mixture, no significant trends are
observed going from pure acetate to pure hexaonate in the anhydrous mixtures,
although it is probably noteworthy to mention a perhaps counterintuitive slightly
higher diffusion constants for the pure hexanoate compared to the pure acetate
based on molecular weights. This would indicate stronger ionic binding for the
more compact acetate system.
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The IL proportion between [Ac] and [Hex] has distinct effect of diffusion
rate depending on water concentration. At the diluted region (0.75 water fraction),
acetate/hexanoate proportion, whether 0.25 or 0.75 molar fraction, have a negative
effect on diffusion. Conversely, at concentrated regions (0.25 water fraction) the
same proportion (0.25 and 0.75) have a positive effect on species diffusion rate.
[Ac] tend to diffuse faster than [Mea] and [Hex] as water concentration increases,
with the lowest diffusion rate for the latter.

Differently from what is observed for aqueous [Mea][Hex] alone, the '*C
chemical shift from COO" exhibits a progressive and continuous downshift as water
concentration increases, for both anions. A progressive upfield is observed for both
C in [Mea], opposed to the downfield observed at 0.25 and 0.75 IL fraction in the
single ionic aqueous solutions, [Mea][Ac] and [Mea][Hex] respectively.
Intriguingly, [Mea] presents the minimum R1 relaxation times at the concentrated
IL fraction (0.75 IL) in all [Ac]:[Hex] mixtures, while anions have their R1
maximum at this point.

B.4 Conclusion

The mixtures of both ILs exhibited higher T, than those for neat ILs,
suggesting a higher cohesiveness by the mixtures than pure ILs. Neat [Mea]|[Hex]
was the only system to exhibit a crystallization event (245 K).

It was observed that water has influence in the cation-anion interaction for
both ILs. Results also suggest a possible aggregation for [Mea][Hex] in aqueous
solution.

Although FTIR and NMR assessment suggest the occurrence of molecular
events at 0.05, 0.25, 0.50 and 0.75 IL molar fractions, further investigation is
required to elucidate the nature of such trials.
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B.6 Complementary Data

Tab 1: Glass Transition (Tg)

Temperature

X X Tg

[Mea][Ac] [Mea][Hex] (K)
0.00 1.00 195.03
0.25 0.75 196.75
0.50 0.50 203.03
0.75 0.25 205.35
0.90 0.90 204.97
1.00 0.00 198.68
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Fig 1: DSC for (A) [Mea][Hex], (B) [Ac][Hex] — 0.25:0.75
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Fig 2: DSC for (A) [Ac][Hex] — 0.50:0. 50, (B) [Ac][Hex] — 0.75:0.2 5
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Fig 3: DSC for (A) [Ac][Hex] — 0.90:0.10, (B) [Mea][Ac].
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