
Citation: Kashyap, P.; Brzezińska, M.;
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Abstract: The conversion of lignocellulosic biomass to valuable chemicals such as levulinic acid and
γ-valerolactone is a promising approach for achieving a sustainable circular economy. However,
the presence of impurities during the stepwise chemical processing chain of the biomass feedstock
can significantly impact both the hydrolysis and hydrogenation steps implemented to convert the
cellulosic feedstock to levulinic acid and further to γ-valerolactone, respectively. This review article
explores the effects of those impurities by classifying them into two groups, namely endogenous
and exogenous types, based on whether they originate directly from the raw lignocellulosic biomass
or arise during its multi-step chemical processing. Endogenous impurities include heavy metals,
alkali metals, alkaline earth metals, proteins, and side products from the downstream treatment
of cellulose, while exogenous impurities are introduced during physical pre-treatments such as
ball milling or during the hydrolysis step, or they might originate from the reactor setup. The
specific catalyst deactivation by carbonaceous species such as humins and coke is considered. The
mechanisms of impurity-induced catalyst deactivation and by-product formation are thoroughly
discussed. Additionally, strategies for minimizing the detrimental effects of impurities on biomass
conversion and enhancing catalytic efficiency and stability are also proposed.

Keywords: impurities; lignocellulosic biomass; levulinic acid; γ-valerolactone; catalyst deactivation;
heterogeneous catalyst

1. Introduction

The depletion of fossil fuel reserves associated with the necessity of lowering world-
wide CO2 release presents us with the challenge of finding renewable sources of both
chemicals and fuels, as well as elaborating sustainable chemical processing for their pro-
duction. One of the most promising candidates is the abundant lignocellulosic biomass
feedstock, i.e., the so-called biomass of second generation, that is based on the waste frac-
tion of plants and, as a consequence, is characterized by its lack of competition with the food
industry. It is expected to play a pivotal role in the move towards future renewables-based
biorefinery schemes [1,2].

Lignocellulosic biomass consists of three main components, namely cellulose, hemi-
cellulose, and lignin (Figure 1). Cellulose is the predominant component, while both
cellulose and hemicellulose account for ca. 50–85% of the overall weight depending
on the biomass source. In terms of chemical composition, cellulose is a high molecular
weight crystalline polysaccharide (C6H12O6)n composed only of D-glucose (C6) units linked
with β-1,4-glycosidic bonds, whereas hemicellulose is built with different monosaccha-
ride units, namely pentoses and hexoses, linked together via α-1,2- and β-1,4-glycosidic
bonds [3]. Unlike cellulose, hemicellulose consists of 50–3000 sugar units as opposed to
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7000–15,000 glucose molecules per polymer in cellulose. In both cases, the amount of
the sugar monomers changes quite dramatically for different feedstock sources. The last
form, lignin, is an aromatic 3D network of linked phenylpropane sub-units. By contrast
to cellulose, which exhibits a strong crystalline structure and is resistant to hydrolysis,
hemicellulose and lignin are amorphous structures that both originate from the plant cell
walls [4]. However, lignocellulosic biomass also comprises other components that cannot
be omitted, among which we find proteins, ash, extractives, and starch [5].
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The strongly variable content of the lignin component (10–50 wt%, as nominally
C9H10O3) is responsible for practical issues associated with the feedstock inhomogene-
ity, in addition to a greater degree of intractability in pre-treatment due to its aromatic
(hydrophobic) qualities [7].

One of the most promising intermediates (platform molecules) that can be processed
from the cellulose fraction, and in particular from the dehydration of C-6 carbohydrates, is
levulinic acid (LA), used as a building block for the synthesis of many high added value
chemicals [8]. The chemical processing of lignocellulosic biomass requires the implemen-
tation of a series of non-catalytic and catalytic processes to produce high added value
compounds, and in particular the valuable LA platform molecule, that can be further
converted into a wide span of valuable chemicals. Among them, γ-valerolactone (GVL)
gained significant attention because of its versatile applications; for instance, it can be used
as a solvent or precursor in chemical synthesis, or as biofuel or biofuel additive due to its
low volatility, minimum toxicity, and good stability [9–11].

However, like in most industrial (chemical) processes, the efficiency of many trans-
formation steps in the chemical processing chain of biomass appears to be affected by the
presence of impurities, whether from the conversion of the initial biomass feedstock or
the further conversion of biomass-derived molecules. In particular, it is well known that
the heterogeneous catalysts used during the stepwise conversion chain are susceptible
to deactivation, due to their poisoning by the impurities present in the reaction media.
Gaining deeper knowledge on the origin of impurities and their impact on catalyst perfor-
mance and more globally on the biomass conversion process chain remains, therefore, of
prime importance in the search for more performant and more robust catalysts and in the
understanding of the reaction mechanisms.
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To this end, this review aims to describe the influence of the span of impurities that are
present during the stepwise chemical processing of lignocellulosic biomass. First, the main
physical and chemical pre-treatments directly applied to the raw lignocellulosic biomass
feedstock are itemized in Section 2, together with the subsequent catalytic processing of the
biomass. Section 3 discriminates endogenous and exogenous impurities depending on the
way they are introduced into the chemical processing chain of biomass. Sections 4 and 5
report on the influence of the so-called endogenous and exogenous impurities on the
efficiency of the biomass and biomass-derived molecules conversion processes, while the
deactivation of catalysts by carbonaceous species such as humins and coke is reviewed
in Section 6. Future perspectives directly deriving from the key aspects associated to the
influence of impurities are finally emphasized.

2. Lignocellulosic Biomass Processing

The initial processing of biomass usually consists of the fractionation of the polymers.
Therefore, the first step of biomass processing aims to isolate the biomass fractions and
increase the cellulose susceptibility in order to consequently facilitate its depolymerisation
and solubilisation [12]. This first step is realized by chemical or physical pre-treatments
and/or combinations thereof, namely, e.g., mechanical, hydrothermal (steaming), chem-
ical (hydrolysis), and biochemical (enzymatic saccharification) processes. The main pre-
treatment methods are summarized in Figure 2.
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2.1. Physical Pre-Treatments

Physical pre-treatment aims to unify the macrostructure of the biomass, destroy its
crystalline structure, and increase its specific surface area, in order to separate lignin and to
make hemicellulose and cellulose more accessible to chemicals. To accomplish that goal,
biomass is subjected to different types of physical processes [6], e.g.,:

• Milling or grinding,
• Chipping,
• Extrusion,
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• Processes applied under irradiation (microwave) or ultrasound excitation.

2.2. Chemical Pre-Treatments

Chemical pre-treatments include globally a wider span of processes in comparison to
physical pre-treatments, that can be itemized as follows [6,13]:

• Hydrothermal pre-treatments in hot water at elevated temperatures (120–230 ◦C) [14,15].
• Acid pre-treatments, notably using hydrochloric, sulfuric, formic, and acetic acids [16,17].

The so-called Organo Cat process operates in particular in a biphasic water/bio-based
2-MeTHF solvent system using oxalic acid as catalyst [18].

• Alkali pre-treatments at room temperature using bases such as NaOH, KOH, Ca(OH)2,
or anhydrous ammonia [19–21]. Kraft pulping alkaline treatment has recently attracted
attention [22].

• Treatments with ILs or eutectic liquids include mainly imidazolium-based,
alkylammonium-based, and lignin-derived phenol-based ILs [23,24].

• Oxidative pre-treatments use reagents like hydrogen peroxide (H2O2), oxygen, air,
and peroxyacid [21,25,26].

• Pre-treatments using a span of organic solvents with or without the addition of a
catalyst, that are referred under a common umbrella as Organosolv processes [27].

• Steam explosion pre-treatments that expose the biomass to saturated steam with high
pressure and rapidly drop pressure, causing the materials to decompress explosively
with the disruption of H bonds and glycosidic links [28,29].

The main chemical pre-treatment methods are summarized in Figure 3.
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2.3. Catalytic Chemical Processing of Lignocellulosic Biomass

In general, as depicted in Scheme 1, the chemical processing of lignocellulosic biomass
gives rise to two different pathways for producing the valuable platform molecule that is
LA. The dehydration of hexose sugars in the presence of diluted acid allows to obtain HMF,
while pentose sugars are dehydrated into furfural (FFR) which is further hydrogenated,
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leading to the formation of furfuryl alcohol. The acidic hydrolysis of furfuryl alcohol also
results in obtaining LA [30]. LA can be produced through various means, one of which
involves the heating of hexose or hexose-containing carbohydrates with a weak mineral
acid over an extended period [31]. However, a significant drawback of this approach is
the challenge of separating the resulting products from the acidic reaction mixture. As
an alternative method, heterogeneous catalysts such as supported metal catalysts, ion
exchange resins, or zeolites can be employed. However, the disadvantage of this method
lies in the low product yields of the reaction, so that long reaction times are necessary to
obtain reasonable quantities of LA.
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Further, the catalytic (upgrade) conversion of LA into GVL is reported to occur via two
pathways, namely via 4-hydroxypentanoic acid (HPA) or α-angelica lactone (AL) interme-
diates (Scheme 2). The HPA reactional pathway initiates first with the hydrogenation of the
carbonyl group of the LA to form the HPA intermediate which is further dehydrated with
both esterification and ring closure to obtain GVL. By contrast, the alternative pathway
takes place first with the dehydration of LA with ring closure to form the LA intermedi-
ate, which subsequently undergoes C=C bond hydrogenation to obtain GVL [32]. The
HPA pathway occurs in mild conditions and is therefore proven to be thermodynamically
preferred [33]. Furthermore, in the context of liquid-phase hydrogenation using metal-
supported catalysts, it is reported that the reaction of LA progresses through HPA as an
intermediate [33,34]. On the other hand, when hydrogenation takes place in the vapor
phase, it results in the formation of α-angelica lactone [35,36].
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Scheme 2. Levulinic acid hydrogenation pathways towards γ-valerolactone.

LA hydrogenation is conducted mainly in the presence of a pressurized external source
of hydrogen. However, there are also interesting examples of LA hydrogenation with an
internal source of hydrogen such as an alcohol or formic acid (FA) [37]. It is important to
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highlight that the hydrogenation of LA has been the subject of intensive research, with
numerous evaluations of various heterogeneous catalysts using commercially available
high purity reactants, both in liquid and gas phases [34,37]. Often, however, high purity
chemicals were usually used, and the presence of possible impurities related to the reaction
environment was not considered.

3. Categorization of the Origin of the Biomass Impurities

The primary origin of the impurities present during the processing chain of cellu-
lose conversion can be categorized into two groups, namely endogenous and exogenous
(Figure 4).
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Endogenous impurities originate directly from the raw lignocellulosic biomass and
involve a diverse array of inorganic and organic components, such as heavy metals present
in the biomass or introduced, e.g., through phytoremediation, amino acids as part of the
plant cell structure, and various minerals. They are present before any physical or chemical
treatment, directly tied to the diverse composition of the biomass.

In contrast, exogenous impurities arise during the multi-step processing of biomass.
Physical pre-treatments, such as milling or grinding, contribute to exogenous impurities
through contact with the processing equipment. The hydrolysis step introduces impurities
from both heterogeneous catalysts (e.g., sulfonated polymer resins), that are susceptible
to leaching phenomena, and from homogeneous catalysts (e.g., H2SO4, HCl), which may
introduce foreign ions. The corrosive nature of the environment further contributes to
the introduction of impurities from the reaction setup. Additionally, impurities can be
introduced during the subsequent conversion of the obtained hydrolysate. Therefore,
the discussions about these issues emphasize the importance of managing impurities at
different stages to enhance the process efficiency as well as the purity of the final product
in LA conversion.

The prime importance of studying the direct impact of both exogeneous and endoge-
nous impurities on the ability of catalysts to hydrogenate LA into GVL with high yield is
well substantiated in Table 1, which itemizes selected examples demonstrating that the
GVL yield faces a substantial drop in presence of different types of impurities.
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Table 1. Effect of different impurities on LA hydrogenation towards GVL.

Catalyst
Reaction

Temperature
(◦C)

Solvent H2 Pressure
[bar]

Reaction
Time [h]

Impurity
Type

GVL Yield [%]
without

Impurities

GVL Yield
[%] with

Impurities
Ref.

Ru(5%)/C 150 dioxane 50 1 0.025 wt%
H2SO4

93 48 [38]

Ru(5%)/C 150 dioxane 50 1 0.05 wt%
H2SO4

93 10 [38]

Ru(5%)/C 150 water 35 20 0.5 mol L−1

H2SO4
98 60 [39]

Ru(1%)/ZrO2 150 dioxane 50 3 0.25 wt%
H2SO4

47 3 [38]

Ru(1%)/ZrO2 150 dioxane 50 15 0.5 wt%
H2SO4

90 b 12 b [40]

Ru(1%)/ZrO2 90 water 50 20 0.5 wt%
H2SO4

95 b 75 b [40]

Ru(1%)/TiO2 150 dioxane 50 15 0.5 wt%
H2SO4

95 b 10 b [40]

Ru(1%)/TiO2 90 water 50 20 0.5 wt%
H2SO4

95 b 80 b [40]

Ru(5%)/ZrO2 30 water 50 1
0.9 wt%
H2SO4 +
HCOOH

91 0 [41]

Ru(1%)/ZrO2 150 dioxane 50 1 Cysteine
(Cys) a 100 b 12 b [40]

Ru(1%)/ZrO2 150 dioxane 50 1 Metheonine
(Meth) a 100 b 48 b [40]

Ru(5%)/TiO2 190 water 20 1 1 µg Zn 98 44 [42]
Ru(1%)/TiO2 170 water 50 5 Humins 31 6 [43]

Ru(1%)/TiO2 150 dioxane 50 1 0.5 wt%
humins 90 b 53 b [40]

Ru(1%)/ZrO2 150 dioxane 50 1 0.5 wt%
humins 90 b 50 b [40]

Ru(5%)/C 150 water 40 1 2 mmol
HCOOH 67 2 [44]

Ru(1%)/ZrO2 150 dioxane 50 10 0.5 wt%
HCOOH 90 b 0 b [40]

Ru(1%)/ZrO2 90 water 50 10 0.5 wt%
HCOOH 99 b 10 b [40]

Ru(1%)/TiO2 150 dioxane 50 10 0.5 wt%
HCOOH 98 b 3 b [40]

Ru(1%)/TiO2 90 water 50 10 0.5 wt%
HCOOH 90 b 3 b [40]

a Cys or Meth to LA ratio = 1:500, b GVL + HPA yield (HPA = 4-hydroxypentanoic acid).

4. Biomass Endogenous Impurities

Endogenous impurities from the biomass processing chain are considered to mainly
originate from soil and directly from plant proteins. The category of endogenous impurities
also includes by- and co-products resulting from the initial hydrolysis of biomass and other
competitive reactions.

4.1. Impurities from Soil Origin

Soils are very prone to any type of contamination coming both from hydrological
(study of water on and below the earth’s surface) and atmospheric sources. In the case
of highly polluted soils such as in post-mine or post-industrial areas, they might contain
many impurities of different natures like heavy metals (e.g., As, Cd, Hg, Mo, Pb). Soil
pollution is one of the serious environmental concerns of today’s world. It is a growing
problem causing vast areas of land to become unexploited and hazardous for both wildlife
and human beings, directly on-site or indirectly by impacting vital ecosystems [45]. High
concentrations of heavy metals are present in soils in the surrounding mines due to the
dispersion of mine waste materials into nearby soils. Metals/metalloids present in such
polluted soils can be dispersed downstream due to the weathering and erosion processes of
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tailings. The extent and degree of heavy metal contamination can be significant over vast
areas, which causes a major impact on the environment.

4.1.1. Phytoremediation Processes

In order to diminish the negative impact of soil-originating impurities, the phytore-
mediation process is one of the actions undertaken, which consists of taking advantage
of plants’ accumulation properties to remediate the polluted soil. Phytoremediation is a
process in which living plants are used to reduce the mobility, toxicity, or volume of the
pollution in the soil, groundwater, or other contaminated media, so that plants may clean
up many kinds of pollution such as heavy metals, pesticides, or oil. While the phytore-
mediation strategy depends on the types of impurities present and on the soil properties,
phytoremediation is a generic term for plant-mediated cleaning processes independent
of their action mechanisms, namely phytoextraction, rhizofiltration, phytovolatilization,
phytostabilization, phytodegradation, hydraulic control, or rhizodegradation (Figure 5).
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Commons CC-BY-3.0 license by IntechOpen Ltd, 2014, [46].

Phytoremediation usually operates through one of the first three mechanisms men-
tioned above in the case of heavy metals. For example, the phytoextraction strategy that
involves contaminant absorption by the plant roots followed by translocation and accu-
mulation in other parts of the plants is often used for metals and metalloids (like Cd,
Ni, Cu, Zn, Pb, and As) as well as for the removal of organic compounds. In this case,
plants known as hyperaccumulators are often applied, as they have the ability to store
high concentrations of metals (0.01% to 1% of the dry weight, depending on the metal).
The latter three strategies are used when the soil is polluted with organic molecules such
as hydrocarbons, aromatic hydrocarbons, chlorinated solvents, or pesticides [47]. The
accumulation of inorganic compounds in soil over an extended period has the potential
to reduce soil pollutants, but the high concentration of these impurities in plants limits
their use. Currently, various strategies are being developed to use these plants as feedstock
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for multiple synthesis, enhancing sustainability but also introducing new challenges re-
lated to inorganic impurities. The content of these impurities (presented as ash content)
can be substantial in the biomass, for example, rice husks contain around 10% ash, and
sludge biomass might contain around 19% [48]. Biomass ash commonly contains silicates,
sulphates, phosphates, carbonates, chlorides, and nitrates, with silica being consistently
recognized as the most abundant inorganic component [49,50]. The specific composition of
ash depends on factors such as the biomass type and the combustion method, as well as
both transport and storage conditions [51].

Even though there are some similarities between coal and biomass, we cannot ap-
ply coal conversion technologies directly to biomass conversion. Various studies showed
that the biomass composition varies significantly from coal and among different types
of biomasses. Biomass generally contains higher levels of certain elements compared to
coal. For example, coal contains a maximum of 27.7, 4.1, 3.9, and 16.4 ppm of CaO, K2O,
MgO, and Fe2O3, respectively. However, woody and agricultural biomasses contain the
same impurities in an amount of 83.5, 31.9, 14.5, 9.5 ppm, and 44.3 63.9, 16.2, and 36.2
ppm, respectively. Factors influencing biomass composition include plant type, growth
conditions, geographic location, climate, and harvesting techniques [7]. Despite the poten-
tial of biomass as a raw material for synthesizing valuable compounds, the presence of
these inorganic impurities poses challenges. These impurities can significantly impact both
hydrolysis and hydrogenation processes. Unfortunately, most documented studies on the
conversion of biomass-derived molecules have primarily utilized commercial substrates
rather than molecules directly derived from lignocellulosic feedstocks. This oversight is
crucial, especially in processes involving waste feedstocks, where various impurities can
significantly affect catalyst performance.

4.1.2. Impurities Affecting the Hydrolysis and Hydrogenation Steps

Homogenous catalysts like H2SO4 and HCl prove to be sufficiently effective in biomass
hydrolysis because they can easily penetrate to the complex, heterogeneous structure of
cellulose [52]. However, the presence of possible impurities originating from soil can affect
their performance.

Soszka et al. conducted a study on the influence of impurities and the nature of
biomass feedstock in biomass hydrolysis on the yield to LA. They identified various metal
impurities like Cu, Zn, Pb, and Cd in the biomass feedstock. Among these impurities, Zn
was found to be the most abundant in the investigated lignocellulosic biomasses [42]. In
addition to these impurities, the biomass also contained salts of metals like K, Ca, and Mg.
The concentration of these impurities varied depending on the type of biomass and its plant
part [7]. Generally, softwoods like pine exhibit lower impurity levels, while hardwoods
like birch have higher concentrations [53].

For example, calcium ions can negatively affect the sulphuric acid concentration in
the solution. Indeed, insoluble calcium sulphate can precipitate even when sulphuric
acid is used in low concentrations (0.005–1 M), leading to reactor clogging during the
biomass hydrolysis process [38,42,54]. It was reported that calcium ions combined with
the presence of the Fe-based impurities were responsible for decreasing the yield to sugar
during hydrolysis. It was found that the presence of Ca and Fe ions in the solution greatly
reduced the concentration of tungstate ions in the liquid, because of the formation of
insoluble CaWO4 and FeWO4 salts, respectively [55].

Not only calcium ions are identified as harmful. Cao showed that in the absence of
any additional catalysts during the hydrolysis of cellulose, both Cu2+ and Fe3+ ions can
catalytically boost the hydrolysis of cellulose to glucose and its further conversion towards
LA and FA when the reaction is conducted at high temperatures such as 200 ◦C [56]. Pang
et al. performed cellulose hydrolysis with tungsten-based catalysts in the presence of AlO2−

and SiO3
2− impurities and observed that the cellulose conversion decreased strongly. The

presence of these impurities facilitated the leaching of tungstic acid catalysts into the solu-
tion due to the formation of salts [55]. There are also examples of other acid heterogeneous
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catalysts commonly employed in biomass hydrolysis, including commercial acid zeolites,
Amberlysts, and acid-modified SBA-15, which exhibit deactivation under various reaction
conditions [57–59]. Acid zeolites, for instance, are susceptible to deactivation when exposed
to ions like K, Ca, and Mg in the feed solution. This occurs due to the ion exchange process,
where these metal ions replace H+ ions within the zeolitic microstructure, resulting in
the loss of acidic properties and in a subsequent decline in the catalyst activity [59,60].
By contrast, some impurities have been reported to exhibit negligible or even sometimes
positive effects on the hydrolysis of cellulose. In a study by Pang et al., it was observed that
Na+, K+, and Cl- ions remained inert during the conversion of cellulose under the tested
hydrothermal conditions [55]. Additionally, Potvin et al. demonstrated that the addition of
NaCl significantly enhanced the LA yield in the cellulose hydrolysis catalysed by Nafion
SAC-13. They reported that the addition of the salt caused the beneficial interaction with the
hydrogen bonding network of the cellulose. Simultaneously, the hydrothermal conditions
of the reaction facilitated a higher cellulose dissolution in the solvent. This dual action
allowed the Nafion catalyst to more effectively hydrolyse cellulose, generating glucose and
subsequently leading to increased LA production [61].

Impurities such as Pb, Cd, and Zn are also identified to influence the hydrolysis
reaction. Their presence can result in catalyst deactivation as the protons of the solid acid
catalysts can be replaced by these metal ions [62,63]. The summary of the effects of the
impurities during the hydrolysis step is shown in Figure 6.
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Impurities present in the biomass not only impact the hydrolysis process but also
significantly affect the further hydrogenation reactions of the further upgrading of platform
chemicals performed with metal-based catalysts.

Both noble and non-noble metals are used for this reaction efficiently, with the fol-
lowing included as typical examples of active phases: Ru, Pt, Pd, Ni, and Cu [9–11]. In
general, the properties of catalysts can be influenced by presence of inorganic components
through changes in how they adsorb the reactants. This deactivation can usually occur by
either blocking the active surface sites, making them inaccessible for adsorbing molecules
(geometric effects), or by inducing structural modifications due to strong interactions with
metal impurities (electronic effects) [64,65].

By contrast to studies on the effect of impurities during the hydrolysis step, inves-
tigations concerning the hydrogenation step remain scarce. Indeed, in the case of the
hydrogenation of LA derived from depithed sugarcane bagasse feedstock, Mthembu et al.
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pointed out the possible presence of impurities in the LA substrate, but in their case, the
loss in performance in the hydrogenation to GVL was relatively minor [66]. No information
was provided on whether the potential impurities were originating from the depithed
sugarcane bagasse feedstock itself, or from the chemical process chain.

Biogenic impurities like alkali and alkaline earth metals and heavy metals such as Pb,
Cd, and Zn are identified to influence hydrogenation reactions. They are considered as
potential impurities during biomass chemical processing since these inorganic salts can
leach and in consequence can be released into the aqueous solution. Studies have indicated
that inorganic impurities such as Zn and Pb can hinder the activity of Ru catalysts used
during LA hydrogenation through adsorption on their surface. This phenomenon is likely
attributed to the adsorption of contaminants at the Ru active sites, leading to the poisoning
of the catalyst [42].

4.2. Impurities from Plant Proteins

Protein content has been reported to strongly differ depending on the plant species.
Although protein contribution is the highest in aquatic plants, other species such as corn
or sugarcane (particularly their leaves) contain also significant amounts of proteins [5].
Proteins are present in the form of photosynthetic pigment–protein complexes (PPCs) which
can be notably found in the biomass leaves and which comprise a set of chromophore
molecules, typically bacteriochlorophyll species, held in a well-defined arrangement by a
protein scaffold (Figure 7). They are a vital component of the light-harvesting machinery
of all plants, enabling the efficient transport of the energy of absorbed light towards the
reaction centre, where chemical energy storage is initiated. Plant proteins are made up
of about 20 common naturally occurring ‘biogenic’ amino acids identified within the
biomass feedstock, among them aspartic acid, glutamic acid, leucine, proline, histidine,
glycine, threonine, arginine, alanine, tyrosine, cysteine, valine, methionine, tryptophan,
phenylalanine, isoleucine, lysine, and serine [67].
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Figure 7. Crystal structures of four representative PPCs found in green plants: (a) Rhodospirilum
molischanum (PDB: 1LGH), (b) Amphidinium carterae (PDB: 1PPR), (c) Fenna–Matthews–Olson (FMO)
complex (PDB: 3EOJ), and (d) Spinacia oleracea (PDB: 4LCZ). In each case, the coloured parts of the
PPC represent the chromophore molecules, with the rest of the protein shown in grey. Reproduced
from ref [68] with the permission of The Royal Society.

Metal catalysts for hydrogenation are susceptible to deactivation by biogenic impuri-
ties [69]. In particular, biogenic amino acids that contain sulphur in their structure, such as
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cysteine and methionine, have been reported to strongly impact the further conversion of
biomass-derived substrates. For example, the effect of cysteine, alanine, and methionine
amino acids was studied on the hydrogenation of LA using the Ru/ZrO2 catalyst. It was
found that cysteine and methionine (sulphur-containing amino acids) significantly inhib-
ited catalytic activity in dioxane. In another study, researchers described that cysteine can
be a potential source for metal sulphide formation during the hydrogenation of glucose
and xylose – but under similar reaction conditions than for LA hydrogenation -, which
causes the irreversible deactivation of a titania-supported Ru catalyst by poisoning the
catalytic active sites by adsorption [40].

In contrast, alanine (non-sulphurous amino acid) was found to have no major impact
on hydrogenation. However, even traces of cysteine deactivated the Ru/TiO2 catalyst when
hydrogenation was performed in water. The authors concluded that the deactivation was
caused by the irreversible interaction between sulphur-containing amino acids and the Ru
sites of the catalyst [40]. Ru poisoning by sulphur was also documented by Zhang et al.
They investigated the influence of cysteine, alanine, and methionine amino acids on the
hydrogenation of another carboxylic acid like lactic acid, which can be considered similar
to LA [70]. Similar to the above study, they found that cysteine and methionine irreversibly
deactivated the Ru/C catalyst due to the strong adsorption of sulphur on ruthenium active
sites, thus poisoning the catalyst. Further, it was described that the sulphur-containing
amino acids can partially fill the porous structure of the activated carbon and thus block
lactic acid access to the catalyst (Ru/C). They reported the possibility of sulphur present
in albumin in the form of cysteine and methionine, to directly poison the Ru surface by
adsorption. Poisoning could be an issue especially if the protein unfolds in the carbon
pore structure in the presence of hydrogen and at low solution pH. Therefore, a two-fold
poisoning mechanism was proposed, with first the plugging of pores by the protein and
second the poisoning of the metal active sites via the sulphur from the sulphur-containing
amino acids. However, they observed that alanine caused a decrease in catalytic activity due
to competitive adsorption, resulting from the preferential adsorption of alanine molecules
on the metal surface over lactic acid [70].

4.3. Influence of Other Compounds

A series of molecules resulting from the hydrolysis step of the chemical processing of
biomass have been identified as impurities potentially impacting the performances of the
catalysts used in the LA hydrogenation reaction [40]. Those molecules are HMF and FFR,
which are the main products of the C-6 and C-5 sugars hydrolysis, respectively, as well as
FA, which is the by-product of C-6 sugar hydrolysis formed in equimolar amount with LA.
Although the use of FA as an internal source of hydrogen is a very appealing step forward in
the sustainable integration of biomass chemical processing within biorefineries, it requires
efficient one-pot catalysis to drive both the selective decomposition of FA to hydrogen and
the subsequent hydrogenation of LA into GVL. FA decomposition can proceed via two
reaction pathways, namely by dehydrogenation with the formation of H2 and CO2 (1) and
by dehydration with the formation of CO and H2O (2).

HCOOH → H2 + CO2 (1)

HCOOH → CO + H2O (2)

FA present in the reaction mixture can act as poison and deactivate metal-based
catalysts by irreversible chemisorption of the molecule on the metal active sites. In our
previous studies, we showed that ruthenium-based catalysts (Ru/C and Ru/TiO2) are
susceptible to poisoning by FA, which can block their active sites and hinder their catalytic
activity. The first step in the hydrogenation of LA to GVL with FA as a hydrogen source
is the breaking of the OH bond in formic acid. This step is also the slowest, requiring
the highest activation energy (1.08 eV). When the OH bond is broken, it forms a formate
intermediate on the Ru surface. However, this formate intermediate can poison the catalyst,
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preventing further reaction [71]. Deng et al. found that even a very small amount of formate
(10 mmol/L) can significantly inhibit the conversion of LA [44]. This results from the strong
adsorption of the formate on Ru (0001), which blocks the active sites. The inhibition of the
active sites by the surface formate species persists until a sufficiently high conversion of
formic acid occurs, making free the catalytic sites for LA hydrogenation [42,71].

The co-produced CO and CO2 during the FA decomposition also have detrimental
effects on the activity of the catalysts. CO2 under hydrogen pressure might also create
surface formate species, which hinders the conversion of LA. As a result, the overall
catalytic efficiency of Ru/C is greatly reduced when CO2 is introduced into the reaction
mixture. This highlights the complex relationship between surface species and catalytic
reactions in this system [42,71]. Like the formate species, CO can also adsorb strongly on
the catalyst surface, acting as a poison for the active metal centres (as explained above).
We investigated the effect of CO using Ca-modified titania-supported Ru catalysts in our
earlier work. It was observed that the catalyst preparation method, particularly the Ca
modification, plays a pivotal role in determining the extent of FA decomposition and its
subsequent impact. Catalysts modified with Ca exhibited improved the selectivity to H2
during the FA decomposition, generating less CO compared to other catalysts; therefore,
catalysts were poisoned to a lower extent. Furthermore, the incorporation of Ca2+ ions into
the TiO2 crystal lattice altered metal-support interactions, reducing CO adsorption [72].

In the bimetallic system Ni-Au, it was found that even traces of CO during the re-
action exhibit a significant impact on catalytic performance. Investigations revealed that
chemically reduced monometallic gold exhibited limited activity in FA decomposition.
Conversely, Ni/γ-Al2O3, a catalyst incorporating chemically reduced nickel, demonstrated
notable activity with a 52% FA conversion rate. The introduction of bimetallic Au-Ni/γ-
Al2O3 catalysts further underscored the impact of CO, surpassing the monometallic coun-
terparts and displaying the highest activity (91%) among catalysts prepared by chemical
reduction. To comprehend the superior performance of the Au-Ni catalysts, the study
employed density functional theory (DFT) calculations, specifically focusing on FA de-
composition. The DFT analysis compared a model Au-Ni (111) surface with Au (111) and
Ni (111), revealing insights into the catalytic mechanism. The dehydrogenation process
commenced with OH scission, leading to the formation of a bidentate formate intermediate
on all three surfaces. On the Au-Ni surface, this intermediate exhibited a strong Ni-O
bond and a weak Au-O bond, influencing its stability and favouring the overall reaction.
Weaker hydrogen adsorption on the alloy promoted hydrogen production. While CO
could potentially poison active sites on monometallic surfaces like Ni (111), the alloying
effect on Au-Ni surfaces reduced the number of Ni-CO bonds, weakening CO adsorption.
Moreover, the alloy facilitated the reverse hydroxylation of CO into carboxyl (COOH), a
competitive process with desorption. These COOH groups can be easily hydrogenated to
regenerate formic acid when exposed to hydrogen, thereby minimizing the adverse effects
of CO on catalytic sites. These findings highlighted that while CO formation during FA
decomposition poses challenges for monometallic catalysts, strategic alloying in bimetallic
Au-Ni catalysts serves to decrease CO-induced poisoning, thereby enhancing catalytic
efficiency in LA conversion [73].

In another study, it is highlighted that Pd in the Ag-Pd bimetallic system, while active
in catalysis, is prone to poisoning by CO. Computational studies on monometallic Ag and
Pd surfaces, as well as bimetallic systems, emphasise that intermediates (formate) formed
during the reaction have strong bonds with Pd sites, risking the potential poisoning of the
catalyst. However, the bimetallic catalyst (4% Ag–1% Pd) showed superior performance due
to strong Ag-Pd interactions, and the dilution of Pd in the Ag-based alloy was suggested
to minimize the adsorption of CO due to the isolation of Pd atoms (i.e., one Pd atom
surrounded by Ag), enhancing the efficiency of the catalyst [74].
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Furthermore, the decomposition products of FA that are H2, CO, and CO2 can be
responsible for other side reactions, such as methane formation, mainly through reactions
(3) and (4).

CO + 3H2 → CH4 + H2O (3)

CO2 + 4H2 → CH4 + 2H2O (4)

These methane-forming reactions compete with the desired LA hydrogenation reaction
for hydrogen, thereby reducing the efficiency of LA hydrogenation [71]. The acidity of FA
also promotes the formation of carbonaceous deposits (coke) on the catalyst surface by the
condensation of reaction intermediates. These deposits block the active sites and hinder
the ability of the catalysts to carry out the desired reaction. For instance, Ni-based catalysts
(Ni/H-ZSM-5, Ni/SiO2) showed gradual decreases in LA conversion and GVL yield over
the time of reaction due to the FA-induced formation of coke [75,76].

On the other hand, competitive adsorption occurs when FA molecules or other com-
pounds formed during biomass hydrolysis, such as furfural and HMF, adsorb onto the
catalyst active sites. Using ultrafine Ru nanoparticles supported on lignin-derived N-doped
carbon layers as catalyst, Guo et al. observed that an excessive FA/LA ratio resulted in sig-
nificant reduction in both LA conversion and GVL yield, which decreased from 99.5% and
98.4% to ca. 39.2% and 34.6%, respectively. They proposed that this resulted from a loss in
GVL selectivity and from the deactivation of the catalyst under high acid concentration [77].

It is reported that the catalytic activity of Ru/ZrO2 and Ru/TiO2 decreased because
HMF and FFR were adsorbed on Ru sites [40]. This prevents the target molecules (FA
and LA) from adsorbing at the catalyst surface, in consequence reducing the catalytic
activity. Following a deep GC–MS analysis, Grillo et al. reported the presence of traces of
byproducts generated by the biomass conversion with LA used as starting substrate for
the production of GVL, namely acetic acid (0.5%), propanoic acid (0.7%), and additional
unknown compounds (6.8%) [78].

The summary of the endogenous type of impurities and their effect on the hydrogena-
tion step is presented in Figure 8.

Catalysts 2024, 14, x FOR PEER REVIEW 14 of 27 
 

 

Furthermore, the decomposition products of FA that are H2, CO, and CO2 can be re-
sponsible for other side reactions, such as methane formation, mainly through reactions 
(3) and (4). CO + 3 H  →  CH + H O  (3) CO + 4 H →  CH + 2 H O  (4) 

These methane-forming reactions compete with the desired LA hydrogenation reac-
tion for hydrogen, thereby reducing the efficiency of LA hydrogenation [71]. The acidity 
of FA also promotes the formation of carbonaceous deposits (coke) on the catalyst surface 
by the condensation of reaction intermediates. These deposits block the active sites and 
hinder the ability of the catalysts to carry out the desired reaction. For instance, Ni-based 
catalysts (Ni/H-ZSM-5, Ni/SiO2) showed gradual decreases in LA conversion and GVL 
yield over the time of reaction due to the FA-induced formation of coke [75,76]. 

On the other hand, competitive adsorption occurs when FA molecules or other com-
pounds formed during biomass hydrolysis, such as furfural and HMF, adsorb onto the 
catalyst active sites. Using ultrafine Ru nanoparticles supported on lignin-derived N-
doped carbon layers as catalyst, Guo et al. observed that an excessive FA/LA ratio resulted 
in significant reduction in both LA conversion and GVL yield, which decreased from 
99.5% and 98.4% to ca. 39.2% and 34.6%, respectively. They proposed that this resulted 
from a loss in GVL selectivity and from the deactivation of the catalyst under high acid 
concentration [77]. 

It is reported that the catalytic activity of Ru/ZrO2 and Ru/TiO2 decreased because 
HMF and FFR were adsorbed on Ru sites.[40] This prevents the target molecules (FA and 
LA) from adsorbing at the catalyst surface, in consequence reducing the catalytic activity. 
Following a deep GC–MS analysis, Grillo et al. reported the presence of traces of byprod-
ucts generated by the biomass conversion with LA used as starting substrate for the pro-
duction of GVL, namely acetic acid (0.5%), propanoic acid (0.7%), and additional un-
known compounds (6.8%) [78]. 

The summary of the endogenous type of impurities and their effect on the hydro-
genation step is presented in Figure 8. 

 
Figure 8. Catalyst deactivation during the hydrogenation step by endogenous type of impurities. 

5. Biomass Exogenous Impurities 

Figure 8. Catalyst deactivation during the hydrogenation step by endogenous type of impurities.

5. Biomass Exogenous Impurities

Exogenous impurities of biomass are mainly related to the presence of the catalysts
used the initial hydrolysis step, to the application of physical pre-treatments to the raw
biomass feedstock, and to the implementation of experimental reactor setups.
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5.1. Influence of the Catalysts Originating from Hydrolysis Step

Ftouni et al. studied the influence of sulphuric acid (typical homogenous catalyst for
biomass hydrolysis) as a feed impurity on the performance of Ru-based catalysts in the
liquid phase hydrogenation of LA. Their findings highlighted the extreme sensitivity of
Ru/C catalysts to minor amounts of H2SO4 (0.025–0.1 wt%), which inhibited the selective
hydrogenation of LA to GVL due to the strong chemisorption of sulphur species on Ru
active sites [38]. In a related study, Braden et al. demonstrated that the H2SO4 impurity
adversely affected the activity of a Ru/C catalyst in LA hydrogenation in water, whereas a
RuRe/C bimetallic catalyst exhibited lower activity but greater stability in the presence of
the same impurity [39]. The stability of the RuRe/C catalyst was attributed to its bimetallic
design, fostering synergistic effects between Ru and Re. The catalyst maintained intimate
contact between Ru and Re under reducing conditions, as revealed by TPR studies, and XRD
analysis confirmed the well-dispersed nature of Ru and Re species on the carbon support
even after exposure to sulphuric acid. This structural integrity prevented agglomeration,
contributing to the stability of the catalyst and to the efficiency of the LA hydrogenation,
and in consequence making the catalyst resilient to the adverse effects of sulphuric acid
impurities.

Additionally, Genuino et al. observed that Ru catalysts supported on ZrO2 remained
active in LA hydrogenation in dioxane even in the presence of H2SO4. The stability of
Ru/ZrO2 against deactivation was attributed to the sulphate ion adsorption capacity of
the oxide support, essentially acting as a scavenger [38,40]. Similar findings were found
for reactions conducted in water, where zirconia support allowed for higher stability in
comparison to silica or alumina for Ru catalysts tested in the hydrogenation of pure LA in
comparison to one obtained from cellulose hydrolysis containing sulphuric acid [41].

However, the situation changed when the catalyst testing was carried out in a continuous-
flow reactor. It was also observed that the Ru/ZrO2 catalyst exhibited superior stability in
dioxane compared to its Ru/TiO2 counterpart using reagent-grade LA as the substrate. The
diminished stability of Ru/TiO2 in dioxane was attributed primarily to the reduction of a
significant fraction of TiO2 support, wherein Ti4+ species were reduced to Ti3+. By contrast,
both catalysts were found stable in water, with minimal deactivation. The influence on
the GVL productivity of the H2SO4 concentration added to the feed (0.1 to 1 wt%) was
also explored. It was noted that increasing the H2SO4 amount from 0.1 to 0.25 wt% led
to a slight decrease in GVL yield by up to 5% while maintaining full selectivity to GVL.
However, when the H2SO4 content reached 0.5 wt%, a noticeable reduction in GVL yield
to 55% occurred, indicating a maximum sensitivity threshold for the Ru/ZrO2 catalyst.
Adding an H2SO4 concentration of 1.0 wt% resulted in the nearly complete inhibition of
the catalyst activity, leading to very low LA conversion and GVL yields. The presence of
H2SO4 led to the irreversible deactivation of both catalysts, as sulphur poisoning occurred,
adversely affecting the active Ru sites.

Sulphur-containing impurities, known for their strong adsorption on metal surfaces,
hindered the adsorption of the reactant molecules, resulting in a substantial loss of catalytic
activity [38,43,79]. The specific impact of sulphur-containing impurities on the Ru-based
catalysts was found to depend on both the oxidation and the protonation state of the
sulphur-containing potential poison, as well as on its easy reduction under the reductive
conditions. Previous studies revealed that under reductive and acidic conditions, surface
sulphates could be reduced to sulphides, contributing to the formation of Ru sulphides
and sulphates, and ultimately leading to the poisoning of the active Ru surface [80,81].
Similarly, Molder et al. found that S- and N-containing components were the root cause of
the deactivation of heterogeneous Raney Ni catalysts in the hydrogenolysis of herbaceous
biomass (hay). Sulphur-containing components were particularly more poisonous than
nitrogen-containing ones [82].



Catalysts 2024, 14, 141 16 of 26

5.2. Physical Pre-Treatments

Biomass valorisation often involves physical pre-treatments to disrupt the complex
structure of biomass and enhance its accessibility to subsequent processes. Ball milling is
one of the most popular mechanical pre-treatments and is a mechanical method that breaks
the polymer biomass by grinding it into smaller particles [83]. While ball milling is widely
used due to its simplicity and high energy efficiency, it can introduce contaminants that
can negatively impact the downstream conversion processes, including the conversion of
LA. Ball milling can introduce impurities into biomass in several ways. The mechanical
forces generated during the ball milling can break down biomass components into smaller
fragments, leading to the release of lignin fragments, hemicellulose degradation products,
and even cellulose chain breakage. These byproducts can act as inhibitors; for example,
lignin fragments can be the source of carbon deposits, hence negatively impacting further
conversion processes. Mayer-Laigle et al. pointed out that the contamination of biomass
materials by the grinder or milling media is a significant factor to consider when selecting
the milling equipment. In their study of wheat straw milling, they highlighted that ball
milling can contaminate the biomass, as it led to the formation of a fine powder of biomass
compounds with enhanced abrasion and adhesion phenomena with the milling balls.
Abrasion can introduce metal impurities into biomass as ball mills often contain steel or
other metallic components that can break off and contaminate the biomass, while adhesion
can form clumps of biomass that are difficult to break down further [84]. In another study,
Di Nardo and Moores examined the impact of the milling jar and ball material on the
contamination of chitin polysaccharides during mechanochemical amorphization. They
investigated the extent of contamination caused by different milling media, namely stainless
steel (Fe), zirconia (Zr), brass (Cu), aluminum (Al), and tungsten carbide (W). Their findings
revealed that zirconia yielded minimal contamination, while all other metal-containing
systems produced significantly higher levels of contamination. The metal leaching from the
reactors followed the order Fe < W < Al < Cu. This was attributed to metal release during
milling, presumably coming from friction and scratching between the grinding balls, the
powdered material, and the milling vessel [85].

5.3. Experimental Reactor Setup

The hydrolysis of biomass is a crucial step in the production of bio-based products.
This process typically involves the use of acidic catalysts, such as hydrochloric acid or
sulfuric acid, to break down the complex carbohydrates in biomass into simpler sugars.
However, the acidic media employed in hydrolysis pose a significant challenge, as they can
lead to the leaching of metals from the reactor walls (particularly those made of stainless
steel) into the reaction medium. The metals that are most susceptible to leaching from
stainless steel are Fe and Cr. This leaching can have a detrimental effect on the catalytic
activity and selectivity of downstream hydrogenation processes. A study by Arena et al.
investigated the hydrogenation of glucose using a Ru/Al2O3 catalyst in a continuous-flow
reactor made of stainless steel. Post-reaction analysis revealed the presence of iron within
the reactor. The extent of iron buildup was directly correlated with the Ru content of
the catalyst, meaning that the Fe concentration was increased with the Ru content. This
suggests that iron is selectively adsorbed onto ruthenium sites, effectively blocking active
sites, and reducing the activity of the catalyst. Subsequent analyses using atomic absorption
spectrometry confirmed that the iron originated from the reactor walls [81,86]. Similarly,
Kusserow et al. found that a Ru-based catalyst was deactivated by the leaching of chromium
and silicon from a stainless steel reactor. XRF analysis of spent catalysts revealed indeed
the presence of increased amounts of chromium and silicon interfering with the catalytic
activity [87].
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6. Catalyst Deactivation by Carbonaceous Species (Humins and Coke)
6.1. Catalysts Deactivation by Humins

Humins are heterogeneous, complex organic solids that are formed as byproducts
during various thermochemical conversion processes of biomass, including hydrothermal
conversion, pyrolysis, and gasification. Their amorphous, carbonaceous nature and not-
defined structure pose significant challenges in biomass valorisation efforts [88,89]. The
formation of humins is predominantly attributed to acid-catalysed biomass hydrolysis.
During this process, cellulose, the primary component of biomass, undergoes depoly-
merisation, yielding glucose and other degradation products like acetic acid and HMF.
These intermediate compounds can further react under acidic conditions, leading to the
formation of humins. The exact mechanism underlying the formation of humins remains
ambiguous, but it is believed to involve condensation reactions and the polymerisation of
intermediate compounds. Lignin, another major component of biomass, plays a crucial
role in the formation of humins. While lignin remains largely insoluble in acidic conditions,
its presence facilitates the formation of humins by providing a reactive surface for conden-
sation reactions [90,91]. This, in turn, can lead to reduced yields to the desirable products
such as LA and FA, especially over an extended reaction time. The presence of humins
can significantly hinder the production of LA and FA in several ways (Figure 9). First,
humins exhibit a strong affinity for LA and FA, leading to their adsorption onto the humin
surface. This reduces the availability of LA and FA for further conversion or downstream
processing. Second, humins can deposit onto the surface of catalysts, particularly around
the active sites, effectively blocking access to LA molecules. This deactivation of catalysts
can significantly reduce their effectiveness in promoting LA and FA production. What is
more, humins can aggregate and form larger particles that can clog the pores of catalysts,
further hindering the diffusion of reactants and products. This further reduces the catalytic
activity and the overall efficiency of the conversion process [62].

Using directly carbohydrate-rich biomass waste as feedstock, Koranchalil and Nielsen
have associated the formation of insoluble humins to the diminished activity and the low
yields to GVL obtained using the homogeneous Ru-MACHO-BH catalysts in aqueous
H3PO4, which are favoured under higher H3PO4 acid concentration and higher tem-
perature [92]. They speculate that humins are formed to a greater extent in the more
concentrated samples [93].
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Several studies have investigated the effects of humins on GVL production from LA
or cellulosic feedstock. For example, a study comparing the one-pot cellulose hydrolysis
followed by hydrogenation in separate reactions revealed that the former method resulted
in significantly lower GVL yields due to increased carbonaceous species formation, par-
ticularly humins, which effectively deactivated the used ruthenium catalyst (Ru/TiO2).
The time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis of spent catalysts
confirmed the presence of higher carbonaceous deposits in the one-pot reaction, indicating
excessive humin generation. This accumulation of carbonaceous species, primarily coming
from humins, effectively hindered the GVL production efficiency, leading to a drastic
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reduction in yield from 31% to 6% [43]. Another study found that Ru/ZrO2 and Ru/TiO2
catalysts were reversibly deactivated by humins during the hydrogenation of LA to GVL.
This was attributed to the fact that humins are rich in carbonyl functional groups and furan
rings (furfural and HMF), which can adsorb onto the catalyst surface and block active
sites [40].

Cellulose hydrolysis was also hampered by humins formation in pure water when
Amberlyst 70 was used as an acid catalyst, resulting in a low yield to LA (20%). However,
the yield was significantly increased to 69% when a solvent mixture of 90% GVL and
10% water was utilized. This is attributed to the ability of GVL to solubilise cellulose and
humins in the presence of acid catalysts [94]. GVL facilitates the interaction between the
cellulose and the solid acid catalyst, enabling the production of LA under mild conditions.
Therefore, GVL effectively converts cellulose into soluble products and prevents the pre-
cipitation of humins. Notably, high LA yields (54%) were also obtained when using real
biomass (corn stover), demonstrating the versatility and effectiveness of this method [95].
Moreover, when FA was used as a catalyst for the dehydration of fructose to LA, the
conversion was full, but only half of the fructose was converted to LA, the remaining half
being transformed into undesirable solid compounds (humins). As catalyst deactivation
by humins could be reversible, the approach of calcining the used catalyst (500 ◦C for
4 h) was implemented by the Ebitani group to remove poisoning humins by combustion
from the catalyst surface in the case of Au/ZrO2 and Ru/SBA-15 catalysts used in the
one-pot dehydration/hydrogenation of fructose to GVL [96]. While the approach was not
successful on the Ru/SBA-15 catalyst (only 9% GVL yield being obtained for the 3rd run),
the Au/ZrO2 catalyst was capable of retaining a significant fraction of its initial activity
with a gradual decrease in GVL yield from 48 to 37% during recyclability tests.

6.2. Catalysts Deactivation by Coke

Furthermore, humins are considered to be precursors of coke. Through a combina-
tion of reactions, including aldol condensation, nucleophilic addition, and electrophilic
addition, humins polymerise into oligomers. These oligomers further crosslink to create a
complex network that deposits onto catalysts as a carbon deposit, forming a dense layer of
coke [93,97]. There are two main mechanisms of carbon deposition, namely fouling and
coke formation. Fouling is the physical adsorption of species from the liquid phase onto
the catalyst surface, which can block active sites or pores and lead to activity loss. Coke
formation is the chemisorption of hydrocarbons or carbon species that decompose or con-
dense on the catalyst surface. Coke formation is catalysed by acid sites, and cyclisation and
dehydrogenation reactions on acid sites can lead to the formation of aromatic compounds
that can further react to form heavy hydrocarbons that can condense and polymerise as
coke [98]. Coke can adsorb as a monolayer or multilayer and block the access of substrates
to metal active sites, encapsulate metal particles, and completely deactivate them, or plug
micro- and mesopores and block the access of substrates to metal crystallites [98]. Coke can
take many forms depending on the conditions under which it is formed, and its chemical
structure can vary greatly depending on the reaction conditions, the catalyst, and the type
of reaction [99].

In the case of LA hydrogenation, the acidic hydrothermal conditions can easily lead to
the formation of coke, which is believed to be caused by the condensation of intermediates
like angelica lactone (AL) during the conversion of LA [100,101]. Coke deposition results
in a rapid decrease in GVL selectivity and accelerated catalyst deactivation. The acidic
conditions are considered as the main factor responsible for coke formation [102–104].
Putro et al. observed a gradual decrease in catalytic activity for the conversion of LA
over Pt/TiO2 and acid-activated bentonite as a co-catalyst after consecutive reaction cycles.
The co-catalyst was found to promote GVL opening via ALs, which were polymerising
further to form coke deposits [105]. Similarly, the Co/γ-Al2O3 catalyst was deactivated
due to coke formation over the catalytic active sites by ALs. It was observed that the
accumulation of coke on the catalyst surface reduces its activity by diminishing the number
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of active sites available for hydrogenation. However, the addition of Ni to Co/γ-Al2O3
improved the activity of the catalyst and its resistance to coke formation. The rate of carbon
deposition on the catalysts was found to be directly correlated to the yield to GVL. The
Ni-Co/γ-Al2O3 catalyst was shown to maintain its activity in converting LA to GVL with
a lower carbon deposition rate than the Co/γ-Al2O3 catalyst, i.e., 0.43 mmol·gcat−1·h vs.
1.014 mmol·gcat−1·h−1, demonstrating the significant beneficial influence of Ni within
the bimetallic catalyst [106]. The improved catalytic activity of the bimetallic catalyst
was ascribed to the increase in the active metal surface area and the presence of smaller
active metal particles induced by the addition of Ni to Co/γ-Al2O3, in comparison to the
monometallic Co catalyst.

Coke deposition is particularly pronounced on Ru-based catalysts supported on
strongly acidic zeolites (H-ZSM5 and H-β) compared to those supported on non-acidic
supports (Nb2O5 and TiO2, ZrO2) [40,107]. This difference is attributed to the stronger
Brønsted acidity of zeolites, which promotes the polymerisation of carbonaceous species.
The TGA analysis of spent Ru catalysts supported on different materials revealed that the
deactivation trend (based on the weight loss) followed the order: H-ZSM5 > H-β > Nb2O5
> TiO2 [40,108]. Coke deposition not only reduces the number of active sites but also affects
other catalyst properties such as the surface area and the pore volume. For example, Cao
et al. described the deactivation of the Ru/C catalyst in LA hydrogenation in the strongly
acidic media (pH = 1). They observed a huge drop in the surface area caused by the higher
formation of carbonaceous species in the more acidic media [109]. Wettstein et al.’s study on
carbon-supported Ru-catalysts for LA hydrogenation in a 2-sec-butyl-phenol (SBP) solvent
further illustrates the detrimental effects of coke deposition. The monometallic Ru catalyst
(Ru/C) exhibited the highest activity, hydrogenating both LA and SBP. However, its activity
diminished over time due to coking. Incorporating Sn led to the formation of bimetallic
Ru–Sn alloys, such as Ru2Sn3 and Ru3Sn7. These alloys displayed lower turnover frequen-
cies for hydrogenation reactions compared to the monometallic Ru phase but exhibited
improved catalyst selectivity and stability. Physisorption measurements confirmed the
coking-induced decrease in surface area and pore volume for the Ru catalyst [110]. An-
other factor stimulating the coke deposit formation can be the higher reaction temperature,
which was considered as an important factor diminishing the reaction selectivity for Pd
catalysts [111].

Testing activated carbon and titania supported Ru catalysts, Grillo et al. proposed
the explanation that humins remaining from previous conversion processing steps might
cause the fouling of the catalyst surface by deposition or coke formation, to explain the
strong influence of impurities on the conversion of LA directly derived from biomass, while
selectivity was not impacted and remained complete [78].

There are also multiple examples of deactivation of many other systems like Mg-Al
hydrotalcite catalysts and Cu- and Co-based catalysts by the reduction of the active site
surface area or pore volume [112–114]. For instance, in addition to the sintering of Cu
nanoparticles, Boddula et al. pointed out the role of coke deposits on active sites in the
loss of activity in LA hydrogenation with time-on-stream observed on a 5 wt% Cu/SiO2
catalyst at 265 ◦C after 20 h of reaction [113].

Fortunately, often the combination of calcination and subsequent reduction treatment
has been demonstrated as an effective method for regenerating spent catalysts [105,115–117].

7. Summary

This review explores the effects of various impurities found in biomass on the hy-
drolysis of cellulosic feedstock to LA followed by its hydrogenation to GVL—Figure 10.
Impurities are classified into two groups, namely endogenous and exogenous. Endogenous
impurities include heavy metals like Zn, Pb, Cd, alkali metals (Na, K), alkaline earth metals
(Ca, Mg), and sulphur from plant proteins. The composition of these impurities varies
depending on the type of biomass (soft or hardwood), cultivation conditions, geographic
location, climate, and harvesting techniques. Exogenous impurities, on the other hand, are
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introduced from the reaction setup used during the physical pre-treatments or previous
reaction steps (e.g., hydrolysis of cellulose).

In particular, ball milling equipment can introduce exogenous impurities like Fe, Cu,
and Al into the biomass, while the reaction media can become contaminated with Fe and
Cr from stainless steel reactors. These impurities can significantly affect both the hydrolysis
and hydrogenation steps of the conversion process. Hydrolysis is typically carried out
using homogeneous acid catalysts such as sulphuric acid and hydrochloric acid, which can
stimulate leaching of metallic impurities into the aqueous solution.
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Among endogenous impurities, calcium ions are particularly detrimental, as they
readily form insoluble calcium sulphate even at low acid concentrations (0.005–1 M),
hindering the hydrolysis reaction. Iron ions, on the other hand, can exhibit both positive
and negative effects, while sodium ions, in contrast, have been found to have either no effect
or even a beneficial effect on cellulose hydrolysis. In addition to homogeneous catalysts,
heterogeneous acid catalysts like commercial acid zeolites, Amberlysts, and acid-modified
SBA-15 are also used in biomass hydrolysis. However, they are susceptible to deactivation
when exposed to ions like K, Ca, and Mg in the feed solution. For instance, zeolites can
be deactivated by an ion exchange process where the metal ions replace H+ ions of the
zeolitic microstructure, leading to a loss of acidic properties and a subsequent decline in
the catalytic activity.

Furthermore, inorganic impurities and byproducts such as FFR, HMF, and FA formed
during hydrolysis can significantly impact LA hydrogenation to GVL. These impurities
can either directly block active metal sites or indirectly affect the catalyst’s ability to
adsorb reactants by inducing structural changes due to strong interactions with impurities.
Specifically, sulphur-containing impurities, such as sulphuric acid or sulphur from biogenic
amino acids, can irreversibly chemisorb onto metal active sites, effectively diminishing
the catalytic activity. Similarly, heavy metals like Zn, Pb, and Cd and the metal ions
leached either from the reactor walls or from milling balls and jars can physically block
the active sites by adsorption, making the catalyst inactive. On the other side, FA can
directly poison the catalyst by strongly binding to the metal sites, while FFR and HMF can
compete for active sites, reducing the accessibility of LA and FA to the catalyst. Additionally,



Catalysts 2024, 14, 141 21 of 26

these byproducts can decompose or undergo further reactions, generating methane and
carbonaceous deposits, such as humins and coke, on the catalyst surface. Humins can
irreversibly adsorb onto the catalyst, while coke can form a solid layer, further hindering
the catalytic performance.

Additionally, although this was not the main aspect of the review, it should be noted
that great care should be taken to avoid the presence of impurities resulting directly from
the synthesis of the catalysts. For instance, Zhao et al. showed that the performances of
acid−base amphoteric amorphous Zr(OH)4 catalyst in the catalytic transfer hydrogenation
of liquid-phase LA to GVL were impacted by the presence of Si and the formation of new
Zr-O-Ti sites in the catalyst, which resulted from an inevitable dissolution of silicon species
from glassware [118].

8. Future Perspectives

In considering future perspectives dealing with the effect of impurities on the biomass
conversion, it is crucial to address challenges caused by various impurities. In order to
avoid impurities from biomass in the initial step, strategies should be explored to optimize
biomass pre-treatments. For example, real-time monitoring and control can be utilized
to detect the presence of impurities and in consequence to adjust the reaction conditions
accordingly.

Understanding the impact of physical pre-treatment methods, such as ball milling,
on the impurity introduction and developing methods to minimize contamination would
contribute to cleaner biomass conversion processes. Furthermore, advances in biomass
hydrolysis processes, particularly through the use of less acidic or alternative catalysts such
as acidic ionic liquids [C4H8SO3Hmim][HSO4], hold the potential to mitigate the leaching
of metals from the reactor walls and thus the associated catalyst deactivation.

The detrimental effects of impurities on LA hydrogenation can be minimized by
implementing strategic approaches. One approach could be the development of robust
catalysts with enhanced resistance to impurities. This may involve exploring novel catalyst
materials or modifications that mitigate poisoning effects and can thus sustain catalytic
activity during LA hydrogenation. Another feasible strategy is to comprehensively under-
stand the mechanisms by which the impurities poison catalysts, providing insights for the
development of more effective catalysts.

Further investigations into bimetallic systems, such as the Ru-Re and Au-Ni catalysts,
and their ability to minimize the impact of impurities on the catalytic efficiency could
provide valuable insights. Introducing a second metal can enhance the metal dispersion,
prevent the agglomeration, and contribute to the stability and the effectiveness of the
catalyst. Additionally, metal doping can influence the particle size, the metal-supported
interactions, and the adsorption strength, resulting in improved catalytic activity and
selectivity. The issue of humins and coke formation can be addressed by gaining a com-
prehensive understanding of their formation mechanisms and developing catalysts that
strongly resist their formation. Alternatively, strategies for effectively removing coke dur-
ing the reaction can be explored. Investigating alternative reaction conditions or solvents,
as demonstrated with GVL, may help to minimize the coke deposition and to extend
the catalyst lifespan. Additionally, in-situ monitoring of the catalyst deactivation and
exploring the regeneration potential of spent catalysts could pave the way for a sustainable
and efficient biomass conversion into valuable chemical products, such as LA followed
downstream by GVL.

Beside works on specific steps of the process chain transforming biomass, future
works should first include the realization of more case studies starting from real biomass
feedstocks and investigating stepwise the impact of both endogenous and exogeneous types
of impurities present or introduced in the overall process chain of biomass operating from
waste resource till the synthesis of the high added value compounds. Second, subsequent
to the lab-scale investigations, upscaling studies need also to be encourage involving the
implementation of the process chain applied to the real biomass feedstock at the (semi)-pilot
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plant level in order to get data of strategical importance for the industrial actors involved.
Third, the strategies followed for minimizing the presence of the impact of impurities
should also be evaluated in terms of cost-effectiveness and scalability in industrial settings,
and not only in terms of pure scientific aspects. Research on those aspects remains still in
its infancy.

So, we hope that our review will serve to inspire the cross-fertilization of ideas and
new projects involving academic and industrial cooperation in the yet under-investigated
field of research devoted to the impact of endogenous or exogeneous impurities, to the base
integration of mitigation strategies in the development of efficient catalysts and processes,
as well as to the upscaling of both materials and processes.
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