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SUMMARY
Cyclohexanone and cyclohexanol are critical monomeric precursors in the production of nylon 6 and nylon
66, which are conventionally sourced from petroleum. To reduce the reliance on fossil resources and
embrace green chemistry, there is a need to shift to more sustainable feedstocks such as lignin, an abundant
aromatic biopolymer. To convert lignin-derived monomers obtained by deconstruction of the polymer into
nylon precursors, a selective hydrodeoxygenation (SHDO) step, i.e., demethoxylation and dearomatization,
toward cyclohexanone and cyclohexanol needs to be carried out. However, catalytic processes required for
this transition, spanning catalyst activity, stability, and product selectivity, remain uncertain. This review
delves into recent strides with metal-based catalysts (e.g., ruthenium [Ru], nickel [Ni], and cobalt [Co]) on
diverse supports (e.g., metal oxides and carbon materials), exploring reaction conditions (solvent, tempera-
ture, and H2 pressure) and proposed mechanisms. It concludes by outlining catalyst challenges and future
perspectives for the SHDO reaction, paving the way for sustainable nylon precursor synthesis from lignin.
INTRODUCTION

Nylon 6 and 66, high-demand polymers, currently rely on fossil

resources to produce monomeric precursors such as cyclohex-

anone (CHN) and cyclohexanol (CHL) (Figure 1A). Conventional

methods involve oxidation of cyclohexane (route 1), hydration

of cyclohexene (route 2), and hydrogenation of phenol (route

3), where the precursors are predominantly sourced from petro-

leum, exacerbating climate change concerns.1 A viable, sustain-

able alternative is to derive these raw materials from lignin, the

largest natural source of aromatics.2,3 This enhances the circular

economy and reduces environmental impact through the bio-

refinery model.

Lignin, composed of guaiacyl (G), syringyl (S), and p-hydroxy-

phenyl (H) units, is increasingly available as a byproduct from the

pulp and paper and bioethanol industries. These units are linked

by various C–O–C and C–C bonds, such as b-O-4, a-O-4, and

b-5 linkages, which contribute to its complex and heterogeneous

structure.9 This diversity, along with the high bond energy of b-5,

makes selective depolymerization difficult, including low product

selectivity and high energy consumption. In addition, the func-

tional group complexity and occurrence of side reactions like re-
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polymerization complicate the refining process, leading to diffi-

culties in achieving controlled reactions.10 The current practice

of combusting the lignin only leads to the recovery of the heating

value.11 However, lignin depolymerization can be achieved via

several methods such as pyrolysis, hydrolysis, oxidation, cata-

lytic hydrogenolysis, and enzymatic depolymerization, which

produces lignin-derived monomers (LDMs), including phenols,

guaiacol, and syringol.12–14 While pyrolysis and oxidation are

effective, they often produce complex mixtures of products

and byproducts. Hydrolysis, while useful, requires harsh condi-

tions. Enzymatic depolymerization offers high specificity but suf-

fers from slow reaction rates and limited scalability. By contrast,

catalytic hydrogenolysis stands out for its milder reaction condi-

tions and higher monomer yields, producing fewer byproducts,

which simplifies subsequent refining to higher-value chemicals.

Selective hydrodeoxygenation (SHDO) of LDMs enables the se-

lective removal of oxygen-containing groups (e.g., hydroxyl

and methoxy) to produce sustainable high-value compounds

such as cyclohexanone and cyclohexanol.4 Among all LDMs,

guaiacol contains both hydroxyl and methoxy groups, making

it an excellent representative. Considering the SHDO of guaiacol

to cyclohexanol, multiple reactions are involved, including
arch 28, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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A B Figure 1. Current synthesis approaches

from fossil fuels and SHDO approach from

renewable lignin

(A) Current synthesis approaches of cyclohexa-

none and cyclohexanol from fossil fuels (route 1, 2,

and 3).1

(B) SHDO approach from renewable lignin

(route 4).4–8
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hydrogenation (aromatic ring) and hydrodeoxygenation (hydro-

demethoxylation and hydrodehydroxylation) (route 4 in Fig-

ure 1B). Contrary to the petroleum-based process involving

fewer steps, primarily hydrogenation and oxidation, this multi-

step pathway places greater emphasis on reaction selectivity

and catalyst stability.

Developing highly selective catalytic systems for the produc-

tion of cyclohexanol has become increasingly important, partic-

ularly in addressing key challenges such as the selective

retention of hydroxyl groups and preventing excessive deoxy-

genation, which can result in undesired byproducts like cyclo-

hexane. The specific reaction pathways of LDMs during the

SHDO reactions depend heavily on the type of metal catalyst,

the nature of the support, and the reaction conditions (solvent,

temperature, H2 pressure, and reaction time). Generally, oxy-

gen-containing groups are activated at the metal sites or the

metal-support interface, while hydrogen is adsorbed and acti-

vated at the metal sites. The type of catalyst is the primary factor

influencing the reaction pathways, typically involving heteroge-

neous catalysts, which are usually composed of transition

metals (e.g., ruthenium [Ru], Pd, and nickel [Ni]).15–20 Notably,

supports with tunable acidic or basic sites (e.g., SiO2 and

Al2O3
21,22) or oxygen affinity (e.g., ZrO2, CeO2, and TiO2

23–26)

are also crucial. However, catalysts with high oxophilicity or hy-

drogenation capabilities lead to the formation of byproducts

such as cyclohexane or 2-methoxycyclohexanol, highlighting

the importance of appropriate metal-support interaction.27 In

addition, many catalysts suffer from deactivation due to low hy-

drothermal stability, coke deposition, or sintering, which under-

scores the need for more robust and durable catalytic systems.

Enhancing LDM conversion and selectivity to nylon precursors

under milder conditions, including lower temperatures and pres-

sure and shorter reaction times, is imperative.

To the best of our knowledge, a systematic and critical review

of SHDO of LDMs to cyclohexanone and cyclohexanol is

currently lacking, which hinders further large-scale develop-

ment. In this regard, we highlight the latest advances in catalytic

systems for the sustainable production of cyclohexanol from

guaiacol via SHDO, with a focus on reaction mechanisms and
2 Cell Reports Sustainability 2, 100344, March 28, 2025
the development of efficient catalysts

(Figure 1B). In addition, we thoroughly

discuss how operational conditions,

such as solvent choice, temperature, H2

pressure, and reaction time, impact cata-

lytic activity. Moreover, we emphasize

the challenges in this field, offering pre-

liminary suggestions and outlining future

directions. We believe that this compre-
hensive overview will provide valuable insights for designing

high-performance catalysts and advancing the production of

renewable chemicals.

CATALYSTS

Ru-based catalysts
Ru-based catalysts have been shown to be very active and se-

lective for the conversion of LDMs to cyclohexanols.28,29 Among

them, Ru/C catalysts were extensively studied for the SHDO of

methoxyphenols to cyclohexanol.30–33 Despite their high spe-

cific surface area, carbon supports are generally unsatisfactory

in terms of selectivity toward cyclohexanol, because the surface

lacks sites with pronounced acidic or basic properties, and also

lacks effective sites for the adsorption of aromatics.34–36 The

addition of basic substances was shown to improve the conver-

sion of methoxyphenols. For example, a Ru/C catalyst combined

with MgO could selectively convert guaiacol into cyclohexanol

under mild conditions (160�C, 1.5 MPa H2, 120 min) (Fig-

ure S1A).37 More importantly, the catalyst also exhibited a

good performance for other methoxyphenolic compounds,

such as 3-methoxyphenol or 4-methoxyphenol (Table 1, entries

1–4). By investigating the reactivity of intermediates, i.e.,

2-methoxycyclohexanol and phenol, over Ru/C + MgO and Ru/

C catalysts, MgO was indicated to suppress unselective C-O

dissociation and enhance the demethoxylation to phenol. How-

ever, MgO was not stable during the reaction in the presence of

water solvent. The replacement of MgO with other metal (e.g.,

Mn, Fe, and cobalt [Co]) showed that the yield of cyclohexanol

with Ru-MnOx/C was nearly identical to those of Ru/C + MgO

(Table 1, entries 5–8).38 The introduction of moderate basic sites

suppressed the unwanted hydrodeoxygenation of cyclohexanol

to cyclohexane (Figure S1B). The used Ru-MnOx/C catalyst re-

mained in a powdery form, exhibiting a significant improvement

in reproducibility compared with the Ru/C + MgO.

ZrO2-La2O3 is reported to possess medium-strength basic

sites with high stability.43,44 Ru/ZrO2-La(OH)3 catalysts with

different Zr/La molar ratios (4, 2, or 1) were synthesized by a pre-

cipitation method and their SHDO performance was explored in



Table 1. SHDO of LDMs to cyclohexanols using Ru-based catalysts

Entry Reactant Catalyst Solvent Reaction conditions Conv. (%) CHL selectivity (%) Ref.

1 guaiacol Ru/C + MgO H2O 160�C, 1.5 MPa, 120 min 98 79 Nakagawa et al.37

2 3-methoxyphenol Ru/C + MgO H2O 160�C, 1.5 MPa, 120 min >99 85 Nakagawa et al.37

3 4-methoxyphenol Ru/C + MgO H2O 160�C, 1.5 MPa, 120 min >99 55 Nakagawa et al.37

4 syringol Ru/C + MgO H2O 160�C, 1.5 MPa, 120 min >99 69 Nakagawa et al.37

5 guaiacol Ru + MnOx/C H2O 160�C, 1.5 MPa, 240 min >99 81 Ishikawa et al.38

6 3-methoxyphenol Ru + MnOx/C H2O 160�C, 1.5 MPa, 120 min >99 76 Ishikawa et al.38

7 4-methoxyphenol Ru + MnOx/C H2O 160�C, 1.5 MPa, 120 min >99 56 Ishikawa et al.38

8 syringol Ru + MnOx/C H2O 160�C, 1.5 MPa, 120 min >99 70 Ishikawa et al.38

9 guaiacol Ru/ZrO2-La(OH)3 H2O 200�C, 4 MPa, 240 min >99 92 Xu et al.39

10 guaiacol Ru/Al2O3-acidic cyclohexane 225�C, 1 MPa, 60 min >99 77 Singh and Dhepe40

11 guaiacol Ru/Al2O3-basic cyclohexane 225�C, 1 MPa, 60 min >99 64 Singh and Dhepe40

12 guaiacol Ru/SiO2-Al2O3 cyclohexane 225�C, 1 MPa, 60 min 68 0 Singh and Dhepe40

13 guaiacol Ru-hTiO2
a H2O 160�C, 1.5 MPa, 100 min >99 81 Han et al.41

14 guaiacol Ru-TiO2@SiO2
b H2O 160�C, 1.5 MPa, 100 min >99 77 Han et al.41

15 guaiacol Ru-TiO2-eSiO2
c H2O 160�C, 1.5 MPa, 100 min >99 84 Han et al.41

16 3-methoxyphenol Ru-TiO2-eSiO2 H2O 160�C, 1.5 MPa, 100 min >99 91 Han et al.41

17 guaiacol Ru/CeO2-S H2O 200�C, 1 MPa, 360 min >99 >99 Zhang et al.42

18 3-methoxyphenol Ru/CeO2-S H2O 200�C, 1 MPa, 360 min >99 >99 Zhang et al.42

19 4-methoxyphenol Ru/CeO2-S H2O 200�C, 1 MPa, 360 min >99 >99 Zhang et al.42

20 syringol Ru/CeO2-S H2O 200�C, 1 MPa, 360 min >99 >99 Zhang et al.42

aThe supports represent hollow TiO2 spheres.
bThe supports represent hollow TiO2-coated SiO2 spheres.
cThe supports represent hollow TiO2 spheres embedded with SiO2 nanoparticles.
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water.39 A 91.6%yield of cyclohexanol was obtained from guaia-

col using a Ru/ZrO2-La(OH)3 (Zr/La = 2) catalyst at 200�C for

240 min (Table 1, entry 9). Characterization revealed that Zr

and La formed a mixed (hydr)oxide phase, which was beneficial

for the stability of the catalysts. The extra methoxy group in sy-

ringol as compared with guaiacol made demethoxylation much

more challenging, resulting in a decrease in the cyclohexanol

selectivity.

Despite many studies demonstrating that basic supports are

favorable in steering product selectivity toward cyclohexanol,

moderate acidic sites are also conducive. Dhepe’s group stud-

ied Ru catalysis on different supports, including SiO2, Al2O3

(acidic, basic, and neutral), and SiO2-Al2O3 for the conversion

of guaiacol into cyclohexanol.40 Among them, a high yield of cy-

clohexanol (77%) was obtained with a Ru/Al2O3-acidic catalyst

(225�C, 1 MPa, 240 min), while a Ru/Al2O3-basic catalyst only

exhibited a 64% yield of cyclohexanol (Table 1, entries 10–11).

The authors indicated that certain adsorption of oxygenated

compounds on the acidic supports was beneficial for the cleav-

age of aromatic C�OCH3 bonds. However, Ru/SiO2-Al2O3 with

higher acidity than Ru/Al2O3-acidic produced no cyclohexanol,

which is suggested to be associated with over-hydrogenation

to cyclohexane (Table 1, entry 12). Ru catalysts supported on

SiO2, Al2O3, and SiO2-Al2O3
45 were also investigated in the cat-

alytic transfer hydrogenation of LDMs in isopropanol (IPA). The

study suggested that Ru existed in a higher oxidation state

(+2, +4) with relatively smaller particle sizes in Ru/Al2O3-acidic,

leading to a �74% cyclohexanol yield at 225�C and 0.7 MPa
N2 after 120 min. Acid-catalyzed dehydration of IPA to the ether

became dominant over Ru/SiO2-Al2O3 catalysts, resulting in a

negligible conversion of guaiacol. Through density functional

theory (DFT) of an adsorptive model on a Ru surface, the cis-iso-

mer of 2-methoxycyclohexanol, which was more stable than the

trans-isomer, was more likely to remain attached to the catalyst

surface and hydrodeoxygenate to cyclohexanol (Figure S2).

Mesoporous materials have been widely applied in the SHDO

of methoxyphenols due to their advantages in terms of mass

transport.46,47 Wang et al. fabricated Ru supported on various

mesoporous TiO2 spheres (hollow TiO2 spheres, TiO2-coated

SiO2 spheres, and TiO2 spheres embedded with SiO2 nanopar-

ticles) for SHDO of guaiacol to cyclohexanol in an aqueous me-

dium under relatively mild conditions (Figure S3).41 Among them,

84.2% yield of cyclohexanol was observed using Ru-TiO2-eSiO2

under 160�C and 1.5MPaH2 for 100min (Table 1, entries 13–16).

The excellent activity was attributed to the moderate acidity of

the Ru-TiO2-eSiO2 catalyst and its polyporous spherical struc-

ture with more active sites, which enhanced the cleavage of C–

OCH3 bonds and facilitated the reactions within the supports.

Moreover, the Ru-TiO2-eSiO2 catalyst performed well in convert-

ing 3-methoxyphenol, which was scarcely ever converted into

cyclohexanol over other catalysts due to the steric hindrance

arising from the spatial arrangement of its substituents, with a

selectivity of 91%.

Recently, single-atom catalysts (SACs) have attracted exten-

sive attention for their higher dispersion of metal sites. In terms

of the disproportionate dimension of the single-atom and
Cell Reports Sustainability 2, 100344, March 28, 2025 3
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benzene ring, it is difficult for single atoms tomeet the adsorption

of benzene ring, resulting in unsatisfying SHDO activity of aro-

matic reactants.48 However, oxides that contain numerous

defect sites, such as corners and vacancies, exhibit variable

properties (such as acidity, basicity, and redox characteristics),

which may potentially aid in the adsorption of aromatic com-

pounds. Ru single-atom centers supported on cerium dioxide

with sheet morphology (Ru/CeO2-S) were prepared using an

incipient wetness impregnation (IWI) method.42 The catalyst per-

formed well in SHDO of guaiacol and other aromatic compounds

with methoxyls substituted at the meta and para positions of the

phenolic hydroxyl group into cyclohexanol with 99.9% yields

(Table 1, entries 17–20). Related to the synergy between Ru sin-

gle atoms and CeO2, more oxygen vacancies were observed on

the surface of Ru/CeO2-S, which could promote the HDO of ar-

omatics by facilitating the adsorption and transfer of the active

hydrogen atoms.

Ni-based catalysts
Cost-efficient Ni-based catalysts are also found to be chemically

active in facilitating the absorption of hydrogen and are widely

used in hydrogenation reactions.49 Currently, research on

SHDO performance over Ni catalysts mainly focuses on support

properties, preparation methods, and promoters.

Recently, Nb2O5 has attracted great attention due to its high

hydrothermal stability and controllable structure. Ni/Nb2O5-PL

(plates) and Ni/Nb2O5-Com (commercial) catalysts were synthe-

sized by impregnation, and Ni/Nb2O5-PL was reported to pro-

mote SHDO of guaiacol to cyclohexanol in the aqueous phase.50

Hierarchical Nb2O5 nanoplates effectively promoted the homo-

geneous loading of the Ni nanoparticles, and an increased num-

ber of interfacial Ni-NbOx sites were formed by enhancing the

metal-support interaction. Isotopic labeling experiments indi-

cated that interfacial Ni-NbOx sites could enhance the dissocia-

tion of adsorbed H2O molecules and subsequently transfer

hydrogen to adsorbed aromatics via proton transfer. Under opti-

mized conditions (200�C, 2.5 MPa H2, 300 min), 77% selectivity

to cyclohexanol with 93.6% guaiacol conversion was obtained

(Table 2, entries 1–4).

Nanoporousmetals also exhibit satisfying catalytic activity un-

der relatively mild conditions because of their numerous nano-

pores and active sites.56 Over RANEY Ni, guaiacol was predom-

inantly converted into cyclohexanol in IPA (solvent and H-donor),

while 3-methoxyphenol and 4-methoxyphenol showed a high

tendency of ring hydrogenation (Table 2, entry 5).18 Another

study further reported a high catalytic performance of nanopo-

rous Ni in an aqueous medium.51 NiAl alloy precursors prepared

by several methods, namely induction melting (IM), vacuum arc

melting (AM), and mechanical alloying (MA), showed that Ni-

MA exhibits superior resistance to corrosion and improved sta-

bility. This approach bypasses the acid corrosion resulting

from phenol generation (Table 2, entries 6–8).

Perovskite-type oxides that exhibit highly dispersed metal

particles and a large oxygen storage capacity can be applied

in the oxidization of coke deposits.57 La1�xCexNiO3 perovskite-

type oxides (0 % x % 0.9) were prepared as precursors for Ni

nanoparticles by the self-combustion method, with high activity

in SHDO of guaiacol (Table 2, entry 9). It was noted that with rela-
4 Cell Reports Sustainability 2, 100344, March 28, 2025
tively higher Ce content (x R 0.5), the absence of the perovskite

structure and high dispersion of the oxide phases in an amor-

phous form or incorporation into CeO2 led to high thermal

stability under reductive conditions.52 Continuous-flow reactions

exhibited that the conversion changed slightly after 9 h, suggest-

ing high stability and coke formation inhibition.

In addition to increasing the loading and dispersion of active

metal sites, SHDO activity highly depends on the surface elec-

tronic density, which is affected by the acidity and basicity of

the support due to electron transfer between the support and

Ni particles.58 Specifically, the basic supports donate electrons

to Ni, while the acidic supports receive electrons. Long et al.5

in their study synthesizedNi/MgO catalysts using the IWImethod

and subsequently investigated its performance during the SHDO

reaction in decalin solvent. The doping of Ni2+ in the bulk lattice

structure of NiMgOx weakened the interactions between Ni, Mg,

and O, which further facilitated the reduction of Ni2+ and

improved hydrogenation activity. The authors proposed that

the attachment between the phenolic hydroxyl group and MgO

induced the formation of an electron-rich intermediate and

weakened the strength of C–OCH3 bonds (Figure S4A). Attrib-

uted to the acid-base effect, the conversion and selectivity to cy-

clohexanol were both close to 100% under optimized conditions

(160�C, 4 MPa H2, 180 min) (Table 2, entry 10).

Metal-oxide supports can also increase the Lewis acidity of

the catalysts, leading to high hydrogenation and hydrolysis activ-

ity.59 Most importantly, mixed supports of CeO2 and ZrO2 were

shown to enable the formation of metastable states that were

mainly attractive for three-way catalytic (TWC) applications.60

Recently, Ni/ZrO2-CeO2 catalysts were reported to exhibit

good catalytic activity in the SHDO of guaiacol (Table 2, entries

11–15).6 The addition of ZrO2 to Ni/CeO2 was beneficial to the

thermal stability of CeO2 and the dispersion of the Ni particles,

and thus the stability of the catalyst could be improved. Besides,

the introduction of ZrO2 over Ni-based catalysts could increase

the number of acidic sites, which facilitated the adsorption and

activation of guaiacol molecules and modified the selectivity of

products. In the presence of ZrO2, the enhanced generation of

oxygen vacancies was observed, attributed to the facile transi-

tion between Ce4+ and Ce3+ species, thereby promoting the

adsorption and activation of C�O bonds in guaiacol molecules.

Additionally, adding Lewis acids, such as Al(OTf)3, Sc(OTf)2,

Ga(OTf)3, Hf(OTf)4, and La(OTf)3, to NiAlOx materials has been

proven favorable to the hydrogenolysis of highly oxygenated

lignin fragments.53 Ni0.87Al0.13Ox with the addition of La(OTf)3 ex-

hibited 79% selectivity of cyclohexanol in IPA, while extremely

low activity was observed in the absence of Lewis acids (Table 2,

entries 16–20). The content of NiO increased with the addition of

Al, which promoted the hydrogenolysis of the C–OCH3 bonds.

Meanwhile, Lewis acids could interact with the surface hydroxyl

groups and C–O bonds of the substrates, contributing to the

interaction between substrates and active sites. The authors

then proposed that substrates were adsorbed on Ni nanopar-

ticles, activated by Lewis acids, and phenol was generated by

the C-O cleavage before being hydrogenated to produce cyclo-

hexanol (Figure S4B).53

Catalyst preparation methods also influence the catalytic

performance of metal-oxide supports. Shu et al.54 reported



Table 2. SHDO of guaiacol to cyclohexanols using Ni-based catalysts

Entry Reactant Catalyst Solvent Reaction conditions Conv. (%) CHL selectivity (%) Ref.

1 guaiacol Ni/Nb2O5-PL H2O 200�C, 2.5 MPa, 300 min 94 77 Song et al.50

2 guaiacol Ni/Nb2O5-Com H2O 200�C, 2.5 MPa, 300 min 23 27 Song et al.50

3 guaiacol Ni/ZSM-5 H2O 200�C, 2.5 MPa, 300 min 37 25 Song et al.50

4 guaiacol Ni/g-Al2O3 H2O 200�C, 2.5 MPa, 300 min 55 64 Song et al.50

5 guaiacol RANEY Ni IPA 120�C, 240 min 100 95 De Castro et al.18

6 guaiacol Ni-IMa H2O 180�C, 2 MPa, 240 min 94 90 Lu et al.51

7 guaiacol Ni-AMb H2O 180�C, 2 MPa, 240 min 99 93 Lu et al.51

8 guaiacol Ni-MAc H2O 180�C, 2 MPa, 240 min 100 90 Lu et al.51

9 guaiacol La0.5Ce0.5NiO3 n-dodecane 300�C, 5MPa, 240 min 98 51 Escalona et al.52

10 guaiacol 20% Ni/MgO decalin 160�C, 4 MPa, 240 min 100 98 Long et al.5

11 guaiacol Ni/CeO2 decane 220�C, 2 MPa, 180 min 72 72 Lu et al.6

12 guaiacol Ni/ZrO2 decane 220�C, 2 MPa, 180 min 96 72 Lu et al.6

13 guaiacol Ni/ZrO2-CeO2(1:1) decane 220�C, 2 MPa, 180 min 99 81 Lu et al.6

14 guaiacol Ni/ZrO2-CeO2(1:2) decane 220�C, 2 MPa, 180 min 100 75 Lu et al.6

15 guaiacol Ni/ZrO2-CeO2(2:1) decane 220�C, 2 MPa, 180 min 100 81 Lu et al.6

16 guaiacol Ni0.87Al0.13Ox, La(OTf)3 IPA 130�C, 4 MPa, 360 min 95 79 Cui et al.53

17 guaiacol Ni0.87Al0.13Ox, Al(OTf)3 IPA 120�C, 4 MPa, 360 min 37 54 Cui et al.53

18 guaiacol Ni0.87Al0.13Ox, Sc(OTf)2 IPA 120�C, 4 MPa, 360 min 58 55 Cui et al.53

19 guaiacol Ni0.87Al0.13Ox, Ga(OTf)3 IPA 120�C, 4 MPa, 360 min 30 57 Cui et al.53

20 guaiacol Ni0.87Al0.13Ox, Hf (OTf)4 IPA 120�C, 4 MPa, 360 min 41 41 Cui et al.53

21 guaiacol CP-Ni/SiO2
d decalin 120�C, 2 MPa, 120 min 3 100 Shu et al.54

22 guaiacol WI-Ni/SiO2
e decalin 120�C, 2 MPa, 120 min 6 100 Shu et al.54

23 guaiacol SS-Ni/SiO2
f decalin 120�C, 2 MPa, 120 min 99 100 Shu et al.54

24 guaiacol NiZr-DP/CMK-3g hexadecane 300�C, 5 MPa, 480 min 99 42 López et al.55

25 guaiacol NiZr-IWI/CMK-3h hexadecane 300�C, 5 MPa, 480 min 100 48 López et al.55

aIM, induction melting.
bAM, vacuum arc melting.
cMA, mechanical alloying.
dCP, co-precipitation.
eWI, wet impregnation.
fSS, step-by-step.
gDP, deposition-precipitation.
hIWI, incipient wetness impregnation.
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that step-by-step precipitated Ni/SiO2 (SS-Ni/SiO2) catalysts

exhibited higher activity compared with ones synthesized by

co-precipitation (CP-Ni/SiO2) and wet impregnation (WI-Ni/

SiO2) (Table 2, entries 21–23). Due to the polyporous spherical

structure of the SS-Ni/SiO2 catalyst, highly dispersed Ni nano-

particles were observed both inside and outside the catalyst.

The existence of appropriate acid sites and hydroxyl groups,

which had a strong absorption affinity to the aromatic hydroxyl

groups of guaiacol molecules, was also responsible for the

significantly enhanced catalytic performance. Similarly, meso-

porous carbon materials (CMK-3 and C-Cab obtained from

SBA-15 and Cab-O-sil M-5 templates) supported Ni-ZrO2 syn-

thesized by deposition-precipitation (DP) and IWI methods

were evaluated in SHDO of guaiacol.55 Complete substrate

conversion was obtained with both catalysts, whereas selec-

tivity toward cyclohexanol varied from 42% to 48% (Table 2,

entries 24–25). The IWI method favored the formation of mixed

monoclinic and tetragonal phases of ZrO2, increasing the den-
sity of acid sites of medium strength, which benefited the

selectivity toward cyclohexanol.

Co-based catalysts
As a moderate oxophilic metal, Co can form strong M–O

bonds with oxygen, thus reducing the energy barrier of

C-OCH3 cleavage and facilitating the deoxygenation reac-

tion.61 Co/TiO2 catalysts fabricated by WI exhibited almost

complete conversion of guaiacol, 3-methoxyphenol, and syrin-

gol to cyclohexanol (Table 3, entries 1–3).20 The discovery of a

TiOy layer suggested that a strong metal-support interaction

(SMSI) was responsible for the enhancement of C-OCH3 cleav-

age and hydrogenation activity. By contrast, the selectivity to-

ward cyclohexanol from 4-methoxyphenol was extremely low

(Table 3, entry 4), indicating that Co/TiO2 could only cleave

the C�OCH3 bonds efficiently with the methoxy groups

substituted in the ortho-position. However, this matter requires

further investigation.
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Table 3. SHDO of LDMs to cyclohexanols using Co-based catalysts

Entry Reactant Catalyst Solvent Reaction conditions Conv. (%) CHL selectivity(%) Ref.

1 guaiacol Co/TiO2 dodecane 200�C, 1 MPa, 180 min >99 98 Liu et al.20

2 3-methoxyphenol Co/TiO2 dodecane 200�C, 1 MPa, 240 min >99 98 Liu et al.20

3 syringol Co/TiO2 dodecane 200�C, 1 MPa, 360 min >99 >99 Liu et al.20

4 4-methoxyphenol Co/TiO2 dodecane 200�C, 1 MPa, 480 min >99 7 Liu et al.20

5 eugenol CoNx@NC-650 dodecane 200�C, 2 MPa, 120 min >99 >99 Liu et al.62

6 guaiacol Co/C@N hexane 220�C, 2 MPa, 360 min 56 74 Song et al.63

7 3-methoxyphenol Co/C@N hexane 220�C, 2 MPa, 360 min >99 93 Song et al.63

8 guaiacol 0.2Co1-NPs@NC n-octane 180�C, 0.5 MPa, 180 min >99 97 Wang et al.64
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Chemical doping of carbon materials has been proposed for

regulating support basicity.65 Liu et al. prepared CoNx@NC

(nitrogen-doped carbon) by copyrolysis of cellulose and

Co(NO3)2 under an ammonia atmosphere, with the catalytic ac-

tivity being evaluated in the SHDO of eugenol.62 In the presence

of Co, the carbon structure changed greatly and led to the forma-

tion of pores, and the CoNx@NC pyrolyzed at 650�C showed the

highest activity in dodecane with numerous quaternary-type ni-

trogen and Co–N bonds (Figures S5A and S5B). Prior to aromatic

ring hydrogenation, highly selective cleavage of C–OCH3 bonds

was observed under mild conditions (200�C, 2 MPa H2, 120 min)

(Table 3, entry 5). However, the high demand for ammonia

and the instability of these systems hinder their application.

Co/C@N catalysts simply synthesized by pyrolysis of ZIF-67,

a kind of Co-containing metal-organic framework (MOF) precur-

sor with high contents of carbon and nitrogen, turned out to be a

cost-effective and environmentally friendly option.63 MOFs, with

high specific surface areas and precise pore structures, can

serve as excellent processors by providing uniformly dispersed

active sites.66 Co/C@N showed excellent activity for the selec-

tive cleavage of C–OCH3 bonds, and 3-methoxyphenol was

almost completely transformed into cyclohexanol (Table 3,

entries 6–7). Meanwhile, the dual-size nCo1-NPs@NC catalyst

derived from MOF was developed by temperature-programmed

pyrolysis of nCo/MOF under N2 flow and performed well in the

SHDO of guaiacol (Table 3, entry 8).64 The carbonization of

N-containing ligands facilitated the formation of N-coordinated

single-atom structures (Co-Nx), and the addition of Zn effectively
Table 4. SHDO of LDMs to cyclohexanols using bimetallic catalysts

Entry Reactant Catalyst Solvent Reaction

1 guaiacol NiCo/ZSM-5 H2O 200�C, 5

2 guaiacol NiCo/g-Al2O3 H2O 200�C, 5

3 guaiacol Ni/g-Al2O3 H2O 200�C, 5

4 guaiacol Co/g-Al2O3 H2O 200�C, 5

5a guaiacol NiCo/CNT IPA 220�C, 2

6 guaiacol Ru-Co/C-600 n-decane 200�C, 1

7 4-propylguaiacol RuCoNx/NC n-dodecane 220�C, 1

8 guaiacol RuCoNx/NC n-dodecane 220�C, 1

9 syringol RuCoNx/NC n-dodecane 220�C, 1

10a guaiacol Ni-Mn/Nb2O5 H2O + IPA 220�C, 1
aNitrogen as the gaseous medium.
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improved Co NPs dispersion. During the sequential conversion

of guaiacol to cyclohexanol, the dissociation of hydrogen was

primarily observed on Co NPs, and Co single atoms played a

crucial role in the highly selective cleavage of the C�OCH3

bond, further confirmed by DFT. The energy barrier of hydrogen

dissociation over Co (111) was almost half of Co-N4, and the en-

ergy barrier of C�OCH3 bond cleavage in the case of Co-N4 was

lower than that of Co(111) (Figures S5C and S5D).

Bimetallic catalysts
Compared with monometallic catalysts, the addition of a second

metal can increase the amount and dispersion of active metal

sites. With that, the electronic and geometric properties are

modified, thereby enhancing catalytic activity and selectivity

through synergistic and bifunctional effects.67–69 Bimetallic cat-

alytic systems were reported in the oxidation, hydrogenation,

and catalytic reforming of biomass to produce hydrogen,70 alco-

hols,71 and carbonylic acids.72 Recently, bimetallic catalysts of

great development potential have also been investigated in

SHDO of LDMs to cyclohexanol.

It was previously believed that the introduction of Co was

beneficial for the improvement of the dispersion and stability of

active sites in phenol hydrogenation.73 Hence, Ni-Co bimetallic

catalysts have been applied for SHDO of guaiacol to cyclohexa-

nol. Ni and/or Co supported on g-Al2O3 and ZSM-5 were exam-

ined for SHDO of guaiacol at relatively milder conditions, and

the highest selectivity toward cyclohexanol (70.9%) was ob-

tained over (10 + 10)% NiCo/g-Al2O3 in an aqueous medium in
conditions Conv. (%) CHL selectivity (%) Ref.

MPa, 480 min 71 13 Zhou et al.74

MPa, 480 min 96 71 Zhou et al.74

MPa, 480 min 76 41 Zhou et al.74

MPa, 480 min 85 46 Zhou et al.74

MPa, 120 min >99 94 Chen et al.75

MPa, 180 min >99 94 Xu et al.76

MPa, 240 min >99 92 Zhao et al.77

MPa, 240 min >99 89 Zhao et al.77

MPa, 240 min 32 66 Zhao et al.77

MPa, 300 min 56 74 Tong et al.78
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comparison with monometallic catalysts (Table 4, entries 1–4).74

Based on this, the addition of Co to Ni/g-Al2O3 facilitated

the formation of highly dispersed catalysts with small metal

particle sizes and enhanced the interaction between metal

species and support, which would improve the catalytic activity.

In addition, g-Al2O3 with appropriate acidity could inhibit the

dehydration of cyclohexanol to cyclohexane and increase cata-

lytic activity compared with ZSM-5. Following this, carbon nano-

tube (CNT)-supported catalysts with different loadings of Ni

and/or Co as active metals were synthesized by impregnation,

and the SHDO of guaiacol was conducted employing IPA

as the hydrogen source.75 Bypassing the use of hydrogen

reduces production costs, and the byproducts such as

2-methoxycyclohexanol were suppressed. The (15% + 5%)

NiCo/CNT provided the highest conversion of guaiacol (100%)

with cyclohexanol as the main product (94%) (Table 4, entry 5).

The synthesis of Ru-Co bimetallic catalysts could fully exploit

the properties of Ru and Co to serve as moderate oxophilic

metals to improve catalytic activity. For example, a carbon-sup-

ported Ru-Co bimetallic catalyst was synthesized via CP and a

glucose-induced hydrothermal method (Ru-Co/C-600, reduced

at 600�C), and it showed high selectivity (�94%) and reusability

in the SHDO of guaiacol (Table 4, entry 6).76 Attributed to the

highly dispersed Ru/Co sites, the dissociation of molecular

hydrogen and hydrogen transfer was promoted. Additionally,

the abundant oxygen vacancies were beneficial for the adsorp-

tion and activation of themethoxy group in phenolic compounds.

Another N-doped bimetallic RuCoNx/NC catalyst was prepared

via direct pyrolysis of chitin impregnated with precursors of Ru

and Co. This catalyst afforded excellent catalytic activity in

SHDO of 4-propylguaiacol and guaiacol, whereas syringol ob-

tained only 32.3% conversion due to more pronounced steric

hindrance (Table 4, entries 7–9).77 In the presence of bimetallic

precursors, the development of porous structures and the inhibi-

tion of particle growth were observed, which led to highly devel-

oped micro-mesoporosity and dispersed metallic particles. This

way, phenolic compounds were more likely to be absorbed on

the active sites; hence, the dissociation of the C�O bonds

occurred easily. Furthermore, Co exhibited enhanced dissocia-

tion of hydrogen due to electron transfer from Ru to Co, and

the electron-enriched pyrrolic-N and pyridinic-N were also

thought to be responsible for this improvement in the adsorption

ability and the catalytic performance.

In addition to Co, a series of transition metals (e.g., Mn, Zr, Cu,

andMo) were co-supported onNb2O5with Ni for SHDOof guaia-

col using alcohol as the hydrogen donor under nitrogen

atmosphere.78 Among them, the Ni-Mn/Nb2O5 catalyst with

higher dispersion of metal particles, better specific surface

area, and larger amounts of medium-strength acid sites showed

the best catalytic activity (Table 4, entry 10). In addition, the

catalyst exhibited good applicability in SHDO of m-cresol and

3-methoxyphenol, which could be efficiently converted to

cyclohexanol.

Overall, Ru-based catalysts supported on oxides with tunable

acidic/basic sites or oxygen affinity show great promise in

improving selectivity and suppressing byproducts, although

the high cost and scarcity of Ru remain challenges for large-

scale application. Sustainability can be improved by developing
more durable catalysts or using systems with lower Ru loadings,

as well as employing regeneration techniques such as thermal or

solvent-based methods to restore catalytic activity. For non-no-

ble metal catalysts, despite requiring harsher reaction condi-

tions, they can exhibit good activity under milder conditions

when hydrogen-donating solvents like IPA are used, reducing

energy consumption and improving industrial applicability. Sol-

vent recovery and recycling methods, including distillation and

extraction, are critical for minimizing environmental impact and

ensuring the sustainability of these processes. Additionally,

bimetallic catalysts offer synergistic effects and enhanced stabil-

ity, especially when non-precious metals are incorporated,

which not only boosts catalytic performance but also facilitates

the use of greener solvents, presenting a sustainable and effec-

tive strategy for future research.

REACTION CONDITIONS

The above discussions have concentrated on the physical and

chemical properties of the catalysts influenced by the interaction

between active metals and supports. However, the catalytic

conversion of LDMs into cyclohexanols can be extensively influ-

enced by operational conditions, including solvent, temperature,

pressure, and reaction time. Hence, a more thorough compre-

hension of the effect of process conditions on catalytic activity

is crucial to optimize SHDO and maximize cyclohexanol yields.

Solvent
In heterogeneous catalytic systems, the interaction between cat-

alysts, solvents, and substrates is significant for evaluating the

potential of reactions. Previous work has concluded the main

functions of solvents: (1) dissolving reactant(s), (2) providing

the liquid phase environment for the interaction of substrates

and catalysts, and (3) participating directly in reactions through

interactions with substrates or catalysts.79,80 In the past few

years, many efforts have been devoted to investigating the effect

of solvents on the SHDO of LDMs.81–85 In addition to perfor-

mance and compatibility, it is crucial to consider the sustainabil-

ity of solvents. The environmental impact, such as toxicity,

biodegradability, and availability of solvents, plays an increas-

ingly important role in the overall efficiency and sustainability of

catalytic processes.

Solvents can significantly influence catalytic activity by

altering the adsorption strength of intermediates through adsor-

bate-solvent and metal-adsorbate interactions, which in turn

change the activation energy and reaction free energy.79 As

mentioned above, due to the presence of a non-polar aromatic

ring, slightly polar methoxy group, and polar hydroxyl group,

guaiacol exhibits high sensitivity to solvent polarity. The pres-

ence of polar solvents facilitates solute-solvent interactions

through hydrogen bonding or London forces, resulting in

increased adsorption strength of guaiacol and its derivatives.

For comparison, the adsorption strength decreases using non-

polar solvents such as n-hexane.

Polar solvents generally exhibit a higher tendency to adsorb on

catalyst surfaces, hindering chemisorption at active sites and

activation of aromatic rings.86 For instance, since guaiacol

(29.46 Å2) and water (29.27 Å2) have a similar molecular polar
Cell Reports Sustainability 2, 100344, March 28, 2025 7



Figure 2. The effect of temperature on the

cyclohexanol yield from guaiacol over

(A) Ni-Fe/MgAlOx�1 (replotted based on the data

fromHuang et al.91), (B) Ni/Nb2O5 (replotted based

on the data from Song et al.50), (C) NiCo/Al2O3

(replotted based on the data from Zhou et al.74),

and (D) Ru/Al2O3 (replotted based on the data

from Singh and Dhepe40). Reaction conditions: (A)

H2, 4.0 MPa; reaction time, 8 h; molar ratio of IPA/

H2O is 7/3. (B) H2, 2.5 MPa; reaction time, 5 h;

solvents, H2O. (C) H2, 5.0 MPa; reaction time,

8 h; solvents, H2O. (D) H2, 1.0 MPa; reaction time,

4 h; solvents, cyclohexane.
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surface area, the competition between guaiacol and H2O for

interaction with the catalyst was enhanced over polar Ru/Al2O3

catalysts due to their concentration difference.40 Another study

has also found that the competitive adsorption over Ni sites

would inhibit the aromatic activation, leading to slow hydrogena-

tion of aromatic compounds.86 When methanol was selected as

solvent over NiCo/g-Al2O3 catalyst, it was adsorbed on the

active sites and underwent acetal reactions with cyclohexa-

none.74 Furthermore, as an intermediate of the reaction, the

addition of methanol led to chemical equilibrium movement

and limited the demethoxylation reaction. By contrast, cyclo-

hexane solvent would decrease the interactions between sol-

vents and catalysts, which was proved to decrease further con-

version of cyclohexanol and enhance the hydrogenation

activity.40 Herewith, vertical adsorption of hydroxyl groups was

proposed to take precedence in polar solvents, whereas

coplanar adsorption of aromatic rings followed by ring hydroge-

nation dominates in non-polar solvents.84

Fortunately, switching to other oxophilic supports (e.g., TiO2,

CeO2, and Nb2O5) could significantly reduce the competitive

adsorption between solvents and substrates. Based on this, ab-

sorbed H2O molecules over catalysts were proven to transfer

hydrogen to absorbed aromatic compounds via proton transfer

and hence diminish the C-OCH3 cleavage barrier by donating a

proton (Figure S6A).50 Meanwhile, another study reported that

proton-assisted pathways were accomplished by developing a

charge-separated [Ru(s)-(C6H5O
�)/(H+)/OCH3]

y transition

state, which could decrease the barrier of C-OCH3 cleavage by

0.8 eV (Figure S6B).85 It was noteworthy that IPA could produce

in situ hydrogen protons in the presence of active sites, and

perform well in the removal of b-hydride.87–89

Temperature
In general, elevated temperature is preferred for the catalytic

conversion of guaiacol into cyclohexanol, due to the enhance-
8 Cell Reports Sustainability 2, 100344, March 28, 2025
ment of the kinetic energy of molecules.

It should be noted that the hydro-

genation of the aromatic ring is an

exothermic reaction, while the C–O

bond hydrogenolysis is an endothermic

reaction.68 Further, sufficient energy

positively influences the thermodynamic

and kinetic properties of the SHDO pro-

cess.90 Thereby, the opposite effects
need to be balanced to obtain the optimum conversion to

cyclohexanol.

Based on experiments, elevated temperature has indubitably

been shown to contribute to the efficient conversion of guaia-

col, and the maximum conversion was achieved at 200�C
(Figures 2A–2D).40,41,50,74,91,92 However, the selectivity of cy-

clohexanol initially increased until reaching a peak value with

temperature increasing. Over Ni-Fe/MgAlOx�1, with the tem-

perature raising from 160�C to 200�C, guaiacol conversion

increased from 68.9% to >99.0%, and the cyclohexanol

selectivity improved from 59.6% to 82.7% under 4 MPa

hydrogen for 8 h (Figure 2A).91 Meanwhile, the selectivity to-

ward 2-methoxycyclohexanol was decreased, indicating that

higher temperatures benefit the cleavage of C-OCH3. In addi-

tion, the conversion of guaiacol and cyclohexanol selectivity

exhibited similar behavior over Ni/Nb2O5, NiCo/Al2O3, and

Ru/Al2O3 (Figures 2B–2D).40

However, temperatures above 200�C are not generally suit-

able for the production of cyclohexanol in terms of both high

cost and low selectivity toward cyclohexanol, which may

also be unsustainable from an environmental standpoint (Figures

2A–2D). In general, there are two possible mechanisms account-

ing for the reduction of selectivity. Firstly, on the acid sites of the

catalyst, with the increase of temperature, the formation of car-

bocations resulting from the dehydration of alcohol compounds

leads to the formation of coke.93 Secondly, side reactions occur

at high temperatures (>200�C), which may contribute to the for-

mation of deoxygenated products, and�3%cyclohexane selec-

tivity was observed at 240�C and 4 MPa H2 over Ni-Fe/

MgAlOx�1.
40 It should be noted that the optimum temperature

depends on the type of catalysts and other reaction parameters.

Hydrogen pressure
Hydrogen pressure plays an important role in SHDO reactions as

the change of pressure influences the solubility of hydrogen in



Figure 3. The effect of hydrogen pressure

on the cyclohexanol yield from guaiacol

over

(A) Pd/CeO2. Replotted based on the data from

Zhou et al.24

(B) Ru/Al2O3. Replotted based on the data from

Singh andDhepe.40

(C) Ni-Fe/MgAlOx�1. Replotted based on the data

from Bykova et al.95

(D) Ru-MnO/AWMCNT. Replotted based on the

data from Qi et al.96 Reaction conditions: (A) Re-

action temperature, 200�C; reaction time, 8 h;

solvents, H2O. (B) Reaction temperature, 200�C;
reaction time, 8 h; solvents, cyclohexane. (C) Re-

action temperature, 200�C; reaction time, 8 h;

molar ratio of IPA/H2O ratio is 7/3. (D) Reaction

temperature, 200�C; reaction time, 200 min; sol-

vents, decahydronaphthalene. #X + Y: X MPa

partial pressure of hydrogen mixed with Y MPa

partial pressure of nitrogen. AWMCNT, acidic

treatment of multi-walled carbon nanotubes.
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the solvent. A positive linear correlation between hydrogen solu-

bility and pressure is exhibited at different temperatures (Fig-

ure S7). Due to the non-polarity of hydrogen, solubility in water

is relatively lower than that in organic solvents with low polarity,

or in mixtures of solvents.94 Higher solubility provides better in-

teractions between substrates and active sites of the catalyst

during SHDO processes. In addition, the hydrogen serves as a

reactant in SHDO reactions, which significantly impacts the re-

action equilibrium and kinetics.40

The effect of H2 pressure on guaiacol conversion and cyclo-

hexanol selectivity was investigated under different reaction

conditions over various supported metal catalysts (Figures

3A–3D).7,24,40,91 Generally, an increase in pressure always

enhanced the conversion of guaiacol, while the highest selec-

tivity of cyclohexanol was obtained at 2–4 MPa hydrogen

pressure in many instances (Figures 3C and 3D). However, it

was reported that SHDO could be achieved even under 1

MPa pressure with high guaiacol conversion (�100%) and

cyclohexanol selectivity (�80%).40 Furthermore, lower con-

version and selectivity were observed using 0.3 MPa partial

pressure of hydrogen mixed with 0.7 MPa partial pressure

of nitrogen (Figure 3B), indicating that the availability of

hydrogen on the catalyst is more significant than the increase

in interactions between the catalyst and substrate due to

higher pressures. Another study reported a relatively high cy-

clohexanol selectivity under an unusual hydrogen pressure of

0.1 MPa and defined the total H2 utilization efficiency and H2

utilization efficiency for cyclohexanol and cyclohexanone (KA

oil), where CHL, CHN, and MCH denoted the moles of cyclo-

hexanol, cyclohexanone, and 2-methoxycyclohexanol,

respectively (Equations 1 and 2).24 Remarkably, selectivity

for the KA oil increased with lower H2 pressure, and the con-

version of guaiacol practically remained above 90% (Fig-

ure 3A), representing higher H2 utilization efficiency compared

with other processes.
Total H2utilization efficiency =

�
CHL34+CHN3 3+MCH3 3

headspace H2+dissolveH2

�
3 100% (Equation 1)

H2utilization efficiency for KA oil =

�
CHL3 4+CHN33

headspace H2+dissolveH2

�
3 100% (Equation 2)

Meanwhile, H2 pressure beyond optimum reaction conditions

can actually inhibit cyclohexanol formation and lead to the for-

mation of other compounds, such as 2-methoxycyclohexa-

nol.24,74 A lower H2 supply could diminish the rate of sequential

H additions.24 In such a case, the cleavage of C–O bonds

became less prevalent, and hydrogenation of aromatic rings

became dominant at a higher hydrogen pressure (Figure S8). In

addition, the excess availability of hydrogen has been proven

to promote the formation of fully deoxygenated products (i.e.,

cyclohexane).50,91
Reaction time
Increasing residence time helps the conversion of LDMs by

providing sufficient time to react,41 while shorter times are usu-

ally better for selectivity toward cyclohexanol. Shu et al.54 re-

ported a sharp increase in conversion when prolonging the

reaction time from 1.5 to 2 h, attributed to the induction period

of the heterogeneous catalyst.97 When the reaction time is long

enough, the substrates reach almost full conversion, while a

further extension of time exhibits no effect on the conversion.78

In a relatively short time, high selectivity toward fully hydrogenat-

ed and partially deoxygenated products, mainly cyclohexanol

and methoxy cyclohexanol, is spotted. After an extended time,

the selectivity toward cyclohexane and other side products
Cell Reports Sustainability 2, 100344, March 28, 2025 9



Figure 4. The possible reaction mechanisms of guaiacol to cyclohexanol

HDO, hydrogenation; DHO, dehydroxylation; DMO, demethoxylation; DME, demethylation.
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increases through dehydration reactions from cyclohexanol.2,55

Moreover, the polymerization of products and the catalyst being

covered by such polymers lead to partial deactivation.78

Other reaction conditions, such as additions and the S/C

(substrate to catalyst) ratio, are also highly important in

SHDO reactions. For instance, the addition of acetic acid

provided more H+ that promoted the demethoxylation of

2-methoxycyclohexanol, thereby increasing the selectivity to-

ward cyclohexanol.98 Higher S/C ratio results in a deficiency of

active sites, which favors side reactions. Singh et al. observed

an increase in the concentration of cyclohexanol with a decrease

in the S/C ratio (165–500) during the SHDO process.40

In summary, selecting high-efficiency solvents is essential for

reducing catalyst consumption and minimizing byproduct for-

mation. Using renewable green solvents or ionic liquids, as alter-

natives to traditional organic solvents, not only enhances reac-

tion efficiency but also reduces harmful waste emissions,

thereby promoting environmental sustainability. To reduce en-

ergy consumption, more efficient heating systems, such as mi-

crowave or plasma technologies, can be employed. Ensuring

the recovery and reuse of heat within the process further en-

hances sustainability. The development of catalysts capable of

operating efficiently at lower hydrogen pressures, or utilizing

hydrogen from renewable sources, increases hydrogen utiliza-

tion efficiency. Furthermore, adopting continuous reaction sys-

tems can shorten residence time and boost reaction efficiency.

By integrating these approaches—green solvents, energy-

efficient heating, optimized hydrogen usage, and process

improvements—SHDO processes can achieve greater sustain-

ability, minimizing environmental impact while maintaining high

performance.
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SHDO REACTION MECHANISMS

Reaction pathways
Since guaiacol is a typical LDM featuring key functional groups

(aromatic ring, phenolic hydroxyl, and methoxy groups), herein,

we take guaiacol as an example to discuss the SHDO reaction

mechanisms of LDMs. In view of the catalysts and the effect

of reaction conditions reported previously, two predominant re-

action mechanisms of the SHDO reaction are proposed (Fig-

ure 4).5–8,31,37,38,41,55 The first mechanism involves the complete

hydrogenation of the benzene ring, followed by demethoxylation

to cyclohexanol (pathway I). Another proposed major pathway

includes the direct conversion of guaiacol to phenol via deme-

thoxylation with subsequent hydrogenation to cyclohexanol

(pathway II). Additionally, catechol is observed in some reac-

tions, indicating a potential dehydroxylation pathway from cate-

chol intermediates to phenol.

Upon closer inspection, steric and electronic constraints were

proposed to play a significant role in the SHDO of guaiacol. Typi-

cally, the demethylation of guaiacol ismore likely to occur thande-

methoxylation due to the relatively lower O–Me bond energy.

However, Songet al. found a high preference for phenol over cate-

chol due to steric constraints, that is, it was easier for the C–OMe

bond to approach the catalyst surface.99 Another study showed

that the parallel orientation of guaiacol to the catalyst surface

enabled stronger interactions between the methoxy C–O bonds

and the catalyst surface, and facilitated the removal of C-OCH3

groups.18 By contrast, meta- and para-methoxy groups were

located away from the surface due to the tilted adsorption of me-

thoxyphenol, which weakened the interactions with the catalyst

and reduced the extent of cleavage of methoxy C–O bonds.



(legend on next page)
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In addition, due to steric and electronic constraints, the

removal of the methoxy or hydroxy functional groups is signifi-

cantly faster from aromatic rings than from cyclohexane

rings.99,100 Based on results obtained using a microkinetic

model, the removal of methoxy from an aromatic ring is found

to be 36 times faster than that from a saturated ring, and the

removal of hydroxyl from an aromatic ring is 42 times faster

than that from a saturated ring.100 The SHDO reaction activation

energy of saturated reactants is also significantly higher than that

of aromatic reactants, indicating that more attention should be

paid to enhancing the selectivity of pathway II.

Several unique reaction pathways are distinguished by the in-

termediates in some research, such as 1,2-cyclohexanediol

generated from the hydrogenation of catechol or hydrodemethy-

lation of 2-methoxycyclohexanol.50,101 In previous SHDO

research on guaiacol, substantial amounts of methyl-substituted

cyclohexandiol were detected, especially over bimetallic cata-

lysts.95,102 Migration of the methyl group to the benzene ring

on the Ni sites, followed by hydrogenation to 1-methyl-1,2-

cyclohexanediol was found to be responsible for such a transfor-

mation.103 In addition, guaiacol could be reformed via hydroge-

nation of the aromatic ring and isomerization over a Rh catalyst

at a relatively lower temperature (<150�C), with 1-methyl-1,2-

cyclohexanediol being further transformed into cyclohexanol

through deoxygenation.104

Reaction mechanism studied by DFT
Regardless of the active sites and supports of metal-based cat-

alysts, the proposed mechanisms for the HDO of LDMs are

similar. Monomer molecules are chemisorbed on the catalyst

surface, forming p-complexes between the aromatic rings and

active sites, whose rate largely depends on the electrostatic

and steric properties of themolecules. Afterward, hydrogenation

and C-OCH3 cleavage occur, and the products are ultimately

desorbed from the surface of the catalyst. Qi et al.96 applied

DFT to calculate the electrostatic potentials of the monomers

and discovered that alkoxy-substituted phenol exhibited a less

concentrated negative potential area that extended to the alkoxy

group, due to its negative inductive effect and hyperconjugation

(Table 5). The electrostatic nature is conducive to the chemisorp-

tion of the alkoxy group on the catalyst surface, enabling high

SHDO to cyclohexanol.

DFT studies were developed to comprehend the active inter-

mediates associated in the reaction pathway of the SHDO of

guaiacol. Microkinetic model analysis brought to light that deox-

ygenation activity might decrease in the following order

Ru > Rh > Pd z Pt, according to the oxophilicity of transition

metals.105 Guaiacol is absorbed on Ru surface via van der Waals

interactions of aromatic C atoms at the interface, and vertical

physisorbed and horizontal chemisorbed sites were further

looked into on the surface of Fe (110) and Pd (111).45,106 The re-

sulting differential charge density distributions (Figure S9) ex-

hibited weak adsorption energy in the case of the vertical site,
Figure 5. DFT calculation and reactive intermediates and energies

(A) DFT calculation of the reaction of guaiacol over Ru/CeO2-S (reproduced w

(B) reactive intermediates and their energies for the two competitive pathways o

Ru(0001) interface (reproduced with permission from Hensley et al.85 Copyright

12 Cell Reports Sustainability 2, 100344, March 28, 2025
while most charge transfer occurred between horizontal aro-

matic carbon and catalyst surface. Furthermore, interactions be-

tween the hydroxyl oxygen with nearby Fe atoms on Fe (110)

could also promote the removal of oxygen-containing functional

groups. By contrast, the interaction between functional groups

and Pd (111) active sites could be neglected, thereby enhancing

the saturation of the aromatic ring.

To explicitly reveal the pathways during SHDO of LDMs, DFT

calculations were performed to gain more insight into the energy

profile. During the reaction, SHDO of guaiacol on Ru/CeO2-S

catalyst is thought to proceed via hydrogenation of the benzene

ring with subsequent dissociation of the C–OCH3 bond (Figure

5A).42 Moreover, the projected density of states analysis pro-

vided more concrete analysis for the conversion of intermedi-

ates. DFT calculations were conducted to compare the Gibbs

Energy of different pathways and shine light on the interaction

in SHDO reaction at the H2O-Ru(0001) interface (Figure 5B).85

Here, the two hydrogen atoms (H*) produced from the dissocia-

tion of H2 interact with the interface H2O molecules and are con-

verted into interfacial H+ (step A and step B). Meanwhile,

ketone or enol isomers produced via hydrogenation of alkoxide

intermediates would carry out H+ or H* attacks to prompt

C-OCH3 cleavage or ring saturation reaction, depending on the

catalytic sequence, the recognition, and the orientation of active

hydrogen (step C and step D).

CONCLUSIONS AND PERSPECTIVES

As an attractive alternative to petroleum-derived nylon precur-

sors, lignin-derived cyclohexanone and cyclohexanol generated

from the SHDO reaction of LDMs have been extensively studied

and optimized for improving environmental-economic perfor-

mance in recent 5 years. This review focuses on the exploration

of catalyst designs, the crucial role of reaction conditions, and

mechanistic investigations. After thoroughly assessing all mat-

ters, it is imperative to offer comprehensive guidance for future

research in both laboratories and industries.

Hitherto, metal catalysts based on Ru, Ni, and Co have been

demonstrated to exhibit excellent catalytic performance, selec-

tivity, and recyclability, albeit with restricted commercial applica-

tion. Considering the high energetic demands coupled with the

high price of active metals, the SHDO reaction of LDMs is often

not cost-effective. Moreover, appropriate solvent selection re-

mains a challenge due to the complexities associated with prod-

uct separation andmaintaining catalyst reusability, especially for

Ni-based catalysts generally tested in organic solvents (e.g.,

hexadecane, decalin, and n-dodecane). Bimetallic catalysts

with tunable metal interactions, currently under development,

could bypass the aforementioned challenges. Moving forward,

the design and optimization of future catalysts should consider

their entire life cycle, with greater emphasis on the improvement

of catalyst efficiency, taking into account sustainability

principles.
ith permission from Zhang et al,42 Copyright 2022, ACS Publications) and

f C–O cleavage and ring saturation during guaiacol-H2 reactions at the H2O-

2021, Elsevier).



Table 5. Electrostatic potentials of several LDMs

No. Molecular formula Electrostatic potential

1

2

3

4

�0.03 (a.u.)

0.03 (a.u.).

See Qi et al.96
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As discussed in this review, catalytically relevant conditions

(e.g., temperature, H2 pressure, and time) play crucial roles in

the SHDO of guaiacol, which is rarely studied in depth. Under

harsh operating conditions, the properties and functions of the

active sites might change. Hence, it is vital to monitor the dy-

namic changes in the catalyst’s active sites to accurately predict

and understand the deactivation process. In order to make the

reaction economically feasible and sustainable, establishing an

interaction framework between operational parameters is of

utmost importance.

Computational investigations of in-depth analysis have rarely

been executed, resulting in controversial mechanisms of the

SHDO reaction of guaiacol. For example, despite the prevalent

consensus that catalytic performance is determined by the in-

teractions among active sites, supports, and solvents, the na-

ture of active sites, detailed metal-support interactions, and

the role of solvents at the molecular level as well as reaction

mechanisms are still under debate. Concerning this, further

theoretical and practical studies, including surface science

techniques and molecular simulations like in situ Fourier trans-

form infrared (FTIR) and DFT analysis, are essential for a deeper

molecular understanding of the reaction. It is crucial to address

the significant gap in our understanding of these catalytic sys-

tems under real operational conditions, such as high pressure

and temperature, since most characterizations are done under

high vacuum.
Finally, employing life cycle assessments (LCAs) and technical

economic analyses (TEAs) for evaluating both the environmental

impacts and costs throughout the entire production lifecycle is

essential, an approach that has yet to be thoroughly explored.

This evaluation spans from the collection and pretreatment of

lignin, through the preparation of catalysts, to the generation of

cyclohexanol, and even includes the recycling ofwaste catalysts.

This will provide a comprehensive assessment revealing the spe-

cific environmental andeconomic impacts at various stages, thus

facilitating the identification and optimization of key processes.

ACKNOWLEDGMENTS

The financial support from the Tsinghua-Toyota Joint Research Fund, the Na-

tional Natural Science Foundation of China (grant no. 52276202), the National

Key R&D Program of China (2023YFC3905701), the Beijing Natural Science

Foundation (JQ24053), the Natural Science Foundation of Shanxi Province

(202403021212148 and 202403021211024), the Huaneng Group Science

and Technology Research Project (KTHT-U23GCZH01), the International Joint

Mission On Climate Change and Carbon Neutrality, the Yunnan Major Scien-

tific and Technological Projects (202302AQ370001), and the Tsinghua Univer-

sity Initiative Scientific Research Program are gratefully acknowledged.

AUTHOR CONTRIBUTIONS

Conceptualization, Q.L., Y.Z., Z.L., and H.Z.; investigation, K.L., Y.X., J.M.S.,

and B.A.M.; writing – original draft, K.L., S.Y., and A.R.; writing – review and

editing, all authors; visualization, K.L. and S.Y.; and supervision, Z.L. and H.Z.
Cell Reports Sustainability 2, 100344, March 28, 2025 13



Review
ll

OPEN ACCESS
DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

crsus.2025.100344.

REFERENCES

1. Deng, Y., Ma, L., and Mao, Y. (2016). Biological production of adipic acid

from renewable substrates: current and future methods. Biochem. Eng.

J. 105, 16–26. https://doi.org/10.1016/j.bej.2015.08.015.

2. Schutyser, W., Van den Bosch, S., Dijkmans, J., Turner, S., Meledina, M.,

Van Tendeloo, G., Debecker, D.P., and Sels, B.F. (2015). Selective nickel-

catalyzed conversion of model and lignin-derived phenolic compounds

to cyclohexanone-based polymer building blocks. ChemSusChem 8,

1805–1818. https://doi.org/10.1002/cssc.201403375.

3. Zhu, C., Cao, J.-P., Zhao, X.-Y., Xie, T., Ren, J., and Wei, X.-Y. (2019).

Mechanism of Ni-catalyzed selective CO cleavage of lignin model com-

pound benzyl phenyl ether under mild conditions. J. Energy Inst. 92,

74–81. https://doi.org/10.1016/j.joei.2017.11.004.

4. Yong, K.J., and Wu, T.Y. (2023). Recent advances in the application of

alcohols in extracting lignin with preserved b-O-4 content from lignocel-

lulosic biomass. Bioresour. Technol. 384, 129238. https://doi.org/10.

1016/j.biortech.2023.129238.

5. Long, J., Shu, S., Wu, Q., Yuan, Z.,Wang, T., Xu, Y., Zhang, X., Zhang, Q.,

and Ma, L. (2015). Selective cyclohexanol production from the

renewable lignin derived phenolic chemicals catalyzed by Ni/MgO. En-

ergy Convers. Manag. 105, 570–577. https://doi.org/10.1016/j.encon-

man.2015.08.016.

6. Lu, M., Jiang, Y., Sun, Y., Zhang, P., Zhu, J., Li, M., Shan, Y., Shen, J.,

and Song, C. (2020). Hydrodeoxygenation of guaiacol catalyzed by

ZrO2–CeO2-Supported nickel catalysts with high loading. Energy Fuels

34, 4685–4692. https://doi.org/10.1021/acs.energyfuels.0c00445.

7. Long, W., Liu, P., Xiong, W., Hao, F., and Luo, H.a. (2020). Conversion of

guaiacol as ligninmodel component using acid-treated,multi-walled car-

bon nanotubes supported Ru–MnO bimetallic catalysts. Can. J. Chem.

98, 57–65. https://doi.org/10.1139/cjc-2019-0261.

8. Dongil, A.B., Ghampson, I.T., Garcı́a, R., Fierro, J.L.G., and Escalona, N.

(2016). Hydrodeoxygenation of guaiacol over Ni/carbon catalysts: effect

of the support and Ni loading. RSC Adv. 6, 2611–2623. https://doi.org/

10.1039/C5RA22540J.

9. Guo, Z., Zhang, Q., You, T., Zhang, X., Xu, F., and Wu, Y. (2019). Short-

time deep eutectic solvent pretreatment for enhanced enzymatic

saccharification and lignin valorization. Green Chem. 21, 3099–3108.

https://doi.org/10.1039/C9GC00704K.

10. Tong, Y., Yang, T., Wang, J., Li, B., Zhai, Y., and Li, R. (2024). A review on

the overall process of lignin to phenolic compounds for chemicals and

fuels: from separation and extraction of lignin to transformation.

J. Anal. Appl. Pyrol. 181, 106663. https://doi.org/10.1016/j.jaap.2024.

106663.

11. Chen, X., Mosier, N., and Ladisch, M. (2024). Valorization of lignin from

aqueous-based lignocellulosic biorefineries. Trends Biotechnol. 42,

1348–1362. https://doi.org/10.1016/j.tibtech.2024.07.004.

12. Liu, X., Bouxin, F.P., Fan, J., Budarin, V.L., Hu, C., and Clark, J.H. (2020).

Recent advances in the catalytic depolymerization of lignin towards

phenolic chemicals: a review. ChemSusChem 13, 4296–4317. https://

doi.org/10.1002/cssc.202001213.

13. Van den Bosch, S., Schutyser, W., Vanholme, R., Driessen, T., Koelewijn,

S.-F., Renders, T., De Meester, B., Huijgen, W.J.J., Dehaen, W., Courtin,

C.M., et al. (2015). Reductive lignocellulose fractionation into soluble

lignin-derived phenolic monomers and dimers and processable carbohy-
14 Cell Reports Sustainability 2, 100344, March 28, 2025
drate pulps. Energy Environ. Sci. 8, 1748–1763. https://doi.org/10.1039/

C5EE00204D.

14. Jing, Y., Dong, L., Guo, Y., Liu, X., and Wang, Y. (2020). Chemicals from

lignin: a review of catalytic conversion involving hydrogen. ChemSu-

sChem 13, 4181–4198. https://doi.org/10.1002/cssc.201903174.

15. Chen, M.-Y., Huang, Y.-B., Pang, H., Liu, X.-X., and Fu, Y. (2015). Hydro-

deoxygenation of lignin-derived phenols into alkanes over carbon nano-

tube supported Ru catalysts in biphasic systems. Green Chem. 17,

1710–1717. https://doi.org/10.1039/C4GC01992J.

16. Hong, Y.-K., Lee, D.-W., Eom, H.-J., and Lee, K.-Y. (2014). The catalytic

activity of Pd/WOx/g-Al2O3 for hydrodeoxygenation of guaiacol. Appl.

Cat. B 150–151, 438–445. https://doi.org/10.1016/j.apcatb.2013.12.045.

17. Hellinger, M., Carvalho, H.W.P., Baier, S., Wang, D., Kleist,W., andGrun-

waldt, J.-D. (2015). Catalytic hydrodeoxygenation of guaiacol over plat-

inum supported on metal oxides and zeolites. Appl. Cat. A 490,

181–192. https://doi.org/10.1016/j.apcata.2014.10.043.

18. De Castro, I.B.D., Graça, I., Rodrı́guez-Garcı́a, L., Kennema, M., Rinaldi,

R., and Meemken, F. (2018). Elucidating the reactivity of methoxyphenol

positional isomers towards hydrogen-transfer reactions by ATR-IR spec-

troscopy of the liquid–solid interface of RANEY� Ni. Catal. Sci. Technol.

8, 3107–3114. https://doi.org/10.1039/C8CY00491A.

19. Mochizuki, T., Chen, S.-Y., Toba, M., and Yoshimura, Y. (2014). Deoxy-

genation of guaiacol and woody tar over reduced catalysts. Appl. Cat.

B 146, 237–243. https://doi.org/10.1016/j.apcatb.2013.05.040.

20. Liu, X., Jia, W., Xu, G., Zhang, Y., and Fu, Y. (2017). Selective hydrodeox-

ygenation of lignin-derived phenols to cyclohexanols over co-based cat-

alysts. ACS Sustainable Chem. Eng. 5, 8594–8601. https://doi.org/10.

1021/acssuschemeng.7b01047.

21. Leiva, K., Martinez, N., Sepulveda, C., Garcı́a, R., Jiménez, C.A., Lau-
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