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SUMMARY

Propylene glycol is a ubiquitous sustainable chemical that have several industrial
applications. It can be used as a non-toxic antifreeze, moisturizers, and in cos-
metics products. Commercial production of propylene glycol uses petroleum-
based propylene oxide. Therefore, there is a need to develop alternative and
renewable propylene glycol production routes. Renewable propylene glycol
can be produced from catalytic hydrogenolysis of glycerol. This study reviews
different catalyst for glycerol hydrogenolysis, the reaction mechanism, and pro-
cess challenges. Additionally, previous studies related to the economic and envi-
ronmental assessment of propylene glycol production are presented in detail.
The technology readiness level of different production pathways were outlined
as well as the challenges and future direction of propylene glycol production
from glycerol and other renewable feedstocks. Catalytic transfer hydrogenolysis,
a process that uses renewable H-donors in liquid medium for hydrogenolysis re-
action is also discussed and compared with conventional hydrogenolysis.

INTRODUCTION

Glycerol is one of the major products obtained during biodiesel processing through the transesterification
reaction. The reaction converts animal fats or vegetable oils and alcohols into biodiesel in the presence of a
catalyst (Badday et al., 2012). However, transesterification reaction produces significant quantities of crude
glycerol that makes it unattractive from environmental and economic viewpoint. It should be noted that
crude glycerol production has increased in recent years due to the elevated demand and supply of bio-
diesel. Crude glycerol comprises of about 10 wt.% of the final products obtained during the transesterifi-
cation reaction (Leal et al., 2016). Crude glycerol has low commercial value due to its heterogeneous
composition. It contains about 80% glycerol and 20% impurities including water, soap, methanol, fatty
acid methyl esters (FAMEs), and inorganic elements (Leal et al., 2016). Therefore, it is imperative to develop
alternative methods for the conversion of crude glycerol into value-added chemicals.

Recently, there has been significant interest in the conversion of glycerol to value-added chemicals in order
to reduce the overall cost of biodiesel production. Tan et al., (2013) reviewed different methods that uses
glycerol as feedstocks for the production of green chemicals. The authors also outlined various value-
added products and biofuels that could be obtained from glycerol. The advances in the conversion of
glycerol to chemicals such as acrolein, glycerol carbonate, propylene glycol (1,2-propanediol), ethanol,
and lactic acid were discussed (Tan et al., 2013). Monteiro et al., (2018) identified propylene glycol, 1,3-pro-
panediol, and hydrogen as the main glycerol-derived products that have attracted research interest
recently.

Propylene glycol is a promising chemical with numerous applications including as an antifreeze, cosmetics
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Figure 1. Global distribution of propylene glycol production in 2021
Data obtained from MMR, (2021).

propylene glycol, respectively. The main manufacturers are the Dow Chemical Company (United States),
BASF (Germany), and LyondellBasell Industries N.V. (The Netherlands) (Sara et al., 2016).

It should be emphasized that the propylene glycol market is also experiencing severe challenges due to the
fluctuating fossil fuel prices. Therefore, new processes that can meet the increasing global demand of pro-
pylene glycol are required. Propylene glycol could also be produced from a more environmentally friendly
routes by using renewable feedstocks such as glycerol. The conversion of glycerol to propylene glycol
could help mitigate the challenges of glycerol production while producing enough propylene glycol to
meet the elevating demand. Glycerol can be converted to propylene glycol via the selective hydrogenol-
ysis reaction in the presence of a metallic catalyst and hydrogen in a batch or continuous reactor (Nanda
et al., 2016). The source of hydrogen for the process is also a major concern. The produced propylene gly-
col is known as renewable propylene glycol (RPG) if the hydrogen is from renewable sources such as
biomass gasification or electrolysis or when the process is performed with hydrogen generated in situ
via an external hydrogen transfer.

Several studies have been reported on the catalytic conversion of glycerol to propylene glycol (Freitas
etal., 2018; Seretis and Tsiakaras, 2016). Some authors have also studied the selective hydrogenolysis pro-
cess using hydrogen generated in situ (Freitas et al., 2018). Several reviews have also been documented on
the selective hydrogenolysis of glycerol to propylene glycol using a metallic catalyst. Bozga et al., (2011)
outlined the influence of metallic catalyst such as Cu, Ni, Co, and noble metal-based catalysts on the con-
version of glycerol to propylene glycol. Vasiliadou and Lemonidou, (2015) reviewed the reaction mecha-
nism of glycerol to propylene glycol. The authors also outlined the effect of reaction parameters (temper-
ature, catalyst loading, hydrogen pressure, and glycerol concentration) and reaction medium (acidic/
alkaline) on propylene glycol yield. Nanda et al., (2016) discussed the advances in catalyst preparation
and activation method. However, most of the available studies are scattered in literature. Table 1 compares
the present study with reviews related to propylene glycol production. Based on the information in Table 1,
studies on the advances in RPG production methods and industrial application have been scantly reported.
Therefore, the current review presents the advances and progress in RPG production from glycerol. In addi-
tion, the industrial applications of RPG are outlined. The present review would not only complement the
previous studies but also provide information that could be useful in the optimization and scale-up the
glycerol to RPG conversion processes.

PROPYLENE GLYCOL PRODUCTION ROUTES

Propylene glycol is often produced from several pathways by using different feedstocks. It can be synthe-
sized commercially from the hydration of propylene oxide (Nanda et al., 2016). At present, there are five
different technologies used for the industrial production of propylene glycol as shown in Figure 2. They
include the (1) styrene monomer process employed by LyondellBasel and Shell, (2) the anthraquinone pro-
cess used by Dow Chemical and BASF, (3) the tert-butyl alcohol process used by LyondellBasel and Hunts-
man Corp, (4) the cumene hydroperoxide process used by Sumitomo Chemicals, and (5) the chlorohydrine
process by Dow Chemical (Martin and Murphy, 2000). Other processes such as the catalytic hydrogenation
of lactic acid or the fermentation of glycerol in the presence of microorganisms could also produce
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Table 1. Comparisons between the present study and previous review articles related to propylene glycol production from glycerol

Review title Main focus

References

® Previous research studies and progress
in the conversion of glycerol to
propanediol and acrolein.

Conversion of glycerol to propanediol and

acrolein by heterogeneous catalysis

e Reaction mechanism of glycerol to
propanediol and acrolein.

® Research progress in process development,
effects of catalyst preparation, and
activation methods during the catalytic
conversion of glycerol to propylene glycol.

Recent advancements in catalytic conversion

of glycerol into propylene glycol:

® Reviewed the economic feasibility of
integrating bio-hydrogen production
with hydrogenolysis
reaction.

e Critically evaluate the reaction mechanism
for the production of 1,2- and
1,3-propanediols.

Glycerol transformation to value-added C3 diols:
Reaction mechanism, kinetic, and engineering
aspects. )
e Discuss the effect of temperature,
hydrogen pressure, glycerol
concentration, and the reaction
kinetics on the
production of 1,2- and
1,3-propanediols.

e The mechanism of catalytic transfer
hydrogenolysis was presented as
well as the catalysts required and
hydrogen source.

Catalytic transfer hydrogenolysis as an efficient

route in cleavage of lignin and model compounds

e Current challenges and opportunities
for future research required for the
improvement of catalytic transfer
hydrogenolysis were discussed.

® Review recent studies related to
catalytic hydrogenolysis
of glycerol to propylene glycol.

Insights on production mechanism and industrial
applications of renewable propylene glycol

e Briefly discuss the catalytic transfer
hydrogenolysis process (use of bi-functional
catalyst, pros and cons of the technology).

e Outline different catalysts for glycerol
hydrogenolysis, the reaction mechanism,
and process challenges.

e Outlines various industrial applications
of renewable propylene glycol.

® Review previous studies related to the
economic and environmental impacts of
propylene glycol production.

Bozga et al.,(2011)

Nanda et al., (2016)

Vasiliadou and Lemonidou,
(2015)

Zhang, (2018)

This study

propylene glycol (Nanda et al., 2016; Seretis and Tsiakaras, 2016). Thermochemical processes occurring in
the presence of heat and thermal energy could also convert carbohydrates such as xylitol and sorbitol into
propylene glycol in the presence of a reducing agent (Sun and Liu, 2011). The hydrogenolysis of carbohy-
drates to propylene glycol involves two main steps. The first step occurs in the presence of metal catalyst
and involves the dehydrogenation of polyols to carbonyl intermediates. Following the first step, the cleav-
age of specific C-C and C-O bonds occurs in a basic medium through the retroaldol condensation (Nanda
et al., 2016; Sun and Liu, 2011).

The production of RPG from glycerol occurs through a reaction known as selective hydrogenolysis. The
process involves the breaking of C-O bonds, removal of hydroxyl groups, followed by the simultaneous
addition of hydrogen in the presence of a catalyst as shown in Figure 3 (Sharma et al., 2014). It should
be emphasized that when one side hydroxyl group is removed from glycerol RPG is produced. Moreover,
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Figure 2. Different technologies for the commercial production of propylene glycol

the dissociation of the hydroxyl groups present in the middle generates 1,3-propanediol. Many side prod-
ucts such as ethylene glycols, methanol propanol, and methane can also be produced from the reaction
(Wang et al., 2015).

Hydrogenolysis of glycerol to RPG is an environmentally benign and cost-effective route compared to the
conventional methods described in Figure 2. In addition, the conventional methods use petrochemical
feedstocks and significant amount of water, thus producing byproducts such as di-and tri-propylene glycol
(Nanda et al., 2016). The separation of the byproducts also increases the overall process economics.

Hydrogenolysis reaction mechanisms

As stated in the previous section, the hydrogenolysis of glycerol occurs via series of parallel and consecu-
tive reaction pathways. These reactions often lead to the formation of products such as RPG, 1,3-propane-
diol, lactic acid, alcohols, and sometimes gases (Feng and Xu, 2014). It should be noted that a clear under-
standing of RPG reaction mechanism is important for the effective design of improved catalysts and
process optimization. Previous studies (Feng and Xu, 2014, Martin et al., 2013; Rajkhowa et al., 2017) pro-
posed two main reaction mechanisms for the conversion of glycerol to propanediols: dehydration—
hydrogenation mechanism and dehydrogenation-dehydration-hydrogenation mechanism. Other
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Figure 3. Products obtained from the catalytic hydrogenolysis of glycerol

mechanisms such as direct hydrolysis mechanism (Amada et al., 2011), chelation-hydrogenolysis mecha-
nism (Feng and Xu, 2014), and etherification-hydrogenation mechanism (Feng and Xu, 2014) have also
been suggested in previous years.

The dehydration-hydrogenation mechanism involves glycerol conversion to RPG via a reactive intermedi-
ate (acetol and its enol tautomer). The intermediate is subsequently hydrogenated to RPG (route 1 in Fig-
ure 4). Similarly, 1,3-propanediol can also be synthesized from the same route through the dehydration of
glycerol to 3-hydroxypropanal and subsequent hydrogenation (route 2 in Figure 4) (Feng and Xu, 2014). It
should be emphasized that direct hydrogenation of glycerol through the C-C bond cleavage leads to the
formation of ethylene glycol and methanol (route 3).

The dehydration-hydrogenation mechanism is promoted under acidic conditions in the presence of acidic
sites while the hydrogenation step is promoted by a metal (Feng and Xu, 2014; Martin et al., 2013). Thus,
hydrogenolysis catalysts are designed to have an acidic site and also contain a metal promoter.

The dehydrogenation—dehydration—hydrogenation mechanism is prevalent when the reaction is per-
formed in the presence of a basic medium (Feng et al.,, 2016). The mechanism proceeds through the
reversible dehydrogenation of glycerol to glyceraldehyde over the metal sites. Subsequently, the pro-
duced glyceraldehyde is dehydrated by losing water molecules to produce to 2-hydroxyacrolein, which
is finally hydrogenated to RPG (route 2 in Figure 5). It should be mentioned that there is a possibility of
a side reaction in this route that involves the conversion of 2-hydroxyacrolein to pyruvaldehyde by keto-
enol tautomerism (route 1 in Figure 5). Moreover, the pyruvaldehyde can also undergo hydrogenation to
form acetol which is subsequently hydrogenated to RPG. Pyruvaldehyde could also undergo oxidation
under basic conditions to form lactic acid.

Moreover, another important side reaction in this pathway is the formation of ethylene glycol (route 3 in
Figure 5) via glyceraldehyde to glycolaldehyde and subsequent hydrogenation. It is important to ensure
that the forward reaction (dehydrogenation) proceeds faster leading to the formation of glyceraldehyde.
Previous studies have demonstrated that the addition of a specific base such as LiOH or NaOH could pro-
mote dehydration reaction (Feng et al., 2014; Feng and Xu, 2014).

Catalysts for hydrogenolysis of glycerol to propylene glycol

Hydrogenolysis reactions can be performed in the presence of homogeneous or heterogeneous cata-
lyst. Homogeneous catalysts such as tungstic acid, sulfuric acid, and rhodium complex have been
tested for the conversion of glycerol to RPG by several researchers (Che, 1987; Wang et al., 2015).
Che, (1987) patented a one-step conversion process that uses syngas at 200°C and 32 MPa pressure
in the presence of rhodium complex and tungstic acid homogeneous catalyst. The reaction produced
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Figure 4. An overview of the reaction mechanism for the dehydration-hydrogenation mechanism of glycerol to
RPG

RPG and 1,3-propanediol yields of 23% and 20%, respectively. In year 2000, Shell Oil Company
patented a process that uses homogeneous palladium complex mixed water and sulfolane for the pro-
duction of propylene glycol (Chaminand et al., 2004). The mixture also contains methane sulfonic acid
as catalyst. It should be mentioned that products such as RPG, 1-propanol, and 1,3-propanediol were
obtained from the process in the ratio of 22:47:31, respectively. Although promising, the use of homo-
geneous catalysts for RPG production has several limitations including separation and recovery of
products, corrosion issues, use of expensive and toxic solvent as well as economic and environmental
concerns (Nanda et al., 2016). Therefore, research focus was directed toward the development of het-
erogeneous catalysts to address these issues.

Heterogeneous catalyst used for glycerol to RPG can group based on the type of metals as transition (e.g.
Co, Cu, and Ni) or noble metals (e.g. Pt, Rh, Ru, Pd, Ir, and Re). The noble metals are preferred because of
their high selectivity toward RPG as well as high glycerol conversion (Freitas et al., 2018). Noble metal cat-
alysts could also be used with various supports such as ZrO,, Al,O3, SiO,, TiO,, Fe,O3, and CaO (Sara et al.,
2016). Catalysts supports help to provide stability, promote metal dispersion, and ensure that there is con-
tact between the metal and the reactants.

Several studies have reported the use of supported noble metal catalysts for the conversion of glycerol to
RPG. Roy et al., (2010) used a mixture of 5 wt.% Ru and Pt on Al,O3 support with in situ hydrogen for the
conversion of glycerol to RPG. The reaction was performed in a multiple slurry reactor at 493 K for 6 h.
The authors reported an optimal glycerol conversion of 50% and 47.2 % RPG selectivity (Roy et al.,
2010). Miyazawa et al., (2007) used Ru supported on carbon materials combined with Amberlyst ion-ex-
change resins. They reported a maximum glycerol conversion and RPG selectivity of 48.8% and 70.2%,
respectively. The reaction was performed at 8.0 MPa initial hydrogen pressure, 10 h reaction time,
15 mg Ru/C, and 453 K (Miyazawa et al., 2007). A lower glycerol conversion (19.8%) and RPG selectivity
(31.9%) was reported with Pt metal supported on amorphous silica-alumina (Gandarias et al., 2010).
Although noble metal-based catalysts are active, they are expensive and have the tendency to promote
the cleavage of C-C bonds, leading to lower selectivity of RPG (Sara et al., 2016). In contrast, transition
metals are inexpensive alternative sources for RPG production.
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Cu-based transition metal catalyst has shown promising glycerol conversion and RPG selectivity during hy-
drogenolysis reaction for 400 h duration, 220°C, and 20 bar pressure. Cu has the ability to selectively cleave
C-O bonds without affecting the C-C bond (Mane and Rode, 2012). This is a major requirement for
increasing the selectivity of RPG. It should be mentioned that detailed catalysts characterization including
the XRD, XPS, HR-TEM, and TPR results indicated that the catalysts exist in different forms including CuO
and CuAl,O,, along with Cu® and Cu'* species. Moreover, the activity of Cu can be improved by dispersion
on acidic supports including Al,Og3, SiO,, functionalized carbon nanotubes (CNT), and ZrO, (Gandarias
et al., 2010; Mane and Rode, 2012) or by combination with other metals. Wu et al., (2011) studied glyceol
hydrogenolysis over Cu-Ru catalyst supported on CNT at 4 MPa of H, and 200°C for 6 h. The catalysts led to
99.8% glycerol conversion and 86.5 % RPG yield which is relatively higher compared to the use of pure
metal catalyst on CNT support ( 31.3% conversion and 91.1% RPG selectivity) (Wu et al., 2011). The
increased conversion and RPG selectivity was attributed to the synergistic effect between Cu and Ru.

Cu-based catalysts are often in their oxide form and require in situ reduction with enormous hydrogen pres-
sure to produce Cu metal. However, few researchers have studied the addition of another metal to help
eliminate the pre-reduction step. Zhou et al., (2010) used Cu and Ag metals supported on y-Al,O3 at
200°C, 1.5MPaiinitial H, pressure for 10 h. The catalysts showed up to 100% RPG selectivity and 27% glycerol
conversion without the pre-reduction step (Zhou et al., 2010). The authors noted that the addition of Ag also
helped in the elimination of the pre-reduction step. Sharma et al., (2014) patented a catalyst comprising of
Cu:Zn:Cr:Zrin the ratio of 3:2:1:3. The catalysts produced 100% conversion of glycerol and 97% RPG selec-
tivity at 250°C, 4.0 MPa of H; for 10 h. Moreover, the catalyst was reused 4 times with a slight decline in the
conversion observed. Therefore, the authors concluded that the introduction of Zn and Zr into the Cu:Cr cat-
alysts matrix helped improve the glycerol conversion and RPG selectivity (Sharma et al., 2014).

Niis another promising and cost-effective transition metal used for the hydrogenolysis of glycerol to RPG.
Ni is an hydrogenation catalyst and has been studied for selective hydrogenolysis reaction without using
external hydrogen (Mane and Rode, 2012). Yin et al., (2009) showed that Raney Ni is a versatile catalyst
for RPG production without the addition of external hydrogen. Jiménez-Morales et al., (2012) reported
about 50% RPG selectivity and 30% glycerol conversion at 473 K and 2.4 MPa of H; pressure with Ni sup-
ported on SBA-15 silica and promoted with Ce. Yu et al.,(2010) developed a novel procedure for synthesiz-
ing Ni/AC. The procedure involves metal impregnation, carbothermal reduction, and KBH, treatment to
enhance the acidity of the catalyst. The synthesized catalysts produced 43.3% glycerol conversion and
76.1% selectivity at 200°C, 5 MPa H; for 6 h (Yu et al., 2010). Table 2 summarizes previous studies on the
use of metal-based catalyst for hydrogenolysis of glycerol to propylene glycol.

Catalytic transfer hydrogenolysis

Catalytic transfer hydrogenolysis (CTH) is perceived as one of environmentally friendly alternative to con-
ventional hydrogenolysis that occurs without the addition of external hydrogen. CTH requires much milder
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Table 2. Studies on the conventional catalytic hydrogenolysis of glycerol to renewable propylene glycol

Catalyst and reaction conditions Glycerol conversion/RPG selectivity References
Catalyst: Cu—Cr. Conversion= 52%, Ma et al., (2010)
Pressure= 4.15 MP, temp=210'C, Selectivity= 88%

time =10 h, catalyst=5% w/w of glycerol

Catalyst: 5 wt.% Ru/Al,O3 and Conversion= 50.1%, Roy et al., (2010)
5 wt.% Pt/Al,O3 mixtures. Selectivity= 47.2%

No external hydrogen, time:

6 h, temp=220"C.

Catalyst: 5 % Ni/gamma-Al,O3 Conversion= 12%,
5 mass% aqueous solution, Selectivity= 74%
20 mL; initial Hy pressure,

8.0 MPa; reaction

temperature, 453 K

Catalyst: Cu/Al Conversion= 38%,
20 wt% glycerol aqueous Selectivity= 91%
solution (100 mL), 7 MPa

H, pressure, 0.8 g catalyst, 493 K, 5 h.

Catalyst: CuO/ZnO. Conversion= 21 %,
15 g glycerol, 65 mL H,O, Selectivity= 17 %
180°C, 80 bar H,, 0.08 mol

Cu (50%), 5 mmol H,WQ,.

Catalyst = Ru/C Conversion= 48.8 %,
20 mass%,; glycerol aqueous Selectivity= 70.2 %
solution 20 ml; 8.0 MPa initial

H, pressure; 10 h reaction time;

15 mg Ru/C; 140 mmol H+ in the resins; temp= 453 K.

Catalyst= 1% Pt/Amorphous Conversion= 19.8 %,
silica—alumina Selectivity= 31.9 %
Catalyst samples used under

493 K reaction temperature,

45 bar pressure, 41mL

Cu-Ni catalysts with ZSM-5 Conversion= 87%,

and AI203 catalyst pressure= Selectivity= 27%

4 MPa, temp=250'C, time =6 h,

catalyst=10% w/w of glycerol

Catalyst: Bimetallic Cu-Ni catalysts Conversion= 60%, selectivity= 20%
supported on mesoporous alumina.

Atmospheric pressure, temp=220°C,

time =10 h, catalyst=33% w/w of glycerol

Catalyst: Cu/Al,O3 pressure= 8 MPa, temp=230°C, Conversion= 94.7%,
time =6 h, catalyst=10% w/w of glycerol Selectivity= 90%
Si02-Al203 supported 65% Ni catalyst pressure= 8 MPa, Conversion= 73.6%,
temp=240°C, time = 240 min, catalyst=10% w/w of glycerol. Selectivity= 59%
Gas to liquid phase volume ratio of 1.4

Catalyst: Cu-Al pressure= 2 MPa, temp=220°C, time = 50 h, Conversion= 91 %,
catalyst=10% w/w of glycerol. Selectivity= 75 %

Ueda et al., (2010)

Mane et al., (2010)

Chaminand et al., (2004)

Miyazawa et al., (2007)

Gandarias et al., (2010)

Freitas et al., (2018)

Yun et al., (2014)

Rajkhowa et al., (2017)

Seretis and Tsiakaras., (2016)

Mane and Rode., (2012)

reaction temperature and lower operating pressure (Sun et al., 2022). The process occurs in the presence of
a catalyst that facilitates the production of renewable hydrogen donors in the liquid medium. Additionally,
CTH is more energy efficient and economically viable due to the absence of external hydrogen. However,
the success of CTH is based on the development of an effective bifunctional catalyst that can simulta-
neously enhance in situ hydrogen production and hydrogenolysis reaction. Figure 6 outlines the difference
between conventional hydrogenolysis and CTH. Several researchers have assessed the development of
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Figure 6. Comparison between conventional hydrogenolysis and catalytic transfer hydrogenolysis (CTH)
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different bifunctional catalysts to facilitate CTH reaction. Moreover, a wide range of transition metals
including Cu, Ni, Ru, Pt, Pd, and Ru have the ability to catalyze CTH reaction and have been extensively
studied. Feng et al., (2015) studied the performance of a series of bifunctional catalyst comprising of
PdCu-KF/y-Al,O3 during CTH reaction. Specifically, a catalyst with composition of Pd:Cu:KF = 0.05:1:0.5
produced almost 100 percent glycerol conversion and RPG selectivity of 98.3%. Pd catalysts are often
preferred due to their promising hydrothermal stability and high selectivity for the cleavage of C-O bonds
over C-C bonds.

In another study, iron-oxide support was screened with different metals including Pt, Pd, and Ni. The
bifunctional catalysts were tested for the CTH of glycerol (Von Held Soares et al., 2017). The activity of
the selected metals for CTH was in the order of Pt > Pd > Ni. Furthermore, 1 wt.% Pt on iron-oxide support
(1.0Pt/Fe304) showed the best performance among the catalysts with 81% glycerol conversion and 79%
RPG selectivity (Von Held Soares et al., 2017).

Kantetal., (2017) performed a comprehensive screening of different bimetallic catalyst comprising of Ni, Cu, Zn,
and Zr supported on H-beta catalysts. It should be noted that the Ni and Cu transition metals were selected due
to their low cost and ability to promote hydrogen formation. Ni-Zr catalyst was the most promising catalyst with
73% glycerol conversion. In addition, it was reported that the H-beta support contains increased Bransted acidity.

Zn has the ability to promote the conversion of glycerol to RPG when deposited on a Pd surface (Sun et al.,
2017). Therefore, a monoclinic zirconia-supported PdZn (PdZn/m-ZrO,) was synthesized and tested for the
CTH reaction. Although promising conversion and selectivity were attained with the catalyst, the leaching
of Zn from the PdZn alloy phases led to catalysts deactivation. To prevent the deactivation, physical mix-
tures of Pd/m-ZrO; and ZnO were directly used for the CTH reaction. Thus, producing layers of PdZn alloy
on Pd surfaces that prevented the Zn leaching (Sun et al., 2017).

INDUSTRIAL APPLICATIONS OF PROPYLENE GLYCOL

Propylene glycol is an extremely hygroscopic and non-toxic compound. In addition, it is miscible with water
and most solvent. The physical properties of propylene glycol are summarized in Table 3. The boiling point
of propylene glycol (187.3°C) is relatively higher than that of pure water therefore it can be separated from
water through simple distillation. Also, it has a lower freezing point of -60°C and viscosity of 60.5 cPps. The
miscibility of propylene glycol with water and other solvents as well as its unique physical properties makes it
suitable for different industrial applications as an antifreeze, pharmaceutical, cosmetics, and food industry
solvents. Propylene glycol could also be used as coatings, paints, adhesives, lubricants and greases, pol-
ishes, and waxes. Figure 7 shows the worldwide market of propylene glycol in 2017 as well as its industrial
applications. The next section outlines different areas where propylene glycol could be applied industrially.

Non-toxic antifreeze (including automotive industry and buildings)

An antifreeze is used to attain freezing-point latency during cold climates. Compared to ethylene glycol,
propylene glycol is preferable as a non-toxic antifreeze. It can reduce the freezing point of water by

¢? CellPress

OPEN ACCESS

iScience 25, 104903, September 16, 2022 9




¢? CellPress iScience
OPEN ACCESS

Table 3. Overview of propylene glycol physical properties

Physical properties Value

Color and form Colorless, viscous and stable hygroscopic liquid

Odor Odorless

Freezing point (°C) -60

Boiling point (°C) 187.3

Flash point (°C) 107

Specific heat at room temperature (cal/g) 0.59

Surface tension at room temperature (dynes/cm) 0.37

Solubility Miscible with water, acetone, and chloroform; soluble in ether;

miscible with water, alcohol, and many organic solvents
Viscosity at 20°C (Cps) 60.5
Vapor pressure at 20°C (mmHg) 0.05
Adapted from Sara et al., (2016).

disrupting ice crystals formation. Ethylene glycol is an extremely toxic chemical that is often transformed
into calcium oxalate crystals when ingested (Lucy Bell, 2020). The produced calcium oxalate crystals often
build up in the heart, lungs, and kidney, thus resulting in irrecoverable health issues. In addition, ethylene
glycol is characterized by a sweet taste and smell that could be accidentally ingested by pets or children.

Propylene glycol can also be used to maintain the integrity of DNA. Most times environmental samples that
uses DNA for research are often stored in absolute ethanol. However, ethanol is expensive, and limited due
to transportation restrictions especially in remote locations, and it is often classified as an hazardous chem-
icals (Sales et al., 2019). In addition, a long ethanol evaporation period is needed to prevent polymerase
chain reaction inhibition. Recent experimental studies show that propylene glycol-based antifreeze is a
suitable alternative to ethanol for preserving macroinvertebrate DNA from bulk-benthos DNA samples
(Robinson et al., 2021). In another study, RPG has been evaluated as potential antifreeze for water-based
fracturing fluid and liquid additives in newly developed oil fields (Wu et al., 2021). Study by Perez et al.,
(2019) shows that propylene glycol is a cryoprotective agent that could be used as a promising ingredient
for treating cellular tissues and organs to prevent ice crystal’s formation at low temperatures (Perez et al.,
2019).

Recently, Abu-Hamdeh et al., (2022) developed a novel antifreeze nanofluid comprising of carbon nano-
tubes and ethylene glycol/propylene glycol. The nanofluid was used for the cooling of batteries. The au-
thors stated that the developed nanofluid could also be used for other similar electrical systems such as
aradiator. The developed antifreeze showed promising performance for battery cooling systems. Another
study demonstrates the application of propylene glycol as an antifreeze agent in geothermal heat ex-
changers (Bartolini et al., 2020). The authors assessed the economic and environmental analysis of using
four different fluids including propylene glycol (25wt.% and 33 wt.%), calcium chloride, and pure water
as antifreeze agents in geothermal heat exchangers. Their results show that propylene glycol and calcium
chloride are promising antifreeze from economic and environmental perspectives (Bartolini et al., 2020).
Propylene glycol is also used as an antifreeze for aircraft and automotives (Bokov et al., 2022). In Canada,
propylene glycol is commonly used to protect the heating, ventilation, and air conditioning (HVAC) systems
from freezing due to extreme weathers.

Food and beverage industry

Propylene glycol also finds applications in the food industry as a preservative, solvent, and moisture
removal agent (Lucy Bell, 2020). Propylene glycol is used as an additive in several food products because
it is not self-reactive and hygroscopic. Food additives refer to substances that are not consumed as food
but added intentionally to food for one or more technological benefits. Food additives can be antioxidants,
emulsifiers, preservatives, or stabilizers. Propylene glycol is a promising food additive because of its ability
to attract water molecules thus improving the texture, taste, appearance, and shelf life of food. In addition,
it is a very good food preservative and an excellent humectant. It can be used as an antioxidant, dough
strengthener, emulsifier, stabilizer, thickener, and texturizer in foods (Blekas, 2016; CFR, 2022). Propylene
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glycol is also used as a dough strengthener because of its ability to modify the starch and gluten in dough
thereby improving the stability (Blekas, 2016).

Propylene glycol is recognized by the Food and Drug Administration (FDA) as a relatively safe substance for
use as a food additive. It is found in so many foods including packaged foods, drink mixes, desserts, and
premarinated ham and turkey (Jacob et al., 2018). Propylene glycol is also present in many condiments,
frozen vegetables, dairy products, and bread as preservatives. Recent studies by Bokov et al., (2022)
confirm that propylene glycol is not harmful or poisonous to the body when ingested. Although, few inci-
dents of intoxication have been reported due to the consumption of extremely high doses. Shayanmehr
et al., (2021) showed that propylene glycol is an effective co-solvent when mixed with sunflower oil for
the production of linoleic acid used for milk enrichment.

Pharmaceuticals

Propylene glycol is a beneficial chemical found in a variety of pharmaceutical and health-care products.
Often used to retain moisture and prevent the dryness of skin in alcohol-based hand sanitizers (Bokov
et al., 2022). It is a promising solvent in several oral and injectable drugs (Bokov et al., 2022). Drugs have
to penetrate into the deeper skin layers or permeate the skin for effective action. Moreover, the human
skin represents an effective, selective barrier to chemical permeation. It should be mentioned that very
few selective drugs possess the physicochemical properties required for this route of delivery (Duracher
et al., 2009). Moreover, most of the drugs do not have the capacity to penetrate the skin in doses needed
for efficiency systematic therapy. Therefore, propylene glycol is often used to improve drug permeation
through the skin (Carrer et al., 2020). Moreover, the enhanced miscibility of propylene glycol with water en-
ables it to be used as a solvent for pharmaceutical formulations that are insoluble including diazepam and
benzodiazepine (Lucy Bell, 2020).

Propylene glycol is added to drug formulation to enhance the solubility of hydrophobic compounds (Co
and Gunnerson, 2019). Ceftriaxone is a promising third generation cephalosporin antibiotic approved
by the FDA for the treatment of infections such as gonorrhea (Raja et al., 2020), pneumonia (Flanders
et al., 2006), and bacterial meningitis (Molyneux et al., 2011). Propylene glycol polymer has been reported
as an efficient stabilization agent for metal nanoparticles used in colorimetric assay for ceftriaxone (Raja
et al., 2020). Compared to the conventional analytical methods such as liquid chromatography-mass spec-
trometry (LC-MS) and fluorimetry, the propylene glycol polymer-enhanced stabilization agent is more
effective.

Acetaminophen (ACP, N-acetyl-p-aminophenol) is an analgesic drug that is widely use independently or
combined with other drugs to manage pain or even as an antipyretic agent. It is extensively used
because of its low allergy risk (Amann and Peskar, 2002). Moreover, the drug is administered to patients
who are biased to salicylate (Amann and Peskar, 2002). It should be emphasized that acetaminophen is
classified by the biopharmaceutics classification system as a class Il drug exhibiting reduced water
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solubility (14.3 mg ml~™" at 25°C ) and low permeability (Barzegar-Jalali et al., 2022). These properties
adversely influence its dissolution kinetics thereby limiting the design of its liquid formulations. Propyl-
ene glycol can be used as a solvent to study and optimize the solubility behavior of important drugs
such as acetaminophen (Romdhani et al., 2020) and sulfacetamide (Osorio et al., 2020).

Other applications including cosmetics and personal care products

Cosmetic and personal care products are also major areas where propylene glycol is often used. Propylene
glycol can be used for diverse purposes ranging from skin conditioning agent to viscosity decreasing agent,
as a cosmetic solvent, or ingredients for fragrance (Fiume et al., 2012). The hygroscopic nature of propylene
glycol enhances its application in moisturizers and hair care products. Moreover, the polymer also minimizes
bacterial growth and promotes the shelf life of cosmetics and personal care products (Lucy Bell, 2020).

Electronic cigarette (e-cigarette) is used as a safe substitute to tobacco smoking, or as a smoking interrup-
tion device. Propylene glycol has been used as a promising liquid for e-cigarettes when mixed with glycerin
(Lucy Bell, 2020). The liquid mixtures act as a carrier for nicotine and flavorings and enhance vapor gener-
ation. It should be mentioned that e-cigarette formulation contains between 89%-90% of propylene glycol
(Cotta et al., 2017). Previous studies show that the use of propylene glycol in e-cigarettes do not pose a
significant health issue through the inhalation route (Cotta et al., 2017).

ECONOMIC AND ENVIRONMENTAL ASSESSMENT OF HYDROGENOLYSIS PROCESS

The economic and environmental impact of different RPG production routes should be assessed and
compared with the commercial production pathways. That way critical decisions related to the commercial
implementation of the technologies would be presented. Additionally, techno-economic analysis (TEA) is a
very important tool used to determine the profitability of a new technology as well as its market compet-
itiveness (Okolie et al., 2022). Also, the life cycle assessment (LCA) is a popular method employed in assess-
ing the environmental aspects associated with a product over its life cycle including the production and
consumptions stages. TEA is often integrated with LCA for effective decision making whether to move a
project or a proposal forward.

Few studies have assessed the TEA of RPG production from glycerol via several routes (Table 4). Earlier
studies by Gonzalez-Garay et al., (2017) compared the economic and environmental impacts of the com-
mercial propylene glycol production process from propylene oxide with three hydrogenolysis routes (Ta-
ble 4). Among the selected route, non-isothermal hydrogenolysis at ambient pressure and external
hydrogen is the most promising from economic and environmental considerations. Another study by Nach-
tergaele et al., (2019) applied the LCA approach to evaluate the environmental impact of RPG production
from three different routes. Hydrogenolysis reaction led to a decline in GHG emissions by 60%. Further-
more, the emitted CO; eq. declined by 36%-38% when a combined heat and power system on-site is adop-
ted (Nachtergaele et al., 2019).

Jiménez et al., (2020) designed two alternative routes for RPG production based on the sources of
hydrogen. Route 1 includes the hydrogenolysis of glycerol with hydrogen from an external source. In
contrast, hydrogen was produced from glycerol steam reforming in route 2. Economic analysis of the
two routes shows that the use of glycerol steam reforming as hydrogen source led to an increase in the
cost of RPG production from 1.36 US$/kg to 9.01 US$/kg. Moreover, the annual net profit from the RPG
production process also decreased by 70%.

Supramono and Ashshiddig, (2021) proposed and assessed the economic viability of a process for the con-
version of crude glycerol to RPG and acrolein. A net present value, payback period, and internal rate of re-
turn of USD 376 million, 1.26 years, and 149.9%, respectively, was obtained from the process. However, the
authors did not perform a detailed cash flow analysis for the proposed design. Also, the methodology em-
ployed in the study was not clear. Additionally, the minimum selling price of RPG and acrolein was not
presented.

Recently, Sun et al., (2022) performed a detailed energy, economic, and environmental assessment of two
RPG production routes. Route 1 is based on catalytic hydrogenolysis with external hydrogen (Figure 8). On
the contrary, route 2 is based on catalytic transfer hydrogenolysis (CTH) whereby the hydrogen is supplied
by renewable H-donors in liquid medium as shown in Figure 9. The CTH process in route 2 requires less

12 iScience 25, 104903, September 16, 2022

iScience



220z ‘91 Jequisidas ‘06101 ‘G @2UBS!

€l

Table 4. Studies associated with the techno-economic and life cycle assessment of hydrogenolysis of glycerol to propylene glycol

Technology

Study objectives

Key findings

References

Route 1: Isothermal hydrogenolysis at
high pressure and external hydrogen
Route 2: Non-isothermal hydrogenolysis
at ambient pressure and external hydrogen.
Route 3: Isothermal hydrogenolysis at
high pressure and in situ generated
hydrogen

Route 1: Propylene glycol production
from petroleum-derived feedstocks
Route 2: Hydrogenolysis with glycerol
from fatty acid production.

Route 3:Hydrogenolysis with glycerol
from biodiesel production.

Route 1: Hydrogenolysis with hydrogen
from an external source.

Route 2: Hydrogenolysis with hydrogen

produced locally from glycerol steam reforming.

Hydrogenolysis of crude glycerol with

external hydrogen

Route 1: Catalytic hydrogenolysis with
external hydrogen

Route 2: Catalytic transfer hydrogenolysis

Petroleum-derived propylene oxide production
method was compared with three different

hydrogenolysis routes.

Environmental effect of implementing different
feedstock for renewable propylene glycol

production.

Assess the technical and economic impacts of
two renewable propylene glycol production
routes based on the source of hydrogen.

Evaluate the economic viability combined
acrolein and propylene glycol production

from crude glycerol

Assess the energy economic and environmental
impacts of the two propylene glycol production
pathways.

Route 2 appears to be the most
promising from economic and
environmental considerations.

Factors such as prices of products,
raw material cost, raw material
conversion, and feed flow rate have
a major impact on the profitability.

A transition from petroleum-based economy

to renewables-based results in a decrease in

the environmental impact between 40% and
60% kg CO2 eq.

An overall cost of production of 1.17
US$/kg was obtained from route 1.

Route 2 led to an increase in the
hydrogen production cost to 9.01
US$/kg.

Net present value of USD 376,600,000

was obtained from the production process.

The overall energy input for route 2 is
about 83% of route 1 process.

Route 1 is better in terms of economic
and environmental impacts.

Gonzalez-Garay et al., (2017)

Nachtergaele et al., (2019)

Jiménez et al., (2020)

Supramono and Ashshiddig,
(2021)

Sun et al., (2022)
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Figure 8. Schematic representation of the catalytic hydrogenolysis of glycerol to RPG
Adapted from Sun et al., (2022).

energy compared to route 1. Furthermore, there is about 64% decline in CO, emissions in route 2
compared to route 1. This is attributed to the elimination of external hydrogen source provided from nat-
ural gas. CTH process also led to a decline in the total investment cost by 7%.

TECHNOLOGY READINESS LEVEL OF HYDROGENOLYSIS OF GLYCEROL TO RPG

The maturity level of different RPG production routes can be assessed using the technology readiness level
(TRL) metrics. Through the TRL methodology, the maturity level of a new technology can be evaluated and
compared against alternatives using factors such as economic viability, environmental impacts, and
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Figure 9. Schematic representation of the catalytic transfer hydrogenolysis
Adapted from Sun et al.,(2022).
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Figure 10. Different levels and definitions of TRL
Adapted from Okolie et al., (2022).

process performance (Dovichi Filho et al., 2021). Moreover, TRL can be used as a tool for screening and
identification of risks inherent in new projects (Beims et al., 2019).

TRL of a technology can be divided into different levels which are in accordance with the U.S. Department
of Defense (Figure 10). It should be noted the level ranges from level 1 (related to the conceptual stage) to
level 9 (commercialization stage). Regarding the TRL of RPG, it should be noted that although most of the
proposed technology are relatively new, several researchers have embraced them (Marchesan et al., 2019).
Table 5 outlines the maturity level of different RPG production pathways. There are several lab scale plants
for RPG production using feedstock such as glycerol cellulose, lactic acid, and glucose. Moreover, Dow
Company successfully designed a pilot plant facility at the Halterman Custom Processing Facility in Hous-
ton (Chatterjee et al., 2011).

In 2011, Archer Daniels Midlands (ADM) was able to build a large-scale industrial RPG production facility at
its Decatur, Illinois facility using a rhenium-promoted catalyst (EESI, 2018). The next year, BASF partnered
with Oleon to build and open another RPG production plant in Belgium (EESI, 2018). Today, ADM uses
plant-based glycerol, a co-product in the production of biodiesel for RPG production. The ADM RPG pro-
duction facility has 100,000 million metric tons of RPG (ADM, 2022). ADM had stated that the use of
soybean-derived and canola-derived glycerol in the RPG production facility led to a 61% decline in green-
house gas emissions compared to the petroleum-based feedstocks. In China, about 5.2 kilo tons per year of
RPG is produced with sorbitol as feedstock (Rosales-Calderon and Arantes, 2019).Since the catalytic con-
version of glycerol to RPG has been adopted commercially by few companies, a TRL level of at least 8 would
be suitable to describe the technology. However, the conversion of bio-based feedstocks such as cellulose,
glucose, and lactic acid to RPG is still at its infancy stage and could be assigned TRL levels between 2 and 4.

CHALLENGES AND FUTURE PROSPECTS

Although the sustainable production of propylene glycol from several feedstocks has attracted attention
from academic and industrial aspects, there are several challenges that need to be addressed. Hydroge-
nolysis of biodiesel-derived glycerol to RPG is the most common route and has been commercialized
industrially; however, the source of hydrogen is still a major concern. Most studies have recommended
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Table 5. Maturity level of renewable propylene glycol production

Level of maturity Renewable propylene glycol production process References
Lab scale e Glycerol, glucose, lactose fermentation Clomburg and Gonzalez, (2011)
e Cellulose hydrogenolysis Marchesan et al., (2019)

¢ Glucose hydrogenolysis
® Lactic acid hydrogenolysis
e CTH hydrogenolysis

e Integrated thermochemical gasification and
glycerol hydrogenolysis

Veeravalli and Mathews, (2018)
Xi et al., (2011)
Xiao et al., (2013)

Pilot scale * Xylitol hydrogenolysis Rosales-Calderon and Arantes, (2019)
Demonstration scale NA
Commercial scale * Glycerol hydrogenolysis Marchesan et al., (2019)

e Sorbitol hydrogenolysis

NA, Not available.

that hydrogen can be supplied externally without accounting for the source. If hydrogen comes from nat-
ural gas or petroleum resources, then the produced propylene glycol should not be called renewable.

A feasible alternative would be to directly integrate hydrogen production processes with the hydrogenol-
ysis reaction to promote circular economy. However, this would require detailed process design, energy,
and exergy analysis as well as energy optimization. Such studies have not been reported. More important,
the economic and environmental assessment of the integrated processes is scarcely reported.

Glycerol is an abundant biodiesel production by-product; therefore, the conversion of crude glycerol to
green chemicals and polymers has been a source of academic and industrial research (Shenbagaraj
et al., 2021). Green chemical such as lactic acid, ethylene glycol, and acetol can also be converted to pro-
pylene glycol through catalytic hydrogenolysis. However, more research is required to develop an effi-
ciency catalyst that can be recycled easily and also produce a maximum propylene glycol selectivity.

Industrial production of RPG from hydrogenolysis of glycerol uses copper-chromite catalysis and a two-step
synthesis including the novel reactive-distillation and acetol hydrogenation. Moreover, the selected route
for the production of acetol and propylene glycol from glycerol includes a vapor-phase reaction over the
copper-chromite catalyst in a packed bed reactor. In the presence of hydrogen, the vapor-phase reaction
facilitates the conversion of glycerol to propylene glycol in a single reactor. Although this approach has
been demonstrated in a continuous process, challenges of scalability and catalyst recycling still remain.

Earlier studies have demonstrated that RPG could be produced without an external hydrogen source
through the CTH process (Sun et al., 2022). However, further research in terms of catalysts development
and process scale-up is still needed.

Conclusions

Propylene glycol is a ubiquitous green chemical that has several industrial uses including as an antifreeze,
cosmetics, agent, moisturizer, solvent, surfactant, and a preservative. However, majority of the worldwide
consumption of propylene glycol is from petroleum-based propylene oxide, a process that is characterized
by greenhouse gas emission release. Hydrogenolysis of glycerol is an alternative route for the production
of propylene glycol. Catalytic hydrogenolysis can occur in the presence of external hydrogen or through
the use of renewable H-donors in liquid medium. If the external source of hydrogen is supplied from renew-
able sources, the produced propylene glycol is called renewable propylene glycol (RPG).

The present review outlines different RPG production routes, hydrogenolysis mechanisms, and potential

industrial applications of propylene glycol. Presently, there are five different technologies used for the in-
dustrial production of propylene glycol They include the (1) styrene monomer process employed by
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LyondellBasel and Shell, (2) the anthraquinone process used by Dow Chemical and BASF, (3) the tert-butyl
alcohol process used by LyondellBasel and Huntsman Corp, (4) the cumene hydroperoxide process used
by Sumitomo Chemicals, and (5) the chlorohydrine process by Dow Chemical. These technologies were
comprehensively discussed in this paper. Additionally, previous studies related to the economic and envi-
ronmental assessment of RPG production are presented in detail. TRL of different production pathways
was presented as well as the challenges and future direction of RPG production. Additionally, industrial ap-
plications of propylene glycol as a non-toxic antifreeze, moisturizers, and in cosmetics products are

discussed.
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