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ABSTRACT: A combined theoretical and experimental study on
the carbonylation of glycerol with urea has identified low operating
pressure as a key parameter for process optimization. Based on
these insights, an improved multiple-pass continuous-flow system
was developed, enabling the solvent-free synthesis of glycerol
carbonate (GC) with enhanced efficiency. The optimized process
achieved a productivity of ~130 g/day, delivering high purity
(>95%), and an isolated yield of 80%, thereby demonstrating the
viability of this approach for sustainable GC production.

1. INTRODUCTION

Glycerol (Gly), a readily available byproduct of the rapidly
expanding biodiesel industry, represents a crucial renewable
feedstock for synthesizing valuable chemical building blocks."”
Among these, glycerol carbonate (GC) holds a leading
position due to its versatile chemical properties, making it a
key intermediate for various applications, including solvents,
electrolytes, and precursors for polymers and surfactants.’

Beyond its direct applications, GC’s multisite electrophilic
nature allows for efficient and selective interaction with diverse
nucleophiles, facilitating its transformation into a wide array of
valuable derivatives.*”"' Notably, the free hydroxyl group of
GC can be exploited directly or converted to generate new
electrophilic sites.'””™"> GC also serves as a building block for
various polymeric materials, including polyglycerols, polycar-
bonates, polyesters, acrylates, and isocyanate-free polyur-
ethanes.”'®™>> Furthermore, GC can function as a carbonate
carrier in transcarbonylation processes with other polyols.**’
Importantly, the carbonate functional group of GC can be
readily transformed into the highly electrophilic and valuable
epoxy function.”®*’

Several methods have been developed for the synthesis of
GC from Gly. While direct carbonylation with CO, offers
superior atom economy, it often suffers from low yields and
poor selectivity.*” Transesterification with other carbonates is
among the more effective alternatives; however, the need for
an alkyl carbonate to produce another alkyl carbonate,
combined with significantly lower atom economy,”" makes
this route less appealing.*” As a result, the carbonylation of
glycerol with urea (Figure 1) is currently considered one of the
most efficient and straightforward methods, generating only
ammonia (NH;) as a byproduct.”’
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This method becomes particularly attractive if ammonia—
employed here as a CO, carrier—is efliciently recycled. In this
context, the outgoing NHj; stream can be easily absorbed into
anhydrous ethanol and subsequently converted into insoluble
ammonium carbamate by cobubbling with gaseous CO,,
providing a simple and effective capture route (Figure S1). The
resulting solid can be filtered with ease and reconverted to urea
via a low-temperature, metal-catalyzed process,”* thus
establishing a closed-loop system for CO, fixation into GC.
This approach represents a significant improvement over
conventional CO, scrubbing with NH; and traditional urea
synthesis, which typically require high temperatures and
extended reaction times.***®

Various implementations of urea glycerolysis have been
reported, most of which employ Zn-based catalysts or other
Lewis acidic catalysts. Efforts to enhance yield and selectivity
have included specialized heating methods such as microwave
irradiation,*”*® catalyst en?neering,w_52 and advances in
reactor and process design.4 In line with this latter approach,
we recently proposed a novel continuous-flow tubular reactor™
specifically designed to provide optimal thermal control and to
efficiently collect the coproduced NH; via a membrane
vacuum pump. To accommodate the relatively slow kinetics
of the reaction, a multiple-pass configuration was implemented,
ensuring sufficient contact time between reactants while
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Figure 1. Gly carbonylation with urea to form GC.
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Figure 2. Possible steps followed by urea glycerolysis to GC.
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maintaining compact system dimensions. In that study, three
signiﬁcant process parameters—temperature, reaction time,
and the urea-to-Gly ratio—were investigated using a Design of
Experiments (DoE) approach, leading to the identification of
optimal operating ranges. However, the system faced technical
challenges associated with pumping the initial urea/Gly
mixture through the setup. To address this, preheating the
mixture to 65 °C was employed, effectively reducing viscosity
and improving solubility, thereby allowing reliable handling by
the peristaltic pump. Nonetheless, this solution introduced a
critical limitation: a minimum operating pressure of 400
mmHg, imposed by the mechanical sensitivity of the peristaltic
tubing, which would shrink and deform at lower pressures.
Consequently, despite its promising and scalable design, the
system remained constrained by this pressure requirement—a
factor believed to be a primary contributor to the modest yield
achieved (approximately 42%). Notably, most of the higher-
yielding urea glycerolysis processes reported in the recent
literature operate under reduced pressure, often without
providing detailed justification for this condition.

In the present study, a theoretical investigation was
conducted to elucidate the reaction mechanism and assess
the influence of the operating pressure on selectivity and yield.
Computational results revealed a clear thermodynamic
advantage to operating under reduced pressure, which
prompted the development of an improved multipass
continuous-flow system, enabling solvent-free synthesis of
GC with significantly enhanced efficiency.

2. THEORETICAL CALCULATIONS

2.1. Calculation Details. The Gibbs free energy of GC
formation was calculated using ab initio quantum mechanical
based methods. Thermodynamic quantities were calculated
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following full geometry optimization and Hessian calculation.>

All computations were carried out at the MO06-2X and
@wB97XD Density Functional Theory level of the theory,
employing the 6-311G(d,p) basis set, chosen to accurately
account for noncovalent interactions.” The close agreement
between the results from both functionals confirmed the
robustness of the model.

The reaction pathway was initially simulated in the gas phase
as a simplified model. Solvent effects were then incorporated
using the Integral Equation Formalism of the Polarizable
Continuum Model (IEFPCM), parameterized with the
dielectric constant (¢ = 42.5) and refractive index (n =
2.172) of Gly. Comparison of gas phase and solvated
calculations clearly demonstrated the profound influence of
the solvent on both reaction energetics and pathway profiles
(see Section 2.2.3). Notably, additional theoretical inves-
tigations were carried out as a function of temperature and
pressure, enabling an assessment of their impact on the
reaction mechanism. These insights proved to be valuable for
guiding the optimization of the experimental setup. Full
computational details, including input files, are provided in the
Supporting Information.

2.2. Thermodynamic Analysis of GC Formation.
2.2.1. Mechanistic Considerations. A literature review of
Gly carbonylation with urea indicates that typical processes
require temperatures greater than 150 °C and a Lewis acid
catalyst, supporting the occurrence of a key reactive event: the
thermal decomposition of urea into isocyanic acid (HNCO).*
Urea alone is not sufficiently electrophilic to react directly with
Gly; in contrast, isocyanic acid”** and/or its metal
cornplexes%’%’s7’58 are significantly more reactive. Thus, the
initial step of the reaction is expected to involve the formation
of one of these intermediates, as illustrated in Figure 2.
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Figure 3. Calculated thermodynamic quantities for the GC formation reaction as a function of temperature and pressure. (A) Gibbs free energy of
reaction as a function of temperature. (B) Reaction enthalpy as a function of temperature. (C) Reaction entropy as a function of temperature. (D)
Gibbs free energy of the reaction as a function of pressure. All calculations are performed modeling Gly as the solvent using the IEFPCM.
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Figure 4. Possible side reaction pathways of urea glycerolysis.
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The thermal behavior of urea (eq 2, Figure 2), thoroughly
characterized by Schaber et al,*® involves its melting at 133
°C, followed by decomposition into HNCO and NHj; at
around 152 °C. This decomposition accelerates rapidly above
152 °C and proceeds via an ammonium cyanate intermediate.
Furthermore, at temperatures above 190 °C, additional
decomposition pathways occur, leading to the formation of
secondary nitrogen-containing byproducts. These observations
are consistent with our previous DoE evaluation,” which
identified 185 °C as the most productive process temperature.
Under these conditions, isocyanic acid/zinc isocyanate are
expected to be the dominant electrophilic species reacting with
Gly to form a linear carbamate intermediate (CA, eq 3, Figure
2). Subsequently (eq 4), an intramolecular nucleophilic attack
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of a hydroxyl oxygen on the carbamate carbonyl should
proceed via a five-membered cyclic transition state, yielding
GC and releasing a second molecule of NH.

2.2.2. Influence of Temperature and Pressure. The
influence of operating variables on urea glycerolysis was
assessed over the 25—290 °C range, the upper bound being
limited by the boiling point of Gly. Thermodynamic
parameters calculated under these conditions (Table S1) and
in the solvated environment (Gly) revealed that GC formation
becomes increasingly favorable with a rising temperature. As
shown in Figure 3A, both MO06-2X (square markers) and
®B97XD (circular markers) predict a progressive decrease in
the AG of 7.79 and 7.93 kcal mol ™, respectively. In addition,
the reaction remains endothermic (AH > 0) throughout the
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Figure S. AG of the species illustrated in Figures 1 and 4. Calculations performed at the M06-2X level of theory (square markers) or performed at
the ®@B97XD level of theory (circular markers). (A,C) Calculation performed in the gas-phase (black markers). (B,D) Calculations performed in

the solvated media (Gly) using the IEFPCM (red markers).

examined temperature range (Figure 3B), with negligible
enthalpy change (0.78 kcal mol™), indicating that the
temperature-driven gain in spontaneity is primarily entropic.
In line with the Gibbs—Helmholtz relation (AG = AH —
TAS), both functionals predict a corresponding rise in TAS of
~7 kcal mol™' (Figure 3C), confirming entropy as the
dominant driver at elevated temperatures.

Pressure dependence was also examined over 0.15 to 4.00
atm under the same solvation conditions (Figure 3D; Table
S2). The lower limit of 0.1S atm corresponds to the practical
achievable working vacuum inside the improved experimental
plant (discussed later). Notably, AG decreases substantially
under reduced pressure. This trend underscores both a
thermodynamic benefit and a kinetic mass-action effect arising
from the removal of gaseous NH; generated in urea
decomposition (eq 2) and carbamate cyclization (eq 4),
consistent with Le Chatelier’s principle. Pressures below 0.15
atm would further enhance this driving force but may be
constrained by urea sublimation losses.

Collectively, these results identify high temperature and
reduced pressure as synergistic parameters that strongly favor
GC formation through both thermodynamic and mass-action
effects, thereby providing a solid theoretical rationale for the
experimental process optimization.

2.2.3. Influence of Solvent. Across all computational
scenarios—spanning different levels of theory and solvent
conditions—the direct formation of GC was consistently
predicted to be thermodynamically favored (AG < 0; Figure
3A,D). Nonetheless, competing pathways leading to 2-

oxazolidinones (OX1, OX2) and 2-imidazolidinone (IM)
(Figure 4) cannot be excluded,"”*”® even though these
species were not detected in our previous experimental
studies.”

To address this discrepancy, we computed the thermody-
namic parameters for these competing reactions (eqs S, 6, and
7), benchmarking the relative stability of OX1, OX2, and IM
against GC. Gas-phase calculations using both functionals
consistently indicated that these byproducts are thermody-
namically favored, as reflected by their negative AG values
(Table S3), implying a preferential formation over GC under
gas-phase conditions. This trend is also evidenced in Figure SA
(M06-2X functional) and Figure SC (wB97XD functional)
using black markers.

Strikingly, inclusion of implicit solvation (IEFPCM, ¢ = 42.5
for Gly) reversed this trend. In fact, under solvated conditions
(red markers), GC remained thermodynamically favorable,
while the formation of OX1, OX2, and IM became strongly
uphill. Specifically, AG values for OX1 and OX2 rose to ~+18
kcal mol™' (M06-2X) and ~+24 kcal mol™ (wB97XD),
whereas IM formation was even more disfavored, at ~+42 kcal
mol™' (M06-2X) and ~+54 kcal mol™' (wB97XD) (Figure
5B,D; Table S3).

This solvent-induced inversion underscores the pivotal role
of the polar glycerol medium in dictating selectivity: by
preferential stabilization of the reactants and transition states
associated with GC formation, it suppresses competing
pathways. This theoretical insight aligns seamlessly with our
experimental observations, where GC was obtained with high
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Figure 6. First row: PES versus reaction coordinates plot of the species illustrated in Figure 2. Second row: reaction enthalpy versus reaction
coordinates of the species illustrated in Figure 2. Calculations performed at the M06-2X level of theory (square markers) or performed at the
@B97XD level of theory (circular markers). Calculations performed in the gas phase, T = 298 K and P = 1 atm (black curves) or performed in the
solvated media (Gly), T = 458 K and P = 0.15 atm (red curves). To account for solvent effect, the IEFPCM was used.

selectivity, thus validating solvent effects as a key determinant
of the reaction outcome.

The influence of other solvents on reaction selectivity was
not explored because the solvent-free conditions—where
glycerol serves as both reactant and solvent—offer significant
operational advantages, particularly in terms of product
recovery and process simplification. For instance, commonly
used organic solvents have boiling points lower than the
temperature required for urea thermolysis (T > 152 °C), while
high-boiling solvents like dimethylformamide, N-methyl-2-
pyrrolidinone, or dimethyl sulfoxide were not considered as
they are toxic and/or difficult to remove at the end of the
process. Moreover, other popular high-boiling solvents (e.g.,
ethylene glycol, propylene glycol) are incompatible as can
produce unwanted side products.

2.2.4. Potential Energy Surface. The potential energy
surfaces (PES) and enthalpy profiles for the transformations
described in eqs 2 and 4 (Figure 2) were calculated under both
gas-phase conditions (25 °C, 1 atm, no solvent; black curves)
and optimized reaction conditions (185 °C, 0.15 atm, Gly as
solvent; red curves). The first step—urea decomposition to
isocyanic acid (eq 2)—was found to be thermodynamically
unfavorable, with gas-phase calculations giving AG ~+8.7 kcal

ol™! (Figure 6A,B) and AH =~ +20.2 kcal mol™" (Figure
6C,D). Under simulated reaction conditions (red curves), AG
decreased modestly, while AH slightly increased, corroborating
Schaber’s experimental observations that this step is non-
spontaneous and requires thermal activation.”® The subse-
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quent step, formation of CA from Gly and isocyanic acid (eq
3), was predicted to be both exergonic and exothermic, while
the overall Gly-to-CA transformation (eqs 2 + 3) displayed
only a modest thermodynamic driving force.

The final cyclization of CA to GC (eq 4) was consistently
endothermic across all computational scenarios. Notably, its
Gibbs free energy was markedly lowered under reaction
conditions (Figure 6A,B), highlighting the entropic contribu-
tion to the process. These findings indicate that solvent
stabilization combined with thermal and pressure effects is
critical to bias the reaction toward GC formation.

Opverall, the theoretical analysis establishes that elevated
temperature (~185 °C), reduced pressure (~0.15 atm), and
solvation in Gly collectively impose a pronounced entropic
drive that favors GC formation, while solvation emerges as the
key factor enforcing selectivity by destabilizing competing
pathways. The transformation remains intrinsically endother-
mic (Figure 6C,D), with solvation imparting only minor
enthalpic modulation. High temperature is indispensable not
only to exploit this entropic contribution but also to enable the
thermal decomposition of urea into isocyanic acid, the pivotal
reactive intermediate.

3. EXPERIMENTAL SECTION

3.1. Materials and Methods. Unless otherwise stated, all
solvents and reagents were of commercial grade and used as
received. Vegetable-sourced glycerol (Gly), urea, and diethyl
ether were purchased from Merck (Milano, Italy). Zinc sulfate
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heptahydrate (ZnSO,-7H,0), CDCl;, and ethyl acetate were
purchased form Carlo Erba reagents (Cornaredo (MI), Italy).
96% Sulfuric acid was purchased from AppliChem GmbH
(Darmstadt, Germany).

Zinc sulfate monohydrate (ZnSO,-H,0) was prepared by
heating ZnSO,-7H,0O at 130 °C overnight in an oven and
subsequently stored in a desiccator. Gly was vacuum-dried (10
mmHg) for 4 h at 40 °C before use and stored in a capped
bottle. Urea was dried at 65 °C overnight and stored in a
desiccator.

"H NMR spectra were acquired using a Bruker Avance 400
spectrometer (Billerica, MA, USA) using CDCI as the solvent.

3.2. Continuous-Flow Reactor. The experimental plant
assembly is depicted in Figure 7.

to vacuum

PID controller

Figure 7. Layout of the continuous-flow reactor. M = mixing
chamber; P = peristaltic pump; R = coiled tubular reactor; and E =
expansion/collection chamber.

General description: in the mixing chamber (M), consisting of
a three-necked round-bottom flask (25 mL for small scale and
100 mL for large scale), urea and ZnSO,-H,O were dissolved
in Gly and stirred via a standard stirring plate. The reaction
mixture was pumped using a peristaltic pump (P, Bellco,
model: BL 758, Mirandola, Italy) into a heated tubular reactor
(R) and was then collected in a dropping funnel (E), where,
keeping the tap closed, the desired vacuum level was set
through a connection with a membrane vacuum pump. This
flask serves as both a collecting container for GC and an
expanding chamber to evacuate coproduced NH;. The tubular
AISI 316 stainless steel (1/16 in. OD X 1.2 mm ID, 3 m long,
and ~4 mL internal volume, obtained from Restek, Milano,
Italy) reactor (R) was coiled around a 4 cm diameter
cylindrical aluminum block. This block features dedicated
slots for a heating resistor and a temperature sensor. These
heating and measuring elements are connected to a PID
controller (Rex-C100, obtained from RobotDigg, Shanghai,
China), enabling precise temperature control. Thermal
insulation was applied to the external surface of the reactor
(not shown in the figure).

Process operation: unlike the earlier prototype,” the
operativity of the plant was modified to make it compatible

with pressures down to 25 mmHg (instead of 400 mmHg).
The following changes were implemented:

o Peristaltic tubing was upgraded with a stiffer one, made
of Tygon.

e The reaction mixture was prepared in M and pumped at
rt. This operating temperature prevented the peristaltic
tubing from softening due to heating.

e To ensure a homogeneous solution of urea in Gly at rt,
the required urea amount was added in portions,
processing each one at 185 °C and ~150 mmHg
through the reactor R, before the insertion of the
subsequent portion (into M). This operating procedure
resulted in fixation of urea as CA (eq 3, Figure 2),
avoiding urea sublimation.

e After all the urea was added, the mixture was
recirculated by opening the tap of E, and the process
pressure was reduced to the optimal value as discussed
later, to allow the conversion of CA into GC (eq 4).

3.3. Multiple-Pass Continuous-Flow Operation. The
system operation consists of two stages as follows. In the first
stage, urea was converted into CA, while evolving the first mole
of NH;. Once in this form, urea sublimation was avoided,
enabling the free application of low pressures. The full urea
amount was typically subdivided into six portions.

3.3.1. Small-Scale Operation. Gly (13.0 g; 0.141 mol, 1
equiv), urea (1.63 g; 0.027 mol, 0.2 equiv), and ZnSO,-H,0
(0.760 g; 4.2 mmol, 3 mol % relative to urea) were first added
into a 25 mL mixing chamber (M, Figure 7) and stirred at rt
until a homogeneous mixture was obtained. In the meantime,
R temperature and pressure were set at the desired values,
typically 185 °C and 150 mmHg, respectively. The mixture was
then pumped at 1.2 mL/min through R and collected into E
(tap closed). Afterward, the vacuum was temporarily
disengaged, and the funnel tap was opened to allow the
mixture to flow back into M. At this point, the following
portion of urea (1.63 g, 0.027 mol, 0.2 equiv) was added, and
the mixture was reprocessed as previously described. This
procedure was repeated until the full amount of urea (9.74 g,
0.162 mol, 1.15 equiv) had been introduced and reacted.

In the second stage, the mixture obtained in the first stage
was passed three times through the reactor R, set at 185 °C
and 150 mmHg, maintaining the flow at 1.2 mL/min. The
entire process involved nine passes through the tubular reactor,
each pass taking approximately 16 min, resulting in an overall
reaction time of 2 h and 25 min.

Workup. To remove the residual polar fraction, the crude
was treated at 120 °C and 200 mmHg, until boiling ceased (~2
h). Afterward, H,O (0.1 mL per gram of crude) was added and
the mixture extracted with EtOAc/Et,0 (4:1,,, 3 X 1.67 mL
per gram of crude). Evacuation at reduced pressure yielded a
purified product, composed of GC (>95% 'H NMR purity)
and minor amounts of DGTC, in 80% yield.

3.3.2. Larger Scale Operation. Gly (48.0 g 0.52 mol, 1
equiv), urea (6.00 g; 0.10 mol, 0.2 equiv), and ZnSO,-H,0
(3.22 g; 18 mmol, 3 mol % relative to urea) were first added
into a 100 mL mixing chamber (M, Figure 7) and stirred at rt
until a homogeneous mixture was obtained. In the meantime,
R temperature and pressure were set at the desired values,
typically 185 °C and 150 mmHg, respectively. The mixture was
then pumped at 1.2 mL/min through R and collected into E
(tap closed). Afterward, vacuum was temporarily disengaged,
and the funnel tap was opened to allow the mixture to flow
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back into M. At this point, the following portion of urea (6.00
g, 0.10 mol, 0.2 equiv) was added, and the mixture was
reprocessed as previously described. This procedure was
repeated until the full amount of urea (36.0 g 0.60 mol,
1.15 equiv) had been introduced and reacted.

In the second stage, the mixture obtained in the first stage
was passed three times through the reactor R, set at 185 °C
and 150 mmHg, maintaining the flow at 1.2 mL/min. The
entire process involved nine passes through the tubular reactor,
each pass taking approximately 1 h, resulting in an overall
reaction time of 9 h.

Workup. To remove the residual polar fraction, the crude
was treated at 120 °C and 200 mmHg, until boiling ceased (~2
h). Afterward, H,O (0.1 mL per gram of crude) was added and
the mixture extracted with EtOAc/Et,O (4:1,,, 3 X 1.67 mL
per gram of crude). Evacuation at reduced pressure yielded a
purified product (49.15 g), composed of GC (>95% 'H NMR
purity) and minor amounts of DGTC, in 80% yield.

3.3.3. Hydrolysis of GC/DGTC Mixture to Pure GC. To
convert the residual DGTC into CG, a controlled hydrolysis
process was set up as follows: Inside a round-bottom flask of
suitable volume, the GC/DGTC mixture was mixed with
H,SO, ( 0.5 mL of a 1% aqueous solution per gram of GC/
DGTC mixture), and the resulting solution was heated at 60
°C for 1 h 30 min. The product was extracted with EtOAc (1.5
mL per gram of initial mixture) and washed with water (3 X
(0.5 mL per gram of initial mixture)), and the product was
obtained after removal of organic solvent, yielding DGTC-free
GC as a colorless oil, and ~90% yield.

4. RESULTS AND DISCUSSION

To extend the operating pressure range below 400 mmHg,>’
urea was added in portions to obtain a homogeneous solution
in Gly at rt. This strategy circumvented thermal softening of
the peristaltic tubing under reduced pressures (see the
Experimental Section). A preliminary evaluation using the
standard urea/Gly molar ratio of 1.15 3 revealed that splitting
urea into six added aliquots was required to fully dissolve urea
at 25 °C, while division into four equal portions resulted in
incomplete solubilization and subsequent pump clogging.
Consequently, partitioning urea into six equal portions was
adopted as the standard protocol. It was also observed that
urea solubility improves over time, suggesting a better
solubility into CA, compared to that in Gly.

Further preliminary experiments aimed to validate key
theoretical insights, particularly the role of urea thermolysis to
isocyanic acid as a prerequisite for glycerolysis, were
conducted. Reactions conducted below 130 °C, regardless of
ZnSO,H,0 catalyst presence, pressure, or duration, yielded
no detectable Gly conversion. These results provide strong
evidence that urea thermolysis is essential for reaction
initiation. Partial Gly conversion was first observed at 150
°C, implicating HNCO as the key electrophile in the process.
At this temperature and under the lowest attainable working
pressure (25 mmHg), a GC yield of 50% was obtained, though
urea sublimation partially compromised mass balance. Based
on these findings, the process temperature was fixed at 185 °C,
and a systematic evaluation of other operating variables was
conducted (Table 1).

Operating under reduced pressure significantly enhanced
reaction performance, as observed in entries 1—5 ofTable 1. In
agreement with the theoretical model, lower operating
pressures are expected to accelerate CA cyclization to GC

Table 1. Urea Glycerolysis Conducted in Flow, within the
Experimental Setup of Figure 7%

experiment urea/Gly molar  no of urea T P yield
no. ratio portions (°C) (mmHg) (%)
1 1.15 6 185 400 44
2 1.18 6 185 300 5§
3 1.15 6 185 200 72
4 1.18 6 185 150 80
S 1.15 6 185 110 80
6 1.80 8 185 150 80
7 1.10 6 185 150 76
8 1.0 6 185 150 69
9" 1.15 6 185 150 80
10° 1.15 6 185 110 80
11° 1.15 6 185 150 15
12 1.15 6 170 150 59

“Common conditions: 185 °C, multiple pass (see the Experimental
Section), Gly (13.0 g; 0.141 mol), urea (amount according to Table),
ZnSO,H,0 (0.760 g; 4.2 mmol), and flow: 1.2 mL/min. bGly (48.0
g; 0.52 mol), urea (36.0 g, 0.60 mol), ZnSO,-H,0 (3.22 g; 18 mmol).
“ZnSO,-H,0 was omitted.

(eq 4). However, yields plateaued between 110 mmHg (entry
5) and 150 mmHg (entry 4), establishing 150 mmHg as the
optimal pressure. Overall, reduced pressures improved both
the yield and selectivity. In contrast, higher pressures (entries 1
and 2) favored the formation of a secondary product, identified
as diglycerol tricarbonate (DGTC, Figure 8), as confirmed by
"H NMR spectroscopy.

o

(P

Figure 8. Structure of diglycerol tricarbonate (DGTC).

To recover GC from GC/DGTC mixtures, a mild acid
hydrolysis protocol was developed, exploiting the higher
stability of cyclic carbonates compared to the central linkage
of DGTC (see the Experimental Section). Notably, DGTC
formation decreased with decreasing pressure, suggesting that
DGTC likely forms through an interaction between GC and
unconverted CA—a side pathway that is suppressed when
NHj is rapidly removed under vacuum, allowing efficient CA
conversion.

The effect of urea/Gly molar ratio was also evaluated
(entries 4 and 6—8, Table 1), confirming 1.15 as the optimal
value, in agreement with previous investigations.53 Lower
ratios (1.10 or 1.05) resulted in decreased yields, while
increasing the ratio offered no advantage.

The process demonstrated strong robustness upon scale-up
(entries 9 and 10), with minimal differences observed when
the pressure was reduced from 150 to 110 mmHg. Catalyst
omission (entry 11) resulted in a marked performance decline,
corroborating its essential role in facilitating urea thermolysis.
Furthermore, the benefit of operating at 185 °C was reinforced
through a comparison to a run at 170 °C (entry 12), which
resulted in substantially lower GC yields.

The solvent-free nature of the process (i.e., absence of
volatile cosolvents) enables low-pressure operation, facilitating
continuous NH; removal and DGTC minimization. As a result,
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high product purity (>95%, Figure S2) was achieved,
exceeding that of several commercial sources.

The multiple-pass continuous-flow system (Figure 7)
provided excellent process control, as demonstrated at the
scale by converting 48 g of Gly into 49 g of GC over 9 h of
operation. This corresponds to a daily throughput of ~130 g of
high-purity GC, requiring only minimal amounts of organic
solvent during workup. The production scale can also be
readily increased by employing longer tubular reactors to
accommodate higher flow rates while maintaining residence
time and thermal profiles.

5. CONCLUSIONS

Theoretical thermodynamic calculations provided valuable
mechanistic insights into the urea glycerolysis toward GC;
most of them were experimentally validated. Elevated temper-
atures were shown to impart a strong entropic driving force
(Figure 3A,C) and provide the necessary thermal activation for
urea thermolysis into isocyanic acid. Additionally, reduced
operating pressures contributed both a thermodynamic push
(Figure 3D) and mass-action-driven ammonia removal, able to
accelerate the conversion of CA into GC. The glycerol medium
(ie., solventless conditions) further proved pivotal in
suppressing byproduct formation through solvent stabilization
effects.

The implementation of the theoretical indications within the
experimental setup led to a substantial improvement in both
yield and selectivity compared with our previous setup. The
optimized solvent-free process delivered high-purity GC in an
80% isolated yield with minimal downstream processing. The
product purity can be further upgraded via the controlled
hydrolysis of the main byproduct, DGTC, reaching purity
levels exceeding some commercial offerings. Scale-up under
optimal conditions (185 °C, 150 mmHg) achieved a daily
production of ~130 g of GC without any loss in yield or
quality, demonstrating the robustness, efficiency, and scal-
ability of this multiple-pass continuous-flow approach toward
GC.
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