Journal of Environmental Chemical Engineering 13 (2025) 120416

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

ELSEVIER

Highly efficient and selective one-step production of glycidol from glycerol
using Cs/zeolite catalysts in a packed-bed reactor

Andrii Kostyniuk ©, Anze Prasnikar, Blaz Likozar

Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, Hajdrihova 19, Ljubljana 1001, Slovenia

ARTICLE INFO ABSTRACT

Keywords:

Catalytic dehydrative epoxidation
Glycerol conversion

Glycidol production

CsNO3—doped H-ZSM-5 zeolite material
Reaction optimization

In this work, the one-step gas-phase conversion of glycerol to glycidol was achieved and optimized over CsNOs-
modified ZSM-5 zeolite catalysts (SiO2/Al;03 = 1500) with varying Cs loadings (5-30 wt%) in a packed-bed
reactor. To the best of our knowledge, our group’s work remains the only study of its kind reported in the
literature. Increasing the reaction temperature from 350 to 450 °C enhanced both catalytic activity and glycidol
selectivity, whereas further temperature elevation led to a decline in both selectivity and space-time yield (STY).
The highest glycidol selectivity of 74.0 C% was achieved over the granulated 15Cs/ZSM-5 catalyst at 350 °C after
8 h of time-on-stream (TOS) using a 10 wt% glycerol feed. A maximum glycidol yield of 61.1 C% and the highest
STY of 2.5 mmol-ges " -h™* were achieved at glycerol concentrations of 20 and 40 wt%, respectively. The superior
performance of the 15Cs/ZSM-5 catalyst is attributed to its favorable morphology (enhanced pore diameter),
high basicity, and selective dehydrative-epoxidation activity, likely facilitated by Cs-induced modification of the
zeolite surface and local restructuring at the pore entrances. Although glycerol conversion gradually decreased
during long-term testing, glycidol selectivity remained relatively stable over 70h of continuous operation.
Overall, this study demonstrates the development of a high-performing, regenerable catalyst with strong in-
dustrial application potential and provides mechanistic insights into the design of effective systems for the one-

step synthesis of glycidol from glycerol.

1. Introduction

Glycerol (propane-1,2,3-triol) is a valuable biomass-derived com-
pound and represents the major byproduct of biodiesel production,
contributing approximately 67 % to the global glycerol supply [1,2].
While biodiesel offers environmental benefits, its economic feasibility is
hindered when compared to regular petrodiesel due to challenges in
using carbon atoms from the starting materials and the higher cost of
vegetable oils compared to fossil fuels. To encourage its use, various
governments provide incentives, such as reduced sales taxes. These
measures aim to reduce the reliance on fossil fuels and adhere to regu-
lations requiring the partial replacement of traditional fuels with
bio-based options in the short to medium term. This trend is observed in
different countries, including the European Union and the United States.
A comprehensive study by the International Energy Agency [3] reveals a
consistent increase in biodiesel production from 2019 to 2025, with
Europe leading the global charge in this field (Fig. 1).

Within the process of making biodiesel, glycerol emerges as a sig-
nificant byproduct, making up around 10 % of the total biodiesel
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produced. The surplus of glycerol has caused its commercial value to
decrease due to its widespread availability in the global market. The
production of glycidol from glycerol is attractive pathway. Glycidol, also
known as 2,3-epoxy-1-propanol, is a highly reactive compound with
epoxide and alcohol behaviour and can be miscible with water but also
reacts with it and decomposes when distilled at atmospheric pressure. It
is known that glycidol undergoes explosive decomposition in the pres-
ence of strong acids or bases, salts or metals and effected spontaneous
polymerization under heat or exposure of impurities which results to
utilize 70 wt% of isopropanol for its transportation [4]. In 1909, chemist
N. Prilezhaev at the University of Warsaw synthesized glycidol via
epoxidation of allyl alcohol with peroxybenzoic acid which became the
breakthrough reaction at the time and was called the Prilezhaev
oxidation [5]. Glycidol is still produced in a similar way through
epoxidation of allyl alcohol with hydrogen peroxide over
tungsten-derived catalysts (Scheme 1a) [6].

Another alternative pathway is production of glycidol from glycerol
through the obtaining of 3-chloro-1,2-propanediol using HCl and NaOH
and titanium silicate (TS-1) as a catalyst. All these methods are non-
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environmentally friendly and unsustainable, moreover they are
including multiple steps, high production cost (expensive purification
steps and equipment corrosion), and produced of large amount of waste
liquid and salts. Recently, our group [7] obtained glycidol via one-step
dehydrative epoxidation reaction from aqueous solution of glycerol in a
packed-bed reactor in Ny atmosphere under ambient pressure (Scheme
1c).

According to the latest research by Growth Market Reports, the
global glycidol market was valued at approximately USD 210 million in
2024 [8]. It is expected to grow steadily at a compound annual growth
rate (CAGR) of 5.7 % between 2025 and 2033, reaching an estimated
value of around USD 350 million by 2033. The final price of glycidol is
affected by its purity, which is an important factor. The most widely
used and requested purity level for glycidol is 96 %, as it is utilized in
cosmetic preparations, laundry detergents, disinfectants, and is
increasingly being used in products such as skin creams, shampoos,
moisturizing lotions, and so on. In addition, glycidol is utilized in the
stabilization of natural oils and vinyl polymers, and also serves as a
chemical intermediate in the synthesis of glycidyl ethers, esters, and
amines [9].

Zeolites, which are aluminosilicate molecular sieves, are highly
useful as catalysts and catalyst supports [10]. The discovery of ZSM-5 in
1967 has facilitated the development of significant processes like dew-
axing, methanol to gasoline, and olefin oligomerization [11]. For
instance, Merck and Co. has pilot plant scale related to a
basic-zeolite-catalyzed process for the synthesis of 4-methyl thiazol in
the gas phase over cesium sulfate impregnated into ZSM-5 catalyst with
high hydrothermal stability in the presence of water vapor at 723-773 K
[10].

In addition, the dehydrative epoxidation of ethylene glycol, 1,2-pro-
panediol, and 2,3-butanediol into epoxyethane, 1,2-epoxypropane, and
2,3-epoxybutane over alkali metal oxides (Ca, Mg, Cs, Sr, K and Na)
supported on SiOy were investigated by Kim and co-authors [12].
Interestingly, the authors established that Cs/SiO is the most promising
catalyst with outstanding performance for the dehydrative epoxidation
of 2,3-butanediol. This catalyst activity was explained by strong basic
sites formed by Cs ion and its strong interaction with SiO5 support, high
accessibility of the reactant to basic sites due to low penetration of Cs
ions into SiOy and finally the presence of mild acidic surface on SiOy
which is favourite for water elimination. Also Kim et al. [13] determined
that the dehydrative epoxidation of 2,3-butanediol on a Cs/SiO; catalyst
primarily involves the reactivity of basic sites.
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In our previous work [7], we successfully demonstrated the one-step
gas-phase conversion of glycerol to glycidol over Cs/ZSM-5 catalysts,
achieving a maximum glycidol yield of 40.4 %. In the present study, we
further advance this concept by employing CsNOs-modified ZSM-5
catalysts with optimized performance, achieving a significantly higher
glycidol yield of 61.1 %. A comprehensive investigation was conducted
to understand the influence of various parameters, including Cs loading,
reaction temperature, time, pressure, glycerol concentration, and cata-
lyst granulation. Moreover, catalyst deactivation, regeneration, and
long-term stability were systematically evaluated, providing valuable
insights into catalyst design and reaction mechanisms.

2. Experimental section
2.1. Catalyst synthesis

H-ZSM-5 zeolite with the SiO,/Al;03 ratio of 1500 was purchased
from Tosoh Corp. (HSZ-890HOA). The synthesis of Cs/ZSM-5 catalysts
with different loading of Cs was carried out by the impregnation of H-
ZSM-5 zeolite using the wet impregnation method with 0.005-0.05 M
solution of cesium nitrate (CsNO3). First, H-ZSM-5 zeolite was calcined
at 550 °C in air for 6 h to completely remove any organic residues from
the protonated form. Thereafter, 100-500 mL of CsNOs solution was
added to the corresponding zeolite with vigorous stirring for 2-3 h at 80
°C. Then the samples were dried overnight at 110 °C and calcined at 550
°C for 6 h in static air with a heating rate 10 °C. Thereafter, these syn-
thesized catalysts were ground. 6 different catalysts supported by parent
H-ZSM-5 zeolite were synthesized and studied, namely: 5Cs/ZSM-5, 10/
CsZSM-5, 15Cs/ZSM-5, 20Cs/ZSM-5, 25Cs/ZSM-5, and 30Cs/ZSM-5.

2.2. Catalyst characterization

Textural properties of the catalysts were measured by the Ny
adsorption-desorption method on a Micromeritics ASAP 2020 instru-
ment. Before the experiment, the sample (150 mg) was degassed at 200
°C overnight (temperature ramp 10 °C/min) under vacuum (10~ Pa),
and afterward, an N, adsorption-desorption analysis was carried out at
—196 °C, while the pore-size distribution was calculated based on the
desorption isotherms by the Barrett-Joyner-Halenda (BJH) method and
the total surface area was calculated by the Brunauer-Emmett-Teller
(BET) method.

The solid phase catalysts composition was identified by powder X-
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Fig. 1. Global biodiesel and hydrotreated vegetable oil (HVO) production trends by key markets (2019-2025), as documented by the International Energy

Agency [3].



A. Kostyniuk et al.

ray diffraction analysis on PANalytical XpertPro instrument using
CuKal radiation (1.54056 A) in the range of 2 theta angles ranging from
5° to 90° with increments of 0.034°. The average crystallite size was
calculated using the Scherrer equation and based on the most significant
peaks at 7.9°, 8.8°, 23.1°, 23.3°, 23.9°, 24.5°. The determination of the
relative crystallinity values was based on the intensity of the same 6
characteristic MFI peaks [7].

The element content was determined by inductively coupled plasma
mass spectroscopy (ICP-MS) using an Agilent 7500ce. Before the anal-
ysis, the samples were fumed with a mixture of HF and HClO4. The
residue was dissolved in the mixture of HCl and H3BO4 and diluted for
determination of the Cs content in catalyst samples. The amount of
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20 mL of benzene and 1 mL of indicator solution was added. For the
preparation of the indicator solution 128 mg of bromothymol blue was
dissolved in 100 mL of benzene. The indicator solution has yellow
colour and after reaction with solution with catalyst (with basic prop-
erty) it turned into green colour. Thereafter, the 0.0025-0.001 M ben-
zoic acid in benzene was added dropwise from burette until
disappearance of the green colour of the solid particle disappear and
solution turned into yellow colour [18]. This titration was repeated at
least 3 times. The basicity calculation was presented in mmol/g calcu-
lated from the titre of benzoic acid required for the amount of solid
sample [14]. The basicity of catalysts was calculated in mmol/g using
the following equation:

Concentration of the titrant solution (“‘T"l) x Volume of the titrant required(mL)

.. (mmol)
Basicity p; =

carbon in the studied spent catalysts was quantified using TGA-FTIR
(thermogravimetric analysis-infrared spectrometry) Spectrum 3 with
EGA 4000 from PerkinElmer. The analysis of the spent catalysts was
performed in the temperature range from 40 to 750 °C with a heating
rate of 10 °C/min in an air stream with a flow rate of 100 mL/min.

A scanning electron microscope (SEM) (FE-SEM SUPRA 35-F, Carl
Zeiss) equipped with an energy-dispersive spectrometer Inca 400 (Ox-
ford Instruments) was used to record the morphology of the studied
catalysts, while the particle size of each sample was calculated from the
obtained HRSEM images using the ImageJ software. Scanning trans-
mission electron microscopy (STEM) micrographs and energy dispersive
X-ray spectroscopy (EDXS) chemical mapping of the samples were ob-
tained using a JEOL ARM 200 CF microscope with a cold field-emission
gun and Jeol Centurio EDXS system [14].

The basicity of the catalysts was also determined using of Hammett
indicator and benzoic acid titration [15-17]. The indicator selected for
titration was bromothymol blue for the base strength H_7.2. Briefly,
0.5 g of catalysts was put into a 100 mL Erlenmeyer flask containing

Catalyst weight(g)

(a) Traditional:

. . O ,
O\>;CH3 +}éA|(S|O4)2 /\/OH Epf:||doat|0n \>_CH2
atalyst A1yl alcohol O
Propylene Catalyst
oxide
(b) Traditional:
OH +HCl OH
HOJVOH 4>Catalyst HOJ\/CI

Glycerol 3-chloropropane-1,2-diol

{c) This work:
OH

. I O
O
H O\)\/ OH Dehydrative epoxidation . Q— C/H2
Glycidol

Cs/ZSM-5 catalyst
Glycerol

(@] /O
+NaOH \>—CH2
Catalyst

2.3. Catalytic evaluation

The scheme of the reactor used for the conversion of glycerol
aqueous solution is shown in our previous papers [7,14]. Briefly, the
reaction was conducted in the packed-bed microactivity reactor
(Microactivity-Reference, PID Eng&Tech). The reactor temperature was
set up at 350 °C. Typically, 0.5 g of the powdered catalyst was loaded
into a packed bed tubular reactor and stabilized with glass wool on both
sides. Glycerol water solutions were kept at room temperature in a
reservoir tank outside of the hot box and was injected into the hot box by
a 307 HPLC Piston Pump (Gilson Inc.). The feedstock mixture was
entering into the hot box with the constant temperature of 140 °C. The
temperature of the mixture was achieved with the help of an electric
convection heater, controlled by the temperature controller, TIC. The
catalytic packed-bed reactor was pre-treated in Ny (20 mL/min, Messer,

x Non-environmentally friendly route
OH Multistep synthesis
x Low synthetic efficiency
x High production cost
x Unsustainable production
x Large amount of waste liquid and salt

Glycidol

H

Glycidol

H V Cost-effective reaction

V Good eco-efficiency

V One-step synthesis

Vv Cheap heterogeneous catalyst

V Gas-phase reaction

V Fixed-bed continuous flow reactor

Scheme 1. Traditional and current processes of the glycidol production.
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purity 5.0) overnight at 350—500 °C before starting the reaction. Af-
terward, glycerol was mixed with N and introduced into the packed-bed
reactor. The reaction products from the reactor were directed to the
Peltier cell and cooled down to 0 °C. Finally, the liquid product was
redirected to an additional condenser, which was installed below the
reactor.

The collected liquid samples were then analyzed off-line by a gas
chromatography GC-FID (Thermo Fisher Scientific, Waltham, MA, USA)
with capillary column DB-WAX Ultra Inert (30 m x 0.25mm x 0.25
pm). All main products were quantified via an external calibration
method and verified by a gas chromatography-mass spectrometry sys-
tem GC-MS (Agilent 7890 A, MS 5977B MSD) with the same capillary
column DB-WAX Ultra Inert. Calibration curves were measured in the
0.1-60 wt% range by using chemicals mentioned above in the chemical
used paragraph.

The main detected liquid products were glycidol, hydroxyacetone
and 1,2-propanediol. The liquid byproduct traces identified by GC-MS
were as follows: allyl alcohol, acetaldehyde, acrolein, acetic acid, pro-
pionic acid. The online Fusion Inficon micro-GC with Rt-Molsieve 5 A,
Rt-Q-BOND, and Rt-U-BOND capillary columns was utilized for quali-
tative and quantitative analysis of obtained gas product mixture. The
relative errors of measured product concentrations were below 5 %. The
detected gaseous products were only traces of CO and CO».

The total conversion of glycerol conversion, Xg, was calculated
using the next equation:

n(glycerol),, — n(glycerol)

0,
XaL(%) n(glycerol),,

out % 100 @

where n(glycerol);, and n(glycerol),y are the input and output moles of
glycerol before and after the reaction, respectively.

The carbon product selectivity, S(C;), was calculated using the
equation below:

mol(P;) x C,

S(C)(%) = S mol(P;) x C,

x 100 (2)
Carbon yield was calculated on a carbon basis according to the
following equation:

mol(P;) x Cy

(0, = o N A
Y(Cl)( /0) n(glycel‘OI)in x Cn

x 100 3)

Accordingly, the carbon yield can also be expressed as:

XaL

Y(C)(%) = 15

S(Ci) C)]
n(P;) and C, are specified carbon product and carbon number, respec-
tively. The values in this article are in carbon percent. The total mass
balance was always higher than 90 % excluding first 2 h TOS. The STY
was calculated as following Eq. (3), where the n; represents the number
moles of product, m¢, represents the mass of catalysts (g), t represents
the reaction time (h).
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_ M 41000 5)

-1 -1y _
STY (mmOl ®8ear ® h ) - (mcat ° t)

Gas hourly space velocity (GHSV) was calculated as follow, where FR
is the volumetric flow rate of the gas mixture of N, and glycerol at STP,
mL/h; and V¢, is the volume of the catalyst bed, mL.

FR(mL/h)

Vear(mL) ©)

GHSVtotal (hil) =

3. Results and discussion
3.1. Catalyst characterizations

The physicochemical properties of the xCs/ZSM-5 catalysts are
summarized in Table 1. Increasing Cs loading had a pronounced impact
on surface area, porosity, and crystallinity, which in turn affected the
catalytic behavior. ICP-MS results confirmed progressive Cs incorpora-
tion from 3.7 wt% to 23.9 wt% for the 5-30 wt% Cs-loaded samples,
with notable retention efficiency during wet impregnation. The parent
H-ZSM-5 catalyst displayed a high BET surface area (319 m?/g), which
significantly declined upon Cs loading. Particularly, 15Cs/ZSM-5
showed a sharp drop to 66 m2/g, while 25Cs/ZSM-5 had nearly
collapsed porosity (1.9 m?/g), indicating excessive pore blockage at
higher Cs content. Interestingly, while both surface area and micropore
volume (Vpicro) decreased monotonically with Cs content, the mesopore
surface area (Speso) and volume (Vieso) exhibited a maximum at
5-10 wt% Cs, followed by a rapid decline. At very high Cs loadings
(>25 wt%), CsNOs deposition reaches a saturation point inside the
zeolite pore system. Beyond this threshold, excess CsNO3 preferentially
segregates and crystallizes on the external surface, partially relieving
pore blockage. As a result, the 30Cs/ZSM-5 sample exhibits a higher BET
surface area and micropore volume compared to 25Cs/ZSM-5, despite
their similar total Cs contents. BET measurements for both samples were
repeated several times, and the results were fully reproducible, sup-
porting the validity of these observations.

Although both 25Cs/ZSM-5 and 30Cs/ZSM-5 were prepared using
identical impregnation and calcination procedures, their textural prop-
erties differ markedly. ICP-MS confirmed consistent Cs incorporation
across the series, excluding variations in loading efficiency as the cause
of these differences. The extremely low BET surface area of 25Cs/ZSM-5
(1.9 m?/g) indicates extensive pore blockage by CsNO3 deposited within
the micropore network. In contrast, 30Cs/ZSM-5 shows a partial re-
covery of porosity, with a BET surface area of 115 m?/g. This reversal is
most plausibly attributed to the redistribution of excess CsNOs during
calcination and the formation of external Cs-rich crystalline domains, as
evidenced by HRSEM (Fig. 4d) and the sharp CsNOg reflections in XRD
(Fig. 3). Such surface segregation relieves internal pore obstruction and
explains the apparent increase in measured porosity of the 30Cs sample
despite the similar overall Cs content. The strongest attenuation of MFI
peak intensities is observed for 25Cs, consistent with extensive internal
occlusion by CsNOs, which enhances X-ray microabsorption and induces

Table 1

Cesium content and structural properties of the xCs/ZSM-5 catalysts.
Catalyst Cstheor: Cs? SBer S iero [ Vinicro Viotal Vineso pp¢ HF¢ Crystallite size Crystallinityf

(Wt%) (Wt%) (m*/g) (m*/g) (m*/g) (cm®/g) (cm®/g) (cm®/g) (nm) (nm) (%)

H-ZSM-5 - - 319 261 58 0.141 0.184 0.043 3.5 0.139 68.6 100
5Cs/ZSM-5 5.0 3.7 295 157 138 0.090 0.176 0.086 3.0 0.239 67.5 84.6
10Cs/ZSM-5 10.0 10.8 227 147 80 0.072 0.129 0.057 3.2 0.197 68.9 47.0
15Cs/ZSM-5 15.0 16.0 66 47 19 0.025 0.043 0.018 3.9 0.167 68.7 33.9
20Cs/ZSM-5 20.0 17.2 97 68 29 0.034 0.059 0.025 3.7 0.172 65.1 38.4
25Cs/ZSM-5 25.0 22.0 1.9 3.4 1.5 - - - - - 62.5 19.8
30Cs/ZSM-5 30.0 23.9 115 91 24 0.046 0.068 0.022 3.5 0.141 65.9 33.2

3]CP-MS. "BET method. “t-plot method. “Average pore diameter measured from the desorption branch according to the BJH method. *Hierarchy factor (HF) = (Speso/
SEET) X (Vmicro/Viotal)- The crystallite size and crystallinity were obtained from XRD data.
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local disorder within the zeolite crystals, thereby lowering the apparent
framework intensity without indicating structural collapse. In contrast,
30Cs exhibits the most intense CsNOg reflections together with a smaller
relative reduction of MFI peak intensity, indicating that excess CsNO3
segregates toward the external surface during calcination, forming
crystalline domains that partially relieve internal pore blockage. This
interpretation is fully consistent with the partial BET surface area re-
covery observed for the 30Cs sample.

The 15Cs/ZSM-5 sample retained modest mesoporosity (Smeso =
19 m?%/g; Vimeso = 0.018 cm®>/g), suggesting an optimal balance between
mesostructure preservation and active site generation. This balance is
reflected in the hierarchy factor (HF), which peaked at 5Cs/ZSM-5
(0.239), then declined steadily with increasing Cs content. However,
the catalyst with the highest glycidol selectivity and STY of 15Cs/ZSM-5
showed a moderate HF (0.167), indicating that maximal hierarchical
porosity is not the only descriptor of catalytic performance. Instead, it is
likely that 15Cs achieves an optimal surface chemical environment, with
sufficient base site concentration, acceptable crystallinity (33.9 %), and
accessible mesopores facilitating the tandem dehydration-epoxidation
sequence leading to glycidol. Additionally, crystallite size analysis
from XRD indicates slight structural contraction at high Cs content,
although no major framework collapse occurred. The reduction in
crystallinity from 100 % (H-ZSM-5) to 19.8 % (25Cs/ZSM-5) further
supports partial disruption of the long-range order, possibly contrib-
uting to the formation of catalytically active defect sites or partially
amorphous domains with enhanced basic functionality.

The N, adsorption-desorption isotherms (Fig. 2a) of the xCs/ZSM-5
catalysts reveal a clear dependence of surface area and porosity on Cs
loading. The parent H-ZSM-5 exhibited the highest adsorption capacity,
consistent with its unmodified microporous structure. Upon CsNOg
impregnation, a gradual reduction in total adsorbed volume was
observed, indicating partial pore blockage and decreased surface area,
which intensified with increasing Cs content from 5 to 30 wt%. Notably,
the 5Cs/ZSM-5 sample retained a comparatively high adsorbed volume
relative to other Cs-modified catalysts, suggesting an optimal balance
between Cs incorporation and textural accessibility.

The BJH pore size distribution profiles (Fig. 2b) and corresponding
average pore diameters (PD) listed in Table 1 offer important insights
into the structural evolution of ZSM-5 upon Cs modification. The parent
H-ZSM-5 shows a relatively narrow mesopore distribution centered
around 25-30 A with an average pore diameter of 3.5 nm, characteristic
of typical microporous-mesoporous transition behavior due to inter-
crystalline voids or slight framework defects. Upon Cs impregnation, the
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pore size distribution broadens for low Cs loadings (5-10 wt%),
particularly in the 20-50 A range, suggesting the emergence of addi-
tional mesoporosity. This is likely attributed to partial restructuring
during thermal treatment and the introduction of Cs salt particles that
create interparticle voids [7,19]. The average PD remained relatively
stable across all catalysts, ranging between 3.0 and 3.9 nm. While
5Cs/ZSM-5 exhibited a slightly smaller PD (3.0 nm), the 15Cs/ZSM-5
catalyst showed the highest PD of 3.9 nm, despite having a much
lower total surface area. This increase in pore diameter suggests the
development of wider mesopores, which likely contributed to its supe-
rior catalytic performance by mitigating internal diffusion limitations
and reducing residence time for glycidol, a moderately bulky epoxide
prone to secondary reactions. At higher Cs contents (>20 wt%), both
mesopore volume and PD slightly decreased, accompanied by a dra-
matic loss of total surface area and mesoporous fraction. This trend in-
dicates that excessive Cs loading leads to pore blockage or partial
collapse of the hierarchical framework due to salt aggregation and
densification during calcination. Such structural densification likely
contributes to the lower observed catalytic activity at high Cs loadings,
despite comparable Cs content on the surface. While mesoporosity de-
creases progressively up to 25Cs due to pore blocking, at 30Cs the
mesopore volume becomes comparable to that of the 20Cs sample. This
can be attributed to redistribution of Cs species and their preferential
accumulation on the external surface at higher loadings, which reduces
the extent of internal pore occlusion and leads to a non-linear trend in
mesoporosity. Thus, the optimal balance between accessible mesopores
(20-50 Z\), high PD (~3.9 nm), and Cs incorporation in the 15Cs/ZSM-5
catalyst suggests that not only the quantity but also the quality and
distribution of mesoporosity play a vital role in determining glycidol
selectivity and STY. This reinforces the importance of fine-tuning alkali
loading to retain hierarchical features without excessive structural
degradation.

The XRD patterns presented in Fig. 3 and Fig. S1 reveal the structural
transformations occurring upon impregnation of H-ZSM-5 with different
amounts of CsNOs. In the parent H-ZSM-5 sample, sharp and well-
defined reflections between 7° and 9°, and in the range of 22-25°
(Fig. 3a), are consistent with the highly crystalline MFI framework
structure. These characteristic peaks remain visible in all Cs-modified
samples, indicating that the zeolite long-range order is largely
retained after CsNOs deposition, even at higher loadings. However,
notable changes in peak intensities and the appearance of additional
reflections provide deeper insights. The CsNOgs-related peaks, marked
with triangles (A) and identified from the Crystallography Open

(b)

0.008 ——H-ZSM-5
el 5Cs/ZSM-5
= ——10Cs/ZSM-5
20 0064 —— 15Cs/ZSM-5
i 20Cs/ZSM-5
= ——25Cs/ZSM-5
& 0.004- ——30Cs/ZSM-5
=)
S
>
(0]
5 0.002 4
o
0.000 T =

20 30 40 50 60 70 80 90100
Pore diameter (A)

Fig. 2. N, adsorption-desorption isotherms — (a) and BJH pore size distribution — (b) of the xCs/ZSM-5 and H-ZSM-5 catalysts.
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Fig. 3. (a) - XRD patterns of the H-ZSM-5 and xCs/ZSM-5 catalysts, (b) — close up of the 19-22.3° and 27.2-32° ranges and (c) - close up of the 32-41° and 49-52° 2
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Database (COD #96-200-1972), begin to emerge in the 10Cs/ZSM-5
pattern and intensify progressively with increasing Cs content. This
trend is particularly evident in the enlarged regions of Fig. 3b (19-22.3°
and 27.2-32°) and Fig. 3c (32-41° and 49-52°), where distinct CsNO3
reflections at 20 = 28.3°, 34.9°, 40.4°, and 50.1° become dominant in
the 25Cs/ZSM-5 and 30Cs/ZSM-5 samples.

The absence of CsNO3 peaks in 5Cs/ZSM-5 suggests high dispersion
or amorphous deposition of the cesium nitrate at low loading. As the
loading increases, crystalline CSNO3; domains form and grow, reflecting
reduced dispersion and possibly partial phase segregation on the zeolite
surface. This trend is accompanied by a systematic attenuation of the
MFI zeolite peaks, suggesting that CsNO3 deposition may partially block
the pore system or attenuate the X-ray signal from the underlying zeolite
due to surface coverage. Furthermore, the increased crystallinity of
CsNOg at higher loadings implies reduced interaction between Cs spe-
cies and the zeolite framework, which may affect catalyst performance.
For example, moderate loading (e.g., 15Cs/ZSM-5) may offer an optimal
balance between basic site availability and textural integrity, whereas
excessive CsNOs crystallization in 25-30Cs/ZSM-5 may block active

sites or hinder reactant diffusion.

Although no significant shifts were observed in the main MFI
diffraction peaks across the Cs-modified samples, this does not entirely
rule out partial ion exchange or local structural alterations, especially at
higher CsNO3 loadings. The preservation of peak positions suggests that
the long-range order of the zeolite framework remains largely intact.
However, it is well documented in the literature [15] that alkali metals
(Rb and Cs) can chemically interact with siliceous frameworks, poten-
tially disrupting the local structure and even leading to the degradation
of ordered mesoporous architectures. In the context of ZSM-5, such in-
teractions may result in partial framework dealumination, neutraliza-
tion of Brgnsted acid sites, or the formation of extra-framework species.
Furthermore, the increasing intensity of CsNOj3 reflections and the
concurrent decrease in MFI peak intensity at high Cs loadings indicate
substantial surface deposition, pore blockage, and possibly partial loss of
microporosity. While the CsNOgs peak intensities increase steadily with
Cs loading, the MFI reflections display a less regular trend. This
non-linear behavior can be attributed to a combination of factors,
including attenuation of X-ray signals by heavy Cs species, partial pore
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5 (@.

filling and occlusion, and changes in crystallite/domain size and
preferred orientation at high loadings. These effects modify the apparent
MEFI peak intensities without indicating structural collapse. The trend
correlates with the micropore surface area and volume data in Table 1,
reflecting changes in structural accessibility rather than framework
degradation.

The HRSEM images (Fig. 4) reveal clear morphological differences
between the unmodified H-ZSM-5 and the optimized 15Cs/ZSM-5
catalyst, which correlate well with the observed textural and catalytic
trends. The pristine H-ZSM-5 (Fig. 4a) displays typical coffin-shaped
crystals with smooth and well-faceted surfaces, indicative of high crys-
tallinity and the preserved MFI zeolite framework. The absence of visible
defects and the dense packing of crystals suggest limited mesoporosity
and minimal surface irregularities. In contrast, the surface morphology
of 15Cs/ZSM-5 (Fig. 4b) appears significantly roughened and textured,
with numerous surface depressions and voids resembling a sponge-like
structure. This structural transformation likely stems from localized
framework distortion or partial amorphization induced by CsNOs
impregnation and subsequent calcination. The emergence of surface pits
and intergranular voids in 15Cs/ZSM-5 may contribute significantly to
the observed increase in average pore diameter (3.9 nm). These surface
modifications are advantageous for catalytic performance, as they

facilitate improved glycerol diffusion and desorption of bulky in-
termediates such as glycidol. Moreover, the increased surface roughness
and defect density may expose additional active sites or alter the acid-
base properties of the external surface, promoting the desired tandem
dehydration-epoxidation reaction. Altogether, SEM observations sup-
port the conclusion that moderate Cs modification (as in 15Cs/ZSM-5)
induces beneficial morphological changes without collapsing the
zeolite framework, thereby contributing to the enhanced selectivity and
STY of glycidol. It is worth noting that the relatively large crystal size of
the ZSM-5 zeolite support may contribute to faster coke deposition and
catalyst deactivation due to longer diffusion pathways and lower
external surface area. The use of nano-sized ZSM-5 could enhance mass
transport and potentially improve catalyst stability. This aspect will be
explored in future studies, where different zeolite crystal sizes will be
compared to further optimize catalyst performance.

To better understand the morphological changes induced by high
CsNOj3 loading, additional HRSEM analyses were performed for 25Cs/
ZSM-5 and 30Cs/ZSM-5 catalysts (Fig. 4c-d). In contrast to the smooth
and well-faceted surface of the parent H-ZSM-5 (Fig. 4a) and the
moderately roughened texture of 15Cs/ZSM-5 (Fig. 4b), the 25Cs and
30Cs samples exhibit pronounced surface irregularities, densification,
and partial coverage by CsNOs agglomerates. This indicates that a
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considerable portion of CsSNO3 remains on the external surface even after
calcination. The morphological distortion becomes more severe at 30Cs,
where extensive CsNOg crystallization, surface disorder, and clear signs
of amorphization of the zeolite framework are observed. These struc-
tural modifications correlate with the attenuation of MFI reflections in
XRD and the strong decline in textural properties. Overall, excessive
CsNOs loading leads to surface agglomeration, pore blocking, and par-
tial framework degradation, which explain the reduced catalytic per-
formance of these materials at high Cs contents.

STEM-HAADF imaging combined with EDX elemental mapping
(Fig. 5a) was performed to evaluate the spatial distribution of Cs species
on the surface of the optimized 15Cs/ZSM-5 catalyst. The bright-field
image shows well-defined zeolite crystallites with sharp edges and
uniform contrast, suggesting retention of the overall MFI crystal
morphology after Cs modification. Elemental maps of oxygen (O K),
silicon (Si K), and cesium (Cs L) reveal a homogeneous distribution of
the framework elements (Si, O), as expected for ZSM-5. Importantly, Cs
is also uniformly dispersed across the entire zeolite crystallite surface,
with no visible agglomeration or phase separation. This suggests
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efficient anchoring of Cs* species onto the external surface and possibly
into near-surface exchange or defect sites during wet impregnation and
calcination.

The Cs signal is sufficiently intense and evenly distributed, indicating
that the theoretical loading of 15 wt% (and 16 wt% by ICP-MS) resulted
in well-dispersed Cs species rather than bulk salt domains. Such uni-
formity in Cs dispersion is essential for generating consistent surface
basicity, which plays a critical role in facilitating the tandem
dehydration-epoxidation mechanism leading to glycidol. Additionally,
the absence of Cs-rich clusters supports the observed stability of the
catalyst over extended TOS, as large salt domains are more prone to
sintering and deactivation. The corresponding EDX spectrum confirms
the presence of Cs, Si, and O without detectable impurity phases, rein-
forcing the high purity and controlled modification of the catalyst sur-
face. The STEM-EDX analysis demonstrates that 15Cs/ZSM-5 possesses a
well-preserved crystalline framework with homogeneously distributed
Cs, supporting its outstanding catalytic performance in the one-step gas-
phase production of glycidol under ambient pressure.

The surface basicity of the xCs/ZSM-5 catalysts, determined by
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benzoic acid titration using bromothymol blue as a Hammett indicator
(Fig. 5b), provides crucial insight into the catalytic behavior of the se-
ries. The basicity trend follows the order: 30Cs > 15Cs > 10Cs > 25Cs
> 20Cs > 5Cs, indicating that surface basicity does not increase linearly
with Cs loading. Instead, it reflects a complex interplay between Cs
dispersion, accessibility of surface sites, and pore structure. The 15Cs/
ZSM5 catalyst, which demonstrated the highest glycidol selectivity and
STY, exhibited moderately high basicity, suggesting that an optimal
level of surface basicity, rather than the maximum, is most beneficial for
selective glycidol formation. Excessive basicity, as observed for 30Cs/
ZSM-5, may lead to side reactions, catalyst fouling, or destabilization
of the glycidol product, while insufficient basicity (5Cs/ZSM-5) limits
glycerol activation and epoxide ring closure.

The non-monotonic relationship between Cs loading and basicity can
be rationalized by two competing effects: (i) the generation of new basic
sites associated with dispersed Cs* species and (ii) partial pore blockage
and surface agglomeration at higher loadings, which can shield or
deactivate these sites. Although this explanation is consistent with the
observed basicity trends and HRSEM data (Fig. 4), it remains a plausible
interpretation rather than direct experimental proof. Elemental map-
ping of the 15Cs/ZSM-5 catalyst (Fig. 5a) confirms homogeneous Cs
distribution at optimal loading. At higher CsNO3 contents (>20 wt%),
the increased surface roughening and CsNO3 agglomeration observed by
HRSEM suggest reduced accessibility of basic sites, which correlates
with the lower measured basicity for 25Cs/ZSM-5 and 30Cs/ZSM-5.
These observations confirm that basic site density and accessibility,
rather than Cs content alone, govern the catalytic performance. The
excellent activity of 15Cs/ZSM-5 can be ascribed to its ideal combina-
tion of well-dispersed and accessible basic sites, maintained porosity,
and moderate crystallinity, creating a catalytic surface environment
conducive to tandem glycerol dehydration and intramolecular epoxi-
dation under mild conditions.

3.2. Catalytic performance

3.2.1. The effect of CsNO3 loading

The catalytic performance of xCs/ZSM-5 catalysts in the one-step
gas-phase conversion of glycerol to glycidol was strongly influenced
by Cs loading, as shown in Fig. 6. The full datasets underlying Figs. 6-16
are listed in Tables S1-S18 (Support Information file), including
operating conditions and the corresponding values of Xgi, S;i (C%),
Yglycidol (C%), and mass balance. All experiments were conducted under
ambient pressure using 10 wt% glycerol feed at 350 °C. The carbon
selectivity of glycidol (Fig. 6a) showed a clear maximum for the 15Cs/
ZSM-5 catalyst, maintaining high values (up to 54 %) throughout the
8 h TOS, with remarkable stability. In contrast, both low (5Cs/ZSM-5)
and high Cs loadings (>25 wt%) exhibited reduced selectivity, likely
due to insufficient basicity in the former and pore blockage or excessive
basicity in the latter. The lower catalytic performance of 30Cs/ZSM-5
does not originate solely from lower porosity. In fact, its mesopore
volume and surface area are slightly higher than those of the 15Cs
sample (Table 1). Rather, the reduced activity is primarily attributed to
extensive CsNO3 agglomeration on the external surface (Fig. 4d), which
likely decreases the effective accessibility of active basic sites. Such
agglomeration can also induce local mass-transfer limitations, accel-
erate catalyst fouling, and increase the probability of glycidol over-
conversion, thereby explaining the inferior catalytic performance of the
30Cs catalyst despite its higher nominal mesoporosity.

Importantly, as shown in Fig. 6b, 15Cs/ZSM-5 also exhibited the
highest carbon yield of glycidol (~44 C%), outperforming all other Cs
loadings. This high yield reflects an optimal synergy between conversion
and selectivity, making 15Cs/ZSM-5 the most efficient catalyst under
the tested conditions. The glycerol conversion data (Fig. 6¢) show that
30Cs/ZSM-5 achieved the highest initial conversion (>85 %) and
maintained values above 70 % during TOS = 3-8 h. However, its low
selectivity and CsNO3 agglomeration make it less attractive despite the
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high activity. In contrast, 15Cs/ZSM-5 provided a moderate but stable
conversion (~35-85 %) and superior selectivity, confirming that high
glycidol yield can be achieved without maximizing glycerol conversion
when the reaction pathway is efficiently directed toward the epoxide
product. The STY results (Fig. 6d) further support the outstanding per-
formance of 15Cs/ZSM-5, with the highest STY value of
~0.67 mmol-ges ' -h™' . This result clearly demonstrates that glycidol
production under mild, continuous-flow conditions is maximized not by
extreme Cs loadings or surface basicity alone, but by achieving the right
balance between porosity, surface functionality, and active site
accessibility.

The gradual decrease in glycerol conversion with increasing TOS is
attributed to progressive catalyst deactivation during continuous gas-
phase operation at elevated temperature. Three main factors
contribute to this behavior: (i) coke deposition resulting from secondary
condensation and polymerization of glycerol-derived intermediates,
leading to pore blockage and reduced accessibility of active sites; (ii)
thermal redistribution and partial sintering of Cs species, which de-
creases the number of well-dispersed basic sites responsible for intra-
molecular epoxidation; and (iii) structural rearrangements of the zeolite
framework accompanied by a partial loss of surface area, which nega-
tively affect both the acidity and basicity of the catalyst.

Based on our previous studies (Fig. S2), post-reaction XRD analysis of
spent catalysts, compared with the corresponding fresh samples with
different Cs loadings (10Cs/ZSM-5 and 20Cs/ZSM-5), revealed de-
creases in peak intensity and slight peak shifts, indicating Cs redistri-
bution and partial structural modification of the zeolite framework [7].
These structural changes are consistent with the observed deactivation
trends. Catalyst deactivation proceeds in two distinct stages: the first
stage corresponds to a rapid decline in activity caused by partial
decomposition of the CsNOs active phase, while the second stage in-
volves a slower decrease in performance primarily due to progressive
coke accumulation.

For 10Cs/ZSM-5(spent), peak shifts and pronounced intensity de-
creases were observed, indicating framework damage caused by coke
deposition, steam hydrolysis, and Cs-induced attack. For 20Cs/ZSM-5
(spent), CsNO3 decomposition was evident, while the MFI framework
remained partially intact. TGA analysis of the spent catalysts (Fig. 13)
further confirms the presence of carbonaceous deposits in the temper-
ature range of 300-500 °C, which is characteristic of soft coke forma-
tion. This observation correlates well with the decline in glycerol
conversion, while glycidol selectivity remains relatively stable during
the early reaction stage.

The product selectivity and temporal evolution during the
continuous-flow conversion of glycerol over 15Cs/ZSM-5 at 350 °C are
shown in Fig. 7a. Glycidol remained the dominant product throughout
8 h TOS, with carbon selectivity ranging between 50-55 C%, demon-
strating the high chemoselectivity and functional stability of the cata-
lyst. Despite the decline in glycerol conversion from ~82 % (at 3 h) to
~22 % (at 6-8h), glycidol selectivity remained remarkably stable,
suggesting that the active basic sites responsible for epoxidation remain
intact, while catalyst deactivation primarily impacts dehydration ac-
tivity or surface diffusion.

Minor byproducts included hydroxyacetone, 1,2-propanediol, acet-
aldehyde and small amounts of allyl alcohol and acrolein, indicating
competing dehydration and rearrangement reactions. The presence of
hydroxyacetone and allyl alcohol in particular suggests a pathway
involving initial glycerol dehydration, followed by C-C or C-O rear-
rangement steps. The low and stable levels of acrolein and other deep-
dehydration products point to the ability of 15Cs/ZSM-5 to suppress
overconversion and undesired fragmentation reactions, which are
typically promoted on excessively basic sites.

The corresponding GC-FID chromatogram (Fig. 7b) supports the
compositional data, showing a dominant glycidol peak alongside well-
separated signals for byproducts such as acetaldehyde, acrolein, pro-
pionaldehyde, hydroxyacetone, allyl alcohol, and 1,2-propanediol. The
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presence of multiple oxygenates underscores the complexity of the
glycerol conversion network, but also confirms the versatility of the Cs-
modified zeolite in directing reactivity toward valuable intermediates
under mild operating conditions. Taken together, the temporal product
analysis and chromatographic profile support a tandem mechanism
involving:

e Initial glycerol dehydration, potentially forming hydroxyacetone or
enol intermediates.

e Intramolecular epoxidation on surface basic sites to yield glycidol.

e Suppression of polymerization and coke-forming pathways, ensuring
clean product distribution.

The observed product spectrum and selectivity pattern further vali-
date that 15Cs/ZSM-5 achieves an ideal balance of surface basicity and
pore accessibility, enabling selective transformation of glycerol into
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glycidol with minimal undesired byproducts, even over prolonged
operation.

3.2.2. The effect of reaction temperature and TOS

The influence of reaction temperature on glycidol formation was
systematically investigated over the 15Cs/ZSM-5 catalyst under stan-
dard flow conditions, and the results are presented in Fig. 8. A clear
temperature-dependent trend was observed in both carbon selectivity
(Fig. 8a) and STY (Fig. 8b). Raising the temperature from 350 to 450 °C
led to a substantial improvement in catalytic performance. Glycidol
selectivity increased from ~48 % to a maximum of ~68 %, while STY
rose from 0.6 to 1.3 mmol-ge,¢* -h™', indicating that elevated temper-
ature enhances both the intrinsic activity and selectivity of the catalyst.
This enhancement may be attributed to increased rates of glycerol
dehydration and epoxidation, coupled with improved desorption of
glycidol from the catalyst surface, minimizing its overreaction.
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Fig. 8. The effect of reaction temperature on the glycidol selectivity — (a) and STY — (b). Reaction conditions: 15Cs/ZSM-5 catalyst, 0.5 g; TOS = 8 h; C(GL)
=10 wt%; P = 1 bar; FR(N,) = 20 mL/min; FR(GL) = 2.34 mL/h; GHSVu, = 968 hL
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However, a further increase to 500 °C resulted in a marked decline in
both selectivity (~47 %) and STY (~0.8 mmol-g.,~'-h™). This suggests
that excessively high temperatures promote competing pathways such
as glycerol cracking, deep dehydration, or even glycidol decomposition,
which ultimately reduce the desired product yield and increase carbon
loss to unquantified or coke-forming species.

The observed volcano-type dependence indicates that 450 °C is the
optimal reaction temperature for maximizing glycidol formation over
15Cs/ZSM-5, striking a balance between kinetic activation and product
stability. Operating below this temperature may result in incomplete
glycerol activation, while operating above it risks unselective conver-
sion. These results further validate the robustness and versatility of
15Cs/ZSM-5, demonstrating that the catalyst can operate efficiently
across a wide temperature range, but with a clear optimum for maxi-
mizing productivity and selectivity under continuous-flow, ambient-
pressure conditions.

The long-term catalytic stability of 15Cs/ZSM-5 under optimal re-
action conditions (450 °C, 1 bar) was evaluated over 27 h of continuous
operation, and the results are shown in Fig. 9. The data highlight both
the strengths and the limitations of the system under extended exposure
to reaction conditions. As shown in Fig. 9a, glycerol conversion initially
peaked at ~75 % at TOS = 3 h, followed by a gradual decline to ~16 %
at TOS = 27 h. The glycidol yield exhibited a similar trend, peaking at
~44 % before decreasing to ~10 % after 27 h. The gradual decline in
catalytic activity observed during extended operation can be primarily
attributed to coke deposition, as confirmed by TGA of the spent catalysts
(Fig. 13), which revealed the presence of both soft and hard coke frac-
tions. Additional factors such as partial Cs phase redistribution and
progressive pore obstruction are plausible, supported indirectly by the
attenuation of MFI reflections and CsNOjs-related peaks in XRD, as well
as the surface densification observed by HRSEM at higher Cs loadings [7,
14]. Importantly, the product selectivity remained relatively stable over
TOS, indicating that catalyst deactivation in this system predominantly
affects activity rather than intrinsic chemoselectivity. Further studies
involving in situ or post-reaction elemental mapping and porosity anal-
ysis would provide a more definitive understanding of these deactiva-
tion phenomena.

Indeed, product selectivity trends (Fig. 9b) confirm that glycidol
remained the dominant product throughout the TOS window, main-
taining a high and relatively stable selectivity of ~65-68 %. Minor
byproducts such as hydroxyacetone, allyl alcohol, acrolein,
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acetaldehyde, and 1,2-propanediol were consistently detected in low
concentrations. The constant selectivity profile, despite declining con-
version, indicates that the active sites responsible for dehydrative
epoxidation remain functional, while sites involved in glycerol activa-
tion (e.g., Brgnsted bases or oxygen vacancies) may gradually lose
effectiveness. The absence of sharp drops in glycidol selectivity further
indicates that no significant phase transformations, catalyst sintering, or
partial volatilization occurred during the 27 h of reaction under the
applied conditions. Instead, partial deactivation appears to be reversible
or limited to surface fouling, which could potentially be mitigated by
periodic oxidative regeneration. Moreover, the retention of product
distribution over time highlights the selective nature and robustness of
15Cs/ZSM-5, making it suitable for extended continuous operation
under ambient-pressure conditions. These findings emphasize that while
catalyst lifetime could benefit from further stabilization strategies (e.g.,
anti-coking additives or Cs anchoring), the 15Cs/ZSM-5 formulation is
fundamentally capable of maintaining high glycidol selectivity over long
durations, even as activity gradually decreases.

3.2.3. The effect of GHSV

The influence of GHSV on the catalytic performance of 15Cs/ZSM-5
was investigated to understand how contact time affects the con-
version-selectivity balance and productivity under continuous-flow
conditions (Fig. 10). As GHSV increases, the residence time of re-
actants in the reactor decreases, potentially altering both reaction ki-
netics and product distribution. As shown in Fig. 10a, the carbon yield of
glycidol increased significantly from ~12 % to ~44 % as GHSV rose
from 500 to 1000 h™!, indicating that shorter contact times favor gly-
cidol formation by minimizing overreaction and secondary degradation.
A maximum STY of ~0.71 mmol~g{a1t~h’1 was observed at 1500 h™?,
highlighting the benefit of higher throughput at intermediate space
velocities. However, further increasing GHSV to 1900 h™! led to a
noticeable decline in both glycidol yield and STY, likely due to insuffi-
cient reaction time for complete glycerol conversion.

Fig. 10b further illustrates this trade-off. Glycerol conversion was
highest at lower GHSV values (~85 %) and dropped to ~71 % at the
highest GHSV tested, consistent with kinetic limitations at shorter resi-
dence times. At the same time, glycidol selectivity displayed a volcano-
type trend, peaking at GHSV = 1000 h™! (~52 %) and then declining
with further increases. These observations suggest that excessive contact
time (low GHSV) leads to overprocessing of glycidol or its intermediates,
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while too short residence times (high GHSV) limit the extent of glycerol
activation. Together, these results indicate that an optimal GHSV around
1000-1500 h™! maximizes both selectivity and productivity, balancing
sufficient glycerol conversion with fast removal of glycidol to avoid
secondary reactions. This further confirms the importance of tuning
residence time and flow dynamics when designing continuous processes
for selective oxygenate production.

3.2.4. The effect of glycerol concentration

The influence of glycerol feed concentration on glycidol selectivity,
carbon yield, and productivity (STY) is shown in Fig. 11a. Increasing the
concentration of glycerol from 5 to 20 wt% significantly enhanced both
carbon selectivity (from ~42-67 %) and carbon yield (from ~40-65 %),
indicating more efficient conversion to glycidol under moderately
enriched feed conditions. This improvement can be attributed to
enhanced interaction of glycerol with surface basic sites, improved
adsorption kinetics, and higher surface coverage that facilitates the
tandem dehydration-epoxidation mechanism. The trend, however, is not
monotonic. Further increasing the glycerol concentration to 40 wt%
resulted in a sharp drop in both selectivity (~53 %) and yield (~46 %),
despite a continuous increase in STY, which peaked at
2.5 mmol-g., ! -h7! . At elevated glycerol feed concentrations, the STY
increases, indicating higher product formation per unit catalyst.
Concomitantly, selectivity declines - consistent with the onset of sec-
ondary pathways and the coke formation detected by TGA (Fig. 13).
While a full mechanistic dissection is beyond the scope of this study, the
trends are compatible with local mass-transfer and/or vapor-liquid
maldistribution effects at the catalyst surface under concentrated
feeds, which can promote overconversion of glycidol. These observa-
tions align with reports on gas-phase glycerol conversion, where
increasing feed strength typically results in higher productivity (STY) at
the expense of selectivity [20-22]. Overall, 20 wt% glycerol represents
an optimal feed concentration to maximize glycidol selectivity and
yield, whereas higher concentrations improve short-term STY but
exacerbate selectivity losses. Therefore, a careful balance must be ach-
ieved between feed concentration and catalytic surface dynamics to
maintain high efficiency and suppress undesired transformations in
continuous-flow systems.

3.2.5. The effect of reaction pressure
The influence of reaction pressure on catalytic performance was
examined over a short TOS window (2-5h) using the 15Cs/ZSM-5
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catalyst, as shown in Fig. 11b-c. As the pressure increased from 2.0 to
2.75 bar, glycerol conversion improved markedly from ~31 % to
~64 % (Fig. 11b), indicating that higher partial pressures of glycerol
and reaction intermediates enhance surface coverage and facilitate re-
action kinetics under flow conditions. However, the glycerol conversion
follows a volcano-type trend with increasing pressure (up to 4.5 bar),
reaching a maximum of approximately 64 % at 2.75 bar. After 4 h time-
on-stream at 4.5 bar, the glycerol conversion decreases to 47.5 %, which
can be attributed to enhanced coke formation under higher pressure and
extended reaction time. However, this gain in activity came at the cost of
glycidol selectivity, which declined steadily from ~31 % to just ~4 % as
pressure increased. This inverse relationship suggests that while
elevated pressure accelerates glycerol conversion, it also promotes
parallel and consecutive side reactions such as over-dehydration, aldol-
type condensation, or glycidol degradation, leading to lower selectivity
toward the desired epoxide [23-25].

This trade-off is further reflected in STY trends (Fig. 11¢). The STY of
glycidol peaked at ~1.7 mmol-ge,' -h™ at 2.0 bar, but decreased
sharply to ~0.1 mmol-g.,* -h™! at 4.5 bar, demonstrating that product
overconversion or instability dominates under higher-pressure regimes.
Overall, these results highlight that low to moderate pressure
(~1-2 bar) is optimal for glycidol production in continuous-flow sys-
tems using Cs-modified zeolites. Elevated pressures benefit glycerol
activation but drastically reduce epoxide selectivity and STY, under-
scoring the need for fine control of operating conditions to suppress
undesired reactivity.

3.3. Reaction mechanism

The catalytic behavior of Cs/ZSM-5 is strongly influenced by the
acid-base bifunctionality of the material and by the intrinsic structural
characteristics of the ZSM-5 support. The residual Brgnsted acid sites of
the ZSM-5 framework play a key role in the initial dehydration of
glycerol to intermediate oxygenates, such as hydroxyacetone and allyl
alcohol. These intermediates are subsequently epoxidized on Cs-induced
basic sites, leading to the selective formation of glycidol. This tandem
sequence is enabled by the unique structural and chemical properties of
ZSM-5. The high SiO5/Al,03 ratio (1500) provides low intrinsic acidity
and excellent hydrothermal stability, minimizing side reactions and
ensuring catalyst durability at elevated temperatures. In addition, the
well-defined MFI channel system (5.5 x 5.3 Io\) allows precise control of
intermediate residence time, promoting glycidol selectivity and
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suppressing undesired deep dehydration and polymerization pathways.
Another critical factor is the relatively large crystal size of ZSM-5
compared to other zeolite types (e.g., Beta, Y, Mordenite), which re-
duces the contribution of external acid sites, thereby further limiting
secondary reactions and enhancing stability under continuous opera-
tion. This combination of well-balanced acidity, optimized porosity, and
structural robustness makes ZSM-5 an ideal support for Cs dispersion
and enables highly selective one-step conversion of glycerol to glycidol.
The proposed reaction network (Fig. 12) reflects a complex interplay
of parallel and consecutive reactions that occur during the gas-phase
transformation of glycerol over xCs/ZSM-5 catalysts. The primary
route is a tandem dehydrative epoxidation, where glycerol undergoes
stepwise dehydration on residual acidic sites of the zeolite support,
followed by cyclization to glycidol on basic Cs-containing domains. This
mechanistic scenario is supported by the dominance of glycidol in the
product stream under optimized conditions and aligns with previous
literature findings [7,23,26-28]. The detection of hydroxyacetone and
its temporal increase during catalyst deactivation suggests its formation
as a key intermediate or secondary product. This may result from
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incomplete epoxidation of glycerol or even from thermal decomposition
of glycidol, as previously reported [29]. In fact, an inverse relationship
between glycidol and hydroxyacetone concentrations was observed
during TOS studies, indicating that hydroxyacetone may be both a
precursor and a degradation product of glycidol under certain condi-
tions. 1,2-propanediol likely arises from hydroxyacetone via transfer
hydrogenation, further confirming that the acidic sites of the support are
still catalytically active and influence selectivity by promoting parallel
pathways. Similarly, allyl alcohol formation increases with temperature,
and may participate in a secondary epoxidation pathway leading to
glycidol. Based on our results, this epoxidation likely proceeds via the
action of lattice oxygen species associated with CsyO and/or residual
CsNOs, even under an inert Ny atmosphere, analogous to findings by
Yasuda et al. [30] where lattice oxygen in NiO enabled CH4 oxidation in
reductive media.

The formation of phenol, particularly during the initial 2-3 h of re-
action, supports the occurrence of Diels-Alder-type condensation be-
tween acrolein and acetone, both detected as minor intermediates. This
pathway has also been documented over SAPO-11 and Al,03-PO4
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catalysts [31,32] with similar phenol selectivity (~8-10 %) at low TOS.
The early appearance of phenol in our system corresponds with the
period of highest catalyst activity, suggesting its formation is kinetically
favored under fresh catalyst conditions but suppressed as surface deac-
tivation occurs. Overall, the proposed mechanism confirms that dehy-
drative epoxidation is the dominant route to glycidol, but its efficiency is
challenged by acid-catalyzed side reactions (leading to hydroxyacetone
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and acetaldehyde); C-C cleavage and condensation (resulting in form-
aldehyde, CO/CO3, and phenol); and redox side-pathways (involving
Cs-lattice oxygen in epoxidation of allyl alcohol). These mechanistic
insights emphasize the need for precise tuning of acid-base balance and
redox functionality in Cs/ZSM-5 systems to suppress byproduct forma-
tion while maintaining high glycidol selectivity.
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3.4. Catalyst deactivation and regeneration

It is known that catalysts can be deactivated due to of coking, sin-
tering or poisoning [33,34]. Most of the catalysts under investigation
exhibited progressive deactivation over TOS, primarily due to coke
formation and deposition on their surfaces [35,36]. Thermogravimetric
analysis (TGA) of spent catalysts (Fig. 13a) reveals the nature and extent
of coke accumulation after 8 or 26 h of continuous operation. All sam-
ples exhibit three distinct weight-loss regions: (1) 100—300 °C, corre-
sponding to physically adsorbed water, (2) 300-500 °C, attributed to
soft coke (loosely bound, oxygen-rich species), and (3) > 500 °C, asso-
ciated with hard coke (aromatic or graphitic-like species) [37,38]. The
coke quantification (Fig. 13b) reveals that the total coke content ranged
from 7.1 to 10.8 wt% depending on Cs loading and TOS. Notably, the
15Cs/ZSM-5 catalyst exhibited one of the lowest total coke amounts
(7.1 wt%) after 26 h TOS, with only 0.8 wt% attributable to hard coke
(oxidized at 750 °C). In contrast, 25Cs/ZSM-5 accumulated the highest
coke amount (10.8 wt%) within just 8 h, largely dominated by soft coke.
This confirms that excessive Cs loading can accelerate condensation and
surface fouling, likely due to increased viscosity, restricted pore access,
or unselective side reactions on overly basic surfaces. Interestingly,
despite the presence of some hard coke, the 15Cs/ZSM-5 catalyst
maintained stable glycidol selectivity and was successfully regenerated
(see Fig. 14), indicating that its deactivation is primarily physical (pore
blockage) rather than chemical (active site loss). Furthermore, catalysts
with lower or excessive Cs content not only accumulated more coke but
also demonstrated reduced selectivity and stability, highlighting the
importance of tuning the Cs loading for optimal coke resistance. These
results confirm that 15Cs provides an optimal balance, ensuring high
activity, minimal coke formation, and long-term performance. While
coke formation is inevitable in glycerol-based systems, the type and
extent of deposition are strongly influenced by catalyst composition. The
relatively low hard coke content on 15Cs/ZSM-5 suggests that oxidative
regeneration is feasible, further enhancing its potential for industrial
continuous-flow applications.

The performance of the regenerated 15Cs/ZSM-5 catalyst was eval-
uated and compared to the fresh material under identical reaction
conditions (Fig. 14) to assess its reusability and regeneration efficiency.
After oxidative treatment of the spent catalyst, a notable recovery in
activity and selectivity was observed. As shown in Fig. 14a, the regen-
erated catalyst achieved ~52 % glycerol conversion within TOS = 8 h, a
substantial improvement over the fresh sample, whose conversion
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decreased steadily to ~28 % due to deactivation. Simultaneously, the
carbon selectivity to glycidol was also enhanced and stabilized in the
range of 40-45 %, compared to the fresh catalyst, which was ~38-40 %.
This improvement can be primarily attributed to thermal effects during
the regeneration procedure. The thermal treatment applied during
regeneration may have induced further decomposition of residual
CsNOj3 into Csy0. The formation of additional Cs;O on the catalyst
surface likely enhanced the density and strength of basic sites, which are
known to promote the epoxidation step from glycerol to glycidol. This
gradual transformation of CsNOs into Csp0, particularly under pro-
longed calcination at elevated temperatures, might have led to the for-
mation of a more catalytically active and stable surface phase
distribution, ultimately improving both the selectivity and long-term
performance of the catalyst. This assumption is supported by our pre-
vious study [7], where detailed characterization of regenerated and
spent catalysts revealed a significant decrease in CsNOgs content in re-
generated samples, as confirmed by XRD analysis. Moreover, it is
plausible that some of the acid sites, which typically facilitate undesired
side reactions such as over-dehydration to hydroxyacetone or C-C bond
cleavage to light oxygenates, were partially deactivated or passivated
during the initial TOS. As a result, after regeneration, the catalyst sur-
face exhibited a more favorable acid-base balance, suppressing
non-selective pathways and promoting the selective dehydrative epox-
idation of glycerol. This explanation aligns with the observed reduction
in hydroxyacetone and acetaldehyde formation, further confirming the
enhanced selectivity of the regenerated catalyst toward glycidol.

Further evidence of regeneration success is presented in Fig. 14b,
where both carbon yield and STY of glycidol were significantly higher
for the regenerated catalyst. The STY peaked at ~1.6 mmol-ges ' -h7?,
which is substantially higher than the maximum value observed for the
fresh sample (~1.1 mmol-gc,*-h™?). This improvement can be attrib-
uted to restored diffusion pathways, reopened pore structures, and re-
exposure of active epoxidation sites after oxidative coke removal.
These results demonstrate that 15Cs/ZSM-5 exhibits excellent regener-
ability, with restored or even enhanced catalytic performance after coke
combustion. The ability to maintain selectivity and productivity after
regeneration confirms the structural resilience of the catalyst and sup-
ports its suitability for long-term use in industrial continuous-flow ap-
plications, especially when paired with periodic regeneration strategies
to manage coke buildup.
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3.5. The effect of catalyst granulation

The effect of catalyst form on the one-step conversion of glycerol to
glycidol was assessed by comparing powdered and granulated 15Cs/
ZSM-5 catalysts under identical reaction conditions (Fig. 15). The
granulated catalyst exhibited significantly superior performance across
all key metrics: glycerol conversion, glycidol selectivity, carbon yield,
and STY at TOS = 8 h. As shown in Fig. 15a, the granulated catalyst
maintained ~100 % glycerol conversion in the early stages and stabi-
lized around 45 %, while the powdered version declined from ~85 % to
just ~33 % by the end of the run. The improved stability in the granu-
lated form likely results from better mechanical integrity, reduced
pressure drop, and enhanced heat and mass transfer within the packed-
bed reactor.

In terms of glycidol selectivity (Fig. 15b), the granulated catalyst
steadily increased and stabilized at 74 %, significantly outperforming
the powder form, which plateaued below 50 %. This indicates that the
larger particle size and structured porosity in the granules support more
favorable reaction environments, minimizing overreaction and coke
precursors. Likewise, glycidol carbon yield and STY (Fig. 15¢-d) were
consistently higher for the granulated sample, peaking at
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~1.4 mmol-gea! -h™ in STY compared to just 0.6 for the powder. The
enhanced yield and productivity further highlight the practical impor-
tance of catalyst shaping and pelletization for industrial applications,
particularly for long-term continuous-flow processes where thermal
stability, pressure drop, and resistance to channeling are critical.

3.6. Catalyst stability

The long-term catalytic behavior of 15Cs/ZSM-5 was evaluated over
70 h of continuous operation at 550 °C, aiming to test its thermal sta-
bility and product selectivity under intensified conditions. As shown in
Fig. 16a, the catalyst initially maintained complete glycerol conversion
(~100 %) for over 39 h, followed by a gradual decline to ~80 % by 70 h
TOS. Despite the slight decrease in conversion, the catalyst exhibited
remarkable stability considering the elevated temperature and pro-
longed exposure. The glycidol yield peaked around 20-30 h TOS at
~51 %, before slowly declining to ~34 % by the end of the run. This
modest drop can be attributed to gradual pore blockage from coke or
partial sintering, yet it still reflects strong resistance to thermal degra-
dation and secondary reactions. The consistently high glycidol yield
demonstrates that the active dehydrative epoxidation sites remain
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functional for extended durations, even under demanding thermal
conditions.

The corresponding product distribution trends (Fig. 16b) further
support the robustness of 15Cs/ZSM-5. Glycidol remained the dominant
product throughout the 70 h period, maintaining selectivity values be-
tween 51 % and 43 %. The main byproducts included hydroxyacetone,
acetaldehyde, and allyl alcohol, which together accounted for most of
the carbon not converted to glycidol. Notably, hydroxyacetone selec-
tivity increased slightly as glycidol selectivity declined, consistent with
the previously discussed reversible relationship between these species,
possibly via glycidol thermal degradation. Low and stable levels of
acrolein and ethanol further confirm that deep dehydration and C-C
cracking pathways were successfully suppressed by the tuned acid-base
surface environment of the 15Cs/ZSM-5 catalyst. Importantly, no abrupt
shifts in product profile were observed over the 70 h run, indicating
steady-state behavior and minimal structural degradation. These find-
ings confirm that 15Cs/ZSM-5 is thermally and catalytically stable over
extended operation at high temperatures, reinforcing its viability for
industrial-scale glycidol production in continuous mode, especially
where periodic regeneration is possible.

The initial increase in catalytic activity during the first several hours
(Fig. 16) is attributed to the activation of CsNOj3 species on the ZSM-5
surface. At the beginning of the reaction, partial decomposition and
redistribution of CsNOs lead to the formation of well-dispersed basic
sites, which enhance the catalytic performance for glycerol dehydration
to glycidol. This activation process is accompanied by the removal of
residual moisture and surface impurities, improving active site accessi-
bility and mass transport. The subsequent decline in activity after
reaching the maximum conversion is primarily due to catalyst deacti-
vation caused by (i) the gradual decomposition and restructuring of the
CsNO; active phase at elevated temperatures, which decreases the
number of active basic sites, and (ii) coke deposition resulting from
secondary condensation and polymerization of glycerol-derived in-
termediates, leading to partial pore blockage and restricted access to
active centers. This behavior aligns with the two-stage deactivation
pattern discussed earlier (Section 3.2), where an initial increase in ac-
tivity is followed by a slower but continuous decline.

Partial Cs loss may occur through volatilization at elevated temper-
atures (550 °C) or migration within the zeolite framework. XRD analysis
of the spent catalysts (Fig. S2) indicates changes in the CsNOs phase
intensity, suggesting Cs redistribution and possible volatilization. This
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effect will be systematically investigated in future studies, including the
use of different alkali metals (Li, Na, K, Rb) and their oxides or salts, to
enhance catalyst stability.

4. Conclusions

This study confirms the viability of using CsNOs-modified ZSM-5
zeolite catalysts for the efficient one-step gas-phase conversion of glyc-
erol to glycidol under ambient pressure. A broad range of process and
material parameters was systematically evaluated, including Cs loading,
reaction temperature, glycerol concentration, GHSV, pressure, catalyst
form (powder vs. granules), as well as catalyst deactivation and regen-
eration behavior. Among the investigated formulations, the granulated
15Cs/ZSM-5 catalyst exhibited superior performance, achieving a
maximum glycidol selectivity of 74.0 C% at 350 °C after 8 h TOS with
10 wt% glycerol, and a peak STY of 2.5 mmol-g., ! -h™ at 40 wt%
glycerol concentration. While glycerol conversion gradually declined
during extended operation, glycidol selectivity remained stable over
70 h, demonstrating the durability of the active sites. Catalyst charac-
terization and performance analysis revealed that the enhanced activity
and selectivity of 15Cs/ZSM-5 stem from a synergistic combination of
structural and chemical features: moderate textural degradation, suffi-
cient mesoporosity enabling effective mass transfer, high Cs dispersion
generating accessible basic sites, and a partially disordered zeolite
framework that supports selective tandem dehydration-epoxidation.
Furthermore, regeneration experiments confirmed that the catalyst ac-
tivity and selectivity could be restored or even slightly improved
through oxidative treatment, attributed to additional CsNO3 decompo-
sition into catalytically active Cs2O. In summary, 15 wt% Cs represents
the optimal loading for balancing surface basicity, pore accessibility,
and catalytic stability, making this material a promising candidate for
scalable, continuous glycidol production from renewable glycerol
feedstock.
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