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Pentaerythritol (penta) is a versatile substance that has been used in manufacturing industries for decades as a
starting material to produce various end products, including plastics, medicines, lubricants, paints, polymer
cross-linking agents, and many others. Numerous patents have been published worldwide for penta synthesis to
improve its industrial production. The synthesis and purification of penta are highly sensitive processes, making
it challenging to achieve a high yield and adding significant complexity to the overall process. To date, no review
has summarized the inventions aimed at improving the penta synthesis. This review compiles key research

findings on synthesizing penta with high yields, minimizing waste production, and using efficient separation
technologies. The effect of reactant ratios, amount of water, reaction temperature, and catalysts on penta syn-
thesis is also summarized in the review. Based on literature analysis, the review offers suggestions and recom-
mendations to pursue future research to improve penta synthesis processes further.

Introduction

Pentaerythritol (penta) is a versatile polyalcohol which serves as a
fundamental building block for various applications in industries. The
versatility in application of penta comes mostly from its tetraols as the
four hydrogen atoms attached to each of its -OH groups can be
substituted to other ions of interest [1-4]. Moreover, the four —-OH
groups attached to each terminal carbon can also be replaced by
halogen-based substituents such as iodide or methyl bromide, which
later can be replaced by different nucleophiles such as dimethyl amine
or cyanides that are used as cationic surfactants [5-7]. Penta has
nowadays gained popularity as a key ingredient for producing resins to
make plastics, paints, cosmetics, oil additives, and various other com-
mercial products [8-15]. Due to its multifaceted properties, penta has
gained increasing prominence and its preparation has been patented by
many companies and industries. Penta is generally produced when
formaldehyde reacts with acetaldehyde in an alkaline medium (e.g.
KOH, NaOH, Ca(OH),), most commonly NaOH, under controlled con-
ditions as shown in Scheme 1. In the reaction mixture, formaldehyde

and acetaldehyde initially undergo three sequential cross-aldol
condensation reactions to give an intermediate called pentaerythrose
which later reacts further with formaldehyde through a Cannizzaro re-
action to give the final product penta [16].

With more detail, in the first cross-condensation reaction step,
formaldehyde reacts with acetaldehyde to give rise to 3-hydroxypropio-
nal (3-HPA), see Scheme 2. This reaction occurs due to the presence of
“acid” hydrogen on the a-carbon of acetaldehyde. Firstly, acetaldehyde
forms a carbanion in the presence of a base which reacts with formal-
dehyde to form 3-HPA. This intermediate further reacts with formal-
dehyde to form 2-hydroxymethyl-3-hydroxypropanal and subsequently
converts to 3-hydroxy-2,2-bisthydroxymethyl)propionaldehyde. This
final condensation product 3-hydroxy-2,2-bis(thydroxymethyl)propio-
naldehyde, also denoted pentaerythrose finally undergoes a Canni-
zzaro reaction in the presence of formaldehyde and NaOH to give penta
as shown in Scheme 2.

Besides this main reaction, there are various side reactions that can
also take place in the reaction mixture [18-21]. The reaction system is
extraordinarily complex in terms of mechanism and kinetics. Several
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other by-products are also produced during the self-condensation of
formaldehyde and acetaldehyde [16,22-24]. Along with the desired
penta formation in the Cannizzaro reaction, formaldehyde reacts with
sodium of the alkaline catalyst to form sodium formate salt and meth-
anol by-products. This self-Cannizzaro reaction consumes formalde-
hyde, so it is necessary to use a controlled amount of formaldehyde,
acetaldehyde, and alkali media at optimum reaction conditions to drive
the reaction in the desired direction [25]. During the penta synthesis
reaction, many other side reactions can occur, which resultantly reduce
the selectivity for penta. As shown in Scheme 3, there could be four
different types of side reactions occurring, such as (1) polymerization
reaction of formaldehyde to form trioxane or other long chain formal-
dehydes, (2) the self-Cannizzaro reaction of formaldehyde, (3) acetal-
dehyde self-condensation reactions, and (4) penta derivatization
reactions. The formation of sodium formate always occurs in the alka-
line liquid solution, as this is a product of the Cannizzaro reaction when
pentaerythrose converts to penta [16]. In penta-derivatization side re-
actions (4), penta reacts with formaldehyde in the reaction mixture to
form different derivatives, [26-31] such as linear hemiacetals of penta,
cyclic monoformals of penta (CPF), and dipentaerythritol (dipenta), as
shown in Scheme 3. Therefore, it is highly desirable to isolate the pro-
duced penta from the reaction mixture to preserve its selectivity. From a
reaction engineering perspective, it is possible that residence time or
space velocity in the reactor could be used to control the by-product
formation from penta-derivatization.

Producing penta with high-yield and high-quality industrially
through the conventional alkaline synthesis route is challenging. Ac-
cording to Tribula et al. yield losses mainly occur during the penta
separation steps — such as flashing, crystallization, filtration, and
decolourization - that are needed to obtain pure penta [32]. The first
industrial penta synthesis processes were started in the early 1890 s, and
since then significant improvements have been made to enhance both
separation steps and the resulting yield. However, the knowledge that
exists in the literature is rather fragmentary, so this review aims to
collect, analyse, and evaluate the available findings. A recent review
article has covered the multitude of applications of penta for the syn-
thesis of many organic and medicinal products [1].

However, there is a noticeable lack of literature reviewing advances
in the development of efficient processes for producing penta. This re-
view is according to our knowledge, the first summary of the state-of-
the-art knowledge of penta synthesis through homogeneous catalysis
processes. The main contributions of this work are as follows: (1) A
comprehensive review of research progress in pentaerythritol synthesis
processes, highlighting the key factors influencing penta selectivity
along with other side products. (2) An analysis of separation strategies to
enhance penta yield by reducing penta contact with the reaction
mixture. (3) An overview of challenges and future research opportu-
nities in penta synthesis, emphasizing critical parameters for optimizing
the reaction and advancing catalyst development.

Penta synthesis process

There are several patents that describe good reaction conditions and
different separation steps to obtain a high yield of penta. Three inde-
pendent variables such as the initial molar ratio of formaldehyde/acet-
aldehyde, NaOH/acetaldehyde, and the initial concentration of
aldehydes in the reaction mixture are the central key parameters that
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affect the process conversion and yield [33].

Aldehydes ratio effect on penta synthesis reaction

One study recommends using formaldehyde in excess, with a
formaldehyde-to-acetaldehyde molar ratio of 5:1 to achieve a favour-
able reaction extent. In the same study, it was also reported to use 10 %
excess of the theoretical amount of required NaOH to compensate for its
consumption in forming the alkali formate through the Cannizzaro re-
action. This excess of formaldehyde complicates its recovery and the
separation of penta crystals from the synthesis solution. Moreover, to
stop the reaction it is required to neutralize the excess NaOH with an
acid such as formic acid or sulphuric acid [23]. The optimum amount of
acetaldehyde in the reactor feed is also an important parameter to
control the product distribution. Patent WO02020,/067963 [34] shows
that increasing the acetaldehyde amount or reducing the formaldehyde
to acetaldehyde ratio in the reaction system boosts dipenta yield. This is
due to that less formaldehyde in the system forms more acrolein which is
very reactive and takes part in the synthesis of dipenta. Along with this,
the formose reaction becomes a side reaction under such conditions,
producing higher sugars which thus consume formaldehyde at the
expense of the desired reaction to produce mono-pentaerythritol [34].
These higher sugars can later break down to give glycolaldehyde. The
measure of glycoladehyde gives an indirect measure of the formation of
higher sugars in the system and it also causes the product solution to
turn yellow and brown [34]. To optimize the reaction, continuous
dosing of acetaldehyde, calcium hydroxide, and half of the formalde-
hyde over 40 to 60 min was recommended by Mansson et al. and re-
sidual formose inhibitors are removed via ion exchange. It was also
suggested by the same inventors to pause the continuous feeding of
formaldehyde for 5 to 20 min during the reaction, as this improved the
synthesis of dipenta, increasing its yield to 8 % [34]. To avoid the usage
of a large amount of formaldehyde during the synthesis process, a
continuous process with a series of reactors was introduced in a patent in
1960 to minimize the formation of by-products [35]. For this purpose,
acetaldehyde and NaOH were fractionally introduced during the reac-
tion in multi-stage reactors in series. In the reactor, formaldehyde was
added from the bottom and acetaldehyde and NaOH was continuously
added from upward nozzles at a molar ratio formaldehyde:acetalde-
hyde:NaOH = x:1:y (wherex = 4.5-8 and y = 1-1.3) at 40-60 °C. It was
claimed that, under this operating regime, it was possible to achieve an
87 % yield of penta based on acetaldehyde and 77 % yield based on
formaldehyde with a good quality as measured by the color quality
grade [35].

In comparison to the cascade/series arrangement of reactors, in a
later work, a continuous flow of acetaldehyde and NaOH from separate
buffer tanks was introduced into a single reactor that initially contained
the full formaldehyde feed. With the gradual feed of NaOH, the pH of the
reaction mixture was controlled [25]. The first reaction step was carried
out at a high pH of 10-11 to obtain the pentaerythrose intermediate and
later the pH was reduced to perform the Cannizzaro reaction. Of course,
the formation of sodium formate was also observed in the second step.
The raw pentaerythritol which contained 80-90 % mono penta and
10-14 % dipenta, was then subjected to high temperature acid hydro-
lysis and decolourization. It was further reported by the author that the
Cannizzaro reaction is relatively slow at low temperatures of 20-30 °C,
whilst the condensation reactions are faster in this same low
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Scheme 1. General reaction for the synthesis of Pentaerythritol.
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temperature range [25]. It was suggested to raise the temperature of the
reaction mixture once all the acetaldehyde was consumed to favor the
Cannizzaro reaction. It was concluded in the patent that the different
possible reactions strongly depends on pH, temperature, concentrations,
the amount and sequence of reactant addition, and time, and thus,
optimized conditions are needed to achieve a high yield of penta [25].

Amount of water and dilution effect on synthesis reaction

Formaldehyde exists as a gas under ambient conditions, making it
difficult to handle. It is commonly used in an aqueous solution form
known as formalin, which typically contains 37-40 % formaldehyde in
water. In the penta synthesis process, the amount of water in the reac-
tion mixture is also a key parameter to ponder, and usually it is
considered as the formaldehyde feed concentration in water. It has been
reported that a higher concentration of formaldehyde in the reaction
mixture facilitates the formation of dipenta and tripentaerythritol, while
on the other hand more water in the system slows down the reaction and
increases the eventual evaporation load during the product separation
[16]. The optimum value for the formaldehyde concentration was sug-
gested to be in the range of 12-20 % in aqueous solution [16]. To in-
crease the flexibility of the penta synthesis process, it was recommended
in a Russian patent RU2445303C1 [36] to use paraformaldehyde gran-
ules instead of an aqueous solution of formaldehyde as the life of the
formaline solution is short and it must be stored at 60 °C according to the
inventors [36] to prevent polymerization which complicates the process.
Paraformaldehyde exists as a solid form of polymeric formaldehyde.
However, an extra dissolution step of paraformaldehyde in water at
40 °C is needed before adding the caustic soda and acetaldehyde to
initiate the condensation reaction [36].

Influence of the catalyst on penta yield and formates separation

It was also reported in the same patent that the use of a calcium based
alkaline solution in the system is favourable to produce dipenta and that
the byproduct calcium formates have a higher market value compared to
sodium-based formates [34]. In 2024, an invention outlined a method to
synthesize penta by recycling the calcium hydroxide solid waste as
calcium carbide slag, used as a catalyst, which is a byproduct of the PVC
manufacturing process via the acetylene method [37]. However, the
overall process becomes more complex when calcium carbide slag is
used as, (1) an anti-saccharification auxiliary agent, alkali metal mol-
bydate in formaldehyde, is added to avoid formose formation; (2) a
finishing agent, which is a 1:1 M mixture of KCN and NacCN, is used to
ensure the uniform crystallization of penta; (3) an emulsified silicon oil
as a precipitant is used after the completion of the condensation
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reaction; and (4) the process results in calcium formate solids with
strong adhesive properties, which lead to equipment blockage issues
[37]. Interestingly, in another study the sodium formates produced as a
byproduct were purified through an additional distillation step and the
crystals obtained were redissolved and reacted in water with lithium
chloride to obtain lithium formate and sodium chloride. It was proposed
in this invention, to convert the waste sodium formate into more valu-
able lithium formate to reduce the amount of the secondary pollutant
[38]. A method was also developed to address the separation issues of
sodium formate by using oxalic acid to adjust the pH of the product
filtrate, resulting in the formation of sodium oxalate instead of sodium
formates. The oxalates can be easily separated out at room temperature
and a sodium yield of almost 98 % could be obtained [39]. Sodium
formates have been separated out at higher temperatures which leads to
the formation of other byproducts and makes the process more energy
intensive and less efficient [40-42]. Several separation techniques for
purifying sodium formate were patented in the late 1900 s including the
use of acrylic/porous resins [42,43], methanol esterification [44,45],
fatty acid esterification [46], and electrodialysis [47]. However, these
processes have disadvantages such as poor pentaerythritol yield, high
costs and increased complexity in the penta synthesis process. Later in
the early 2000 s, various patents reported the use of liquid-liquid
extraction for sodium formate separation with different extracting
agents such as isobutanol [48,49], and tetrahydrofuran [50] but these
methods also had large challenges, due to poor penta yield, high costs,
and process safety issues. More recently in 2022, a solid-phase extrac-
tion-elution crystallization method, along with a purification device was
developed to separate sodium formate from the penta mixture [51,52].
This method improves the purity of sodium formate and the recovery of
pentaerythritol but still faces challenges with solvent separation and
recovery, as the extraction temperature remains as high as 120 °C. In
order to address the shortcomings of the process reported in patent
CN112745214A [51] in 2022, another patent CN115710176A [53] in
2023 described a modified method in which water and methanol was
used as the extraction solvent at relatively low temperature to improve
the solvent recovery. Also, a multi-stage sedimentation method has been
reported to separate out the sodium formate from the pentaerythritol
mother liquor, achieving a 98-grade product purity in 2023 [54].

A production method with potassium hydroxide as a catalyst was
also reported in a study where potassium formate was obtained as a
byproduct with 96 % mass content with the aim of reaching the
requirement for use as a drilling fluid [55]. Additionally, as an alter-
native to the NaOH liquid solution catalyst, a solid anion exchange resin
(anionite) was used to manufacture penta, marking the first reported use
of a type of heterogeneous catalyst alternative [32]. During the reaction
forming penta, formic acid is a by-product adsorbed onto the catalyst,

(1) Three sequential cross aldol condensation reactions:
0 /\/\ O/ of Ho OH
G Ny, DL & Ot~ CH20  Ho 29
OH
Formaldehyde Acetaldehyde 3-hydroxypropional P . 3-hydroxy-2,2-
il e el iR bis(hydroxymethyl)
hydioxygegpanal propionaldehyde
(2) Cross Cannizzaro reaction:
NaOH OH o
2 > CH20 " * Hkoe B
OH
HO =0 Ho
3-hydroxy-2,2- Pentaerythritol Sodium formate
bis(hydroxymethyl)
propionaldehyde

Scheme 2. A sequential condensation of three molecules of formaldehyde on the a-carbon of acetaldehyde (1) and the Cannizzaro reaction of the final condensation

compound (2) to form pentaerythritol and formate [16,17].
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Scheme 3. Side reactions that can occur during penta synthesis.

and unfortunately effectively consuming it. Consequently, a sodium
hydroxide solution must periodically regenerate the catalyst, producing
sodium formate. An advantage with this process is that it generates a
stream of sodium formate with excess sodium hydroxide separate from a
stream of penta with excess reactants and other by-products [32]. The
performance metrics of different catalytic systems for penta synthesis
have been summarized in Table 1. Most recently in 2025, density
functional theory calculations were performed to provide mechanistic
insights into the role of alkalinity on the formaldehyde used in the
synthesis of pentaerythritol. It was concluded that industrial alkaline
formaldehyde in the form of a sodium solvation cage with a hexa-co-
ordinated state, effectively regulates the solvent alkalinity favoring the
aldol and Cannizzaro reactions as shown in Fig. 1. This first ever article
presenting a detailed molecular path for the penta synthesis reaction
with the quantification of the activation energies of different steps [56].
It was also discussed in the article that feeding weak and strong bases in
segments can control the aldol and Cannizzaro reaction respectively and

improve the yield by 7-13 % [56].

Temperature dependence of yields

Temperature adjustment during the penta formation reaction can be
crucial for improving both penta selectivity and yield. This is because
penta formation is not a single step reaction but instead involves a multi-
step condensation and a Cannizzaro reaction, all of which can have
different temperature dependence. The yield of penta is strongly sensi-
tive to temperature, at higher temperature a maximum of 77 % overall
polyols yield is obtained containing 83 % monopentaerythritol at 84 °C,
as shown in Fig. 2 [16]. A small variation in the temperature can lead to
the formation of many byproducts and the yield of penta can as a result
be reduced. It has been reported in the same study that the use of a lower
initial temperature of 25 °C followed by an increase to 45 °C after some
time, improves the selectivity and yield.

Pyro-condensation with the concatenate recrystallization is a

Table 1
Performance metrics of different catalysts in Penta synthesis.
Catalysts Monopenta selectivity (%) Advantages Disadvantages References
Ca(OH), Unspecified High market value of calcium formate Form more dipenta and calcium formate [34]
Calcium carbide slag 98.2 Solid waste of PVC manufacturing plant Multiple auxiliary agents used including anti- [37]
used as catalyst saccharification, flocculationg, and precipitant agents.
Equipment blockage issues.
NaOH 80-90 Mature industrial catalyst that has Sodium formate typically difficult to separate so several [38-54]
undergone extensive optimization techniques has been used to get pure sodium formate
stream and to convert it into a valueable product
KOH 98.5 No equipment clogging, and 96 % pure Ash formation from KOH impurity [55]
potassium formate obtained, meeting
requirements for drilling fluids
Solid anionite resin Producing both off-grade penta A separate stream of sodium formate and ~ Resin regeneration is needed due to the adsorption of by-  [32]

and pure penta streams without
specifying purity levels.

unreacted NaOH from penta simplifies
the process

products on its surface
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Fig. 1. Alkalinity effect on aldol and Cannizzaro reaction to produce pentaerythritol. Reprinted from Chinese Journal of Chemical Engineering, Vol. number 79,
Author(s), Zhengguang Wang, Xin Qu, Xingke Yuan, Zhanpeng Gao, Niu Hu, Jiansheng Wei, Wenpeng Li, Zhirong Yang, Jingtao Wang, title of article: Continuous-
flow synthesis of pentaerythritol: Alkalinity release of sodium solvation cage to control aldol and Cannizzaro reactions, Pages No. 23-29, Copyright (Year 2025), with

permission from Elsevier.
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Fig. 2. Microreactor system with controlled temperature to produce pentaerythritol. Reprinted with permission from reference [57]. Copyright 2025 American

Chemical Society.

concept that was introduced in patent CN1736969A where the high
temperature condensation reaction and recycling of the mother liquor
stream in each recrystallization step is introduced [58]. This process
helps to reduce the raw material consumption, increase the economic
efficilency, and minimize the waste discharge but the mono-
pentaerythritol yield was compromised as dipenta and formates were
also produced [58]. Interestingly, in another study on the condensation
reaction, formaldehyde was first mixed with an alkaline solution, fol-
lowed by the controlled addition of acetaldehyde at 2-10 min later to
efficiently manage the heat exchange. The reaction proceeded for 30 to
100 min, reaching temperatures of 45 to 70 °C under 0.2 MPa pressure.
After a two-step purification process 98.3 % mono-pentaerythritol was
obtained with an overall yield of 94.2 % [59]. In 2024, a patent claims to
improve the monopenta synthesis with 99.0-99.6 % (yielding 90-93 %
organic matter based on GC analysis) by lowering the formaldehyde to
acetaldehyde ratio to 4-5:1. The process involves mixing the reactants in
an ice bath followed by adding the NaOH solution dropwise at 10 °C or
below, and then slowly heating to 40 °C after 0.5 h [60]. The summary of

Table 2
Penta synthesis at different temperatures and its impact on the yield of penta.

Temperature  Overall Monopentaerythritol Remarks Reference
Yield of (%)
polyols
(penta
and
dipenta)
(%)
84 77 83 Gradual [16]
temperature
increase
improves the
yield
45-70 94.2 98.3 Controlled [59]
addition of
acetaldehyde
10-45 90-93 99.0-99.6 Slow heating [60]
40 >95 88 Controlled [57]
temperature
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the different temperature effect on penta yield is reported in Table 2.

Very recently in 2025, a continuous micro-reaction system was
constructed for intensifying and regulating the homogeneous aldol re-
action combined with a batch reactor for conducting the Cannizzaro
reaction [57]. Due to the excellent mixing performance of the micro-
reactor and accurate temperature control, the penta reaction time was
reported to be reduced to 1/8th of conventional processes and 88 %
yield of penta was achieved and the total yield containing by-products
was > 95 %. This study highlighted the rapidity of the reaction steps
(aldol reaction completed in 3 min), and the resulting importance of
control of temperature and reactant mixing, as shown in Fig. 2. The
microreactor system was claimed to be suitable for future studies of
reaction kinetics [57].

Separation techniques and yield Improvement

In a typical industrial synthesis process of penta, aldehydes undergo
condensation and the Cannizzaro reaction in the presence of an alkaline
solution to form penta, as described in the introduction section of this
review. This penta in the reaction mixture of unreacted aldehydes,
water, formates and other by-products passes through a distillation
column where unreacted formaldehyde is separated out as shown in
Scheme 4, which is based on references [16,25,61,62]. After multistage
evaporation, several crystallizations, centrifugation, drying and decol-
orization steps, penta with the desired purity and yield is separated out
along with formates (Scheme 4).

In most industrial processes, after the appropriate reactor space time
and then neutralizing the excess of NaOH, the reaction mixture is cooled
to 10 °C to crystallize the first crop of penta [16,61]. The crystals are
then separated out by centrifugation. Different steps of crystallization
and centrifugation units are used as shown in Scheme 4 to obtain
product of a desired purity level [47,63]. For example, the yield ob-
tained from the first crop was reported to be typically 75 % of the total
product [16]. The obtained liquid can be further concentrated to
improve the yield of penta crystals. The residual mother liquor mainly
consists of sodium formate salt and a small amount of penta and other
polyhydroxy compounds. Polyhydroxy compounds like penta and
dipenta can be separated out from each other based on their solubility in
water as explained in the invention GB772574A [64]. In 2006, patents
were published regarding the invention of evaporation crystallization
[65] and cascade recrystallization [61] processes to recover penta from
reaction mixture. In cascade crystallization compared to the process
shown in Scheme 4, to improve penta yield at low cost, the reaction is
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carried out at lower temperatures, thereby eliminating the need for
subsequent cooling using a refrigerant [61]. The proposed separation
technology offers the advantage of recycling the mother liquor obtained
after each crystallization step which in turn improves the atom economy
and yield of penta to 95-99 %. However, the weakness in this process is
the production of many byproducts and uncontrolled side reactions
[61]. Many other Chinese patents have discussed the same low-high
temperature method for preparing mono-penta but also face the same
issues as discussed above [66,67]. In a US patent in 2009, a purification
step with ion exchangers was applied to remove the possible byproducts
and impurities and the purity of mono-penta was reportedly improved to
99.9 wt%. It was further investigated in the patent the relation between
the formaldehyde: acetaldehyde ratio and the crystallization tempera-
ture for obtaining a high-grade yield. It was found that at a 5:1 ratio, a
crystallization temperature of 55-90 °C was best for high yield, whereas
by further increasing the reactant molar ratio to 9:1, the optimal crys-
tallization temperature reduced to 45-60 °C [68]. In another patent, the
wastewater stream containing unreacted acetaldehyde and formalde-
hyde was processed to recycle back the aldehydes. For this purpose, the
process water containing formaldehyde, acetaldehyde, formic acid and
acetic acid was evaporated at 90-100 °C, and the pH of the obtained
recycle stream was then adjusted and pumped back to a recovery tank.
The proposed method was considered eco-friendly and also increased
the yield of formaldehyde and acetaldehyde [69]. A three-stage crys-
tallization process was introduced to enhance the quality of the final
penta crystals, to achieve better dispersibility, larger crystal size, and
full particles which eases filtration [62]. In stage (1) an alcohol solution
in the crystallization tank was added and then the contents were cooled
at 4-6 °C/h to reduce the temperature to 95 °C, in stage (2) penta seed
crystals were added amounting to 1 wt% while cooling at a rate of
1-3 °C/h to 90 °C, in stage (3) crystal growth occurred at a constant
temperature of 85-95 °C during 1-2 h. In the final stage (4) the solution
was then moderately cooled to 70 °C at a rate of 5 °C/h, after which the
crystals were then distilled, centrifuged, washed and dried for packing
[62].

The formation of penta derivatives is a key factor influencing the
purity of the penta obtained in the synthesis process. Pentaerythritol
monoformals usually form due to the condensation of monopentaery-
thritol with formaldehyde. It has been previously reported that hydro-
lyzing these formals in the presence of a mineral acid at boiling
conditions can improve the yield of pentaerythritol. However, despite its
purported strengths, a poor yield was obtained with this method due to
the degradation of the mineral acid and pentaerythritol as well [70].

Unreacted
formaldehyde

Formaldehyde
Acetaldehyde

Impurities

Decolorization

Reactor Distillation

Multistage
evaporation

Crystallization Drying

Alkaline solution

Cooling
formate

crystallization

Centrifugal
separation

Pentaerythritol

Centrifugation packaging

Mother liquor

Scheme 4. A general block flow diagram for synthesis process of pentaerythritol.
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Later improved pentaerythritol yield was achieved with a suitable pro-
cess by simply heating the aqueous solution of formals at 150-300 °C in
the presence of a cracking catalyst such as silica with metal oxides. In
this process, an enhanced penta yield was obtained, however, a practical
limitation was the need for a large amount of water for hydrolysis [71].
Efforts were also made by Korean investigators to purify the penta from
the mother liquor by sequentially repeating the crystallization processes
and a reported yield of 99.5-99.9 % was achieved [72,73]. A patent
CN202222545758 reported the invention of a high-purity purification
process including several dissolving towers, an aldehyde take off device,
filtration equipment, a decolorization bed, a recrystallization tower, and
many other auxiliaries to separate out the impurities step by step, so the
purity was improved for mono penta [74]. Compared to the above
mentioned separation process equipment, another more compact sepa-
ration device was invented recently in 2023 to isolate penta from the
reaction mixture. This device offers a simpler separation process in a
single vessel; however, no information was given regarding the capacity
of this unit or its scalability. The reported device consists of a churn
connected to an inlet pipe, a bottom heating mechanism for evaporation,
and a stirring system. It incorporates a method for stratifying the mother
liquor, along with a specialized liquid extraction device enabling the
separation of penta in liquid form into layers from the mother liquor
[75].

A method for preparing 95 grade penta was introduced in patent
CN104230660A, where the basic steps included condensation and pre-
heating, dealdehyding and triple effect evaporation. However, some
additional steps were introduced to achieve a high purity of penta such
as heating the mixed liquid obtained from a triple-effect evaporator.
Centrifugation of the cooled mixed liquid at higher temperature i.e.,
80-90 °C and further drying to finally obtain the 95 grade mono-penta
[76]. However, this method caused the formation of other byproducts
and a high acetal content. In addition, the automation degree of this
method was low which consequently increased the operating costs for
the penta synthesis. To address these issues, another patent introduced a
99-grade penta production method in which the shortcomings of the
prior method were resolved to enable a continuous one-step production
of penta with lower acetal formation [77]. In another study, the in-
ventors claimed to achieve 99.3 % purity of penta using the conven-
tional condensation reaction procedure, followed by a separation step
involving the evaporation of the reaction mixture to obtain 50-70 %
solids. The solids were then cooled and penta was isolated using a band
filter. The isolated penta was dissolved in a 35-55 % aqueous solution
and purified by crystallization from the solution at 40-90 °C. The
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crystals were separated from the mother liquor, which was subsequently
recycled [78]. In a US patent, the ozone-air mixture along with the acid
treatment was used to crack the formals and to remove the colour from
the crude penta [63]. Table 3 shows the summary of the different sep-
aration techniques that has been discussed above and reported in
literature.

Conclusions and perspectives

Pentaerythritol is an essential platform chemical that is used in
manufacturing industries. The industrial synthesis process of penta in-
cludes condensation and Cannizzaro reactions of aldehydes in the
presence of an alkaline solution acting as a homogeneous catalyst. There
are a number of patents that describe processes designed to achieve high
purity and yield of penta, but these often come at the cost of increased
expense and energy consumption. A high purity and yield of penta de-
mands a complex separation process, as several byproducts form during
penta synthesis. For example, sodium formate, and polymers of penta
are the main byproducts from the synthesis process. Therefore, in the
inventions discussed in this review, the inventors developed different
techniques to purify and separate byproducts along with penta, aiming
to minimize waste during the synthesis and enhance the atom economy
of the overall manufacturing process. Several inventions discuss the
influence of important parameters for the synthesis, for example, the
control of temperature during reaction, molar ratios of aldehydes and
catalyst, amount of water, and reaction time to improve the yield of
penta. Also, there are studies investigating the development of alterna-
tive catalysts or combinations of catalysts for the reaction process. Ex-
amples of catalysts studied to produce penta include calcium slag waste
and ion exchange resins. One catalyst may be more efficient than
another in terms of penta selectivity, but all of the studies discussed
above consistently faced the issue of catalyst consumption due to its
reaction with formaldehyde to form formate.

There are different research gaps that can be pointed out from the
above literature review, requiring further investigation.

(1) A more systematic analysis of variations or alternatives of penta
separation processes comparing the costs in terms of energy and capital
costs of equipment with the overall improved efficiency of the process in
terms of product yield and purity.

(2) Research is lacking that investigates means of integrating the
reaction and separation processes to achieve improved energy and ma-
terial efficiency.

(3) Most reported studies on penta synthesis are primarily

Table 3
Summary of different separation technologies used to improve penta yield and purity.
Separation Process Conditions Purity Remarks Reference
Evaporation 100 °C, 50-500 mmHg 85-98 % Industrial grade penta [65]
crystallization
Cold crystallization 160-190 °C, 15-60 min 97 % BPE removal [65]
Cascade recrystallization Multi-step separation 95-99 % Uncontrolled side reaction [61]
Ion exchange 5:1, 55-90 °C 99.9 % Aldehydes amount effect on crystallization temperature [68]
Waste stream recycling Mother liquor stream heated at Aldehydes yield emissions reduced [69]
90-100 °C and recycled improved
Multi-stage crystallization =~ Repeated crystallization 99.5-99.9 % Mother liquor purification [62,72,73]
Purification device Multiple separation steps 98 % Process with 10 different units (i.e., dissolving towers, aldehyde removal [74]
device, filtration, decolorization bed, recrystallization tower, and other
auxiliaries)
Formals hydrolyzation Boiling acid with formals Formals removal Degradation of penta and mineral acid [70]
Formals heating 150-300 °C, cracking catalyst Formals removal Large water amount is required [71]
Separation device unit Compact device with 17 Efficiency Scalability concern [75]
different parts improved
Tripple effect evaporator 80-90 °C 95-grade By-products formation, high operating cost [76]
Automatic production 8 separation units 99-grade Less labor [77]
line
Conventional synthesis Several separation steps 99.3 % Recycled mother liquor [78]
and separation
Acid-Ozone Treatment 2.2 pH, 90-105 °C, 0.5 % formals Formals cracking and decolouration [63]
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experimental, whereas kinetic modeling based on experimental data is
rare — only two such studies have been found [22,79]. In the study by
Belkin et. al. [79], a mathematical model was developed that in-
corporates reaction rate equations for penta and its derivatives (based on
their reaction schemes), formulas for calculating activity coefficients,
activation energies, degrees of ionization, and equilibrium concentra-
tions of intermediate species. Moreover, the authors concluded that this
model can be applied to evaluate the efficiency of penta synthesis in
various types of reactors [79]. An older study by Peters in 1958 inves-
tigated the kinetics of reactions involved in penta synthesis [22]. The
study revealed that aldol condensation leading to pentaerythrose for-
mation occur very rapidly, even at low concentrations of pentaery-
throse, while the rate-limiting step is the Cannizzaro reaction [22].
Activation energies and rate constant equations for both aldol and
Cannizzaro reactions were reported, using NaOH as the base catalyst.
Peters also noted that the side reactions during the rapid aldol
condensation can redue the penta yield [22]. More recently in 2025,
Wang et. al. employed density functional theory (DFT) calculations to
show that the aldol reaction has a lower activation energy than the
Cannizzaro reaction, emphasizing the importance of temperature con-
trol in achieving reaction selectivity [56]. Their study also found that
segmented feeding of weak and strong alkaline solutions favors the aldol
and Cannizzaro reactions, respectively [56]. Beyond reaction kinetics,
crystallization kinetics of penta in a suspension crystallizer were studied
in 1996 [80]. Kinetic models for crystal growth, attrition, and secondary
nucleation were developed and validated using optical measurements
[80]. Further development of kinetic models, could significantly
improve optimization of the reaction and its integration with separation
steps. For example, it has been experimentally observed in some studies
that variation of reaction conditions such as temperature or reactant
concentrations, during the synthesis, can improve penta yield. Devel-
opment of a comprehensive kinetic model would therefore be a valuable
tool for effectively optimizing penta synthesis under varying reaction
conditions.

(4) It would also be beneficial to further develop heterogeneous
catalyst systems to replace the homogeneous catalysis route of penta
synthesis, and eliminate the need for the liquid alkaline solution. A solid
catalyst should ideally be easily regenerated. More importantly, its
transport through the process could be avoided, and separation steps for
its recovery simplified which is a major challenge with the conventional
penta synthesis. The use of a solid alkaline resin has been reported to
offer some of these advantages by keeping the penta and formates
streams separate, thereby simplifying the separation process [32].
However, challenges remain, including catalyst regeneration and deac-
tivation caused by formic acid by-product deposition on the resin sur-
face. The greatest challenge today lies in achieving high penta selectivity
and catalyst stability, as there is a significant gap in the existing litera-
ture on penta synthesis processes.

(5) An interesting alternative is to explore the use of different re-
actants instead of aldehydes with different reaction mechanisms that
could avoid the byproduct formation, such as formates and penta-
derivatives. For example, sugar-based compounds could have the po-
tential to utilize the chemistry of sugars, using enzymatic or thermal
catalytic systems to rearrange the carbon chain and hydroxyl groups of
sugars to other polyols like penta. This is, however, a challenging
approach, although innovative, since there is no literature to our
knowledge in this area.

(6) Dipenta is in high demand and is currently produced commer-
cially as a by-product of penta. A potential way forward is to develop
processes that minimize by-product formation during penta production,
followed by selective derivatization of penta to obtain dipenta. Recently,
an efficient process has been patented for penta dimerization to produce
dipenta [81].
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