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Summary

Polyurethanes (PUs) are a wide and versatile category of polymers with applications including use
in coatings as binders and thickeners, in food packaging, printing inks, and as fire-retardant barriers
in wood treatments. However, since their introduction in 1947, their industrial synthesis largely
relies on isocyanates (-NCQO), which are highly toxic compounds associated with severe risks to
human health and the environment. As a result, their use is increasingly restricted or even banned
under current safety regulations such as the EU REACH Restriction, prompting the development

of sustainable and safer synthetic alternatives.

The synthesis of environmentally friendly non-isocyanate polyurethanes (NIPUs) is gaining
increasing attention as an alternative to conventional polyurethane production. Among various
NIPU precursors, diglycerol dicarbonate (DGC), a bifunctional five-membered cyclic carbonate,
stands out due to its renewable origin, structural suitability, and promising reactivity toward amines
for the formation of polyhydroxyurethanes (PHUs). This is because diglycerol (DIG) is the

simplest derivative of cheap glycerol, which is a by-product of biodiesel preparation.

This study investigates, for the first time, the synthesis of DGC via transesterification of DIG with
dimethyl carbonate (DMC) under both conventional heating (CH) and microwave heating (MWH),
with a particular emphasis on process intensification through MWH. The reaction is catalyzed
using both homogeneous (NaOMe) and heterogeneous (CaQ) basic catalysts and operates under
autogenous pressure in batch systems. In contrast to previous studies, which typically employ CH
under reflux conditions, this work explores a broader range of operational parameters, including

catalyst type and loading, DMC:DIG molar ratio, and temperature.

Initially, DIG and DGC were characterized through FTIR, NMR, TGA, and dielectric analysis.
These confirmed the successful formation of DGC and validated that the applied heating method
did not affect its chemical structure. The dielectric properties analysis showed increased
microwave compatibility as the reaction progresses due to the conversion of non-polar DMC into
polar products, like DGC and methanol (MeOH), reinforcing the suitability of MWH for this

system.

Isothermal screening revealed that MWH significantly enhances the reaction when CaO, as

heterogeneous catalyst, is used, enabling it to match or exceed the performance of NaOMe, as a

3



homogeneous one. Response Surface Methodology (RSM) based on Central Composite Design
(CCD) was implemented to systematically evaluate the effects of temperature, DMC:DIG molar
ratio, and catalyst loading. Among these, temperature was identified as the most critical parameter,
with elevated temperatures (especially 130150 °C) resulting in substantial increases in DIG
conversion and DGC yield, primarily through Arrhenius-driven kinetics and enhanced MeOH
vapor-phase transfer. The DMC:DIG molar ratio was the second most influential parameter, with
an optimum at ~6:1. Higher ratios led to performance decline, attributed to a drop in catalyst
concentration caused by dilution when DMC volume increases. Additionally, under MWH reduced
polarity of the reaction medium caused by the excess non-polar DMC negatively affects

microwave heat dissipation. Catalyst loading had the least impact within the tested range.

Finally, to further optimize performance, a series of dynamic MWH experiments were conducted
using temperature cycling (TC). These profiles aimed to expose the reaction mixture to short-term
elevated temperatures while avoiding prolonged exposure that could lead to polyglycerol
formation. Among the profiles tested, one particular TC strategy (210 °C for 1 min, Timin = 130 °C)
resulted in 98% DIG conversion and 73% DGC yield, while keeping PG formation to a minimum
(7%). This profile also achieved substantial reductions in both reaction time (—78%) and energy
consumption (—71%) compared to isothermal CH. These results demonstrate the benefit of

transient MWH conditions over static heating in both reaction performance and energy efficiency.

Keywords: Diglycerol Dicarbonate, Transesterification, Heating methods, Microwave heating,

Conventional Heating Process intensification, Heat dissipation
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Ot ToAvovpedAvVES ATOTEAOVV L0l EDEMKTN KOt EVPEMS YPTCILOTOIOVUEVT KATYOPio TOAVUEPDY
HE EQOPUOYEG TOV TTEPIAAUPAVOVY EMGTPMOOELS MG GLVOETIKA Kol TNKTIKA HEGO, CLOKEVAGIEG
TPOPIU®V, UEAAVIO EKTUTTMOONG, KAOMG Kol TUPOTPOCTATELTIKA Qpayuato oty emeiepyacia
EvAov. Qot6c0, and v kabiEpwon tovg o 1947, n Prounyaviky tovg cvvleon Paciletor oe
peydio Pabud ot ypnomn ookvoviov (-NCO), ta omoia eivor wdaitepa T0EIKESG EVOGELS, UE
coPapéc emmTOOES Yoo TNV avOpomivn vyela kot to mepiBdAiov. Emopévmg, n ypnon tovg
neplopileTor ooTNPE 1] KOt AoryOPEVETOL COUPDVA LLE TOLG GVYYPOVOVG KOVOVIGLOVG OLGPOAELNG,
omwg o kavovioudg EU REACH, yeyovoc mov odnyel otnv avaykn avantuéng Pioctuov Kot

ACPOAECTEPOV GUVOETIKOV EVOALAKTIKOV.

H obOvbeon mepifarroviikd @uik®v pn-1cokvovikav moivovpebavav  (Non-Isocyanate
Polyurethanes, NIPUs) ocvykevipdvel oloéva Kot UEYOADTEPO EPELVNTIKO EVOLUPEPOV MG
EVOALOKTIKY TPOGEYYIOT EVAVTL TNG KAUGIKNG Tapay®wyns ToAvovpedavav. Meta&d twv stopdpwv
npodpopmv evircewv NIPUs, n dwavBpaxikr] dryAvkepoin (Diglycerol Dicarbonate, DGC),
Eeympiler Adym TG OvVOVEDGCIUNG TPOEAEVONG NG, TNG OOUIKNG KOTOAANAOTNTOG KOl TNG
KOvOTNTAG TG VO avTdpd pe apiveg yio tov oynuatiopd moivvopoévovpebavav (PHUs). H
dyavkepoAn (DIG) pdiiota amotelel to amAovotepo mapdymyo g eONVNS YAukepOANG, £vOg

VIOTPOTOVTOG TNG TaparywyNG Provtilen.

H mopodoa perémn odiepevvd yu mpot @opa ™ obvvBeon DGC péocow g aviidopaong
peteotepomoinong ¢ OryAvkepoOAng pe avBpakud dyebdo (DMC), vmd ovuvOnkeg
AVTOKAEIGTOL avTIdpacTipa Kot epappoyn gite cvpuPatikng (CH) eite pkpokvpotikng 0éppavong
(MWH), pe éuepoocn ot Oepedvnon OTPATNYIKOV gvioYLong TS OadKaciog HECH TV
pikpokvpatov. H avtidopaon kotardetar and facikovg opoyeveic (NaOMe) ko etepoyeveig (CaO)

KATOADTEG,.

Ye avtifeon pe mpomyobueveg peAétec mov e@appolovv kvpiowg ovuPotikn 0éppaven vmd
ovvOnkeg avafpacpod, 1o mapdv Epyo e€etdlel evpvTEPES MOPAUETPOVS AELTOVPYING, OTTMOC TO
€100¢ Kot 1 TocHTNTA TOL KataAvTn, 1 avadoyio DMC:DIG kou ) Oepuoxpacio. Apyikd, o1 eVOGELG
DIG xotr DGC yapaxmpiomkav pe FTIR, NMR, TGA kot avéAvon SAEKTPIKGOV O10THTOV.
EmBeParmdnke n emtuyng odvleon tov DGC, yopig enidpaon amd ™ péBodo Béppovong ot
k) tov doun. H avdivon dmAextpikdv 1010t)Tov £€0€1e avENON NG HMKPOKVUOTIKNG
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ovpPatotntag kabmg Tpoxwpd n avtidpact, Ady®m HETATPOTNG TOL Un-toAkov DMC cg molkd

npoiovia (DGC ko MeOH), vrootnpilovtag tnv KataAinAdtnto yio MWH.

Amoodelynke 0Tt M pkpokvuaTiky B€ppavorn evioybel onuaviikd v omddoon tov CaO,
EMTPEMOVTIAG TOV Vo Tpooeyyicel N va vepPel tig emddoelg tov NaOMe. Me v Bonbeta ¢
pebodoroyiag amokpiong emodvelng (Response Surface Methodology, RSM) katr ypnon
Kevtpikoh Xovhetov Zyedacpov (CCD), emtevydnie cvotnuatikny a&loAdynon g enidpaong
TOV TPLOV ToPUUETPpOV. AloamiotdOnke 0TL 1 Ogpprokpocio eivat o mo kpioog Tapdyovtog, Kabmg
n avénon otovg 130-150°C odnyei oe onuavtiky PeAtioon g petatponng ™ DIG kot g
anddoong DGC. O popraxodg Adyog DMC:DIG ntav 0 de0tepOg MO GNUOVTIKOS TOPAYOVTAS, LE
1Wavikd onpeio 1o 6:1, evd vyYMAGTEPOL AdYOoL 0dNYNoaV G€ PEIDOT amOd06MG AOY® LITOPAdoNg
NG CLYKEVIPMOONG KATAADTN o010 delypo. Xto pikpokvpate emidpacn eiye Kot m peiowon g
noAkoTTOoG TOv Ottypotoc. H mocodmta tov katoldtn €ixe ™ HiKpOTEPN €mMidpacm GTO

e€etaldpevo vpog.

[No mepartépm evioyvomn g andO0oNS, TPUYLOTOTOMONKE GEPE TEPAUATOV LE PKPOKVLLATIKY|
Bépuaveon, avtr ™ eopd vtd cuvinkes Bepuikod kbxkiov (Temperature Cycling, TC). Ta tpo@id
oTOYEVAY GTNV TOPOodIKY £kBe0T TOL HiYHOTOG 6€ VYNAES BEpUOKPAGIES LLE TOLTOXPOVN OTTOPVYN
vrepPoAKNg mapaywyng moivyAvkepOAnc. Metald tov cevapiov, T0 TC pe Tmax =210 °C yia
1 Aentd Kot Tmin =130 °C métvye 98% petarponn DIG xor 73% oanddoon DGC, pe porg 7%
onpovpyia moAvylvkepoing. IopdAinia, o ypdvog avtidpacng Kot 1 EVEPYELNKT] KOTAVAA®OT

petwdnkoav kotd 78% war 71%, avtictorya, oe cuykpion e v toobepuikny CH.

AéEerc-khednd: AtavBpakikn Atylvkepoln, Meteateponoinor, MéBodol Bépuavonc, Oépuavon
pe pkpoxkvpato, Xoppatikn 0épuavon, Evtaticonoinon diepyacioc, Amoywyn Beppommrog
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Introduction

1.1 Polyurethanes: Structure, Applications, and Industrial Relevance

Polyurethanes (PUs) represent a highly versatile and widely utilized class of polymers, defined by
the presence of urethane linkages in their macromolecular chains. Traditionally, PUs are
synthesized through the reaction between polyols and diisocyanates, resulting in materials that can
be chemically and mechanically tailored to meet a broad spectrum of application demands. This
adaptability, in terms of stiffness, elasticity, chemical resistance, and durability, has emphasized

the need for PUs across many different industries.!

Since their introduction in 1947, the applications of PUs have expanded, and nowadays they span
diverse sectors. Flexible PU foams are heavily employed in consumer products such as mattresses,
automotive seating, and footwear, where cushioning and comfort are prioritized. On the other hand,
rigid PU foams play a key role in construction and refrigeration as they present exceptional thermal
insulation properties. For instance, they are being widely used in panels, appliances, and building
insulation. Furthermore, elastomeric PUs offer high resilience and resistance, making them ideal
for use in wheels, tires, seals, and gaskets. The CASE segment (Coatings, Adhesives, Sealants, and
Elastomers) takes advantage of PU's excellent surface adhesion, chemical resistance, and

flexibility, supporting applications in protective coatings, industrial adhesives, and sealants.>

In addition to traditional markets, the rising sector of biomedical applications of PUs has gained
importance. Medical-grade PUs are now used in wound dressings, implantable devices, and drug

delivery systems, thanks to their biocompatibility and controlled mechanical properties. *

Despite their popularity in daily life necessities, traditional polyurethane production methods
present challenges, with the use of toxic and hazardous diisocyanates as the most important one.
Nowadays, with sustainable chemistry development and new regulations, research groups and
industries have to replace hazardous chemicals and harsh reaction conditions with greener
intermediates and processes. Exposure to isocyanates during manufacturing brings concerns
related to environmental and end-of-life impacts and has shifted research into safer alternatives.
One of the most promising avenues has been the development of non-isocyanate polyurethanes

(NIPUs). *
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1.2 Synthetic Routes to NIPUs: Classification and Comparative
Assessment

NIPUs avoid the use of isocyanates (-NCO) entirely. Except for the toxicity concerns that these
compounds solve, NIPUs also offer potential advantages in terms of thermal stability, solvent
resistance, and sustainability. For instance, many of the monomers used in NIPU synthesis are

accessible from bio-based feedstocks.

NIPUs can be synthesized via several distinct reaction mechanisms, each of which offers distinct
characteristics. Their differences might be noticed in structural control, scalability, and
sustainability. While multiple classifications exist in the literature, the main routes converge
around four synthetic strategies: polyaddition of cyclic carbonates with amines, polycondensation
reactions, ring-opening polymerization (ROP) of cyclic urethanes or carbamates, and

rearrangement reactions involving the generation of isocyanates.’

Polycondensation Polycondensation

of linear of linear
carbamates and carbonlates'and
polyols — polyamines
O NSNS0
R O\H/ R \n/O R R’OTO‘R’O\H/O‘R
(0] (0] (o) fo)
+ +
R
R, HaN™NH,
HO™ " “OH
N_ o
R~ \n/ "R
Yg o T 1
0 o
O‘V))\ /LMO O 'NH
n R n )n
+ +
Polyaddition R R. Ring opening
of cyclic HoN™"NH, OH polymerizatio.n
carbonates and of cyclic
: carbamates
polyamines

Figure 1:NIPUs synthesis routes, as presented by Mundo

The first route involves polycondensation reactions, including the transurethanization of linear
activated carbamates with polyols or diamines. These processes form urethane linkages through
step-growth polymerization, typically releasing alcohol or water as by-products. > Even though

polycondensation offers advantages like the ability to use renewable feedstocks and well-known
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reaction frameworks, it also presents limitations. The most crucial problems are the difficult
removal of side products, and that it often requires high temperatures to proceed efficiently. Some
versions of this method still involve precursors derived from phosgene, isocyanates or other

hazardous reagents, also raising toxicity and health concerns. &’

0 0 ) H
N

H
+ -
YOLR,OYNuR.T 2n-1) R-0OH
o} 8] n

H
ngp L or M r *n ooy =—" TOTN‘R’NTD‘R'* * o (2n-1) R-OH

b)
co,
l@ 180°C.2h P
oy, o - 2 CH,OH o Y o
l .;.]~ *+ HiC.g Ot o “hH NH O
K™ ™ L maolar excess
180°C, 3 h || molar excess of
-2 CH,OH HO{QH;I_GH
180°C, 0.02 mbar, 4 h
- HO{CH,},OH o
S SR SR S - HO(CH,)\OH WORAOW
-+ OJiU_NH ~F '1 o1 IED —_— - Ho - ‘.—}0 NH ™ - wH 0~ i,',OH
i m
n=2,4,660r10 * *““9;,";:;;':;1;3‘;"' n=24,5,60r10

Figure 2: Schematic representation of the polycondensation route in NIPU synthesis, as presented by Balla et al.

The second synthetic route is the ring-opening polymerization (ROP) of cyclic urethanes or
aliphatic 6-7- membered cyclic carbamates. This scheme is attractive because it can generally
proceed without the generation of by-products, and in some cases, the resulting polymers show
promising mechanical and thermal properties. However, ROP typically requires elevated
temperatures, and many cyclic urethane monomers are derived from phosgene or involve
significant synthetic effort. As a result, this method remains underexplored in industrial settings,

although it holds potential for high-performance applications as greener routes are arising. %’

13



HofCHyf-NH, + cu—@—o-@ Sl .4 m{-ca,—};m-g-o@ + HCL

cHl;
HOFCHr]:N*-g-O T’ gl\ﬁ-/h ' HOO

o)

o~ o-Serfonck

0 [n}-polyurethane

Figure 3: NIPU synthesis through polymerization of cyclic urethane, as presented by Balla et al.

The rearrangement reactions, such as those of Curtius, Hofmann, or Lossen, offer another route to
polyurethane structures. These mechanisms utilize precursors like acyl azides, carboximides, or
hydroxamic acids, which produce isocyanates in situ. So, even though they technically avoid the
use of commercial diisocyanates, they still produce them transiently and require highly toxic
intermediates, which pose challenges in terms of safety, regulation, and sustainability. In order to
overcome these problems, studies have been investigating the possibility of using the

rearrangement of dimethyl carbonate (DMC). 7

R"OH

0]

N, Curtius rearrangement R \”/
(@)

R"OH

o)
R'/lkNH ” H O

2 Hofmann rearrangement R \n/
(0]

O R"OH

)J\ 1 = N._OR"

Lossen rearrangement R \ﬂ/
0]

Iz

Figure 4: . Schematic representation of rearrangement NIPU synthesis reaction, as presented by Balla et al.
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Lastly, the most widely investigated route is the polyaddition of cyclic carbonates and amines,
which yields polyhydroxyurethanes (PHUs), a name that comes from the primary or secondary
hydroxyl groups formed. Within the polyaddition route, the synthesis of NIPUs proceeds through
a two-step process involving the formation of cyclic carbonate oligomers, followed by their step-
growth reaction with diamines or polyamines, as shown on Figure 5. This method is widely
recognized as the most efficient and sustainable route because it fully eliminates the use of
phosgene. Simultaneously, PHUs show significantly improved stability compared to conventional

PUs, and improved chemical and thermal resistance. 7

n O oA 4 n HNRy_

0\/\\ O NH,

Figure 5:Schematic representation of polyaddition reaction, as presented by Balla et al.

In conclusion, while each synthetic route to NIPUs presents specific advantages, the polyaddition
of cyclic carbonates and amines currently stands out as the most industrially feasible and

environmentally aligned method.
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Figure 6. Overview of synthetic routes to polyurethanes, as presented by Maisonneuve

1.3 Focus on the Polyaddition Route and the role of Bis-cyclic
Carbonates

Despite the advantages mentioned, the polyaddition route can also present some limitations, like

the production of low molecular weight PHUs, especially in mild temperatures. To overcome this

challenge, differentiations in monomer structure, stoichiometry, and reaction temperature can be

explored. ’

More specifically, the broader classification of cyclic carbonates, relevant to NIPU synthesis
through the polyaddition route, distinguishes mono-cyclic carbonates (MCCs), such as glycerol
carbonate, and bis-cyclic carbonates like diglycerol decarbonate (DGC). MCCs possess a single
carbonate ring and are inherently monofunctional, meaning they terminate polymer chains and
result in oligomeric or low molecular weight PHUs.® In contrast, BCCs contain two cyclic
carbonates, typically at terminal positions, enabling chain extension. This allows to produce high-
molecular-weight linear PHUs or lightly crosslinked networks, depending on stoichiometry and

reaction conditions.*
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Figure 7: Paths for the creation of NIPUs from monofunctional and bifunctional monomers.

Generally, MCCs or BCCs with five- or six-membered cyclic carbonate rings employed in this
route can be synthesized via a range of chemistries. However, five-membered carbonates are
preferred due to their greater thermodynamic stability, synthetic accessibility under mild
conditions, and resistance to homopolymerization, which makes them more suitable for controlled

NIPU synthesis.’

Focusing on the production of 5-membered BCCs, many different pathways for their synthesis can
be selected, including the cycloaddition of carbon dioxide to epoxides, transesterification of diols
with dialkyl carbonates, oxidative carbonylation, and routes involving halohydrins, as illustrated
in Figure 8. Each pathway presents specific advantages and limitations concerning precursor

availability, energy input, catalytic requirements, and by-product generation. *
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Figure 8:Synthesis of 5-Membered Bis-Cyclic Carbonates, as presented by Maisonneuve et al.

The DGC molecule produced via diglycerol transesterification is a great example of a highly
efficient five-membered BCC. The subsequent polyaddition of DGC with aliphatic or aromatic
diamines proceeds cleanly, without toxic by-products, yielding high-performance polymers that

exhibit enhanced mechanical and thermal properties and higher molecular weight.

1.4 The Case for Diglycerol Dicarbonate: A Renewable and
Bifunctional Monomer

Building on the relevance of five-membered BCCs for high-performance NIPU synthesis, DGC
stands out not only because of its molecular structure but also for its renewable origin. Glycerol,
which is a by-product of biodiesel production, has become increasingly abundant in recent years,
with global output exceeding 1.5 million tons, far surpassing the current industrial demand.
Diglycerol (DIG) is the simplest oligomeric derivative of glycerol, and it offers promising
characteristics. It is widely applied in food, cosmetics (such as soaps and toothpaste), and chemical
formulations, including printing inks. ' At the same time, unlike glycerol, whose direct
transesterification with DMC leads to monofunctional glycerol carbonate, DIG enables the
formation of a bifunctional product, thereby overcoming the chain-terminating limitations

MCCs. !

18



In addition, DIG possesses favorable properties like low volatility, high thermal stability,
mechanical strength, and compatibility with solvent-free processing. These attributes not only
facilitate its transformation into DGC under relatively mild transesterification conditions but also

contribute to the environmental and economic aspects. '°

Overall, DGC combines structural efficiency with bio-based accessibility, positioning it as a
strategically important monomer for the development of isocyanate-free polyurethanes within a

sustainable approach.

1.5 Reaction Scheme and Mechanistic Considerations in DGC
Synthesis

As mentioned, the product of this experimental process, DGC, is typically prepared through a two-

step transesterification process. The transesterification of DIG with DMC is reversible and is

accompanied by the formation of an intermediate.'?

The first step involves the reaction between DIG and dimethyl carbonate (DMC). This pathway
proceeds under relatively mild thermal conditions, often in the presence of a catalyst, either
heterogeneous or homogeneous. '* In this step, the formation of diglycerol monocarbonate
(DGMC), a mono-substituted cyclic carbonate intermediate, is achieved along with MeOH, as a

co-product. 1510

o)
OH OH o )k 0
HD\/I\/O\)\/OH "2 \OJJ\O/ =9 7 o BN )L , + 2 CHOH

Dimethyl Diglycero(IDNIGol\:llg;:arbonate Dimethyl Methanol
Diglycerol (DIG) Carbonate Carbonate (MeOH)
(DMC) Intermediate (DMC) Coproduct

Figure 9: Reaction scheme from reactants to intermediates

In the next step, the intermediate is further transformed into the desired product of DGC, which is
accompanied by the release of MeOH, the coproduct of the reaction. The overall process converts

DIG (polyol) into a BCC by adding two hydroxyl groups with carbonate rings, allowing DGC to
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function as a bifunctional monomer in the subsequent polyaddition with diamines to form high

molecular weight PHUs.!?

(0] (0] O
(0]
/lk - /U\ /Lk
0 0 OH + N r + 2 CH,OH = (o) (e} O + 4 CH,OH
\—k/o\/k/OH o~ 0 \—Q/OQ—/
Diglycerol Monocarbonate Dimethyl Methanol Diglycerol Dicarbonate Methanol
(DGMC) Carbonate (MeOH) (DGC or DGDC) (MeOH)
Intermediate (bmc) Coproduct Product Coproduct

Figure 10: Reaction scheme from intermediates to final products

Simultaneously, a competing reaction is present, as DIG can be polymerized into polyglycerol
(PG), which is an undesired, side product. Prolonged reaction times and higher temperatures favor
further polymerization into longer-chain PGs. To prevent the undesired formation of higher PGs

during DGC synthesis, it is essential to optimize reaction conditions carefully.'®

OH OH -nH,0 OH OH / OH OH '
HO\)\/O\)\/OH HO\)\/O O\)\/O\/K/O
nH
Diglycerol (DIG) Polyglycerol (PG)

Slde product
Figure 11: Reaction scheme of side reaction
So far, the reported studies of this reaction have implemented conventional heating (CH) methods,
while microwave heating (MWH) systems remain largely unexplored. To be exact, the research
has been conducted primarily under CH reflux conditions in relatively mild temperature conditions

(<90 °C), instead of autogenous (>90 °C). 10-11.13

Both homogeneous and heterogeneous catalysts have been explored, but the most predominant
ones are homogeneous ones, like sodium methoxide (NaOMe) and potassium carbonate
(K2CO:s).!%!"! The achieved results indicated shorter reaction times and higher yields compared to

CaO, but also present recovery challenges due to dissolution in the reaction medium.'* In addition,
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an increase in reaction time is interwoven with the formation of the intermediates and/or

byproducts. '?

Recent studies also suggest that if coproduct MeOH is eliminated by distillation, the conversion
yield can be increased from 70% to 85% within 42 h, showing that there is an equilibrium shift to
the right. This proves a potential correlation between the removal of MeOH and better process

performance. !4

Lastly, only one parametric study has been carried out to investigate the influence of how the
DMC:DIG molar ratio (MR) and catalyst loading influence the reaction outcome; however, key

results like conversion were not attained. '

1.6 Catalyst Strategies for Transesterification

As explained, the transesterification of DIG with DMC to produce DGC, as described in the
reaction schemes above, is generally achieved using a catalyst. In addition to other process
conditions, such as temperature and molar ratio, catalyst selection and loading play a vital role in

optimizing the efficiency and selectivity of a reaction.!”

For the process to be industrially feasible, the catalyst type should meet some basic criteria: it
should be cheap and easy to separate from the product with simple purification steps, the yield of
DGC should be high, and the reaction time should be short to allow efficient and cost-effective

production.'®

As demonstrated by Ochoa-Goémez et al. (2009), basic catalysts significantly outperform acidic
ones in this type of reaction systems. Acid catalysts, whether homogeneous (e.g., sulfuric acid) or
heterogeneous (e.g., ion exchange resins), exhibit poor activity, with low conversion and yield,
even after extended reaction times. This is explained primarily due to kinetic limitations and

ineffective cyclization steps.

On the other hand, basic catalysts facilitate the nucleophilic attack on the carbonyl carbon of DMC,
making them a more suitable choice. Usually, high yields and conversions are observed under

moderate temperatures, with catalytic performance correlating directly with basic strength.
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In the same study, a comparative analysis of homogeneous and heterogeneous basic catalysts
revealed important distinctions in their performance for the transesterification of glycerol with
DMC. Homogeneous catalysts, such as sodium and potassium methoxides or hydroxides,
exhibited superior activity and selectivity, achieving high conversions and yields under relatively
mild conditions. However, their solubility in the reaction medium complicates catalyst separation
and limits reusability. In contrast, heterogeneous catalysts, including alkaline earth oxides like
Ca0 and MgO, demonstrated lower but still significant catalytic activity. While requiring higher
catalyst loadings and longer reaction times, they offer the advantage of easier recovery and

potential reuse, making them more attractive for scalable industrial processes.

1.7 Microwave Heating in Glycerol-Based Transesterification: Toward

Process Intensification

Although limited research exists on MWH in the transesterification of DIG, recent studies
involving glycerol provide important insights into its potential for process intensification. The
transesterification of glycerol with DMC has served as a model system to understand and evaluate
the effects of MWH compared to CH, revealing notable advantages in terms of both efficiency and

selectivity. 1920

More specifically, these studies have shown that microwave-assisted systems can achieve
significantly faster reaction rates and improved catalyst performance under similar conditions. The
interaction of microwave energy with polar reactants, such as glycerol and glycerol carbonate,
enables rapid molecular activation. This effect contributes not only to faster conversion but also to

better energy utilization, aligning with sustainability goals in green chemistry.?°

Another key advantage of MWH lies in its ability to facilitate the removal of polar by-products
like MeOH, which can otherwise limit conversion in equilibrium-based systems. By selectively
accelerating the phase transition of low-boiling products, MWH can shift the reaction equilibrium,
thereby increasing overall yield. ° These characteristics are particularly valuable in systems

involving polar reactants and products, such as DIG,DGC, and MeOH.
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1.8 Scope and Research Motivation

Despite the growing interest in NIPU precursors, no prior work has systematically examined the
effects of microwave irradiation on this reaction. To address this gap, this study will focus on the
influence of key process variables. These include catalyst type and loading, reaction temperature,

DMC:DIG molar ratio (MR).

In the context of the current study, the technique of MWH will be explored as a way of enhancing
the transesterification of DIG to improve conversion, reduce reaction time, and support greener
process conditions. For the comparison to be complete, parameter characteristics and behavior are

tested under both MWH and CH.

By focusing on conversion, yield, and reaction time, this work seeks to assess the potential of
MWH to enable more efficient, scalable, and greener synthesis routes for DGC and intensify the

Process.
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Experimental

2.1 Materials

DIG (>80% purity) was obtained from BIOSYNTH. DMC/ Extra Dry, Acroseal (99+% purity),
Ca0 (99.95% purity on a metals basis) and NaOMe, used as the reaction’s catalyst, and dimethyl
sulfoxide-ds (DMSO-ds, >99.5% purity), used as NMR solvent, were purchased from Thermo
Scientific. Methanol (MeOH, >99.8% purity), potassium bromide (KBr, spectroscopy grade), were
purchased from Fisher Scientific. Finally, ultrapure water (18.2MQcm) was used as a solvent and
mobile phase for high-performance liquid chromatography (HPLC) analyses. All chemicals were

used without further purification.

2.2. Apparatus and Synthesis Procedure

The transesterification reaction examined in this study, involving DIG and DMC, has already been
presented in the introductory part in Figures 9 and 10. In brief, this reaction leads to the formation
of DGC as the target product, with MeOH released as a co-product and DGMC acting as the main
intermediate. PG may also form as a by-product under certain conditions through etherification

pathways.

In order to explore the differences, two basic catalysts were evaluated: one homogeneous and one
heterogeneous. Firstly, sodium methoxide (NaOMe) was selected as the homogeneous catalyst
based on its strong basicity and extensive application in DGC synthesis. As mentioned, generally
homogeneous systems enable rapid and efficient conversion, performing better than heterogeneous
ones due to direct contact with reactants. However, they pose challenges in terms of catalyst

separation and product purification.!!

To complement this, calcium oxide (CaO) was chosen as a representative heterogeneous catalyst.
CaO is generally acknowledged for its high catalytic activity in transesterification reactions and
was reported to outperform other solid bases such as MgO and CaCOs under optimized
conditions.'® Some of the advantages include low cost, availability, and easy recovery through
simple filtration. However, CaO may suffer from deactivation due to air exposure, especially when

it is reused across multiple cycles.
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To systematically study the influence of key reaction parameters, a Central Composite Design
(CCD) was employed. CCD is a widely used statistical experimental design methodology that
enables efficient exploration of multivariable systems by minimizing the number of experimental

runs required while still providing robust data for modeling and optimization.

In this study, CCD was applied to assess how catalyst loading, DMC:DIG MR, and temperature
affect reaction performance under both CH and MWH. All experiments were conducted

isothermally.
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Figure 12: CCD design for DGC production

The parameter ranges used in the CCD study are summarized as follows:

Central Composite Design (CCD)

Reaction conditions

Temperature (°C) 110, 130, 150
DMC:DIG molar ratio (MR) 2:1,6:1,10:1
Catalyst loading (% w/wpig) 0.1,1.05, 2

Reaction time (h) 1,2

Table 1: Reaction conditions for CH and MWH experiments

This experimental matrix made an investigation of the reaction system possible, offering insight
into how each parameter influences DGC formation and overall process efficiency under both

heating modes.
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2.2.1 Isothermal operation

2.2.1.1CH
CH experiments were conducted with the setup depicted in Figure 13. The setup consisted of a

stainless steel 50mL reactor placed on a magnetic heating and stirring plate. The reaction
temperature was measured using a PT1000 temperature sensor, while the pressure was indicated
by a manometer and a pressure indicator. As mentioned, depending on the desired DMC: DIG
molar ratio—2:1, 6:1, or 10:1—the masses of reactants were calculated to maintain a constant total

volume across all experiments.

Firstly, the appropriate quantity of DIG was introduced into the reactor, followed by the weighed
amount of catalyst (either NaOMe for homogeneous or CaO for heterogeneous catalysis).
Subsequently, the calculated volume of DMC was added. Once sealed, the reactor was placed on
the heating/ stirring plate, and the reaction proceeded under isothermal conditions (110, 130 or
150°C) for a duration of two hours. Once the reaction was complete, a vapor-phase sample was

collected for analysis.

Figure 13: Experimental setup used for CH: a 50mL stainless steel reactor (1) placed on top of a magnetic/heating plate (2).
PT1000 temperature sensor (3) for temperature monitoring, manometer (4) and pressure indicator (5) for pressure monitoring,
and vapor sample valve (6).

26



2.2.1.2 MWH
The MWH experimental setup is shown in Figure 14. The 50mL borosilicate glass reactor was

inserted in the MW cavity, which was connected via a coaxial cable to a solid-state generator (SSG)
from Sairem Corporation (France). The SSG has a maximum output power of 200W and is
adjustable in 1W steps, and works at 2.45GHz. The MW cavity is equipped with an adjustable stub
for impedance matching. A stirring plate was placed beneath the MW cavity to ensure adequate
mixing of the liquid solution. The reaction temperature was measured with an IR pyrometer, while
the pressure was indicated by a manometer and a pressure indicator. The process that was followed

for the MWH experiments was almost identical to that of CH mentioned above.

Reactant masses were calculated, weighted, and then added inside the reactor of Figure 14. After

the completion of the reaction, a vapor phase sample was taken.

Figure 14: Experimental setup used for MWH: a 200W solid state generator (1) was connected via a coaxial cable (2) to an MW
cavity (3), which contains the 50mL borosilicate glass reactor (4), and a magnetic plate (5) was placed under the cavity. An IR
pyrometer (6) was connected to the generator for temperature monitoring, while the pressure was indicated by a manometer (7)
and a pressure indicator (8). A sample for the vapor phase was retrieved via a vapor sample valve (9).
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2.2.2 Temperature Cycling

Following the initial isothermal screening, the most promising catalyst loadings and DMC:DIG
MRs were selected for further optimization under dynamic thermal conditions. To explore
potential improvements in reaction performance, temperature cycling was applied using MWH

instead of conventional isothermal profiles.

In this approach, the reaction temperature was alternated between defined maximum (Tmax) and
minimum (Tmin) values over a set number of cycles. The goal was to promote reaction progress by
periodically increasing temperature to accelerate transesterification kinetics and lowering it to
reduce side reactions or thermal degradation. Each cycle included a specified holding time at Trmax

aIld Tmin .

The experiments were conducted under a range of conditions involving variations in peak
temperature, holding time, catalyst loading, and DMC:DIG MR. Table 2 summarizes the

experimental parameters used for temperature cycling:

Reaction conditions
Tmax (°C) 170, 190, 210
Tmin (°C) 110, 130
Holding time (min) 1,3,5
Number of Cycles 3

Table 2: Reaction conditions for Temperature cycling experiments

This dynamic heating strategy was designed to evaluate whether temperature modulation could
enhance DGC yield and DIG conversion under microwave-assisted conditions compared to static
isothermal operation. For the temperature cycling experiments, an Anton Paar Monowave 300 MW

oven was used, which has a built-in pressure sensor and a FO for temperature measurement.
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Figure 15: Anton Paar Monowave 300 MW oven.

2.3. Postreaction Procedure

Upon completion of the reaction, the mixture was allowed to cool, after which the catalyst was
separated by vacuum filtration. The remaining volatile components (unreacted DMC and MeOH
produced as a co-product) were removed under reduced pressure using a rotary evaporator. This
left behind the residual reaction mixture, consisting primarily of unreacted DIG, DGMC as an

intermediate, the desired product, DGC, and the side product, polyglycerol.

The vapor sample and a sample of the residual mixture were collected and analyzed by high-
performance liquid chromatography (HPLC) to determine the concentrations of DMC, MeOH and
DIG, DGMC, DGC, and PG, respectively. These measurements were used to calculate both the
conversion of DIG and the yield of DGC.

The conversion of DIG was calculated using the equation:

moles of DIG reacted

Conversion (%) = * 100%, Eq. 1

initial moles of DIG

The yield of DGC was calculated as:

moles of DGC obtained
moles of DGC theoritically possible

Yield (%) = « 100%, Eq. 2

Accordingly, the yields of DGMC and PG were also calculated.
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2.4 Analytical Methods

2.4.1 High-performance liquid chromatography (HPLC)

MeOH, DMC and DIG, DGC, DGMC, and PG concentrations in vapor and reaction samples,
respectively, were determined using a high-performance liquid chromatography (HPLC) system
(1260 Infinity series, Agilent Technologies), equipped with a PL aqua gel-OH 20 column and a
refractive index (RI) detector. The analysis was carried out under isocratic conditions, using ultra-

pure water as the mobile phase, with a constant flow rate of 1 mL/min.

2.4.2 Fourier Transform Infrared Spectroscopy (FT-IR)

The obtained product was qualitatively analyzed by FTIR spectroscopy using a Jasco FT/IR 6700
spectrometer applying the KBr method. Spectra were obtained with a resolution of 2cm™ and 32
scans per recording in the range of 4000 - 400cm’’. Prior to sample analysis, a background
spectrum was recorded from the cell chamber to account for ambient environmental factors and

baseline variations, ensuring that only the sample’s absorbance is presented in the spectra.

Figure 16: FT-IR Analysis System.
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2.4.3 Nuclear Magnetic Resonance (NMR)

'HNMR and '*C NMR measurements were recorded on a Bruker Avance DRX 500MHz operating
at 500.13MHz and 125.77MHz for 'H and '>C measurements, respectively. Samples were
measured using DMSO-d6 in an NMR tube of 5 mm OD and 700 mm length.

2.4.4 Energy Cost Analysis

Energy consumption during the synthesis was assessed using a Uni-T UT230B power meter.
Measurements were taken for both heating methods to determine the energy required to raise the
reactor temperature from room temperature to the reaction temperature (110-150°C), and to
maintain that temperature throughout the reaction. These measurements enabled the calculation of
total energy consumption for each experiment. While the analysis offers a useful first
approximation of the energy demand associated with each method, it is important to note that these

results are indicative and may vary significantly when scaled up to pilot or industrial levels.

e

Figure 17: Uni-T UT230B power meter

2.4.5 Thermogravimetric Analysis (TGA)

A Mettler Toledo TGA/DSC instrument was used to determine the safe temperature range for
conducting the transesterification reaction without inducing thermal degradation or decomposition
of the starting material, DIG. The atmosphere of the oven and balance chamber was filled with N>,
while the flow rate for the sample was 60 mL/min. Samples of 10mg were weighed in alumina

crucibles and heated from 25 to 500°C at a heating rate of 10°C/min.
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2.4.6 Dielectric properties measurement

Dielectric constants and dielectric loss of the reaction compounds were measured using the cavity
perturbation method.?! A network analyzer (Anritsu MS2026C) connected to a PC and controlled
by a self-written LabVIEW application was utilized. The samples were placed in a quartz tube
with an internal diameter of 3mm and a length of up to 50mm. Measurements were conducted at

a frequency of 2.45 GHz, across a temperature range of 25-85°C.
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Results

3.1 Reactant and product characterization

Before presenting the experimental results, preliminary analyses were conducted to confirm the
identity and structural characteristics of the synthesized compounds and to determine the safe
temperature range for carrying out the transesterification reaction. The three methods that were
used to verify these were, as mentioned above, FT-IR, 'H NMR and TGA. Furthermore, dielectric
property measurements were carried out to determine the dielectric constant (&') and dielectric loss
factor (¢”) of the main reaction components (DIG, DMC, CaO, DGC, MeOH). These
measurements serve as indicators of the compatibility of MWH with the individual reaction

components.

3.1.1 FT-IR analysis

Figure 18 presents the FT-IR spectra of the synthesized DGC in order to elucidate its chemical
structure and compare it with the literature. A clear and characteristic vibration band is observed
at 1791 cm’', which corresponds to the carbonyl group of the cyclic carbonate (C=0)>.
Additionally, C—C and C—O stretching of the 2-hydroxyethyl chain of the product are identified at
1151 cm™ and 1055 cm™!, respectively. 2* Finally, 1396 cm™ corresponds to s-CHx bend, 1174 cm’
! to s-CH bend, while the triplet of peaks at 2880,2925, and 2993 cm™ is due to the CH,/CH

vibrations of the cyclic carbonate.?

The FT-IR spectra of DGC synthesized showed no differences in peak positions or intensities from

those in the literature, confirming the successful synthesis of DGC.
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Figure 18: Top: FT-IR spectra of synthesized DGC, Down: FT-IR spectra of DGC from literature.
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3.1.2 '"H NMR analysis

According to Figure 19, the '"H NMR of our synthesized DGC is similar to that one of the literature,

further indicating the successful synthesis of DGC.

For clarification, the peak at ~3.3ppm corresponds to the characteristic peak of the solvent

(DMSO-dg).

N JJ'LAJ:}M -

Figure 19: 'H NMR spectra of synthesized DGC, Down: 'H NMR spectra of DGC from literature.
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3.1.3 TG analysis

Figure 20 presents the TG curve of the starting material, DIG. Based on these results, a maximum
reaction temperature of 150 °C was selected to avoid degradation or decomposition phenomena
observed at higher temperatures.
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Figure 20: TG curve of DIG.

3.1.4 Dielectric properties
According to Figure 21, the studied system presents a polar—polar relationship between its product
and reactant sides, and presents the microwave compatibility of all polar components (DIG,
MeOH, DGC). It is noteworthy that the mixture’s polarity increases as the reaction progresses due
to the transformation of the non-polar reactant (DMC) to the highly polar DGC and MeOH, making
it more appropriate for MWH.

Loss tangent, tand

0.0+ T T T T T T
30 45 60 75 90 105 120 135

Temperature (°C)

Figure 21: Loss tangent as a function of temperature/ dielectric properties
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3.2 Effect of stirring

To initiate the evaluation of the reaction performance, an investigation was conducted to assess the
potential influence of stirring speed on both the conversion of DIG and the yield of DGC. This
initial analysis ensured that subsequent experiments could be conducted under optimized, yet

simplified, stirring conditions without compromising reaction efficiency.

The experiments were conducted under identical conditions for both heterogeneous and
homogeneous catalysis, changing only the stirring speed between 200 rpm and 400 rpm. For the
heterogeneous system, CaO was used as the catalyst at 1% w/wpig, with a DMC:DIG molar ratio
of 6:1, at 130 °C for 2 hours. As shown in Figure 22, the conversion remained the same at 70% for

both stirring speeds, as well as the yield, which remained close to 20%.

I 200rpm
I 400rpm -

DIG Conversion DGC Yield

Figure 22: Effect of stirring on conversion and yield results/ heterogeneous catalyst
To verify whether this trend is similar in homogeneous systems as well, the experiments were
carried out with NaOMe as the catalyst under the same temperature and molar ratio. As presented

in Figure 23, the conversions and yields again remained constant, at about 90% and 55%,

respectively.
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Figure 23:Effect of stirring on conversion and yield results/ homogeneous catalyst

These results demonstrate that, under the conditions tested, stirring speed does not influence either
the conversion or yield, as no noticeable effects were observed. Based on this, the stirring speed
of 200 rpm was selected for all subsequent experiments, as it ensures consistent mixing and higher

speeds do not provide enhanced results.

3.3 Homogeneous vs heterogeneous catalysis

3.3.1 Heterogeneous catalysis

The next part of this study is focused on evaluating the effect of each heating method, specifically
comparing CH and MWH. Using the selected heterogeneous catalyst, CaO, a comparative study
was conducted under identical reaction conditions for both modes. To be consistent, all
experiments were carried out at 130 °C with a catalyst loading of 1% w/wpig and a DMC:DIG

molar ratio of 6:1, and the reaction time was adjusted at 2 hours.

The key indicators of the reaction progress, which are the conversion and yield obtained, are
presented below in Figure 24 for both heating conditions. The results clearly show that MWH
significantly outperformed CH, with the conversion increasing from 70% to 95% and the DGC
yield improving from 19% to 61%.
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Figure 24: Comparison of DIG conversion (%) and DGC yield (%) under isothermal conditions for CH and MWH/
heterogeneous catalysis

For the same conditions, pressure was monitored in order to provide better understanding. The
corresponding results are presented in Figure 25, which tracks the evolution of internal pressure
over time for both heating methods. The pressure increase is notably faster and more pronounced
under MWH, indicating a greater amount of MeOH in the vapor phase. Since MeOH is the main
co-product of the transesterification reaction, this trend serves as a qualitative indicator of reaction
progress. More specifically, the more rapid MeOH evolution under MWH suggests faster
conversion of DIG and more efficient shifting of the reaction equilibrium toward DGC formation.
The final pressure in the MWH at 4.6 bar is relatively higher than that of CH at 3.6 bar, supporting

that better results were achieved.
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Figure 25: Evolution of pressure through reaction time for CH and MWH/ heterogeneous catalysis
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Overall, these results confirm that MWH enhances the transesterification process when using CaO
as a heterogeneous catalyst, offering significant improvements in both conversion and yield. The
observed increase in pressure correlates with greater MeOH formation and leads to the conclusion

that MWH accelerates reaction progress.

3.3.2 Homogeneous catalysis

Similarly to the previous part of the study, the effect of the heating method on reaction performance
was investigated using NaOMe as a homogeneous catalyst. Experiments were conducted under the
same conditions for both CH and MWH: 130 °C, 1% w/wpic NaOMe, and a DMC:DIG molar ratio
of 6:1, for 2 hours.

As shown in Figure 26, both CH and MWH result in nearly identical conversion and yield values
when NaOMe is used as the catalyst. This could be due to the inherently higher catalytic strength
of NaOMe, which already enables fast conversion under CH, potentially covering the additional
benefits that MWH might otherwise provide. As presented by Ochoa-Gomez et al, although
homogeneous catalysts exhibit higher catalytic activity than CaO and achieve greater conversions
and yields under CH, their use introduces other challenges.'® As a homogeneous catalyst, NaOMe
requires more complex separation procedures and may contribute to higher operational costs and
environmental concerns due to its solubility and potential toxicity.?> For these reasons, while

NaOMe is effective, it is not necessarily the optimal choice for sustainable process development.
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Figure 26: Comparison of DIG conversion (%) and DGC yield (%) under isothermal conditions for CH and MWH/
heterogeneous catalysis
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3.3.3 Comparison

The comparison between homogeneous and heterogeneous catalysis under different heating modes
reveals that MWH significantly enhances the performance of CaO, allowing it to match the
conversion and yield typically associated with NaOMe, as presented in Figure 27. This finding is
particularly important as it demonstrates that a low-cost and environmentally friendly catalyst,
such as CaO, can achieve comparable results when combined with the effects of MWH, that are to

be discussed in the following section.
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Figure 27: Comparison of conversion of DIG and yield of DGC for CH and MWH/ both types of catalyst

Overall, while NaOMe offers superior catalytic activity under CH conditions, it presents serious
limitations in terms of sustainability and safety. It is highly corrosive and reacts violently with
water, which 1s why it is typically employed as a 25-30% solution in MeOH in industrial
processes.”® Nevertheless, in the context of transesterification, where MeOH is a coproduct, its
presence may adversely affect the reaction by shifting the equilibrium or altering catalyst activity.
In contrast, CaO is inexpensive, non-toxic, and easily separated from the reaction mixture, making
it a more attractive candidate for scalable and sustainable processes. Therefore, it will be further

used to investigate the effects of MWH in the transesterification of DIG.

3.4 Isothermal operation
Based on the results of the previous section, it was concluded that the combination of MWH with
a heterogeneous catalyst, and more specifically, CaO, offers a promising route for process

intensification. Therefore, all the experiments were conducted using CaO, and as previously
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mentioned, the three main parameters were investigated. Each parameter was varied to different

values to assess its effect on conversion and yield, under both heating modes.

3.4.1 Catalyst loading

The first parameter to be examined was the role of catalyst loading on the performance of the
reaction. For this part, a series of isothermal experiments were conducted varying CaO loading
within the range of 0.1-2% w/wpi, These experiments were carried out at a fixed DMC: DIG MR

of 6:1, temperature of 130 °C, and reaction time of 2 hours.

The evolution of DIG conversion and DGC yield as a function of catalyst loading under both CH
and MWH is displayed in Figure 28. It is shown that for MWH, increasing the CaO loading from
0.1% to 1.05% resulted in a substantial performance improvement, with conversion rising from
86% to 96% and yield increasing from 43% to 64%. In comparison, for CH, the conversion

improved from 61% to 74%, and the DGC yield from 15% to 27%.

However, further increasing CaO loading from 1.05% to 2% under both modes does not improve
results accordingly. To be precise, DGC yield increases by only 1-2% under both CH and MWH,
while the conversion improvement under MWH is negligible. Lastly, CH shows a modest increase
in conversion of approximately 5%. Overall, within the studied range, no CH condition achieved
a combination of conversion and yield comparable to MWH, even at the highest catalyst loading

of 2% w/wpiG.
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Figure 28: DIG conversion and DGC yield for experiments with DMC: DIG MR of 6:1, temperature of 130 °C, and reaction time
of 2 hours.
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The improved MWH results are also supported in Figure 29, which shows how the internal
pressure within the reactor evolves with increasing catalyst loading. As mentioned, pressure serves
as a qualitative indicator of reaction progress and is interconnected with the MeOH quantity in the
vapor phase, meaning higher co-product concentrations increase the pressure. It is observed that
under MWH, pressure increased more rapidly and reached higher values across all loadings,

compared to CH.
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Figure 29: Autogenous pressure for experiments with DMC.: DIG MR of 6:1, temperature of 130 °C, and reaction time of 2 hours.

The analytical results reveal that the catalyst loading of 2% leads to an increased accumulation of
DGMC, the intermediate product. This observation suggests that the second step of the reaction,
which is the conversion of DGMC to DGC, becomes limited under these conditions. As illustrated
in Figure 30, the higher concentration of intermediate is accompanied by a decrease in the relative
amount of MeOH present in the vapor phase. The insufficient removal of MeOH, combined with
the increase of DGMC, translates to a lack of driving force under CH to shift the reaction from

DGMC to DGC and reach the full progression of the reaction.
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Figure 30: Relative MeOH vapor phase for experiments with DMC: DIG MR of 6:1, temperature of 130 °C, and reaction time of
2 hours.

This enhancement observed under MWH is attributed to the mixture’s polarity and the presence
of MeOH. The mixture’s polarity increases as the reaction progresses due to the transformation of
the non-polar reactant (DMC) to the highly polar DGC and MeOH. The rise in mixture’s polarity
translates into enhanced and continuously increased volumetric heat dissipation under MW
irradiation. Combination of this effect with the presence of MeOH co-product, that has a
significantly lower boiling point (65°C) compared to the other components, can intensify MeOH
mass transfer from the liquid to the vapor phase under MWH and thereby enhance liquid phase
reaction rates. This effect enhances the results in MWH as it shifts the equilibrium to the right and
leads to higher conversion and yields. !” Thus, the significance of the MWH effect is proven,

particularly in combination with the low boiling point of MeOH.

3.4.2 DMC:DIG molar ratio

Following the next factor of optimization, the influence of the DMC:DIG MR on reaction
performance was investigated under both CH and MWH. All experiments were conducted at
130 °C for 2 hours using 1.05% w/wpig CaO as the catalyst. The goal was to determine how

varying the amount of DMC affects conversion, yield, and the overall reaction environment.

As shown in Figure 31, increasing the MR from 2:1 to 6:1 led to a noticeable improvement in both
DIG conversion and DGC yield. To be exact, during MWH mode conversion, the conversion rate
rose from 78% to 96%, and the yield increased from 36% to 64%. Similarly, under CH, conversion
increased from 67% to 74% and yield from 20% to 27%. These results suggest that a moderate

excess of DMC is helpful and promotes the forward transesterification reaction.
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Additionally, further increase in MR to 10:1 resulted in a decrease in both conversion and yield
for both heating modes. This is attributed to two different factors: a decrease in effective catalyst

concentration and a reduction in mixture polarity caused by the excess of non-polar DMC.

1. Usually, regarding transesterification reactions, an excessive DMC has a positive effect of
shifting the reaction equilibrium to the right. Nevertheless, due to the increased volume,
the excessive DMC also has a negative effect of limiting adequate contact between DIG
and the catalyst. Finding the balance point between these two effects is an important
concern in this process.?’*8

2. The penetration depth of the microwaves into almost all nonpolar solvents is very deep
when compared to polar solvents. As the mixture becomes less polar with excess DMC, its
dielectric loss (¢") and tan 6 decrease, increasing microwave penetration depth and thus

weakening the energy absorption essential for MWH effectiveness.?’

That is why the effects mentioned are particularly evident under MWH, where, as mentioned, polar

interactions are central to the heating mechanism.
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Figure 31: DIG conversion/DGC yield for experiments at 130 °C for 2 hours using 1.05% w/wpic CaO

Overall, the results indicate that excessive use of DMC does not enhance reaction performance
and may even hinder progress due to reduced catalytic effectiveness and less favorable solvent
dynamics. Therefore, careful control of DMC:DIG MR is essential to ensure the balance between

DMC excess and competing effects.

45



3.4.3 Temperature
Lastly, temperature was the final parameter evaluated under isothermal conditions, focusing again
on understanding its influence on the reaction progression. All experiments for this section were

conducted using CaO at 1.05% w/wpig, a DMC: DIG MR of 6:1, and a reaction time of 2 hours.

The three temperature values for the experiments were 110, 130, and 150 °C. For the MWH mode,
increasing the temperature from 110°C to 130°C led to an important improvement in
performance, with conversion rising from 69% to 95% and DGC yield from 23% to 64%, as shown
in Figure 32. Further augmentation to 150 °C offers slightly better results. Differently, under CH,
a more gradual improvement was observed: increasing the temperature from 110 °C to 150 °C
resulted in conversion rising from 38% to 96% and DGC yield from 6% to 65%. It is noteworthy
that at the highest temperature, the gap between the conversions and yields of the two heating
methods is insignificant. Attaining these results confirms that this parameter is the most influential

in the transesterification of DIG when it comes to maximizing conversion and yield.
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Figure 32: DIG conversion and DGC yield for experiments using CaO at 1.05% w/wpic, DMC:DIG MR 6:1, and reaction time
of 2 hours

Additionally, the relative quantity of MeOH in the vapor phase under MWH compared to CH, for
the different temperatures, is illustrated in Figure 33. As expected, the highest difference between
the two heating modes occurs at 130 °C, indicating that MWH facilitates faster and more effective
MeOH removal at intermediate temperatures. However, at 150 °C, the difference diminishes,
suggesting that the quantities of MeOH are similar, a fact that supports the closed levels of

conversion and yield mentioned above.
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Figure 33: Relative MeOH vapor phase for experiments using CaO at 1.05% w/wpic, DMC:DIG MR 6:1, and reaction time of
2 hours

Another factor that is under consideration is that at higher temperatures, the side reaction begins
to have a great impact. Figure 34 shows that the yield of PG, the side product, increases steadily
with temperature, regardless of the heating method. More specifically, above 130 °C, PG formation

becomes significant, consuming valuable DIG and reducing selectivity toward DGC.'?
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Figure 34: Polyglycerol yield for experiments using CaO at 1.05% w/wpig, DMC:DIG MR 6:1, and reaction time of 2 hours

In summary, temperature was found to be the most influential factor affecting the
transesterification reaction, significantly impacting DIG conversion and DGC yield through a dual
effect based on Arrhenius-driven kinetics and enhanced MeOH vapor-phase transfer. Temperature
raises the reaction progression rate by enhancing the rate, according to the Arrhenius principle.
Simultaneously, temperature helps remove MeOH from the reaction mixture by turning it into

vapor and shifting the equilibrium to the right, thus promoting higher product formation.
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3.4.4 Overall comparison

To comprehensively assess the influence of the three examined parameters, response surface
contour plots were constructed based on CCD using Response Surface Methodology (RSM). The
display of the variation of DIG conversion for both heating modes is presented in Figure 35, while
that of DGC yield is presented in Figure 36. The contour plots showcase the functions of catalyst
loading and DMC:DIG molar ratio under the three distinct temperatures (110°C, 130°C, 150°C),

offering a visual summary of the trends observed.

Among the three parameters investigated, temperature emerged as the most impactful. A rise from
110°C to 130°C produced a substantial increase in both DIG conversion and DGC yield across all
cases, especially under MWH. At 150°C, nearly the entire area under both heating modes reached
conversions above 90%, when the DGC yield correspondingly elevated at more than 60%. This
underscores the importance of temperature in overcoming kinetic limitations (as described by the
Arrhenius equation) and enhancing MeOH vaporization. While the temperature rises, the
performance between CH and MWH becomes less pronounced, reflecting the temperature’s ability

to compensate for the absence of microwave-specific benefits on isothermal experiments.

Moving forward, the DMC:DIG molar ratio was the second most influential factor. Both DIG
conversion and DGC yield increased with the molar ratio up to an optimum of approximately 6:1,
beyond which a clear performance decline was observed. This is due to a drop in effective catalyst
concentration caused by dilution when the DMC volume increases. Additionally, under MWH
reduced polarity of the reaction medium caused by the excess non-polar DMC negatively affects
microwave heat dissipation. These factors jointly reduce the driving force for the second

transesterification step, resulting in lower attained yields.

In contrast, catalyst loading showcased the least sensitivity among the three variables, where
increasing the catalyst from 0.1% to 2% w/wpic resulted in only moderate gains. This trend is
evident in each diagram along the catalyst axis, where conversions and yields are in the same
range. This suggests that even though the presence of the catalyst is crucial, no substantial further

rate enhancement occurs even with multiple quantities, especially at higher temperatures (>130°C).

Now, by comparing different triplets of the contour plots, it is confirmed that MWH consistently
outperforms CH under most conditions, particularly at lower and intermediate temperatures

(£130°C). As already explained, the rise in mixture’s polarity translates into enhanced and
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continuously increased volumetric energy dissipation under MW irradiation. Combination of this
effect with the presence of MeOH co-product that has a significantly lower boiling point (65°C)
compared to the other components can intensify MeOH mass transfer from the liquid to the vapor
phase under MWH and thereby enhance liquid phase reaction rates. The resulting shift in reaction

equilibrium, based on Le Chatelier’s principle, leads to better results.

In conclusion, temperature is the dominant factor governing reaction efficiency, followed by the
DMC:DIG molar ratio, while catalyst loading plays a relatively minor role within the tested range.
Therefore, to attain desirable results, temperature is maximized, the catalyst is minimized for

reduced catalyst-related costs (purification, purchase, etc.), and the MR is adjusted to the optimal

intermediate.
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Figure 35: Overview of results for DIG conversion under CH and MWH
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Figure 36: Overview of results for DGC yield under CH and MWH

3.5 Dynamic operation
Based on the isothermal operation screening, the optimal conditions that were used to further
intensify the system are: reaction temperature at 150 °C, catalyst loading and DMC:DIG MR at

0.1% w/wpic and 6:1, respectively.

According to the literature, it has been proven that the dynamic operation of MWs offers significant

benefits compared to isothermal.!”

Following the findings of Wang in the transesterification reaction of glycerol support that
temperature cycling (TC) can improve the reaction progress as well as the energy consumption?’.
Therefore, TC was investigated at reaction conditions presented in Table 2, leading to six different
cycling experiments carried out under microwave irradiation, alongside one reference experiment

under isothermal CH.

This strategy aimed to further intensify the transesterification by achieving short-term exposure to
elevated temperatures (> 150 "C), thereby enhancing the reaction kinetics while minimizing side
reactions, such as DIG degradation and PG formation. As proven by the TGA analysis mentioned
above, high temperatures are related to the degradation of the raw material, DIG. Each cycle

consisted of heating to a target Tmax, holding at that point for a defined period (Thola), followed by
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a cooling phase to the minimum temperature Tmin and again holding it before repeating the cycle

process three times. Temperatures and holding times differed in each experiment, as illustrated in

Figure 37. Under these transient heating conditions, all temperature cycling profiles resulted in

DIG conversions above 94% and DGC yields surpassing 54%, as shown in Table 3.
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Figure 37: Temperature cycling profiles.
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Table 3: Results for temperature cycling experiments and CH experiments
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It is observed that profiles with prolonged exposure to temperatures >190 °C for three minutes or
more (e.g., cycles #1, #2, and #3) resulted in significantly increased polyglycerol formation. As
already explained, extended high temperature holds favor the undesired self-condensation pathway
over DGC route. Meanwhile, cycles #5 and #6, which applied a more gradual increase in Tmax,
yielded higher DGMC and moderate DGC, when compared to cycle #4 (Table 3). Among all of
the evaluated profiles, TC #4 achieved the best performance, providing a DGC yield of 73% while
maintaining PG formation at just 7%, comparable to the levels typically observed at lower

isothermal temperatures (e.g., 130 °C).

In addition to superior product yields, the use of TC significantly improved process efficiency. For
the optimal TC, cycle #4, the transient profile reduced reaction time and energy demand
(kJ/molpgc) by 78% and 71%, respectively, when compared to CH isothermal operation. These
findings confirm that the dynamic operation of MWH through TC not only enhances conversion
and yield but also minimizes side product formation and reduces the overall energy footprint of

the process. This aligns with the green chemistry goals of the NIPU production.
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Conclusions

This study provides insights for the first time on the transesterification of DIG with DMC to
produce DGC and MeOH under CH and MWH in batch systems operating at autogenous pressure.
Unlike previous studies that typically employ CH in reflux conditions, this work explores MWH-
assisted operation as an alternative heating approach. The main goal is to exceed conversions and
yields while minimizing energy requirements compared to conventionally heated systems, with

the use of a heterogeneous catalyst.

DGC was successfully synthesized through a batch transesterification 2-step process, which
includes the reaction of DIG with DMC to form an intermediate (DGMC) (step 1) that further
reacts with DMC to synthesize the final product, DGC (step 2). The study investigates DIG
transesterification under two distinct operating regimes: 1) Isothermal operation, where the effects
of key reaction parameters, including catalyst loading, DMC:DIG molar ratio, and temperature are
systematically evaluated; and 2) Dynamic operation under MWH, in which temperature cycling is

applied to potentially further enhance reaction performance.

The samples produced from the experiments were analyzed with FT-IR, NMR, TG, and most
importantly, HPLC to assess qualitative as well as quantitative results. The conversion of DIG, the
DGC yield, and the energy consumption were calculated and were set as the main criteria to

evaluate each of the key parameters.
Therefore, crucial conclusions were reached:

1. The experimental procedure consistently yielded DGC under both CH and MWH modes. This
was confirmed by FT-IR, NMR, and TG analysis and their comparison to literature findings.

2. Preliminary analysis showed that stirring speed does not influence the conversion of DIG or
the yield of DGC under the conditions tested. This was consistent across both catalyst types
and heating methods, and a stirring speed of 200 rpm was chosen for all subsequent
experiments to ensure consistency.

3. When comparing homogeneous and heterogeneous catalysis, it was found that MWH
significantly boosts the performance of heterogeneous (CaO) systems, allowing them to match
conversion and yield values typically attained in homogeneous catalysis (NaOMe). This is
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particularly important since CaO is a low-cost, environmentally friendly catalyst, and when
paired with MWH, it becomes an ideal candidate for this transesterification process.

In order to investigate the impact of catalyst loading, DMC:DIG molar ratio, and temperature,
a CCD was employed. Contour plots were generated to visualize the performance trends under
both heating modes and to highlight interactions among the three variables.

. Temperature emerged as the most impactful variable. Increasing the reaction temperature from
110°C to 130°C resulted in substantial increases in both DIG conversion and DGC yield,
especially under MWH. At 150°C, both heating methods' conversion levels surpassed 90% and
DGC vyields reached over 60% across catalyst loading and DMC:DIG MR range tested,
resulting in similar values for both modes. This demonstrates that elevated temperatures
enhance reaction progression, based on Arrhenius law, while also increasing MeOH
vaporization. These two factors synergistically shift the equilibrium toward product formation,
while the temperature increase is mitigated by higher production rates of side product, PG.

. The DMC: DIG molar ratio was the second most influential parameter. Raising the ratio from
2:1 to 6:1 improved both conversion and vyield, but further increases led to moderate
performance. This is due to a drop in effective catalyst concentration caused by dilution when
DMC volume increases. Additionally, under MWH reduced polarity of the reaction medium
caused by the excess non-polar DMC negatively affects microwave heat dissipation.

Catalyst loading had the least impact within the tested range (0.1-2% w/wpic). While
increasing the catalyst amount improved conversion and yield slightly, the gains were minimal
and diminished at higher temperatures. This suggests that even though catalyst presence is
essential, once a certain level of catalytic activity is achieved, further addition does not
influence the results.

MWH outperformed CH in most scenarios, particularly at lower to intermediate temperatures.
The higher polarity of the reaction mixture under MWH, combined with the low boiling point
of MeOH, enhances heat dissipation and facilitates the vapor-phase transfer of MeOH. This
leads to an effective shift in reaction equilibrium, as stated by Le Chatelier’s principle.

. The relative importance of each parameter was established as follows: temperature >
DMC:DIG molar ratio > catalyst loading. To achieve optimal conditions, the temperature
should be elevated, the catalyst amount minimized to reduce cost and complexity, and the

molar ratio maintained around 6:1 to balance reactant excess and catalytic effectiveness.
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10. To further intensify the process, dynamic MWH using temperature cycling was evaluated.
Among six profiles tested, the profile consisting of short high-temperature Tmax but for
relatively short Thold delivered the best performance: 98% DIG conversion, 73% DGC yield,
only 7% polyglycerol by-product, and significantly improved selectivity.

11. The same experiment also achieved outstanding process efficiency, reducing reaction time and
energy demand by 78% and 71%, respectively, compared to CH under isothermal conditions.
This improvement in energy efficiency, combined with enhanced reactant conversion and
product yield, renders MWH transient profiles as a promising alternative energy source for

intensified DGC production.

It is finally remarked that the findings presented in this work are directly relevant to a broad class
of equilibrium liquid phase reactions entailing low-boiling point products present in polar reactive
systems with reactants of higher boiling point. Batch processes involving such chemistries can be

intensified by the application of MWH due to efficient heat dissipation.

The concept leverages the mixture polarity to enable rapid volumetric energy transfer that
enhances the removal of the most volatile product compound(s) and drives the reaction toward

equilibrium states corresponding to higher reactant conversion levels that are unattainable by CH.
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H exnévnon avtg g epyaciog eivor omotéAespio. GLALOYIKNG TPOCTAOELNG Kot VTOGTIPIENS OO
ToAL0VG avBpmmov. [Ipmta an’ 6la, Ba NOela vo evyaplotcm Bepud Tov VTOYNELO dOAKTOPA
INévvn Homaiodvvov yo v kaBodrynomn, v eniPAeyn Kot Tov EAeyy0 TS TOPEiag TG EpYaciog
pov, kabmg kot v t otabepr] tov dwbecipotnta vo cvlnmmoet Bewpntikd {ntiuoTo Kot vo
ocuvopduel ot owoymyn tov mepopdtov. Emiong evyopiotd to vmdélouto pEAN TOL
Epyaostmpiov Teyvikng Xnuikaov Atepyaciav, tov GOovéon Apaprotl ko v Katepiva ZépPa,
v v mpobupia Tovg va Ponbhicovv ce KGBe amopiol N AVAYKN TOL TPOEKLYE KOTA TNV
TEPOLOTIKN S1o01KaGT0, OAAG KO Yo T GTAIKT] TOVG TOPOVGIN, TOV OTOTEAEGE TOADTIUT OTNPIEN

KOTO TNV TOPOLOVT L0V GTO EPYACTIPLO.

Oa Mo, axdun, va ekepdow TV gvyoplotio Lov 6tov emPAEénovta kabnynm pov, I'edpylo
2Te@aVioNn, TOL 0TOIOL M EMCTNHOVIKY KaBooNyN o™ Kot cuvepyasio VITPEAY KaBOPIGTIKES Yia

TNV LAOTOINGT VTG TNG OIMAMUATIKNG EPYACIAG.

Téhog,  epyacio aLT APLEPOVETOL GTNV OIKOYEVELDL OV KOl GTOVG GIAOVG LoV, TV OToiwV M
oTp1EN vNpPEe oNUAVTIKY Ol LOVO Y10 TNV OAOKANP®GT) TOV TOPOHVTOG EPYOV, AAAE KOl GUVOAIKA

Y10 TV OKOOMUOEKT) LoV TTopEiaL.
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List of Abbreviations

Abbreviation Full Term

BCCs Bis-cyclic carbonates
CCD Central Composite Design
CH Conventional Heating
DGC Diglycerol Dicarbonate
DGMC Diglycerol Monocarbonate
DIG Diglycerol

DMC Dimethyl Carbonate
MCCs Mono-cyclic carbonates
MeOH Methanol

MR Molar Ratio

MWH Microwave Heating
NIPUs Non-Isocyanate Polyurethanes
PG Polyglycerol

PHUs Polyhydroxyurethanes
PUs Polyurethanes
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