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Abstract

A study was conducted on the synthesis of glycerol polymerization using ultrasonic (USG)
technology. Although ultrasonication has been widely applied in various chemical pro-
cesses, its role in glycerol polymerization remains insufficiently explored. In this study,
polymerization was conducted under initial room-temperature conditions for 150 min using
4 wt% NaOH as a catalyst at an ultrasonic power of 300 W, corresponding to a cumula-
tive energy input of 427,182 J. The process yielded a product with a molecular weight
of 697.53 g/mol and a degree of polymerization (DP) of 7.52. FTIR analysis confirmed
ether bond formation through characteristic C-O-C stretching bands in the 1033-1210 cm ™!
region, while the broad O-H band at 3284 cm~! indicated the presence of residual hydroxyl
groups consistent with hyperbranched architectures. 'H-NMR spectroscopy further verified
polymer formation, evidenced by the emergence of a doublet resonance at 8 3.68-3.69 ppm
corresponding to ether linkages and the shift of the hydroxyl proton signal from 6 5.11 ppm
in glycerol to 5 4.45-4.79 ppm in the polymer. Quantitative analysis using the Fréchet
equation yielded a Degree of Branching (DB) of 0.57, characteristic of a well-defined hy-
perbranched architecture. This high DB ensures a dense periphery of hydroxyl groups,
promoting excellent water solubility and versatile functionalization potential.

Keywords: ultrasonic (USG) technology; glycerol polymerization; hyperbranched; process
intensification; degree of polymerization

1. Introduction

Polyglycerol is an oligomeric or polymeric ether composed of repeating glycerol units.
Depending on the synthetic route, it can form dendritic macromolecules, a class of monodis-
perse polymers characterized by highly branched, hierarchical architectures [1]. These

Polymers 2026, 18, 2727

https://doi.org/10.3390/polym18212727


https://crossmark.crossref.org/dialog?doi=10.3390/polym18212727&domain=pdf&date_stamp=2026-11-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0009-0007-6220-8842
https://orcid.org/0000-0001-8434-924X
https://orcid.org/0000-0003-4981-434X
https://orcid.org/0000-0002-2353-2144
https://orcid.org/0000-0001-5663-8642
https://doi.org/10.3390/polym18212727

Polymers 2026, 18, 2727

20f17

dendritic structures are categorized into cascades, dendrimers, and hyperbranched poly-
mers. While cascades and dendrimers possess well-defined, symmetrical frameworks,
hyperbranched polymers exhibit a more stochastic architecture with variations in branching
types and molecular weights [2]. A typical hyperbranched polyglycerol (hPG) comprises
three structural motifs: dendritic units (fully substituted), linear units (partially substi-
tuted), and terminal units containing unreacted hydroxyl groups.

The synthesis of hPG typically proceeds via base-catalyzed ring-opening polymeriza-
tion (ROP). This process is driven by nucleophilic attack by alkoxide anions on the epoxide
ring of glycidol or the hydroxyl groups of glycerol, yielding a highly branched scaffold
with peripheral hydroxyl groups. Previous studies have refined these strategies to achieve
architectures that mimic the perfection of dendrimers. For instance, Sunder and Miilhaupt
(3000) demonstrated the Ring-Opening Multibranching Polymerization (ROMBP) of glyci-
dol, where the attack of primary or secondary alkoxide anions on the glycidol carbon leads
to the formation of hydroxyalkyl ethers [3]. However, traditional synthesis often relies on
indirect routes involving epichlorohydrin or glycidol intermediates [4]. These methods suf-
fer from low atom economy, the generation of significant chloride salt by-products, and the
requirement for rigorous purification [5-7]. Furthermore, epichlorohydrin is highly toxic
and carcinogenic [4]. Conversely, direct polymerization of glycerol using homogeneous
catalysts (e.g., KOH or NaOH) requires harsh conditions, typically 300275 °C for 824 h
under an inert atmosphere [8,9]. While heterogeneous catalysts like calcium oxide (CaO)
can lower the required temperature (200-230 °C), they are susceptible to leaching and
deactivation due to the water produced during condensation [4]. Computational studies
using HyperChem indicate that the base-catalyzed pathway presents a substantial kinetic
barrier, reflected in the harsh temperatures and long residence times commonly reported;
mechanistic studies highlight the role of in situ formed active glycerolates and Sy2-type
etherification steps [2], highlighting the reaction’s significant energy barrier.

Ultrasonic technology (USG) has emerged as a powerful tool for process intensification
in polymer chemistry. Beyond its established role in the controlled depolymerization of
macromolecules [10,11], ultrasonication significantly enhances reaction kinetics through
acoustic cavitation. The formidable energy barrier of 529.38 KJ/mol for glycerol ether-
ification typically necessitates harsh thermal conditions. This study demonstrates that
acoustic cavitation effectively bypasses this requirement through the "hotspot” mechanism.
The rapid collapse of cavitational bubbles generates localized temperatures of 5000 K and
pressures of 1000 atm, providing the necessary activation energy at a molecular scale while
maintaining the bulk temperature near ambient. The inherent high viscosity of glycerol
often constrains reactant mass transfer. However, acoustic cavitation induces micro-jets and
acoustic streaming at velocities up to 100 m/s. This promotes the interfacial collision fre-
quency between glycerolate anions and glycerol molecules, ensuring the effective utilization
of hotspot-generated energy to drive the polymerization kinetics. In biodiesel synthesis,
for example, ultrasonic horn systems achieved a 93% conversion at 45 °C in just 45 min,
significantly outperforming conventional methods (39%) under identical conditions [12].

Previous studies on glycerol polymerization have predominantly focused on indi-
rect routes involving glycidol or epichlorohydrin intermediates, which often suffer from
low atom efficiency, complex purification steps, and environmental concerns related to
chlorinated by-products. Direct glycerol polymerization using alkaline catalysts has been
proposed as an alternative; however, reported processes typically require temperatures
above 300 °C and reaction times exceeding several hours.

Despite the advantages of sonochemistry, the feasibility of synthesizing dendritic
polyglycerol via direct polymerization under mild conditions remains insufficiently ex-
plored. Most literature focuses on high-temperature indirect routes, leaving a gap in the
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systematic understanding of how ultrasonication facilitates ether bond formation at lower
temperatures and shorter reaction times.

This study investigates the efficacy of ultrasonication as a process intensification tool
for the direct polymerization of glycerol. We aim to elucidate the influence of ultrasonic
power and energy input on the resulting molecular weight, Degree of Branching, and the
formation of dendritic architectures under mild conditions. By correlating sonochemical
parameters with the structural and physicochemical properties of the polyglycerol, this work
seeks to provide mechanistic insights into ultrasound-assisted polymerization and evaluate
its potential as a sustainable, low-energy alternative to conventional thermal processes.

2. Materials and Methods
2.1. Material

The materials used in the synthesis of PG using sonification are technical-grade glyc-
erol 96% (PT. Brataco, Jakarta, Indonesia), Analytic-grade potassium hydroxide > 85%
(Merck, Darmstadt, Germany), Analytic-grade sodium hydroxide > 99% (Merck) and
cation-exchange resin (Lewatit S-1467, Lanxess, Cologne, Germany).

2.2. Synthesis Process

The PG synthesis process using USG technology employed an Ultrasonic Horn unit,
model VCX750/VCX500, from Sonic & Material, Inc. (Newtown, CT, USA). The experimen-
tal setup of the apparatus is illustrated in Figure 1. The method used in this activity is direct
polymerization, in which glycerol is polymerized using strong, homogeneous base catalysts
such as KOH or NaOH. In this activity, several process variables affecting the formation
of glycerol monomers were investigated, including the molecular weight and chemical
structure of the resulting PG. Process variables included KOH and NaOH catalysts (4 wt%),
ambient temperature, a frequency of 20 kHz, and ultrasonic power levels of 100, 150, and
300 W (corresponding to 20, 30, and 40% amplitudes). The process begins by reacting 98%
glycerol with a 4% KOH/NaOH catalyst by weight of 98% glycerol for 150 min. After the
process, purification is performed to separate the KOH/NaOH catalyst from the product
using absorption techniques with cation exchange resin (Lewatit S-1467). After achieving a
neutral pH of 6-7, the product is characterized using FTIR, NMR, and molecular weight
analysis via the Ostwald viscometer method.

Figure 1. Ultrasonic horn.

2.3. Identification and Characterization

The PG product’s identification and characterization included determining functional
groups. Identification was performed using a Fourier Transform Infrared Spectrophotome-
ter (IRPrestige-21, Shimadzu, Kyoto, Japan); chemical structure analysis was conducted
using Nuclear Magnetic Resonance Spectroscopy (AVANCE III HD 700 MHz, Bruker, Bil-
lerica, MA, USA), and molecular weight was determined using the Ostwald viscometry
method (Mark-Houwink).
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2.4. Determination of Viscosity of Glycerol and Polyglicerol (PG)
2.4.1. Determination of Glycerol Viscosity

The viscosity of glycerol solutions with concentrations of 10%, 20%, 30%, 50%, 70%,
and 100% was measured using an Ostwald viscometer. The time required for the sample to
flow from the upper limit to the lower limit of the viscometer was recorded. Measurements
were taken three times.

2.4.2. Determination of PG Viscosity

The viscosity of PG solutions with concentrations of 10%, 20%, 30%, 50%, 70%, and
100% was measured using an Ostwald viscometer. The time required for the sample to flow
from the upper limit to the lower limit of the viscometer was recorded. Measurements were
taken three times.

2.5. Determination of Density/Mass Density of Glycerol and Polyglycerol (PG)

Density measures the amount of substance contained in a unit volume. The density
of the solution was measured using a 25 mL pycnometer. The solution was made by
mixing glycerol with water and PG with water at various concentrations. The formula for
determining density is:

_m
p=7 (1)
where p represents the density (g/mL), m is the mass of the sample (g), and v is the volume
of the sample (mL).

2.5.1. Determination of Glycerol Density

Weigh the empty pycnometer and record its mass. Insert the glycerol solution samples
with concentrations of 10%, 20%, 30%, 50%, 70%, and 100% up to the neck of the pycnometer,
weigh the filled pycnometer, and then record and calculate the density.

2.5.2. Determination of PG Density

Weigh the empty pycnometer and record its mass. Insert the PG solution sample with
concentrations of 10%, 20%, 30%, 50%, 70%, and 100% up to the neck of the pycnometer,
weigh the filled pycnometer, and then record and calculate the density.

Determination of Intrinsic Viscosity Using the Least Squares Method

The intrinsic viscosity [1] was determined using the Least Squares method by cal-
culating the relative viscosity [1,.], specific viscosity [1s, ], and reduced viscosity [nred].
Relative viscosity was determined by the ratio between the sample solution flow time (t)
and the pure solvent flow time (t0). Specific viscosity (1,) and reduced viscosity (1];eq)
were determined using the following equations [13]:

t

Relative viscosity : 1, = T (2)
0

Specific viscosity : N, =M, —1 (3)
1

Reduced viscosity : 1, = % (4)

Determination of Molecular Weight Using the Mark-Houwink Equation

The viscosity-average molecular weight (M, ) of the synthesized polyglycerol products
was determined via the intrinsic viscosity method using the Mark-Houwink-Sakurada
(MHS) equation, rather than conventional size-exclusion chromatography (GPC/SEC). This
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physical approach was selected because polyglycerol typically exhibits a hyperbranched
architecture, wherein linear GPC calibration standards tend to underestimate the actual
molecular weight due to discrepancies in hydrodynamic volume ([1] « V;,/M) [14-16].
Furthermore, intrinsic viscosity directly assesses the hydrodynamic dimensions and solute—
solvent interactions ([1] & V,/M) without the risk of peak distortion caused by non-specific
adsorption of the highly polar polymer onto the aqueous GPC stationary phase. Conse-
quently, this method offers superior physical sensitivity for accurately monitoring confor-
mational changes induced by the variations in ultrasonication conditions and base catalysts
(KOH vs. NaOH).

To experimentally determine the intrinsic viscosity (17), the polyglycerol samples were
first dried in a vacuum oven at 60 °C for 24 h to ensure complete moisture removal. The
dehydrated samples were then dissolved in deionized water to prepare a series of solutions
with varying concentrations (c). Viscosity measurements were subsequently performed
using a Ubbelohde capillary viscometer immersed in a thermostatic water bath maintained
at a constant temperature of 25 °C.

From the experimental flow times, the reduced viscosity and inherent viscosity were
calculated. The intrinsic viscosity (1)) was then determined through the least-squares
method by extrapolating both the Huggins and Kraemer plots to zero concentration. Finally,
the obtained [11] value was applied to calculate the molecular weight using the empirical
MHS relationship, as expressed in Equation (5):

[n] = KM* (5)

where [1] is the intrinsic viscosity, Mv represents the viscosity-average molecular weight,
while K and « are the characteristic Mark-Houwink constants for the specific polymer-
solvent system. For the polyglycerol-water system at 25 °C, the constants were defined as
K =2 x107° L/g and alpha = 0.71 [17], in accordance with the established literature.

Determination of Degree of Polymerization (DP)

The degree of polymerization (DPn) was determined by measuring the intrinsic vis-
cosity (1) using an Ubbelohde viscometer at 25 °C, which was subsequently converted
using the Mark-Houwink-Sakurada equation (Equation (5)) to obtain the viscosity-average
molecular weight (Mv).

_ Mv - MHZO _ Mv - MHZO (6)

DP,
Mo (MGlycerol - MHZO)

where:
Molecular Weight Glycerol (M glycerol) = 92.09 g/mol
Molecular Weight Water (M H,O) = 18.02 g/mol
Repeat Unit Molecular Weight (M) = 92.09-18.02 = 74.07 g/mol

Determination of Degree of Branching (DB)

The Degree of Branching (DB) was calculated based on the 'H-NMR signal intensity
ratios of the dendritic (D), terminal (T), and linear (L) units within the polymer framework.
For polyglycerol (PG), the DB is calculated based on the relative integration of the dendritic
(D), linear (L), and terminal (T) structural units identified in the spectrum, using the Frey
equation [18,19]:

D+T
TDAL+T @

where D, L and T represent the integral areas of the dendritic, linear and terminal.

DB
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3. Results

The PG synthesis process utilizes ultrasonic technology (USG) through an ultrasonic
horn unit. This process involves direct polymerization, in which the NaOH/KOH base
catalyst interacts with glycerol, weakening one of its OH bonds and enhancing the nucle-
ophilic character of the hydroxyl oxygen. Subsequently, glycerol rapidly attacks the carbon
atom of a second glycerol molecule, forming an ether bond and producing diglycerol, with
water released.

3.1. Effect of USG on Process Temperature Increase

To evaluate the role of ultrasonication as a process intensification tool, it is essential to
monitor the temperature evolution during polymerization. Although the reaction was initi-
ated at room temperature, ultrasonic energy input may induce bulk heating due to acoustic
energy dissipation and cavitation phenomena within the reaction medium. Therefore, the
temperature was continuously recorded over 150 min at ultrasonic powers of 100, 150, and
300 W using 4% KOH and 4% NaOH as catalysts.

The resulting temperature profiles are presented in Figure 2 to assess the influence of
ultrasonic power on the system’s thermal behavior during glycerol polymerization.

—e—Ouput Power 100 watt
—e—Output Power 150 Watt
Output Power 200 watt

Temperature (oC)
m

Figure 2. The effect of ultrasonic power on temperature increases polymerization with (a) KOH and
(b) NaOH catalysts.

As shown in Figure 2a,b, all power levels exhibit a rapid increase in temperature during
the first 30 min of reaction, followed by a stabilization phase that extends to 150 min. For
the KOH-catalyzed system, the maximum temperature reached 86 °C at 300 W. In contrast,
the NaOH-catalyzed system reached a higher maximum temperature of 96 °C at the same
ultrasonic power. At lower power levels (100 and 150 W), the final temperatures were
correspondingly lower for both catalysts. Overall, increasing ultrasonic power led to higher
bulk temperatures throughout the reaction at 300 W.

The observed temperature rise indicates that, although the reaction was initiated at
room temperature, the system does not remain thermally neutral during ultrasonication.
The applied acoustic energy is partially converted into thermal energy through cavitation-
induced microbubble collapse and viscous dissipation. At an ultrasonic frequency of
20 kHz, each collapsing cavitation bubble can generate localized “hotspots” with transient
temperatures of approximately 5000 °C and pressures up to 3000 atmospheres [20,21].
While these extreme conditions are spatially and temporally confined, their cumulative
effect contributes to the measurable increase in bulk temperature.

Importantly, even at the highest ultrasonic power (300 W), the bulk temperature
remained below 100 °C (86-96 °C), which is significantly lower than those in conventional
glycerol polymerization processes, which typically require temperatures above 300 °C.
This suggests that the enhanced polymerization observed under ultrasonication cannot
be attributed solely to macroscopic heating, but also to sonochemical activation effects at
the microscale.
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3.2. Effect of USG on Process Energy Increase

In addition to temperature evolution, the cumulative energy input during ultrasonica-
tion is critical for determining reaction progress and polymer growth. Since ultrasonic power
directly governs acoustic intensity, it is necessary to quantify the total energy delivered to
the reaction system over time.

Therefore, the cumulative energy supplied during 150 min of polymerization was
calculated for ultrasonic powers of 100, 150, and 300 W using 4% KOH and 4% NaOH as
catalysts. The energy-time profiles are presented in Figure 3 to evaluate how ultrasonic
power influences total process energy input.

400.000 450.000
350.000 400.000
300.000 350.000
300.000
250.000
250.000
200.000 ~—8— Output Power 100 Watt —— Output Power 100 Watt

200.000
150.000 —@— Output Power 150 Watt ~@— Output Power 150 Watt

Energy (Joule)
Energy (Joule)

~@— Output Power 200 Watt 150.000 —8— Output Power 200 Watt

100.000 100.000

50.000 50.000

Q

o

50 100 150 50 100 150
Time (menit) Time (menit)

(a) (b)

)

Figure 3. Effect of ultrasonic power on cumulative energy input during glycerol polymerization using
(a) KOH and (b) NaOH catalysts.

As shown in Figure 3a,b, cumulative energy increases progressively with reaction time
for all power levels. Higher ultrasonic power results in a steeper slope of the energy-time
curve, indicating a greater rate of energy delivery. For the KOH-catalyzed system, the
maximum cumulative energy reached 360,593 ] at 300 W after 150 min. In the NaOH-
catalyzed system, the cumulative energy reached 427,182 ] at the same ultrasonic power and
reaction time. In Figure 3b, a noticeable increase in slope is observed between 60 and 70 min
at 300 W, suggesting a change in energy accumulation behavior under NaOH catalysis.
Overall, increasing ultrasonic power results in higher cumulative energy input over the
reaction duration for both catalytic systems.

The linear increase in cumulative energy with time reflects continuous acoustic energy
transfer from the ultrasonic horn into the reaction medium. As ultrasonic power increases,
the intensity and frequency of cavitation events increase accordingly, leading to greater
energy dissipation within the liquid phase.

At an ultrasonic frequency of 20 kHz, collapsing cavitation bubbles generate localized
transient hotspots with temperatures of approximately 5000 K and pressures exceeding
1000 atm [22,23]. Although these extreme conditions occur on the microscale, their repeti-
tive occurrence results in substantial cumulative energy input at the macroscopic level. The
higher cumulative energy observed in the NaOH system (427,182 J) compared to the KOH
system (360,593 J) at identical power and time suggests differences in energy transfer effi-
ciency and/or system response under different catalytic environments. This may influence
reaction kinetics, molecular weight development, and the formation of branching structures.

Importantly, the cumulative energy input provides a more representative parameter for
process intensification analysis than nominal power alone. While power defines the instan-
taneous energy-delivery rate, cumulative energy reflects the total acoustic work imparted
to the system, which is directly relevant to polymer growth and structural evolution.
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3.3. Effect of USG on Molecular Weight (MW ) and Degree of Polymerization (DP ) Increase

Beyond temperature and cumulative energy input, the most critical indicators of poly-
merization performance are molecular weight (MW) and degree of polymerization (DP).
Since polymer growth often manifests initially as macroscopic physical changes, such as
increased viscosity and color variation, both qualitative visual observation and quantitative
molecular characterization are necessary to evaluate the effect of ultrasonic power. There-
fore, visual inspection of the reaction products (Figure 4) was first performed to identify
physical changes associated with increasing ultrasonic intensity. These observations were
then correlated with viscosity-based molecular weight determination and DP calculation
using the Mark-Houwink relationship, as summarized in Table 1.

. ™7

|
A
-

/
— A B

E_ L

P — ;

‘ HPG.N4.15020 | HPG.NA.15030 | HPG.N4.150.40
J [

- =y < =

e .

\ﬁl"'

GLYCEROL

— B

~ o

(b)

Figure 4. (a) Glycerol raw material, PG.K4.150.20: PG product catalyst KOH, polymerization 150 min,
ultrasound dose 100 watts, PG.K4.150.30: PG product catalyst KOH, polymerization 150 min, ul-
trasound dose 150 watts, PG.K4.150.40: PG product catalyst KOH, time 150 min ultrasound dose
300 watts; (b) Glycerol raw material, PG.N4.150.20: PG product catalyst NaOH, polymerization
150 min, ultrasound dose 100 watts, PG.N4.150.30: PG product catalyst NaOH, polymerization
150 min, ultrasound dose 150 watts, PG.N4.150.40: PG product catalyst NaOH, polymerization
150 min, ultrasound dose 300 watts.

Table 1. Relationship between USG power and the resulting MW and DP in glycerol polymerization.

Ampl Output Eergy VI.SCOS- Molezcular Degree of

Sampel Code  Catalyst Power ity M* Weight Polymerization

(%) (Watt) (Joule) (1) (gr/mol) (DP)
GLYCEROL 0 0 0 0.499 25 92.78 1.01
HPG_N4_20 20 100 146,654 0.671 34 140.85 1.52
HPG_N4_.30 NaOH 4% 30 150 268,521 1.189 59 315.32 3.41
HPG_N4_40 40 300 427,182 2.089 104 697.53 7.52
HPG_K4_20 20 100 133,319 0.705 35 150.89 1.63
HPG_K4_30 KOH 4% 30 150 255,958 1.057 53 267.16 2.88
HPG_K4_40 40 300 360,593 1.607 80 482.04 5.20

As shown in Figure 4, raw glycerol appears colorless and transparent. With increasing
ultrasonic power (100, 150, and 300 W), the resulting PG samples exhibit progressively
darker coloration for both catalytic systems. For the KOH system (Figure 4a), the product
transitions from nearly colorless at 100 W to light yellow at 300 W. In the NaOH system
(Figure 4b), the color change is more pronounced, reaching a deeper yellow tone at 300 W
compared to the corresponding KOH sample. These visual changes suggest progressive
modification of the reaction mixture as ultrasonic intensity increases.

Table 1 shows that viscosity increases with increasing ultrasonic power for both catalytic
systems. For the NaOH-catalyzed samples, viscosity increased from 0.671 (100 W) to 2.089
(300 W). Similarly, in the KOH system, viscosity increased from 0.705 (100 W) to 1.617
(300 W). Correspondingly, molecular weight increased with ultrasonic power. The highest
MW was obtained for the HPG.N4.40 sample (NaOH, 300 W), with a MW of 697.53 g/mol
and a DP of 7.52, confirming a successful transition into the polymeric regime (DP > 5). In
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contrast, the highest MW in the KOH system (HPG.K4.40, 300 W) reached 482.04 g/mol,
with a DP of 5.20. At lower ultrasonic power levels (100-150 W), the low MW and DP values
(ranging from 1.52 to 3.41) indicate that the products reside strictly within the oligomeric
regime, consisting predominantly of dimers and trimers. Across all conditions, the NaOH
system consistently yielded higher viscosity, molecular weight, and DP compared to the
KOH system at the same ultrasonic power.

The progressive increase in viscosity, MW, and DP with ultrasonic power indicates
enhanced chain growth and structural development under higher acoustic energy input.
Since intrinsic viscosity is directly related to hydrodynamic volume and molecular chain
length via the Mark-Houwink relationship, the observed increase in viscosity confirms the
formation of longer molecular chains as the reaction progresses from oligomeric species into
more distinct polymeric architectures at 300 W. The stronger color development at higher
power levels, particularly in the NaOH system, may be associated with increased molecular
complexity and possible side reactions occurring under intensified cavitation conditions.
The correlation between darker coloration and higher MW suggests that ultrasonic intensity
influences not only chain extension but also structural architecture. Importantly, the NaOH
catalyst consistently produced higher MW and DP than KOH under identical ultrasonic
conditions. This may reflect differences in base strength, ionic mobility, or glycerolate
formation efficiency, which could influence nucleophilic activation and ether bond formation
during the condensation process.

When considered alongside Sections 3.1 and 3.2, these results suggest that cumulative
acoustic energy, rather than nominal temperature alone, plays a decisive role in determining
oligomer and polymer growth. The enhancement in MW at bulk temperatures below 100 °C
further supports the contribution of localized sonochemical activation beyond conventional
thermal effects.

3.4. Characterization of PG Using FTIR

Fourier Transform Infrared (FTIR) spectroscopy was performed to confirm the suc-
cessful polymerization of glycerol into polyglycerol (PG) and to identify the characteristic
functional groups. This analysis allows for the tracking of chemical bond transformations,
specifically the formation of ether linkages and the retention of hydroxyl groups. The
comparative FTIR spectra of monomeric glycerol and the synthesized PG are displayed in
Figure 5, with the detailed assignment of absorption bands summarized in Table 2.

Table 2. FTIR spectral analysis table of polyglycerol.

Wavenumber (cm™1) Functional Group Vibration Mode
~3285.61 Hydroxyl (O-H) Stretching
~2925.84-2873.17 Aliphatic (C-H) Stretching (CH,)
~1655.88 Carbonyl (C=0) or C-O-C Stretching
~1031.85 Ether (C-O-C)/Alcohol (C-O) Stretching
1415.10-1100 C-H/CO Bending/Stretching

As illustrated in Figure 5 and Table 2, both spectra exhibit a broad and intense absorp-
tion band centered at 3285.61 cm~!, which is explicitly assigned to the stretching vibrations of
hydroxyl (O-H) groups. This prominent band indicates a dense network of hydrogen bond-
ing among the polyol units. The retention of this intense hydroxyl signal in the PG spectrum
suggests that a significant number of terminal hydroxyl groups remain intact, a characteris-
tic feature that aligns well with the formation of a hyperbranched polymer architecture [24].
Furthermore, the sharp absorption doublets observed at 2925.84 cm~! and 2873.17 cm™!
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correspond to the asymmetric and symmetric stretching vibrations of aliphatic C-H (CH),
groups, confirming the preservation of the aliphatic backbone after polymerization.

Polyglycerol: :
5 C g
. X .G
—_— . . « 00
X : . 0%
8 Glycerol : 9
c . K
N . .
£ : : :
g : . :
c /5 :
o oWl :
= L 50 ;
Do 2 : !
oy s 7
wE I8 0.5 0§
£l S &8 QN
Q& - = o:e
R L2 2
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 5. FTIR spectrum of polyglycerol.

The definitive evidence of successful glycerol intermolecular condensation is demon-
strated by the evolution of the fingerprint region. The strong, complex absorption band
at 1031.85 cm™! represents the stretching vibrations of ether (C-O-C) linkages overlap-
ping with residual primary and secondary alcohol (C-O) bonds [25]. This multi-peak
profile in the 1415.10-1100 cm™! region—associated with coupled C-H bending and C-O
stretching—further supports the formation of a polyether framework.

Interestingly, a distinct peak appears at 1655.85 cm~!, which can be attributed to
either localized C=0 carbonyl stretching from minor oxidative side reactions or tightly
bound/absorbed water molecules (O-H bending) within the hygroscopic polymer ma-
trix [26]. The simultaneous coexistence of robust ether (C—O-C) bonds and abundant
residual C—-O\O-H groups underscores that the product is a partially substituted, highly
branched macromolecule rather than a fully cross-linked or linear structure.

In conclusion, the FTIR analysis confirms that ultrasonic irradiation efficiently drives
the etherification of glycerol into a polyether network while strategically preserving terminal
hydroxyl functionalities essential for subsequent dendritic functionalization [27].

3.5. Characterization of PG Using 'H-NMR

While FTIR confirms the presence of ether and hydroxyl functional groups, 'H-NMR
spectroscopy provides more detailed structural insight into proton environments and en-
ables differentiation between glycerol and its polymerized form. In particular, 'H-NMR
allows identification of newly formed ether linkages and changes in hydroxyl proton behav-
ior, which are critical indicators of successful polymerization.

To evaluate structural evolution at the highest molecular weight condition, the 'H-

NMR spectrum of glycerol was compared with that of PG.N4.40 (NaOH catalyst, 300 W,
150 min), as shown in Figure 6.
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Figure 6. '"H NMR spectrum of (a) glycerol and (b) PG.N4.40 at time 150 min.

The structural transition from monomeric glycerol to polyglycerol (PGL) was unam-
biguously monitored via 'H-NMR spectroscopy. As shown in Figure 6a, pristine glycerol
displayed well-defined multiplets in the range of 5 = 3.65-3.85 ppm corresponding to
the aliphatic backbone, along with a single proton exchange peak for hydroxyl groups at
d = 5.11 ppm. In contrast, the PGL spectrum (Figure 1) in DMSO-d, exhibited a distinct
fingerprint of a highly branched macromolecular architecture. The emergence of a predom-
inant, sharp resonance at 6 = 3.69 ppm, assigned to the CH2-O-CH2 linkages, provides
definitive evidence for successful etherification and backbone propagation. Furthermore,
taking advantage of the suppressed proton exchange in DMSO-d,, the hydroxyl region was
resolved into three distinct signals at = 4.56, 4.63 and 4.79 ppm. These triplets are highly
characteristic of the coexistence of dendritic, linear, and terminal structural units, verifying
the hyperbranched nature of the synthesized polymer.

3.6. Determination of the Degree of Branching (DB) of Polyglycerol

Based on the integration values shown in the 'H-NMR spectrum (Figure 7), the
structural units and the Degree of Branching (DB) were estimated. The Degree of Branching
(DB) of the synthesized hyperbranched polyglycerol was determined quantitatively from
the 'H-NMR spectrum (in DMSO-d,) using the Frey equation based on the integral areas
of the hydroxyl (-OH) protons. The structural units of polyglycerol consist of dendritic (D),
linear (L), and terminal (T) units, where the stoichiometric balance dictates that D ~ T in a
randomly branched step-growth system.

As illustrated in Figure 7, the resonances in the 4.56—4.62 ppm region are assigned
to hydroxyl protons (-OH), while the 3.30-3.66 ppm range represents a superposition of
methylene (-CH,-) and methine (-CH-) protons from the dendritic (D), linear (L), and
terminal (T) backbone units. Peaks D, E, and F (3.43-3.35 ppm) are assigned to linear
and terminal units (integrations: 0.88, 1.03, 0.92), with peak G (3.30 ppm) providing
essential terminal (T) unit information to calculate the Degree of Branching (DB) via the
Frey equation.
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Figure 7. 'H NMR spectrum of polyglycerol.

Based on the structural unit quantification data in Table 3, the degree of branching
(DB) value was determined using the following equation:

D+T 2444+ 491

DB = 5 1T 24563 r401

= 0.566 = 0.57

Table 3. '"H-NMR peak assignments and structural unit quantification of the USG-synthesized
hyperbranched Polyglycerol.

Structural Associated Chemical Shift .
Unit Peaks (5, ppm) Multiplicity Integral Area
Dendritic (D) A+B 4.62;4.56 m; dt 1.06 + 1.38 =2.44
Linear (L) C 3.65 m 5.63
. 3.43; 3.39; 3.35; Hepta; dt; d; 0.88 + 1.03 + 0.92
Terminal ()~ D+E+F+G 3.30 quint +2.08 =491

(m = multiplet, dt = doublet of triplets, hepta = heptalet, d = doublet, quint = quintet).

The structural architecture of the glycerol polymer synthesized via ultrasonication
(USG) was quantitatively characterized using 'H-NMR spectroscopy. Based on the Frey
equation and the integral areas of the dendritic (D), linear (L, ,, L 3), and terminal (T)
units, the Degree of Branching (DB) was calculated to be 0.57. This value aligns closely
with the theoretical DB of 0.50 typically associated with the slow monomer addition (SMA)
technique in Ring-Opening Multibranching Polymerization. A DB of 0.57 signifies a well-
defined hyperbranched topology, reflecting a statistical distribution of branching points
intermediate between perfectly linear (DB = 0) and perfectly dendritic (DB = 1) structures.
This architectural configuration yields a high density of peripheral hydroxyl groups, which
is essential for subsequent functionalization and superior aqueous solubility.

4. Discussion

The results demonstrate that ultrasonication (USG) effectively intensifies glycerol poly-
merization. Upgrading surplus crude glycerol into high-value hyperbranched polyglycerol
aligns with recent advancements in process intensification and reaction engineering for
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green biorefineries [28,29]. Under ultrasonic conditions, polymerization proceeds from an
initial room-temperature state and reaches significant molecular growth within 150 min.
Structural evidence from '"H-NMR analysis (Figures 6 and 7) confirms the formation of a
branched polyglycerol architecture, indicating that ultrasonication promotes not only chain
extension but also branching development. The reaction pathway follows the base-catalyzed
glycerol polymerization mechanism described by Martin and Richter, involving sequential
nucleophilic substitution and ether bond formation. The proposed stages of linear and
branched polymer growth are illustrated in Figure 8.

Na* oH- V. 1,0
H' O

OH OH
HO\)\/OH HO\)\/O\)\/O"

1 1
/ Glycero ao-diglycerol

OH
o OH OH
+ x Glycerol
HO. OH + HO. OH —> 0. OH Polyglycerol
-x H,O
N
OH

af-diglycerol

HO OH
HO OH

Bp-diglycerol

Figure 8. Mechanism of linear and branched glycerol polymerization reactions [16].

Quantitatively, the NaOH-catalyzed system achieved higher molecular weight and
degree of polymerization than the KOH system at each equivalent operational amplitude
level. At the highest amplitude (40%), the NaOH-catalyzed sample (HPG.N4.40) achieved
a molecular weight of 697.53 g/mol with a degree of polymerization (DP = 7.52), whereas
the KOH-catalyzed sample (HPG.K4.40) yielded only 482.04 g/mol with a DP of 5.20. This
phenomenon correlates directly with the efficiency of mechanical energy transfer from
the ultrasonic vibrations into the 250 mL reaction medium, wherein the NaOH system
exhibits significantly more progressive molecular growth kinetics and product viscosity
enhancement (2.089 mPa-s for NaOH vs. 1.607 mPa-s for KOH).

The superior performance of the NaOH-catalyzed system over KOH under ultrasonic
activation can be explained through differences in cation charge density and ion-pairing
effects. The smaller ionic radius of Na* (0.95 A) compared to K* (1.33 A) imparts a higher
charge density to the sodium cation [30,31]. This higher charge density enhances the po-
larization of the glycerol hydroxyl groups, facilitating proton abstraction to form highly
reactive glycerolate alkoxide nucleophiles. Furthermore, under the extreme transient condi-
tions generated by acoustic cavitation, the tighter ion-pairing of Na*-glycerolate provides a
more optimal spatial orientation for the subsequent nucleophilic attack stages [32,33].

Ultrasonication generates alternating compression and rarefaction cycles in the liquid
medium, leading to the formation, growth, and implosive collapse of cavitation bubbles.
The collapse of these bubbles produces localized transient hotspots with extreme temper-
atures (5000 °C) and pressures (3000 atm), as reported in the literature. Although these
extreme conditions are confined to microdomains, their repeated occurrence facilitates
enhanced molecular-level reactant activation and bond rearrangement. In addition to lo-
calized thermal effects, cavitation-induced microturbulence enhances mixing efficiency
and mass transfer between glycerol molecules and the base catalyst. This increases the
likelihood of nucleophilic substitution, accelerating ether bond formation and reducing the
effective time required for polymer growth.
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Compared with conventional glycerol polymerization processes, which typically re-
quire temperatures above 300 °C and extended reaction times, the ultrasonic-assisted system
achieves polymer growth at substantially lower bulk temperatures. Table 4 summarizes
representative conventional polymerization conditions reported in the literature [4], high-
lighting the contrast in operational severity.

Table 4. Comparison of glycerol polymerization [4].

Temp. Catalyst . . - Conversion Selectivity
Catalyst ¢C) (Wt%) Time (h)  Reaction Conditions (%) (PGx) Reference
Continuous flow, N,
. atmosphere, .

LiOH 240 2 6 Dean-Stark water 100 SPG2: 20% [21]
removal
Low N, flow, SPG2-3:

LiOH 230-260 0.1 7 Dean-Stark water 24-80 63-100% [22]
removal ©
Continuous N, flow,

KOH/NaOH 260-280 2-4 14 removal of formed 90-95 PG10-25 [23]
water

CsHCO;/Cs,CO;/CsOH 260 0.3-0.7 8 Atmospheric pressure 64-75 SPG2: 23-39% [24]

Ca(OH), 230 - - Vacuum (300 mmHg) 57 SPG2-3: 87% [9]

Na,CO;/NaOH 240 0.1 9 - 63-76 SPG2-3: 93-99% [25]
N, atmosphere,

CsOH 260 2 4 Dean-Stark water 90 SPG2-3: 63% [26]
removal
Continuous N, flow,

KOH/NaOH 260 - - removal of formed 50-100 - (8]
water
Ultrasonic-assisted, _ .

Ultrasound + NaOH (El.ll?lg) 4 2.5 no external heating, - 21369_7%3258/}11:/(1)‘1/\/ This study

no inert gas

The base-catalyzed pathway presents a substantial kinetic barrier, reflected in the
harsh temperatures and long residence times commonly reported; mechanistic studies
highlight the role of in situ formed active glycerolates and Sy2-type etherification steps.
This high interaction energy suggests the reaction intrinsically involves a significant energetic
barrier. The ability of ultrasonication to facilitate polymerization under mild bulk conditions
therefore supports the hypothesis that localized cavitation energy contributes to transient
activation states that lower the effective kinetic barrier.

Taken together, the combined thermal, mechanical, and microreactor effects generated
by ultrasonication explain the observed increases in molecular weight, degree of polymer-
ization, and branching. The results suggest that cumulative acoustic energy, rather than
bulk temperature alone, is the dominant factor governing polymer growth and structural
development in this system.

5. Conclusions

This study demonstrated glycerol polymer synthesis via ultrasonic-assisted polymer-
ization as a highly efficient process intensification strategy. By harnessing acoustic cavitation,
the reaction effectively bypassed the substantial kinetic barrier of 529.38 k] /mol under near-
ambient bulk temperatures, a significant departure from the extreme thermal requirements
of conventional methods.

Characterization results confirmed the formation of a hyperbranched architecture with
a molecular weight of 697.53 g/mol and a Degree of Branching (DB) of 0.57, as verified by
FTIR and NMR spectroscopy. FTIR analysis confirmed ether bond formation through char-
acteristic C-O-C stretching bands in the 1033-1210 cm ™! region, while the broad O-H band
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around 3284 cm™! indicated the presence of residual hydroxyl groups consistent with hy-
perbranched architectures. 'H-NMR analysis further validated polymer formation through
the emergence of ether-related resonances and the shift and broadening of hydroxyl proton
signals, reflecting structural evolution from monomeric glycerol to a branched polymer
framework. The calculated DB of 0.57 confirms the successful synthesis of hyperbranched
polyglycerol via ultrasonication. This specific architectural configuration—intermediate
between linear and perfectly dendritic structures—is instrumental in achieving superior
aqueous solubility and providing a robust platform for subsequent chemical modifications.

Increasing ultrasonic power led to systematic increases in viscosity, molecular weight,
and DP, indicating that cumulative acoustic energy plays a decisive role in polymer growth.
The NaOH catalyst consistently produced higher molecular weights and branching levels
than KOH under identical ultrasonic conditions, suggesting more efficient nucleophilic
activation and glycerolate formation.

Compared to conventional glycerol polymerization processes that typically require
temperatures above 300 °C and prolonged reaction times, the ultrasonic-assisted system en-
ables polymer growth at bulk temperatures below 100 °C. The results support the hypothesis
that localized cavitation effects enhance reaction kinetics beyond simple thermal heating.
Despite its promising performance, further work is required to evaluate scale-up feasibility,
optimize energy efficiency, and assess reactor design considerations for continuous-flow
ultrasonication. Future research should also explore detailed kinetic modeling and life-cycle
energy analysis to fully quantify the advantages of ultrasonic intensification. In addition,
the hyperbranched polyglycerol produced via this method may be further investigated for
applications in biomedical, pharmaceutical, or surfactant systems where branching density
and hydroxyl functionality are critical.

Author Contributions: Y.I.: Writing—original draft, Conceptualization, Investigation. Y.M.: Writing—
review & editing, Supervision, Project administration. M.A.R.: Writing—review & editing, Investi-
gation. K.K.: Writing—review & editing, Validation. E.M.: Writing—review & editing, Validation.
B.C.: Writing—review & editing. Y.N.: Writing—review & editing, Validation. M.G.: Writing—review
& editing, Supervision, Project administration. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Ministry of Research and Higher Education of Indonesia’s
financial support through the research grant “Hibah Penelitian Disertasi Doktor” (PDD) 2024 (NKB-
947 /UN.2RST/HKP.05.00/2024) and by Universitas Indonesia through the research grant “Riset
Kolaborasi Indonesia” 2024 (NKB-790/UN2.RST/HKP.05.00/2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors express their gratitude to Universitas Indonesia and the Research
Center for Macromolecular Chemistry—National Research Innovation Agency (BRIN) for providing
the necessary facilities and support for this research. We also extend our sincere appreciation to
Giant Permana and Akhmad Darmawan for their valuable expertise and assistance in interpreting the
H-NMR data. During the preparation of this manuscript, the authors used the ChatGPT-4 platform
(Artificial Intelligence) solely for grammar checking and language refinement. The authors maintain
full responsibility for the accuracy, originality, and overall integrity of the content presented in
this work.

Conflicts of Interest: The authors declare no conflict of interest.

https://doi.org/10.3390/polym18212727


https://doi.org/10.3390/polym18212727

Polymers 2026, 18, 2727 16 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Rahmi, D. Dendrimer: Synthesis and Application Potential. J. Kim. Kemasan 2013, 35, 137-144. [CrossRef]

Pour, N.E.; Dumeignil, F.; Katryniok, B.; Delevoye, L.; Revel, B.; Paul, S. Investigating the active phase of Ca-based glycerol
polymerization catalysts: On the importance of calcium glycerolate. Mol. Catal. 2021, 507, 111571. [CrossRef]

Ionescu, M.; Petrovi¢, Z.S. On the mechanism of base catalyed glycerol polymerization and copolymerization. Eur. J. Lipid Sci.
Technol. 2018, 120, 1800004. [CrossRef]

Ebadipour, N.; Paul, S.; Katryniok, B.; Dumeignil, F. Alkaline-Based Catalysts for Glycerol Polymerization Reaction: A Review.
Catalysts 2020, 10, 1021. [CrossRef]

Milewski, A.; Dydo, P,; Jakébik-Kolon, A.; Czechowicz, D.; Babilas, D.; Burek, M.; Wa'skiewicz, S.; Byczek-Wyrostek, A.; Krawczyk,
T.; Kasprzycka, A. Preparation of triglycerol from glycerol and epichlorohydrin at room temperature: Synthesis optimization and
toxicity studies. ACS Sustain. Chem. Eng. 2018, 6, 13208-13216. [CrossRef]

Cespi, D.; Cucciniello, R.; Ricciardi, M.; Capacchione, C.; Vassura, I; Passarini, F.; Proto, A. A simplified early stage assessment
of process intensification: Glycidol as a value-added product from epichlorohydrin industry wastes. Green Chem. 2016, 18,
4559-4570. [CrossRef]

Mukbaniani, O.V.; Abadie, M.].M.; Tatrishvili, TN. (Eds.) Chemical Engineering of Polymers: Production of Functional and Flexible
Materials, 1st ed.; Apple Academic Press: New York, NY, USA, 2017.

Babayan, V.K.; Lehman, H. Process for Preparation and Purification of Polyglycerols and Esters Thereof. U.S. Patent 3,637,774,
25 January 1972.

Lemke, D.W. Processes for Preparing Linear Polyglycerols and Polyglycerol Esters. U.S. Patent 6,620,904, 16 September 2003.
Babu, A.S.; Mohan, R.J.; Parimalavalli, R. Effect of single and dual-modifications on stability and structural characteristics of
foxtail millet starch. J. Food Chem. 2019, 271, 457-465. [ CrossRef] [PubMed ]

Zitron, R.; Wajsfeld, T.; Klautau, G.B.; da Silva, C.B.; Nigro, S. Concentration of sonication fluid through centrifugation is superior
to membrane filtration for microbial diagnosis of orthopedic implant-associated infection. J. Clin. Microbiol. 2016, 54, 788-790.
[CrossRef] [PubMed ]

Gandhi, S.S.; Gogate, P.R. Process intensification of fatty acid ester production using esterification followed by transesterification
of high acid value mahua (lluppai ennai) oil: Comparison of the ultrasonic reactors. Fuel 2021, 294, 120560. [CrossRef]

Kumar, A.R.S.; Padmakumar, A.; Kalita, U.; Samanta, S.; Baral, A.; Singha, N.K.; Ashokkumar, M.; Qiao, G.G. Ultrasonics in
polymer science: Applications and challenges. Prog. Mater. Sci. 2023, 136, 101113. [CrossRef]

Saini, S.N. Molecular weight determination of hyperbranched polymers: Challenges and techniques. Polym. Bull. 2021, 78,
2845-2865. [CrossRef]

Muehlmann, L.A. Determination of the molecular weight of polymers by viscometry: A simple and low-cost method for the
characterization of poly(glycerol sebacate). J. Vis. Exp. 2014, 1, e51515.

Sultan, R.H. Determination Of Viscosity-Average Molecular Weight Using. Compr. J. Sci. 2025, 10, 1075-1084. [CrossRef]

Dube, M.; Salehpour, S. Methode For Making Polygycerol. U.S. Patent 8,704,005B2, 22 April 2014.

Ilyas, R.A.; Sapuan, S.M.; Ishak, M.R.; Zainudin, E.S. Isolation and characterization of nanocrystalline cellulose from sugar palm
fibres (Arenga pinnata). Carbohydr. Polym. 2018, 181, 1038-1051. [CrossRef] [PubMed]

Neumann, N.; Boskamp, L.; Hartwig, A.; Koschek, K. Synthesis and characterization of hyperbranched polyglycerols with various
degree of methylation employing phase-transfer conditions. Polimer 2021, 229, 124002. [CrossRef]

Mason, T.J. Sonochemistry; Oxford Science Publications: Oxford, UK, 1999.

Suslick, K.S.; Hammerton, D.A.; Cline, D.E. Sonochemical hot spot. . Am. Chem. Soc. 1986, 108, 5641-5642. [CrossRef]

Nosal, H.; Nowicki, J.; Warzata, M.; Nowakowska-Bogdan, E.; Zarebska, M. Synthesis and Characterization of Alkyd Resins
Based on Camelina sativa Oil and Polyglycerol. Prog. Org. Coat. 2015, 86, 59-70. [CrossRef]

Chen, X.; Peng, M. Method for Preparing Polyglycerine with High Degree of Polymerization. Patent CN102532515A, 4 July 2012.
[CrossRef]

de Bide Campos, B.A.; da Silva, N.C.B.; Moda, L.S.; Vidinha, P.; Maia-Obi, L.P. pH-Sensitive Degradable Oxalic Acid Crosslinked
Hyperbranched Polyglycerol Hydrogel for Controlled Drug Release. Polymers 2023, 15, 1795. [CrossRef] [PubMed ]
Figueiredo, L.R.; Nepomuceno, N.C.; Melo, ].D.; Medeiros, E.S. FTIR-spectrum of glycerol polymers and copolymers with the
incorporation of cellulose nanocrystals. Int. J. Adhes. Adhes. 2021, 110, 102935. [CrossRef]

Jiang, B.; Ma, Y.; Wang, L.; Guo, Z.; Zhong, X.; Wu, T. Thermal decomposition mechanism investigation of hyperbranched
polyglycerol as vital heat transfer medium via TGA-FTIR and reactive molecular dynamics. Biomass Bioenergy 2022, 163, 106675.
[CrossRef]

Kowalska-Kus, J.; Janiszewska, E.; Held, A.; Jankowska, A.; Hané, A.; Kowalak, S. Ultrasound-Assisted Synthesis of Glycerol
Carbonate Using Potassium-Modified Silicalite-1 as a Catalyst. Molecules 2025, 30, 1590. [CrossRef] [PubMed ]

https://doi.org/10.3390/polym18212727


https://doi.org/10.24817/jkk.v35i2.1886
https://doi.org/10.1016/j.mcat.2021.111571
https://doi.org/10.1002/ejlt.201800004
https://doi.org/10.3390/catal10091021
https://doi.org/10.1021/acssuschemeng.8b02817
https://doi.org/10.1039/C6GC00882H
https://doi.org/10.1016/j.foodchem.2018.07.197
https://www.ncbi.nlm.nih.gov/pubmed/30236702
https://doi.org/10.1128/jcm.02427-15
https://www.ncbi.nlm.nih.gov/pubmed/26719446
https://doi.org/10.1016/j.fuel.2021.120560
https://doi.org/10.1016/j.pmatsci.2023.101113
https://doi.org/10.1016/j.crci.2003.07.004
https://doi.org/10.65405/s78twf11
https://doi.org/10.1016/j.carbpol.2017.11.045
https://www.ncbi.nlm.nih.gov/pubmed/29253930
https://doi.org/10.1016/j.polymer.2021.124002
https://doi.org/10.1021/ja00278a055
https://doi.org/10.1016/j.porgcoat.2015.04.009
https://doi.org/10.3724/sp.j.1095.2010.00167
https://doi.org/10.3390/polym15071795
https://www.ncbi.nlm.nih.gov/pubmed/37050409
https://doi.org/10.1016/j.ijadhadh.2021.102935
https://doi.org/10.1016/j.biombioe.2022.106675
https://doi.org/10.3390/molecules30071590
https://www.ncbi.nlm.nih.gov/pubmed/40286198
https://doi.org/10.3390/polym18212727

Polymers 2026, 18, 2727 17 of 17

28.

29.

30.

31.

32.

33.

Sandid, A.; Attarbachi, T.; Navarro-Tovar, R.; P’erez-Page, M.; Spallina, V.; Esteban, J. Production of triacetin from industrially
derived purified glycerol: Experimental proof of concept, kinetic model derivation and validation. Chem. Eng. J. 2024, 496, 153905.
[CrossRef]

Tabassum, N.; Pothu, R.; Pattnaik, A.; Boddula, R.; Balla, P.; Gundeboyina, R.; Challa, P.; Rajesh, R.; Perugopu, V.; Mameda, N,;
et al. Review Heterogeneous Catalysts for Conversion of Biodiese 1-Waste Glycerol into High-Added-Value Chemicals. Catalysts
2022, 12, 767. [CrossRef]

Atkins, P; Overton, T.; Rourke, J.; Weller, M.; Armstrong, F. Shriver and Atkins’ Inorganic Chemistry, 7th ed.; Oxford University
Press: Oxford, UK, 2023.

Mabhler, J.; Persson, I. A Study of the Hydration of the Alkali Metal Ions in Aqueous Solution. Inorg. Chem. 2012, 51, 425—438.
[CrossRef] [PubMed ]

Chaudhary, R.; Pant, K.K. Kinetic modeling and synthesis of hyperbranched polyglycerol using alkaline catalysts: Effect of ionic
radius on polymerization rate. J. Appl. Polym. Sci. 2021, 38, 50125.

Guerzoni, P.C.; Abbate, M. Electrostatic interactions and charge density effects in the etherification of polyols: A comparative
study of Na+ and K+ ions. Catal. Today 2023, 411412, 113824.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/polym18212727


https://doi.org/10.1016/j.cej.2024.153905
https://doi.org/10.3390/catal12070767
https://doi.org/10.1021/ic2018693
https://www.ncbi.nlm.nih.gov/pubmed/22168370
https://doi.org/10.3390/polym18212727

	Introduction 
	Materials and Methods 
	Material 
	Synthesis Process 
	Identification and Characterization 
	Determination of Viscosity of Glycerol and Polyglicerol (PG) 
	Determination of Glycerol Viscosity 
	Determination of PG Viscosity 

	Determination of Density/Mass Density of Glycerol and Polyglycerol (PG) 
	Determination of Glycerol Density 
	Determination of PG Density 


	Results 
	Effect of USG on Process Temperature Increase 
	Effect of USG on Process Energy Increase 
	Effect of USG on Molecular Weight (MW) and Degree of Polymerization (DP) Increase 
	Characterization of PG Using FTIR 
	Characterization of PG Using 1H-NMR 
	Determination of the Degree of Branching (DB) of Polyglycerol 

	Discussion 
	Conclusions 
	References



