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Methionine (Met) and its hydroxy analogue (MHA) are important components of a multimillion tonne
scale commodity market of supplements used in human and livestock nutrition. Currently the industrial
chemical synthesis of Met and MHA depends on petroleum-derived feedstock, such as propene.
Additionally, the conventional synthetic methods involve dealing with highly toxic compounds, such as
acrolein or cyanide. Substituting the conventional processes with new ones dependent on bio-based
feedstocks, and involving safer chemistries, will be of great importance to reach a sustainable future. This
review discusses the current chemical processes to synthesize Met and MHA and critically assesses
different approaches aiming to improve the sustainability of its key feedstock, namely acrolein, or the
overall synthesis. The strengths, weaknesses, future opportunities and threats for each synthetic approach
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1. Introduction

Creating a sustainable world is currently one of the most press-
ing challenges for humanity. Substituting processes dependent
on petroleum for new ones dependent on renewable bio-based
resources is a key step to achieving a more sustainable future,
provided that the new processes prioritize atom economy and
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minimize overall greenhouse gas emissions. Great attention
has been paid to the achievements leading said substitution
for a variety of chemical species used to produce, or used
directly as, polymers,"™ fuels,”® and surfactants,”'® among
others.''™*°

Perhaps less visible are the efforts to create sustainable
chemical processes for the synthesis of amino acids,'® and par-
ticularly methionine and its hydroxy analogues. These com-
pounds constitute a commodity market with a scale of MT
(megatonnes) per year that are chemically produced using
non-renewable feedstock such as propene.'”'

In this review, we will focus on the renewable chemical syn-
thesis of p,.-methionine (p,.-Met) and methionine hydroxy
analogues (MHAs). First, we will provide a broad context that
will allow the identification of the importance of these com-
pounds en route to a sustainable future for humanity. For this
purpose we will assess the importance of these compounds in
the production of animal protein for human consumption,
along with a description of the physical and chemical pro-
perties of p,.-Met and MHAs and their biological roles. Then
we will briefly review the industrial chemical production of
Met and MHAs (as depicted in Scheme 1) in order to identify
the sustainability challenges of these processes. In a following
section we will critically review the state of the art of
approaches with potential to improve, directly or indirectly,
the sustainability of the chemical synthesis of p,.-Met and
MHAs. It is worth noting that for the purpose of this manu-
script, the potential improvements in sustainability are mainly
attributed, but not limited, to improvements in the renewabil-
ity of the synthesis of the C4 backbone of Met and MHAs. The
sustainability aspects of the synthesis of methanethiol (MeSH)
fall outside the scope of this review. Specifically, this section
will focus on discussing the advances in the chemical conver-
sion of glycerol to acrolein, methanol and ethanol to acrolein,
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and the conversion of bio-based molecules and carbohydrates
to MHAs. The potential and drawbacks of these approaches for
replacing the current non-renewable routes will be discussed.
In the following section we will present several sustainability
metrics of the most relevant industrial and renewable pro-
cesses for the synthesis of p,.-Met and p,.-HMTBA. This sus-
tainability section will also present a qualitative assessment of
different reaction parameters, reactants’ safety and risk of
depletion of elements present in the catalysts used in each
process. Apart from helping us to rank the processes according
to their sustainability, the assessment will allow us to identify
reaction parameters or process conditions that could be
changed to further improve the greenness of the processes.
Furthermore, this review will expose some outlooks and topics
that could be ripe for further investigation to improve the
feasibility of the sustainable approaches in the years to come.

2. The importance of methionine and
its hydroxy analogues in the context of
a sustainable future

2.1. Feeding the world by 2050 and beyond

The world’s population has been increasing for almost a
century and, although its rate of growth is decelerating, it is
projected to keep growing from 7.7 billion in 2019 to close to
10 billion by 2075."° This increase in population poses mount-
ing challenges to governments and societies to guarantee food
security for the whole human race. Comparing the consump-
tion per capita of major food commodities, it turns out that
developing and developed nations currently consume compar-
able amounts of carbohydrates and vegetable fats, while the
consumption of animal-based protein such as meat and milk
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Scheme 1 Chemical routes for the synthesis of p,L.-Met and MHAs.

is remarkably lower in developing countries, see Fig. 1. It has
been identified that developing nations that increase their
wealth per capita also tend change their diets towards higher
consumption of animal-based protein, reducing food insecur-
ity and resembling the developed countries. This trend is
expected to persist among developing countries at least up to
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2080, driven primarily by the projected reduction of poverty in
said nations during the years to come.’® In this regard,
Vranken et al. have identified that meat consumption per
capita stagnates or even decreases when nations have gross
domestic products (GDP) per capita around and above
35000-53 000 dollars (based on purchasing power parity (PPP)
at constant 2005 international dollars).>! Although these
results suggest that global consumption of meat, and possibly
other animal-based proteins such as milk and dairy, could
eventually decrease as poverty is reduced worldwide in the next
decades, the high GDP per capita required for observing this
effect, at around 44 000 dollars (PPP at constant 2005 inter-
national dollars), suggests that a sizable reduction in meat
consumption of global scale could be far away from happen-
ing. This conclusion becomes clearer when observing that the
GDP of most nations is well below this figure and the global
GDP per capita sits currently at 16 997 dollars (PPP at constant
2017 international dollars).>>

The complete substitution of animal-based protein for
plant-based protein does not seem the most sustainable solu-
tion. Models attempting to increase land productivity and
reduce waste indicate that the most efficient use of land

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Consumption per capita of major food commodities. Adapted from ref. 20 with permission from the Food and Agriculture Organization of

the United Nations, copyright 2012.

requires 12% of dietary protein to be obtained from animal
sources, especially for populations of 40 million or more.
Under these conditions, livestock located on land unsuitable
for staple food crops can optimally consume by-products from
crops located elsewhere and provide protein without compet-
ing for land with crops.”>** Additionally, the future of the use
of land to produce plant-based protein seems to be compli-
cated by the decline in yield of staple food crops as a conse-
quence of climate change.>®° In a scenario where agriculture
will not expand to current forest areas and therefore will not
damage the environment by harming water quality, biodiver-
sity, wildlife habitats and carbon capture capacity,”” climate
change will produce an increase in land unsuitable for crops,
and a sustainable and efficient use of land would require that
a higher proportion of dietary protein is obtained from animal
sources.

On the other hand, Willett et al. have recently proposed a
universal healthy reference diet that aims to meet the United
Nations sustainable development goals (SDGs) while also redu-
cing health problems associated with inadequate nutrition
and eating behaviors.”® The 2500 kcal per day diet consists
mainly of vegetables, whole grains, dairy, fruits and legumes,
along with small amounts of meat (particularly very low
amounts of meat from cattle, sheep and pigs), starch-contain-
ing vegetables and added sugars. Under certain scenarios, the
healthy reference diet and some variants thereof allow the
reduction of the environmental effects of food production to
reach the SDGs set for 2050. The authors stress that achieving
the positive environmental effects of such healthy diet
depends on substantial improvements in food production
practices such as closing crop yield gaps to at least 75% and
improving water, nitrogen, phosphorus and feed efficiency,
among others. Interestingly, the results of these authors also
showed that under scenarios with best production practices,
the reference diets involving animal-based protein have better

This journal is © The Royal Society of Chemistry 2024

biodiversity preservation outcomes than the vegetarian and
vegan variants.

Therefore, providing sufficient and constant access to safe
and affordable animal-based protein is and will continue to be
one of the most pressing challenges to achieve a sustainable
future with adequate human nutrition worldwide. It turns out
that scientific and technological advances will be fundamental
to achieving this goal.

2.2. Optimizing livestock nutrition to improve the
sustainability of animal-based protein production

The law of the minimum introduced by Carl Sprengel in 1828
for plant nutrition, and later popularized by Justus von Liebig
for other agricultural systems, states that the growth of the
system is not determined by the total amount of nutrients
available but rather by the amount of the most deficient nutri-
ent.”® This concept was applied by several researchers, mainly
between 1900 and 1960, to establish the nutritional impor-
tance of alpha-amino acids (AAs) in mammals and distinguish
the essential AAs from the non-essential, as presented in
Table 1.%%%"

It is well established that lysine and methionine are typi-
cally the first, second or third limiting AAs in the natural feed-
stuffs used in livestock nutrition, ie. these are the essential
AAs found in the smallest amount in the feedstuff, which can
limit the growth and performance of farm animals.'”*%3¢
Supplementing natural feedstuffs with the corresponding lim-
iting AA creates balanced feeds that allow achievement of
optimal development and protein yields in livestock for
human consumption®”*® while optimizing feed and water con-
sumption and  minimizing  livestock  waste."”?%*!
Consequently, AA supplementation in livestock feedstuffs, par-
ticularly with methionine and lysine, is key to achieving both
the “zero hunger” and the “responsible consumption and pro-
duction” SDGs of the United Nations.*?

Green Chem., 2024, 26, 4242-4269 | 4245
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Table 1 Nutritionally essential (+), conditionally essential (+) and non-essential (-) alpha-amino acids for different animal species. Adapted from ref.

17 with information from ref. 32-34

Amino acid Human (adult) Chicken Hen Salmon Swine Cattle Shrimp
Histidine + + + + + + +
Isoleucine + + + + + + +
Leucine + + + + + + +
Lysine + + + + + + +
Methionine + + + + + + +
Phenylalanine + + + + + + +
Threonine + + + + + + +
Tryptophan + + + + + + +
Valine + + + + + + +
Arginine + + + + + + +
Alanine . .

Asparagine

Aspartic acid

Cysteine

Glutamic acid

Glutamine

Glycine . +

Proline

Serine

Tyrosine

Selenocysteine

Nutritionally essential alpha-amino acids are those that cannot be synthesized through the metabolic pathways of the organism at a sufficient
rate to supply the demand of other metabolic functions. Conversely, non-essential amino acids can be synthesized by the organism.

2.3. Methionine: properties and biological roles

2-Amino-4-(methylthio)-butyric acid, commonly known as
methionine (Met), is one of the two sulphur-containing protei-
nogenic alpha AAs. It has a four-carbon backbone and a sul-
phide functional group, besides the carboxylic acid and amino
functional groups present in all AAs. It is classified as a nonpo-
lar aliphatic AA. The carbon bearing its amino functional
group is chiral, so Met can exist as L- and D-isomers, as shown
in Fig. 2.

Table 2 presents some of their physicochemical properties,
along with those of the racemic mixture p,.-Met. Although

(0] (0]
S~ oH ~Ss~Hon

NH, NH,
L-Methionine D-Methionine

Fig. 2 L- and D-enantiomers of methionine.

Table 2 Physicochemical properties of the L- and D-enantiomers of
methionine and their racemic mixture p,L.-Met in solid state. Data from
ref. 17 and 44-46

1-Meth p-Meth p,.-Meth
m.p. (K) 557 (dec.) 546 (dec.) 553 (dec.)
Swater, 293 K (g Lwater_l) 56 n.a. 33.5
pKy, pK, (at 298 K) 2.28,9.21 2.28,9.21 2.28,9.21
pI 5.74 5.74 5.74
[al¥ (¢ =4,3 M HCl) +24° —24° .
A¢Hp,, (K] mol_ll) —577.5 n.a. n.a.
AgupHC (K] mol™) 147.9 n.a. 148.7

dec: decomposes.

4246 | Green Chem., 2024, 26, 4242-4269

enantiomers are expected to have identical physical properties
in liquid and gas phase, and therefore r-Met, p-Met and b,L-
Met are expected to have identical properties in said phases,
differences in properties such as melting point, solubility in
water and change of enthalpy of sublimation observed for the
solid compounds are considered to arise from differences in
the crystalline structure of the homochiral crystals 1-Met and
p-Met, as well as of the heterochiral crystal ,.-Met.*?

As for all other alpha AAs, only the L-enantiomer of Met is
found in proteins. The D-enantiomers are found only in other
components and metabolic products of lower organisms such
as bacteria, fungi, insects and certain plants.”’*° However,
p-Met is the only D-enantiomer of an alpha AA that can be
used by animals and humans as a nutritional AA, given the
metabolic ability to p-Met into 1-Met via
3031 The D-enantiomers of all other alpha AAs
are typically catabolized by p-amino acid oxidase and
p-aspartate oxidase.*®

Methionine is an essential AA for animals and humans, ie.
their metabolic pathways cannot synthesize it and it needs to
be ingested via the diet to maintain the biological functions of
the organism. Plants and microorganisms such as bacteria can
synthesize methionine from aspartate and a sulphur source,
typically cysteine, which is synthesized using inorganic sulfate
(SO,>) in plants as well as hydrogen sulfide (H,S) or metha-
nethiol (CH;SH) in bacteria.>>™>*

For the biosynthesis of proteins in the ribosome, -Met is
encoded in mRNA by the AUG codon, which is also the most
common initiator codon. Apart from its presence in proteins,
t-methionine plays some indirect roles in animal and
plants.”>”° 1-Met makes part of S-adenosyl-methionine (SAM),
a cofactor with different biological functions. In bacteria, SAM

convert
transamination.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc03826b

Open Access Article. Published on 21 febbraio 2024. Downloaded on 03/05/2025 06:58:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

is involved in terminating mRNA transcription via the SAM
riboswitch.”” In eukaryotic cells, SAM works as a methyl group
donor to different compounds such as nucleic acids, proteins,
lipids and metabolites.’® In plants, SAM is involved in the bio-
synthesis of ethylene.’® As L-Met is involved in the biosynthesis
of cysteine,*® L-Met indirectly participates in the synthesis of
glutathione which plays a key role in the control of oxidative
stress.”® Likewise, 1-Met is also indirectly involved in the syn-
thesis of taurine which plays many different roles in biological
functions such as osmoregulation, cardiovascular function
and the formation and maintenance of muscle, among
others.>

On the other hand, 2-hydroxy-4-(methylthio)butanoic acid
(HMTBA), one of the methionine hydroxy analogues (MHAs)
presented in Fig. 3, is of nutritional importance since it can be
converted to L-Met by animals.

Dibner and Knight used chick liver homogenates to estab-
lish how the D- and L-enantiomers of HMTBA are converted to
1-Met.®® They found that both enantiomers are first converted
to 2-keto-4-(methylthio)butanoic acid (a-keto methionine) by
enzymes that are enantiospecific. The conversion of .-HMTBA
was catalyzed by r-a-hydroxy acid oxidase (1-HAOX, EC
1.1.3.15), an enzyme found in the peroxisomes, a organelle
that in vertebrates is more abundant in liver and kidney cells.
The conversion of p-HMTBA was catalyzed by p-2-hydroxy acid
dehydrogenase (p-HADH, EC 1.1.99.6), an enzyme found in
almost all cell tissues. The a-keto methionine intermediate is
later converted to L-Met by transaminases in the presence of a
sacrificial AA. The process is depicted in Scheme 2. Although
the data of conversion of HMTBA into r-Met in ruminants vary
greatly, it is well established that the conversion occurs in a
large variety of tissues.®"%?

Given its role as essential AA for different animal species,
its low availability in natural livestock feedstuffs and its invol-
vement in the sustainable production of animal protein for
human nutrition, methionine (and HMTBA) is a compound of
global relevance for a sustainable future. As will be discussed
later, the conventional chemical synthesis of these molecules,
on the other hand, is an industry of a scale of millions of
tonnes per year that relies on non-renewable feedstocks and
hazardous reagents. Consequently, achieving a sustainable
future will require finding more renewable ways of synthesiz-
ing methionine and HMTBA or other MHAs such as MMTHB
and MMTHBT (Fig. 3) that can be easily transformed to
HMTBA through hydrolysis.

o}
/SNI‘Q'

OH
D,L-MMTHBT

(0] o}
/SNLOH /S\/\)I
OH OH

D,L-HMTBA D,L-MMTHB

Fig. 3 Relevant methionine hydroxy analogues: 2-hydroxy-4-(methyl-
thio)butanoic acid (p,.-HMTBA), methyl 2-hydroxy-4-(methylthio)
butanoate (p,.-MMTHB) and S-methyl-2-hydroxy-4-(methylthio)buta-
nethioate (p,.-MMTHBT).

This journal is © The Royal Society of Chemistry 2024
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D-Met L-HMTBA
Peroxisomes
D-AAOX (Liver, kidney) L-HAOX Catalase
H202/ l
H,0+ %O
NH, + H,0, o O 20T 725
~S<~on
(0]
a-keto-methionine N,
Mitochondria Trans-
BBk (most tissues) aminase
D-HMTBA L-Methionine

Scheme 2 Conversion of p- and L.-HMTBA and p-Met to L-Met in ver-
tebrates. p-AAOX is b-amino acid oxidase. Based on ref. 50 and 60.

3. Industrial production of
methionine and HMTBA

The production of methionine was recently reviewed by Willke
in an excellent work that focuses on biological and biotechno-
logical approaches for production of .-Met.'® The critical exam-
ination of the results published so far for the production of
L-Met by fermentation of carbohydrates using wild and geneti-
cally modified organisms led the author to conclude that
many of the best results reported are rather questionable.
Several of the methods used for methionine quantification in
the studies are known to give overestimations of methionine,
which in many cases produced yields of methionine that are
not possible according to mass balances in the reaction
medium. Considering only the studies with reliable quantifi-
cation methods, the author concluded that the highest yields
of methionine of 26 mol% (concentration of 16 g L™") and
19 mol% (concentration of 30 g L™') have been obtained with
genetically modified organisms, C. glutamicum by Moeckel
et al.®® and E. coli by Discher et al.,** respectively. The highest
concentration of methionine of 35 g L™" (yield of 16 mol%),
obtained in a 60-hour process, has been achieved with a
genetically modified C. glutamicum by Figge et al.®®

On the other hand, Willke also discussed in detail the
advances of CJ CheilJedang in the production of 1-Met through
combined systems incorporating biotechnological and chemi-
cal steps. Its most important system comprises the fermenta-
tion of sugars to acetyl-homoserine through genetically modi-
fied organisms, followed by the enzymatic conversion of the
homoserine to 1-Met in the presence of MeSH.®®*"® This tech-
nological platform has been used to build a plant for pro-
duction of bio-methionine with a 80000 tonne capacity in
Malaysia. Willke asserted that while this approach may not
provide economic advantages over the chemical synthesis of

Green Chem., 2024, 26, 4242-4269 | 4247
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methionine, it could enhance the sustainability of its
production.
However, the production of methionine through

approaches using biological and biotechnological methods
account for a very small fraction of the methionine produced
every year. In 2018, close to 1.7 million tonnes of all forms of
methionine, namely the enantiomerically pure i-Met, the
racemic mixture of p- and 1-Met (p,.-Met) and HMTBA, were
produced worldwide,”® of which around 1.6 million tonnes
correspond to pr-Met and HMTBA produced by chemical
synthesis.'”'®”" Therefore, it is important to analyze and
evaluate the strengths and weakness of the chemical synthesis
of methionine and look for ways to overcome the latter.

Barger and Coyne reported one of the first chemical synth-
eses of methionine applying the Strecker reaction to 3-(methyl-
mercapto)propionaldehyde (MMP, methional or 3-(methylthio)
propanal). This and other methods provided yields below 6%,
discouraging their use.”” It was only after the industrial pro-
duction of acrolein, that was achieved by Degussa in 1942 by
aldol reaction of formaldehyde and acetaldehyde, that further
developments in the synthesis of methionine were made.
Pierson et al. summarized the improvements made in this
topic between 1938 and 1947 and proposed two improved
methodologies to convert methanethiol and acrolein to p,.-Met
through the hydantoin and the cyanohydrin pathways with
yields of 73.5 and 75%, respectively.”?

The chemical synthesis of methionine at industrial scale
started in Germany in 1948 at Degussa with a process for b,L-
methionine. A conventional process for production of p,.-Met
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starts by reacting acrolein with methanethiol (MeSH).
Different variations for this reaction with yields around 95%
are described by Hsu and Ruest.”* MMP is then subject to a
Bucherer-Bergs reaction to form 5-(2-(methylthio)ethyl)hydan-
toin. Different variations of this reaction with yields around
97% are described by Geiger et al”” Later the hydantoin is
hydrolyzed in basic conditions to produce a salt of p,.-Met,
which is finally converted to p,.-Met in acidic conditions. An
important improvement to these last steps of the synthesis
consist of minimizing the formation of salt by-products, e.g.
Na,SO, An efficient approach consists of performing the
hydantoin hydrolysis with K,COj; to later convert the salt of p,r-
Met into p,.-Met using the CO, by-product generated during
hydrolysis. The KHCO; is later converted to K,CO3z;, CO, and
water and recirculated to the system. This hydrolysis approach
produces p,i-Met in yields around 99%.”° The high efficiency
of the hydantoin hydrolysis is achieved by removal of the NH;
and CO, by-products via distillation with concomitant spar-
ging of the solution with an inert gas. The whole process, as
shown in Scheme 3, has a yield of p,.-Met of 90%, calculated
on acrolein.

Approaches for improving the safety of the process and
reducing the formation of salt by-products have been devel-
oped. For instance, Adisseo developed a process that first con-
verts acrolein to its cyanohydrin followed by reaction with
MeSH to produce 2-hydroxy-4-(methylthio)butanenitrile
(HMTBN), see Scheme 4. This variation avoids the formation
of MMP which is a volatile, highly toxic and unstable com-
pound. Instead, it forms the more stable cyanohydrin of acro-

Catalyst K,CO3, H,O
[Py:AcO]CI NH3, HCN, CO,, H,O (453 K, <20 min

o (314K, 5h) (323 -373K, <15 min) O, NH 8 bar) o
\J + CH3-SH —_— /SWO E— \S Nko _ /S\/\)LO- K*

-H,0 H -NHj3, - CO, NH,

- KHCO;3
Acrolein MMP 5-(2-(methylthio)ethyl

(2-(methylthio)ethyl) CO,, H,0 - KHCO,

hydantoin (288 K)

0
-S~Pon

NH,

D,L-Met

Scheme 3 A chemical route for the industrial synthesis of p,L.-Met. Based on ref. 74-76.

HCN MeSH
(333 -373 K, (333-373 K,
< 30 min, < 30 min,
pH=4-38) pH = 4-8)
< > OH
Acrolein Acrolein
cyanohydrin

NH3(aq.),
NH,HCO3 g
S oN (423 K, <2 h) o
~ \/\6H . /S\/\)LOH
- NH3, - CO, NH;
HMTBN D,L-Met

Scheme 4 A cyanohydrins pathway for the synthesis of p,L.-Met. Based on ref. 77.
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lein. HMTBN is finally converted to p,.-Met through hydrolysis
in the presence of an aqueous ammoniacal solution (NH; and
NH,HCO:3). This last step replaces the formation of salt by-pro-
ducts for gaseous NHj3 and CO,, that can later be used to
regenerate the ammoniacal solution. The conversion of
HMTBN into p,i.-Met is believed to proceed through the for-
mation of the 5-(2-(methylthio)ethyl)hydantoin; however, no
evidence of its formation is provided. The process yields 44%
of p,.-Met and 30% of by-products than can be converted to b,
-Met with further processing.””

The chemical synthesis of p,.-HMTBA at industrial scale
was developed by Monsanto in the United States in the 1950s.
In 1956 the company patented a process that has become the
industrial standard for the production of this MHA. This
process also starts by producing MMP from acrolein and
MeSH. MMP is then converted to its cyanohydrin (HMTBN) at
303-313 K in the presence of HCN and a catalytic amount of
pyridine. Afterwards the nitrile group in the cyanohydrin is
hydrolyzed to an amide group at the same low temperatures in
the presence of a sub-stoichiometric amount of H,SO,. Then
the amide is hydrolyzed to the corresponding carboxylic acid
to form p,.-HMTBA under reflux of a larger aqueous dilution
of the H,SO, initially added. The previous step produces
(NH,4),SO, as by-product. Addition of CaCO; removes the sul-
phate from the solution as CaSO, and the remaining
ammonium salt of p,.-HMTBA is converted to its calcium salt
with concomitant elimination of gaseous NH; in the presence
of an aqueous solution of Ca(OH), at 368 K. The process yields
95% of the calcium salt of p,.-HMTBA, calculated on MMP,
corresponding to a yield of 89% calculated on acrolein.”®

Several variations to the synthesis of HMTBA are summar-
ized by Hernandez and Moreno.”® These authors also devel-
oped, at the Sociedad de Desarrollo Técnico Industrial (now
part of Adisseo), a synthesis to convert MMP into a solution
with 80 wt% of monomeric HMTBA and 12 wt% of HMTBA oli-
gomers. In their process, HMTBN is synthesized by a pro-
cedure similar to that shown in Scheme 5. Then, after the
hydrolysis of HMTBN it uses NH,(OH) at a temperature below
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343 X to neutralize the H,SO,. This allows the separation of an
organic phase enriched in said monomeric p,.-HMTBA and an
aqueous phase enriched in (NH,4),SO,. The patent also pro-
vides the preparation of a liquid solution with 88 wt% of
monomeric p,.-HMTBA. Since HMTBA is the most abundant
MHA produced at industrial scale, rather than its calcium salt,
the sustainability assessment that will presented later for the
synthesis of HMTBA corresponds to this process developed by
Adisseo.

Although the efforts made so far to improve the sustainabil-
ity and safety of the chemical synthesis of p,.-Met and HMTBA
are significant, the processes still rely on feedstocks typically
obtained from non-renewable sources such as acrolein
(obtained from propene) and HCN (obtained from
methane).®>®! Furthermore, acrolein and HCN are also very
toxic compounds that, even though they can be generated on-
site, avoiding their transportation, represent a considerable
safety and hazard exposure risk for this industry.

Consequently, in the next section we will review the state of
the art of three different approaches with potential to improve
the sustainability and/or the safety of the chemical synthesis
of p,.-Met and MHAs, namely the synthesis of acrolein and
MHAs from bio-based molecules and the direct conversion of
carbohydrates to MHAs.

4. Approaches for improving the
renewability of the chemical synthesis
of p,.-Met and MHAs

4.1. Acrol