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Abstract—Renewable biomass-derived chemicals have received considerable interest as a potential substitute for
petroleum-derived chemicals. Hexamethylenediamine is a key intermediate in manufacturing nylon 66, a synthetic
polymer that is broadly used in society. This article reviews the catalytic production of hexamethylenediamine from
biomass-derived chemical feedstocks, and specifically the bio-based routes for obtaining hexamethylenediamine. While
methods to directly convert biomass to hexamethylenediamine have yet to be commercialized, the use of heteroge-
neous catalytic systems via combined processes appears to be a promising and emerging chemical pathway to achieve
this goal. Current proposed routes for the renewable production of hexamethylenediamine are not yet entirely competi-
tive with petrochemical production techniques, predominantly because of low efficiency and high cost. However, many
opportunities exist to advance technologies that exploit renewable and bio-based feedstocks to generate hexamethylene-
diamine. Thus, the commercialization of biomass-derived nylon monomers appears achievable in the near future.
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INTRODUCTION

While more than 90% of industrial organic chemicals originate
from crude oil [1], the forecasted depletion of fossil fuels and their
environmental impact (e.g., climate change) motivate the produc-
tion of chemicals from renewable sources, such as biomass. More-
over, growing concern over the environmental impact (e.g., emission
of greenhouse gases) of processing petrochemicals have made plas-
tic manufacturers strongly consider replacing fossil fuels with renew-
able feedstocks like biomass [2-11]. Thus, it is urgent for chemical
industries to establish efficient routes to convert biomass into organic
chemicals.

Nylon, a thermosoftening plastic, is used in a diverse array of
applications, such as in the manufacture of reinforced rubber, elec-
trical equipment parts, car parts, food packaging films, flooring, and
apparel [12-14]. Nylon 66 is a type of nylon that is rigid, has high
mechanical strength, and exhibits chemical and thermal robustness
[15] and, as such, is one of the most common synthetic polymers
used in the plastic and textile industries. The global market size of
nylon 66 was approximately 5.1 billon USD in 2017 and is pro-
jected to grow to 6.7 billion USD by 2026 [16].

Hexamethylenediamine is a monomer in the synthesis of nylon
66 [17,18] and, in industry, is synthesized by the hydrogenation of
adiponitrile. Various catalytic systems have been employed to hydro-
genate adiponitrile to hexamethylenediamine, including Ziegler-type
[19], Raney-type [20-22], amorphous alloy [23,24], supported nickel
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(Ni) [25-27], Ni-based bimetallic and trimetallic [28-33], and noble
metal-based catalysts [34].

Many studies have reported the use of biomass as a feedstock to
yield precursors and monomers for plastic materials [35-40]. While
producing hexamethylenediamine from biomass feedstocks is
possible [41], such processes have yet to be exploited on industrial
scales because they are not technically or economically feasible,
as compared to conventional petrochemical-derived synthetic
methods.

This review provides an overview of the production of hexam-
ethylenediamine from various biomass feedstocks. The article dis-
cusses a variety of processing techniques for converting different
bio-based substances into hexamethylenediamine, with a specific
technical focus on catalytic routes to determine which has the high-
est yield. All of the routes described are suggested based on pro-
cesses available in the literature. Also included is a discussion of the
current challenges and future opportunities for hexamethylenedi-
amine production. Heterogeneous catalytic processes are the exclu-
sive focus because processes that employ homogeneous catalysts
typically suffer from difficulties in recovering target chemicals from
final products [42,43].

PRODUCTION OF HEXAMETHYLENEDIAMINE
FROM BIOMASS-DERIVED ADIPONITRILE

Hydrogenation of adiponitrile is the most common synthetic
pathway employed to synthesize hexamethylenediamine. This exo-
thermic reaction is performed at high temperature in hydrogen at
high pressures [34]. Many patents and scientific papers demon-
strate that adiponitrile is hydrogenated to hexamethylenediamine
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by a 6-aminocapronitrile intermediate, as shown in Fig. 1. Accord- employed method to produce adiponitrile. Fig. 2 illustrates several
ing to kinetic data for the reaction, it follows the Langmuir-Hin- potentially effective routes that exploit heterogeneous catalysts to
shelwood mechanism [44,45]. Hydrogenation of adiponitrile that generate butadiene from different biomass-derived compounds, such
is made from biomass feedstocks must be first considered a renew- as ethanol, furfural, and 1,4-anhydroerythritol. As shown in Fig.

able route to hexamethylenediamine. 2(a), butadiene can be synthesized from ethanol. Ethanol derived
1. Production of Adiponitrile from Biomass Feedstocks from sugarcane or corn (i.e., bioethanol) is currently being pro-
1-1. Production of Adiponitrile from Biomass Feedstocks via Het- duced in large volumes as an additive in gasoline [46,47] and as a
erogeneous Catalysis feedstock of various chemicals [48-50]. The industrial production

Multi-stage hydrocyanation of butadiene is the most extensively of butadiene from ethanol exploits the Lebedev process [51-55],
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Fig. 1. Reaction pathway for the hydrogenation of adiponitrile to hexamethylenediamine. This figure was reprinted from Wang et al. [27]
and is licensed under CC BY 4.0.
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Fig. 2. Potential pathways and reaction conditions for the synthesis of butadiene from biomass-derived feedstocks. The yield indicated at
each step reflects the highest yield of each compound reported in the literature.
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which is a one-step reaction that occurs between 350 and 450 °C
in the presence of a metal oxide-based catalyst, such as MgO-SiO,,
SiO,-Ta,05, and metal catalysts supported on zeolite. Both dehydro-
genation and dehydration reactions occur simultaneously during
the Lebedev reaction. An important mechanism of the Lebedev reac-
tion is the conversion of ethanol and crotonaldehyde into butadi-
ene [56].

Fig. 2(b) depicts two possible routes to produce butadiene from
turtural at the highest reported yield. Furfural is derived from the
hemicellulose in lignocellulosic biomass, which is a potential feed-
stock for a variety of value-added chemicals [40], and is produced
from bagasse at 400,000-500,000 tons per year [37,57,58]. As shown
in Fig. 2(b), high-yield production of butadiene from furfural can
be achieved via two intermediates: succinic acid or furan. The route
that involves succinic acid includes the conversion of furfural to
succinic acid [59,60], which is then converted to 1,4-butanediol
[61-65]. Oxidation of furfural in the presence of hydrogen perox-
ide yielded 74% succinic acid in the presence of a solid acid cata-
lyst (e.g, Amberlyst-15) at 80 °C for 24 h [60]. Hydrogenation of
succinic acid over a bimetallic Pd-Re/TiO, catalyst (Pd: 2 wt%; Re:
3.4wt%) at 160 °C under 15 MPa H, for 48 h resulted in an 83%
conversion of succinic acid into 1,4-butanediol [62,64]. For the
route that involves furan, decarbonylation of furfural takes place to
produce furan. The use of Pd and Pt catalysts produced furan yields
of 90% [66-69]. For instance, a Pd/ZrO, catalyst led to a 98% yield
of furan from furfural when the reaction occurred at 140 °C under
atmospheric pressure for 12h in a batch reaction system [69]. A
K-doped Pd/ALO; catalyst (K: 8 wt%) converted 99.5% of furfural
into furan at 260 °C and a weight hourly space velocity (WHSV)
of 0.77h™" in a fixed bed reactor system [66]. The production of
1,4-butanediol from furan was possible with a bimetallic Ru-Re/C
catalyst (Ru: 1 wt%; Re: 5wt%) at 160 °C under 3 MPa H,, resulting
in a 68% yield of 1,4-butanediol [70]. The 1,4-butanediol derived
from furfural via succinic acid or furan intermediates must be fur-
ther dehydrated to obtain butadiene [71-73]. Wang et al. recently
reported a 96.6% vield of butadiene by using a rare earth oxide cata-
lyst such as ytterbium(III) oxide (Yb,0,) at 360 °C and a WHSV
of 0.44h™" [72]. The compound 3-buten-1-ol was found to be an
intermediate of butadiene in the dehydration of 1,4-butanediol by
the Yb,0; catalyst. In this catalytic system, Yb™" serves as acid sites,
and oxygen anion serves as basic sites. For the dehydration of 14-
butanediol over the Yb,0; catalyst, the formation of 3-buten-1-ol
proceeds via acid-base concerted mechanism [74]. The Yb,O; cat-
alyst also hindered side reactions such as the decomposition of 3-
buten-1-ol to propylene.

Fig. 2(c) depicts a synthetic route to produce butadiene from
erythritol via 1,3-butanediol. Erythritol is a common biomass-derived
compound manufactured on an industrial scale (60,000 tons per
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year) [75]. 1,4-Anhydroerythritol is readily made by the dehydra-
tion of erythritol by catalysts with Brensted acid sites, such as ion-
exchange resins [76]. A 70-75% vield of 1,4-anhydroerythritol was
achieved in a batch reactor, [76] which could be increased to >90%
by using a reactive distillation system that exploits the different boil-
ing points of erythritol and 1,4-anhydroerythritol [75]. Hydroge-
nolysis of 1,4-anhydroerythritol by a Pt-WO,/SiO, catalyst (Pt:
4 wt%; W: 0.94 wt%) produced 1,3-butanediol; a 54% yield of 1,3-
butanediol was achieved at 140 °C under 8 MPa H, for 80 h [77].
The carbenium ion with the assistance of Brensted acid sites is not
involved in C-O bond dissociation in 1,3-butanediol. As a final
step, the 14-anhydroerythritol-derived 1,3-butanediol is converted
into butadiene by a direct dehydration reaction on a zeolite cata-
lyst (HZSM-5 with a SiO,/ALO; ratio of 260) [78], which yields
up to 60% vyield of butadiene at 300 °C under atmospheric pres-
sure with a WHSV of 14h™" for an 8-h time-on-stream. However,
the zeolite catalyst deactivates after a 102-h time-on-stream due to
coke formation (confirmed by 36% loss of surface area), decreas-
ing the yield of butadiene [78].

Besides ethanol, furfural, and 1,4-anhydroerythritol, adipic acid
can also be used as a feedstock for adiponitrile. For example, ammo-
nization of adipic acid in the gaseous phase at 300 to 350 °C [79]
or in the liquid phase at 200 to 300 °C [80] produces adiponitrile.
However, the use of adipic acid as an adiponitrile feedstock [39] is
not covered in this review. Adipic acid-based processes were for-
merly the predominant technology for adiponitrile production but
are no longer employed by major manufacturers of nylon 66 for
economic reasons [81].

1-2. Production of Adiponitrile from Biomass Feedstocks via Elec-
trochemical Process

Electrochemical synthesis of organic chemicals is regarded as
more environmentally friendly than conventional chemical syn-
thesis methods by enabling chemical manufacturing processes to
use renewable electricity (e.g., photovoltaics and wind power), thus
vastly reducing greenhouse gas emission [82]. Dai et al. developed
an electrochemical process to synthesize adiponitrile from glu-
tamic acid via glutamic acid 5-methyl ester that utilized electrodes
made of noble metals such as Pt [83]. Importantly, glutamic acid is
designated as a top value-added chemical from biomass by US.
Department of Energy [84]. Glutamic acid 5-methyl ester can be
synthesized at high (>90%) yield by a precipitation method under
mild conditions [85]. Electrochemical processing techniques involve
an electro-oxidative decarboxylation of glutamic acid 5-methyl ester
to 3-cyanopropanoic acid methyl ester. The use of Pt anode and
cathode produced an 86% yield in an electrochemical operating at
0°C with a current density of 80 mA cm ™ (cell voltage of 5-10 V)
in the presence of sodium bromide, methanol, and water. The sec-
ond step of electrochemical processing is the Kolbe coupling of 3-
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Fig. 3. Synthetic pathways and reaction conditions for the electrochemical synthesis of adiponitrile from glutamic acid. The yield indicated at
each step reflects the highest yield of each compound reported in the literature.
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Table 1. Heterogeneous catalytic systems that achieve >90% yield of hexamethylenediamine by hydrogenation of adiponitrile. All conditions

and results were obtained from the literature

L Hexamethyl-
Entry Catalyst Adiponitrile Reaction conditions enediamine Ref.
phase .
yield (%)
T=100°C; P;,=3 MPa; t=2 h; 0.97-3.9 mol/L Alini
1 Raney® Ni 2400 Liquid adiponitrile; NaOH; ethanol/catalyst 100 o [34]
weight ratio=22.5 '
T=90°C; P;,=3 MPa; t=4.5 h; 0.97-3.9 mol/L Alini et
2 Rh/ALO; (1 wt% Rh) Liquid adiponitrile; NaOH; ethanol/catalyst 2 o, [34]
weight ratio=9 '
T=75°C; Py,=3.4 MPa; t=24 h; adiponitrile/ Sengupta
3 Raney® Co 2724 Liquid catalyst ratio=37.2; water/hexamethylenediamine/ 994 tal. [90]
NaOH weight ratio=1/15/0.1 e
4 Ni/MgO (NiO/MgO weight ratio= Gas T=90 °C; P;1,=0.1 MPa; space velocity=21,486h"; % Serra et
4 before reduction) H,/adiponitrile ratio=6738 al. [94]
5 Ni-B/SiO,-MgO (Ni: 25.2 wt%; Gas T=250°C; P;,=0.1 MPa; space velocity=1,700h"; 9% Lietal
Si/Mg atomic ratio=7) H,/adiponitrile molar ratio=37 [24]
6 Surface Pd-rich PdAg nanowires Liquid T=50 °C; adiponitrile/ethanol/formic acid volumetric 08 Liu et al.
(Pd/Ag=1) ratio=1/0.76/0.7 [93]

cyanopropanoic acid methyl ester to produce adiponitrile. Electro-
chemical cells operating at 60 °C and a current density of 180 mA
cm™ (cell voltage of 7-15 V) converted 71% of 3-cyanopropanoic
acid methyl ester fed into adiponitrile when potassium hydroxide,
methanol, and acetone were used as an electrolyte. The electro-
chemical synthesis method of adiponitrile from glutamic acid, de-
scribed in Fig. 3, produced an overall yield of 58%.

2. Hydrogenation of Adiponitrile to Hexamethylenediamine

As seen in Fig. 1, sequential hydrogenation of 6-aminocaproni-
trile forms a highly reactive imine intermediate that can undergo
intermolecular condensation with primary amines (ie., 6-amino-
capronitrile and hexamethylenediamine) and intramolecular cycliza-
tion that leads to the formation of byproducts such as hexamethyl-
eneimine (Fig. 1) [27]. Hexamethyleneimine, a secondary amine,
is formed via nucleophilic addition of the primary amine on one
side of adiponitrile chain to aldimino carbon atom on the other
side adsorbed by Ni active sites [86]. Unwanted side reactions that
form byproducts compete with the hydrogenation reaction that
generates hexamethylenediamine. Therefore, byproduct formation
must be suppressed to enhance the catalytic performance of adi-
ponitrile hydrogenation.

There are several examples of efforts to hinder the byproduct for-
mation during the hydrogenation of adiponitrile to produce hexam-
ethylenediamine. Ammonia was previously employed to inhibit
undesired side reactions that produce secondary and tertiary amines,
[87,88], but ammonia is corrosive and a health hazard. Thus, alter-
native processing techniques that do not require ammonia at lower
temperature and pressure are desirable, one example being the use
of a Raney Ni catalyst with adiponitrile in a hexamethylenediamine
solvent [89]. The addition of water to the adiponitrile hydrogena-
tion reagents controls byproduct formation [90]. Solutions of alkali
metal hydroxides (e.g., sodium hydroxide (NaOH) and potassium
hydroxide (KOH)) have also been used to impede side reactions
that produce undesirable secondary and tertiary amines. Recently,
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ionic liquids were used to increase the hexamethylenediamine yield
by suppressing byproduct formation. Liu and co-workers employed
1-butyl-3-methylimidazolium hydroxide, a basic ionic liquid, in
the hydrogenation of adiponitrile on a Ni catalyst supported on
multi-walled carbon nanotubes (MWCNTS), resulting in a 93.2%
yield of 6-aminohexanenitrile and hexamethylenediamine [91].

A broad variety of heterogeneous catalysts have been investi-
gated for the conversion adiponitrile hydrogenation to hexamethy-
lenediamine. Over 90% and even near-complete conversion of
adiponitrile into hexamethylenediamine have been achieved with
different heterogeneous catalytic systems such as Raney Ni, Raney
Co, Rh/ALO;, and metal oxides-supported Ni catalysts, as sum-
marized in Table 1. Hydrogenation of adiponitrile with >90% yield
of hexamethylenediamine resulted while using gaseous hydrogen
(H,) with liquid-phase adiponitrile (entries 1, 2, and 3 in Table 1)
or gas-phase adiponitrile (entries 4 and 5 in Table 1) as the feed-
stock. Liquid-phase processes require high H, pressures of near
3 MPa. The addition of certain solvents (e.g., water, ethanol, and
hexamethylenediamine) and inorganic species (e.g, NaOH) de-
creased side reaction products, such as secondary and tertiary
amines and condensation products. Gas-phase processes could be
operated under atmospheric pressures, which is an advantage over
liquid-phase processes with respect to process safety. However, gas-
phase processes require additional steps to vaporize adiponitrile and
condense hexamethylenediamine.

The requirement of molecular H, as a hydrogen donor is disad-
vantageous for hydrogenation processes because H, is commonly
derived by non-renewable processes, including the steam reform-
ing of coal. Moreover, the use of gaseous H, poses problems with
respect to transportation, process economy; and safety [92]. To over-
come these challenges, Liu et al. used formic acid as a hydrogen
donor to reduce adiponitrile to hexamethylenediamine (ie., cata-
Iytic transfer hydrogenation of adiponitrile) in ethanol using PdAg
nanowires with Pd-enriched surfaces as a catalyst, which were pre-
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cated at each step reflects the highest yield of each compound reported in the literature.

pared by seed-mediated growth in polyol solution [93]. This cata-
lytic system produced a high 98% yield of hexamethylenediamine
(entry 6 in Table 1). The high activity of the PdAg nanowire cata-
lyst was ascribed to the Pd-rich surfaces, which enabled more effi-
cient electron transfer from Ag to Pd. This study by Liu et al. marks
the first investigation into hexamethylenediamine production via
catalytic transfer hydrogenation.

PRODUCTION OF HEXAMETHYLENEDIAMINE
FROM 5-HYDROXYMETHYLFURFURAL

Besides the hydrogenation of adiponitrile, hexamethylenediamine
can also be produced by other synthetic pathways that use biomass-
derived compounds such as 5-hydroxymethylfurfural, as depicted
in Fig. 4. 5-Hydroxymethylfurfural is a well-known biomass-derived
and versatile chemical [95] that is synthesized from glucose via a
two-step process: the isomerization of glucose to fructose and then
the dehydration of fructose to 5-hydroxymethylfurfural [96-98].
As shown in Fig. 4, 2,5-tetrahydrofuran-dimethanol is a hydroge-
nation product of 5-hydroxymethylfurfural, which can be obtained
at a 99% yield by using a Raney Ni catalyst at 100 °C under 9 MPa
H, for 14h [99]. The 2,5-tetrahydrofuran-dimethanol is further
hydrogenated to 1,6-hexanediol by a catalytic system comprised of
a bimetallic Rh-Re/SiO, catalyst (Rh/Re weight ratio of 1.08) and
Nafion® SAC-13 (Rh-Re/SiO,/Nafion® SAC-13 weight ratio of
=1.67) [99]. This mixed catalyst system produced an 86% yield of
1,6-hexanediol from 2,5-tetrahydrofuran-dimethanol when oper-
ated in water at 120 °C under 1 MPa H, with a 20 h reaction time.
Subsequent amination of the 1,6-hexanediol led to hexamethylene-
diamine. This synthetic route is regarded as the most effective for
making hexamethylenediamine from biomass feedstocks, such as
carbohydrate-containing materials [100]. The amination step should
be carried out over Raney Ni catalyst in dioxane and liquid ammo-
nia (dioxane/ammonia/1,6-hexanediol=46/500/174) at 200 °C under
13.8 MPa for 6h, which produces a 39.9% yield of hexamethy-
lenediamine [101,102]. The overall hexamethylenediamine yield
obtained from 5-hydroxymethylfurfural by this route (presented
in Fig. 4) was 33.1%.

Dros et al. compared the economic and environmental aspects
of the production of hexamethylenediamine from petroleum-derived
butadiene and high-fructose corn syrup (ie., 42 wt% fructose on
dry basis) by 5-hydroxymethylfurfural [103]. The overall manu-
facturing cost using a petroleum-derived butadiene feedstock was
estimated to be 1.84 € per kg versus 2 € per kg with a corn syrup
feedstock. Biomass-derived hexamethylenediamine would be less
expensive than the petroleum-derived product only if the petro-
leum-derived butadiene price rises above 1.8 € per kg or the price
of high-fructose corn syrup price is below 0.3 € per kg [103]. A life

cycle assessment revealed that the biomass-based synthesis route
for hexamethylenediamine serves as a carbon sink and thus is more
advantageous than the petroleum-based synthetic route with respect
to climate change. But the same analysis showed that the bio-based
synthesis route also can have a higher environmental impact on
terrestrial, marine, and freshwater eutrophication [103].

CONCLUSIONS AND PROSPECTS

This review illustrates the potential for employing biomass-derived
chemicals to generate monomeric precursors, ie., hexamethylene-
diamine, for nylon 66. Recent research efforts across several groups
have made considerable progress in developing versatile and eco-
nomic platforms to synthesize useful chemicals from renewable
resources like biomass. Renewable biomass-derived chemicals can
be employed as starting materials for syntheses that yield hexam-
ethylenediamine. Novel and alternative renewable routes with the
potential to replace conventional petrochemical synthesis processes
to generate hexamethylenediamine were discussed in Sections 2, 3,
and 4. Such alternative routes that employ biomass-derived chemi-
cals have not yet become competitive with traditional petrochemi-
cal-based routes, principally due to the high prices of intermediate
chemicals necessary for biomass-based processed chemicals. This
price differential impedes the transition from the current petro-
leum-based production of hexamethylenediamine.

Processing renewable feedstocks such as biomass can generate
residues and byproducts, such as solid leftover, lignin, and spent
enzymes. Thaore et al. [104] suggested that such byproducts can be
employed as fuels to supply energy to electricity generation. Appli-
cations of the residues and byproducts must be more widely inves-
tigated for commercialization of the production of nylon monomers
from renewable resources.

A survey of the literature revealed that many reactions necessary
for biomass-based production of hexamethylenediamine require
the addition of organic compounds (alcohols, acetone, dioxane,
ionic liquids, etc.) and/or inorganic compounds (potassium hydrox-
ide, sodium hydroxide, sodium bromide, etc.) to achieve high yields.
Such additives are not preferable from an economic standpoint, as
they necessitate costly downstream separation. Thus, a key objec-
tive is to develop processes to synthesize hexamethylenediamine
from biomass-derived compounds without the need for organic
solvents and inorganic species. Optimization of reaction parame-
ters also offers separate opportunities to improve the biomass-based
catalytic routes suggested in this review.

A diverse array of heterogeneous catalysts (e.g, Raney metal,
supported metals of both mono- and bimetallic varieties, and solid
acid catalysts) are used for hexamethylenediamine production. The
studies reviewed here mainly focus on catalytic performance met-

Korean J. Chem. Eng.(Vol. 38, No. 6)
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rics, including the conversion of feedstock, selectivity, and yield.
Catalytic performance is certainly important, but other performance
metrics such as catalyst reusability and stability are also critical fac-
tors in the commercialization of catalytic processes [105]. Yet, these
performance metrics, including catalyst deactivation [78], reusability,
and stability; are rarely interrogated for catalytic reactions in biomass-
based synthetic routes that produce hexamethylenediamine. Hence,
we recommend that the durability and reusability of candidate het-
erogeneous catalysts be routinely investigated, for example, by col-
lecting time-on-stream reaction data over extended duration to
comprehensively evaluate and facilitate the economic feasibility of
the catalytic production of biomass-based hexamethylenediamine.

The use of molecular H, for hydrogenation of adiponitrile to
hexamethylenediamine has issues in terms of sustainability, pro-
cess economy, and safety. Although catalytic transfer hydrogena-
tion of adiponitrile is possible, further studies on catalytic transfer
reactions for the hexamethylenediamine production may provide
opportunity to overcome or circumvent these issues [106]. The elec-
trochemical conversion of adiponitrile into hexamethylenediamine
serves as a promising alternative method that avoids the require-
ment of molecular H, [107].

While the catalytic production hexamethylenediamine from bio-
mass-derived intermediates has high potential to replace conven-
tional petrochemical-based pathways, commercialization has yet
to be guaranteed. As scale-up from the bench to a pilot plant pres-
ents difficulties because of uncertainty in reproducing reaction per-
formance, large-scale process simulation studies should be conducted
to elucidate the practicality of renewable hexamethylenediamine
synthesis routes.

Societal needs and government legislation are poised to shift the
paradigm from petrochemical-based processes to bio-based pro-
cesses. Nonetheless, this change will be realized when the bio-based
processes gain financial advantages in capital, operation, and main-
tenance costs. Raw biomass collection, catalytic process efficiency,
and feedstock processing costs will dictate which synthetic routes
will be developed and implemented by polymer manufacturers.
Alternative catalytic routes described in this review are currently
not competitive with conventional petrochemical routes, yet most
of these processes have yet to be fully explored, developed, and
optimized.
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