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Abstract: The reasonable and effective use of lignocellulosic biomass is an important way to solve the
current energy crisis. Cellulose is abundant in nature and can be hydrolyzed to a variety of important
energy substances and platform compounds—for instance, glucose, 5-hydroxymethylfurfural (HMF),
levulinic acid (LA), etc. As a chemical linker between biomass and petroleum processing, LA has
become an ideal feedstock for the formation of liquid fuels. At present, some problems such as low
yield, high equipment requirements, difficult separation, and serious environmental pollution in the
production of LA from cellulose have still not been solved. Thus, a more efficient and green catalytic
system of this process for industrial production is highly desired. Herein, we focus on the reaction
mechanism, pretreatment, and catalytic systems of LA from cellulose and cellulosic biomass, and a
series of existing technologies for producing LA are reviewed. On the other hand, the industrial
production of LA is discussed in depth to improve the yield of LA and make the process economical
and energy efficient. Additionally, practical suggestions for the enhancement of the stability and
efficiency of the catalysts are also proposed. The use of cellulose to produce LA is consistent with the
concept of sustainable development, and the dependence on fossil resources will be greatly reduced
through the realization of this process route.
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1. Introduction

Due to the increasing depletion of fossil resources and the fact that the demand for resources is
growing rapidly, the conversion and application of renewable resources have become a global focus [1-4].
Biomass is considered as an alternative energy source, with great prospects for development [5,6].
It can not only replace fossil energy sources, but also fix inorganic carbon through photosynthesis to
achieve a dual reduction in carbon dioxide emissions, thus meeting the requirements of sustainable
development [7,8].

Among many biomass resources, lignocellulose has received widespread attention for its
advantages of being widely available and avoiding food crises [9-11]. Cellulose, as a significant
natural polymer, is the major component of lignocellulose and the key source of renewable
materials in the chemical industry [12]. Various types of nanocellulose have been isolated from
the cellulosic feedstock [13]. Nanocellulose materials can be employed in several fields in our life [14],
such as for membrane separation [15], 3D printing [13], drug delivery [16], and energy storage [17];
as a flocculating/coagulating agent [18,19]; and for many more emerging uses [20]. For example,
carboxycellulose nanofibers have been recognized as a specific suitable matter for removing toxic metal
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cations with a low degree of crystallinity, therefore a new pathway will be derived to deal with a variety
of water pollution issues [21]. Furthermore, cellulose can be hydrolyzed to a variety of important
energy substances and platform compounds—for instance, glucose, 5-hydroxymethylfurfural (HMF),
and levulinic acid (LA) [22-24]. Glucose is highly desired for the production of bioethanol, and HMF
can be promoted to diesel fuel from Cy to C1; with a low oxygen content [25,26]. As a chemical linker
between biomass and petroleum processing, LA has become an ideal feedstock for the generation of
liquid fuels [27-29]. Furthermore, LA was listed as one of the most effective chemicals with value
added from biomass in 2004 [30]. Currently, the preparation of LA from cellulose is a research hotspot
in the domain of highly valuable biomass conversion.

LA is also denoted as 4-oxopentanoic acid, which can be easily solved in water and ethanol [31].
The chief physical features of LA are exhibited in Table 1 [32]. LA contains carbonyl and carboxyl groups
with favorable reactivity, and can be involved in esterification, redox, substitution, and condensation
reactions, making it a valuable platform compound (Figure 1) [33,34]. As a versatile base material, LA is
widely used in fuel additives, herbicides, pharmaceuticals, flavoring agents, surfactants, etc. [35,36]. It can
also be used as a compound intermediate to synthesize various industrial chemicals, such as levulinates,
angelica lactone, y-valerolactone (GVL), diphenolic acid (DPA), 1,4-butanediol, 1,4-pentanediol,
and 2-methyltetrahydrofuran (MTHF) [37,38]. LA esterification can be utilized to prepare alkyl
levulinates, and its usage incorporates fuel additives and solvents [39]. Angelica lactone can be utilized
as a flavoring agent, in addition to in organic synthesis and as a fuel additive. GVL has a wide variety
of uses—for example, as a food additive, solvent, and fuel extender. Moreover, GVL is a safe material
used on a large scale [40,41]. Valerate esters (VAES) can be synthesized from GVL through cascade
reactions that involve hydrogenation, esterification, and ring-opening [2]. VAES with different alkyl
chain lengths can be utilized as diesel components or gasoline additives [42—44]. Other compounds
such as oleic acid can be used in the esterification of 1,4-butanediol to form plasticizers, and are utilized
with polyvinylchloride. As a monomer or intermediate of plasticizer, 1,4-pentanediol can be made by
the hydrogenation of LA. MTHF is a bio-based solvent whose characteristics make it appropriate for
special organic synthesis along with fuel blends. DPA is a duplicate of bisphenol A (BPA). Polymer
resins made of BPA have residual monomer and toxicity problems. DPA is a less detrimental substitute
for BPA with a sustainable origin. Additionally, LA can likewise be converted into various N-containing
species, including pyrrolidinones, and can be utilized to prepare functionalized polyamides [45].
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Figure 1. The potential applications of LA.
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Table 1. The main physical properties of LA.

Physical Properties Items Values
Molecular weight 116.12
Color White
Density 1.13
Solubility Soluble
Melting point 37°C
Boiling point 245-246 °C

At present, there are some problems such as low yield, high equipment requirements, difficult
separation, and serious environmental pollution in the production of LA from cellulose. Hence, in this
paper we mainly reviewed the recent progress of studies on the preparation of LA from cellulose,
and some theoretical support for its in-depth study was also provided.

2. Mechanism Studies on the Production of LA

There are various levels for the hydrolysis of cellulose to LA (shown in Figure 2), including
(i) cellulose to glucose through hydrolysis, (ii) glucose to fructose through isomerization, (iii) fructose
to HMF through dehydration, and (iv) HMF to LA through rehydration [46,47]. Three steps are
contained in the acid-catalyzed hydrolysis of cellulose to glucose: (i) protonation on glycosidic oxygen,
(ii) scission on glycosidic linkage, and (iii) nucleophilic attack of water [48].
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Figure 2. Possible reaction mechanism for the formation of LA. Reproduced from Ref. [30] with
permission; copyright 2016, “Biofuels, Bioproducts, and Biorefining”, John Wiley and sons.

Yang et al. [49] reported that the dehydration process of protonated glucose is an essential level
for LA production from glucose, and Assary et al. [50] found that the dehydration processes in the
reaction are remarkably endothermic. Moreover, Garcéa et al. [51] found that the selectivity of LA is
higher when fructose is applied as a reactant. Compared to fructose, the direct conversion of glucose
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to HMF is lower due to its stable pyranoside ring structure [52-55]. Therefore, the combined process
of glucose-fructose isomerization and dehydration is preferred for preparing LA. After the reaction
of glucose to fructose, the subsequent fructose dehydration process consists of acyclic dehydration
routes and cyclic dehydration routes. Antal et al. [56] demonstrated that HMF can be prepared from
the dehydration of fructose and generated by several cyclic furan intermediates. Moreau et al. [57]
predicted that the enediol pathway is essential in the formation of HMF, and enediol was considered to
be an intermediate for the isomerization reaction from glucose to fructose. Then, fructose is converted
into HMF through keto-enol isomerization, and three water molecules are lost [50]. Subsequently,
HMF is turned into LA with the removal of formic acid through various reactive processes, including
keto-enol isomerization, dehydration, and rehydration, together with the nucleophilic attack of the
water molecule on the carbonyl carbon [58,59]. However, the yield of formic acid is usually less than that
of LA attributed to the side reactions of formic acid, although they should be equal theoretically [60,61].

Although much research has been conducted on the preparation of LA, how to reveal its mechanism
of production remains a challenge. More in-depth studies are needed to reveal the mechanism, especially
for in-situ studies, such as the application of Fourier transform infrared spectroscopy (FI-IR), nuclear
magnetic resonance (NMR), and isotope techniques for the analysis of reaction intermediates and
dynamics [37].

3. Pretreatment

The lignocellulosic biomass is recalcitrant due to the crystallinity and high degree of polymerization
of cellulose together with the barrier effect of lignin on cellulose and hemicellulose [62]. Ball-milled
cellulose with a lower crystallinity has a quick reaction rate compared with commercial cellulose,
because the availability of the 3-1 and 4-glycosidic bonds is limited by their higher crystallinity,
which leads to a slow hydrolysis rate [63]. Pretreatment biomass is a significant step to subsequent
cellulose hydrolysis, thus reducing the mass transfer limitations of chemical or biological catalysts [64].
For example, the combination of steam explosion and superfine grinding is beneficial for promoting
the accessibility of cellulose, thereby increasing the yield of LA [63]. Combined with the pretreatment
of rice husks with Soxhlet extraction, Bevilaqua et al. [65] optimized the operation conditions using
a factorial design. When the reaction was catalyzed by HCI at 170 °C for 60 min, the yield of LA
reached 59.4%.

Various pretreatment methods containing mechanical, chemical, physical, physicochemical,
and biological pretreatment processes have been developed [66]. As one of the most commonly used
strategies for the preparation of bioethanol, the dilute acid pretreatment is capable of dissolving
hemicellulose and disrupting the structural features of lignin and cellulose [67]. Figure 3 reflects
the pretreatment of dilute acid along with the hydrolysis of acid for preparing LA. Hemicellulose is
converted into Cs sugars as well as furfural in this process, then the cellulose is utilized to generate
HMF, formic acid, and LA in the subsequent acid hydrolysis process. Unlike hemicellulose and
cellulose, lignin is a phenolic polymer, the decomposition of which requires severe conditions. Lignin is
undesirable in the LA production process, as it can lead to unfavorable results such as the disruption
of hexose conversion [68]. Additionally, the residual solids associated with lignin and humins have a
high adhesive strength and tend to clog reactors [69].

The two-step acid hydrolysis process is a typical dilute acid pretreatment technology. Yangetal. [70]
utilized a two-step method to convert cotton straw to LA using 0.2 M H,SOy solution as a catalyst,
which was found to achieve hydrolysis and the conversion of biomass in steps and effectively inhibit
the generation of by-products. The study was first performed at 120 °C for 20 min and then carried out
at 180 °C for 60 min, with a 9.5% LA yield. Liet al. [71] integrated the two-phase system with a two-step
reaction, replacing the pure aqueous phase with tetrahydrofuran/H,O. The reaction was first performed
at 110 °C for 40 min and then at 200 °C for 20 min, which produced an LA yield of 27.7%. Since acidic
catalysts are applied in both pretreatment and the subsequent hydrolysis process, the products after
pretreatment can be directly utilized to produce LA without neutralization. The two-step treatment of
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Quercus mongolica is catalyzed by acid using a variety of treatment conditions [68]. A large amount of
hemicellulosic Cs5 sugars are freed into the liquid hydrolysate during the first step of the acid-catalyzed
treatment. Subsequently, LA was formed through the acid-catalyzed hydrolysis of cellulose in harsher
situations, consistent with a higher conversion rate compared with that of a single-step treatment.
This may be due to greater accessibility of cellulose in the solid fraction after removing the hemicellulose
in the first level.
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Figure 3. Acid pretreatment and the hydrolysis of lignocellulosic biomass. Reproduced from Ref. [66]
with permission; copyright 2018, “Renewable and Sustainable Energy Reviews”, Elsevier.

Pretreatment by acid with a high concentration was recognized to improve the conversion efficiency
of the following acidic hydrothermal treatment. The hydrogen bonds in cellulose can be broken by
H3POy (85 wt%), so that 48.2% of cellulose is converted into LA. As the stronger acid, HCI (20 wt%)
converted 59.1% of cellulose into LA [72]. Additionally, after the pretreatment of eucalyptus by 0.1 M
of HySOy at 150 °C, the glucan content of pretreated wood increased by 1.4 times [73]. Apparently,
the pretreatment caused a feedstock with a high cellulose content for LA formation. The pretreatment
of lignocellulosic biomass contributes significantly to process economics ascribed to the excessive
requirement of energy [74]. Therefore, selecting an energy-effective pretreatment method for decreasing
the cost becomes imperative [75,76].

4. Catalytic Systems for the Preparation of LA
4.1. Homogeneous Catalysts

4.1.1. Conventional Mineral Acids

Mineral acids, especially the strong Brensted acids, exhibit an excellent performance for the
conversion of cellulose into LA [46]. The reactivity of mineral acids has a relationship with several
prominent factors, such as the strength and concentration of the catalyst, the nature and concentration
of the employed feedstock, and the reaction conditions in terms of time and temperature [77].

H,S0,4 and HCl are two of the most commonly used catalysts (listed in Table 2). HCl is suitable for
converting high-concentration calcium salt-containing biomass, such as tobacco chops and paper-mill
cellulose [78]. This is because when H;SOy is used in the conversion of paper-mill cellulose and
tobacco chops, CaSO; is shaped and its precipitation can lead to reactor clogging [78]. Additionally,
the HySO4-catalyzed dehydration of D-fructose is easier than that with HCl as a catalyst for the reason
that the activation energy of HCI in the dehydration of D-fructose is higher than that of HySO4 [79].

Wettstein et al. [80] used HCl as a catalyst in a GVL/water solution for converting cellulose to
LA. The study found that GVL was able to inhibit the production of humins during the reaction,
thereby reducing the deposition of humins on the cellulose surface [80]. Fang et al. [81] presented the
dehydration of sorghum flour to LA with a yield of 32.6% at 200 °C, with 8% H;SO, and 10% flour
loading [81]. Sorghum is rich in carbohydrates such as cellulose and starch, which has great research
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potential as a raw material for preparing LA. High LA yields are achieved at low concentrations of
substrates, but low LA concentrations lead to high separation costs, emphasizing the importance
of selecting the right substrate loading. Dussan et al. [82] used H,SOy as a catalyst to catalyze the
formation of LA from Miscanthus, and the study found that the LA yield under the conditions of
150 °C, 0.5 M of Hp50y, is much higher than that under the conditions of 200 °C, 0.1 M of H,50;,.
High concentrations of sulfuric acid effectively promote the hydrolysis of cellulose, which results
in large amounts of glucose, thus increasing LA yields. However, LA can be further degraded to
other byproducts (e.g., angelica lactone) under more harsh reaction conditions [83,84], such as higher
temperatures and catalyst concentrations [85,86]. LA has a faster decomposition rate compared
with its production rate when the H,SO, concentration is more than 10 wt% while converting the
Pennisetum alopecuroides [86]. In addition, acid in high concentrations can also transform LA into gas
molecules such as Hy, CHy, and CO [66].

As an efficient heating method, microwave irradiation improved the catalytic performances,
allowing significant energy and time savings [87]. When olive tree pruning was employed using HCI
as catalyst, it yielded up to 18.6% with traditional heating at 200 °C for 1 h [78]. On the other hand,
when traditional heating was substituted for microwave heating at the same temperature, the reaction
time was remarkably decreased, with an increase in the LA yield of up to 20.1%. This phenomenon
indicates that microwave heating is a reasonable method to heat the aqueous slurry of biomass
because it allows fewer side-wall effects and a higher homogeneous heat distribution than traditional
heating. Moreover, microwave irradiation is more selective for polar substances rather than non-polar
substances, which is suitable for changing the selectivity of a reaction or avoiding the decomposition
of thermally unstable species [88].

The widespread use of lignocellulosic materials is expected to promote the development of
bioeconomy, in which biorefineries can play a critical role. Pinus pinaster wood was fractionated to
produce a solution consisting of hemicellulosic saccharides and a solid phase rich in cellulose and
lignin by water treatments [89]. The solution was hydrolyzed with H,SO, to evaluate the conversion
of substrates to sugars, and the components of the hydrolysates were conducive to further use as
fermentation media. On the other hand, the solid phase was reacted under microwave irradiation to
yield LA and formic acid in the presence of HCI. Lignin was recovered as the insoluble residue to enable
a comprehensive utilization of Pinus pinaster wood. Jeong et al. [90] reported platform chemicals which
use microalgae as a biomass to replace fossil sources. In this work, a 70.7% LA yield was achieved from
5 wt% lipid-extracted Scenedesmus obliquus using HCl as a catalyst. Thus, lipid-extracted microalgae is
informative for the industrial application of LA production. Unfortunately, the downstream processing
of LA faces a major challenge due to difficulty in the separation of LA from mineral acids. For instance,
the separation of volatile HCI from LA requires flash separation, and the separation of HySO, from LA
requires organic solvent extraction [91]. Furthermore, mineral acid catalysts are difficult to recycle and
are harmful to the equipment, which leads to increased operating costs.

4.1.2. Ionic Liquids

In the last few years, ionic liquids (ILs) with unique characteristics such as low volatility, high
boiling point, and high polarity have been widely used as green solvents for reducing environmental
pollution and even as suitable catalysts for hydrolysis reactions [30] (listed in Table 2). The anions of
ILs greatly affects their acidity, and ability is promoted in order: H,PO4 < 1-NS < CH3S03 = PhSO3 <
HSO4 < CF3503 [92,93]. The catalytic activity of ILs goes up with the hydrogen bond formation ability
and acidic sites of anions [59].

Ramli et al. [94] discovered that 1-sulfonic acid-3-methylimidazolium tetrachloroferrate
([SMIM]FeCly) exhibited a higher catalytic reaction due to its stronger acidity, and a yield of LA
of 67.8% was achieved. In contrast, 1-butyl-3-methylimidazolium tetrachloroferrate ((BMIM]FeCly)
and 1-sulfonic acid-3-methylimidazolium chloride ([SMIM]CI) showed relatively lower reactions
because of the Lewis acid sites. Ramli et al. [95] employed a response surface methodology based on
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the Box-Behnken design for optimizing the LA yield. At the optimum conditions, a 24.8% yield of LA
was obtained from oil palm fronds and registered a process efficiency of up to 77.3% by an acidic ionic
liquid ([SMIM][FeCly]). The recycled [SMIM][FeCly] could be reused for five successive cycles, and the
loss of performance is not apparent [95]. The biomass was formerly hydrolyzed into glucose through
Bronsted acid sites ([SMIM]), followed by the isomerization into fructose by Lewis acid sites (FeCly) in
the conversion process. Then, the fructose was dehydrated to HMF and rehydrated into LA by the
Brensted acid sites ([SMIM]). However, the redundant Lewis acid sites can cause the production of
humins, thus it is essential to achieve organic synthesis by using a suitable Lewis/Brensted ratio for
ILs. Sun et al. [96] presented the realization of the one-pot synthesis of LA from cellulose through the
catalysis of HPA ionic liquid in a water-methyl isobutyl ketone (MIBK) biphasic system. The yield of LA
was 63.1%, and the catalyst can be separated from the reaction mixture and consequently recovered [96].
The higher performance was due to the solubility of the catalyst in water, forming a homogeneous
system, and the Bronsted properties of HPA. Amarasekara et al. [97] found that the yields of LA and
ethyl levulinate from cellulose could be influenced by varying the water content in an aqueous ethanol
medium. The highest LA yield of 23.7% was obtained in water-ethanol medium containing 54% water.
An appropriate level of water content minimizes the viscosity of ILs and improves the mass transfer of
the hydrolysis reaction, but additional water content influences the recyclability and purity of ILs.

Moreover, using SOsH-functionalized ionic liquids (SFILs) as a catalyst is also a desirable option.
Ren et al. [98] developed a high selectivity method to obtain LA from cellulose by sonication-assisted
synthesis in SFILs. When the reaction temperature and time is 160 °C and 30 min, respectively, a yield
of LA of 55% could be attained. The catalytic activities of SFILs can be affected by the anions and reduce
the following: HSO4™ > CH3503~ > HyPO,4 ™. This is highly similar with their acidity order mentioned
above [98]. The [HS5O4] anion shows a higher amount of viscosity properties credited to the high level
of cation—anion interactions, since the structure of this is a lack of alkyl chains [99], thus increasing
the IL capability. The SFILs provide a promising alternative to mineral acid catalyst, facilitating the
separation of products and the reuse of ILs. Subsequently, Ren et al. [92] depolymerized cellulose to LA
with a 86.1% yield by 1-methyl-3-(3-sulfopropyl)imidazolium hydrogen sulfate ([C3SO3;Hmim]HSOy)
under hydrothermal conditions. The catalytic mechanism of ILs was explored thoroughly, inclusive of
the acidity and hydrogen bonding ability, which mostly depend on anions. Furthermore, LA could
be easily extracted by MIBK, and the catalyst could be used more than five times without a loss of
activity [92]. The acidic ionic liquid-catalyzed methodology provides a green example for the selective
generation of LA from a variety of biomass feedstocks.

The influences of IL reaction conditions and structures as well as the combination of metal chlorides
and ionic liquids on the LA yield were studied by Shen et al. [93]. The highest LA yield of up to 39.4%
was received with the existence of 1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen sulphate
([BSMim]HSOy) for 120 min. The simple [BSMim]HSO4-H,O catalytic system exhibited a favorable
catalytic activity after four repeated runs. However, the combination of InCl3/H,O-[BSMim]HSO4
process reflected less activity for the reaction of cellulose to LA [93]. Khan et al. [100] successfully
synthesized dicationic acidic ionic liquids and determined that the acidity of ionic liquids increased
with increasing the molar ratio of sulfuric acid in an anionic cluster. Among the synthesized ILs,
1,4-bis(3-methylimidazolium-1-yl) butane ([C4(Mim),][(2HSO4)(H,SO4)4]) has more catalytic and
acidity efficiency for converting bamboo biomass into LA with a yield of 47.5% for 60 min at 110 °C.
Subsequently, Khan et al. [101] reported that [C4(Mim), ][(2HSO4)(H2504),] exhibited a high catalytic
efficiency and could be recycled up to four times with a weight loss of up to 5%. Moreover, the activation
energy was determined to be 40.35 kJ/mol, which was lower than the conversion of cellulose to LA
using mineral acids [101]. Thus, this method offers a modern possibility for the conversion of plentiful
and cheap cellulosic biomass into LA.

The catalytic activity of ILs is extremely influenced by the water content of the material due to
the fact that hydrogen bonds can be formed between anions of ILs and water molecules, thereby



Catalysts 2020, 10, 1006 8 of 22

weakening the solubility of ILs [102,103]. Additionally, the large-scale application of ILs is restricted
by the complex and high-cost preparation process.

4.2. Heterogeneous Catalysts

Although homogeneous catalysts are effective, they have some technological disadvantages such
as the corrosion of equipment, the pollution of the environment, and requirements for recycling.
Heterogeneous catalysts, including metal salts and solid acids, are treated as promising methods for
converting cellulose into LA, since they are not affected by these problems (listed in Table 2).

4.2.1. Metal Salts

Lewis acid is considered as a commonly used catalyst to isomerize a reaction, where intramolecular
hydride changes to fructose from the open form of glucose [24,104]. Lewis acid shows advantages,
such as its catalytic activity, which remains constant even when strong Bronsted acids are present [66].
Metal salts show a remarkable catalytic activity, since metal cations act as the Lewis acidity and the
intrinsic Bronsted acidity originates from their hydrolysis [77].

Peng and co-workers [105] reported the conversion of cellulose to LA by 12 common metal
chlorides, including alkali metals (Li, Na, and K), alkaline earth metals (Mg and Ca), transition metals
(Cr, Mn, Fe, Co, Cu, and Zn), and a group IIIA metal (Al). CrCl; among those metal chlorides
was uniquely effective, and the higher LA yield was 67% for 3 h. The catalytic performances were
related to the acidity in the reaction system, but were highly dependent on a variety of metal
chlorides. Choudhary et al. [106] found that a higher LA yield of 46% was received by CrCl; and HCl.
Complex interactions among catalysts are revealed. Aldose-to-ketose isomerization was inhibited
by the Brensted acid, while Lewis acid promotes an overall consumption rate of HMF and fructose
to promote side reactions. The mixture of CrCly and H3PO, exhibited a high catalytic activity for
producing LA [107]. The activation energy of LA formation from glucose catalyzed by the acidic
CrCl3-H3POy4 mixture was lower than that of homogeneous Brensted acid or Lewis acid, suggesting
that the system can lower the reaction temperature. Additionally, Lappalainen et al. [108] converted
potato peel waste into LA using CrCl; and H,SOj, as catalysts. The highest yield obtained was 49%
at 180 °C for 15 min. However, the Cr salt is not an ideal catalyst due to its toxicity and high cost.
Efremov et al. [109] used CoSOy, Fep(SO4)3, and Aly(SO4); as catalysts to research the conversion
of cellulose to LA in aqueous solvents. The most active catalyst was Al;(SO4)3, which obtained an
LA yield of 18% at 250 °C [109]. Zhi et al. [110] proved that FeCl; was an high-efficiency catalyst
for glucan hydrolysis to prepare LA, with corn stalk as the substrate. In this research, the reaction
time for the conversion of corn stalk can shorten under a high reaction temperature. However,
no variation in the maximum yield of LA with temperature can be observed, which indicates that the
increase in temperature only quickens the chemical balance and the reaction rate is not broken [110].
Cao et al. [111] reported that Cu?* and Fe?* displayed higher efficiencies in converting cellulose to LA
at a high temperature.

Alkali metal salts are widely used as additives, such as NaCl, which is the most frequent additive
for LA synthesis due to its easy availability and low price. Potvin et al. [112] investigated the influence
of the addition of salts on solid acid Nafion for cellulose hydrolysis The yield of LA can be increased
five-fold from 14% to 72% after the addition of 25% NaCl solution, indicating that sodium chloride can
intersect the hydrogen bonding network effectively at a high temperature and pressure. In addition,
other salts such as potassium chloride can also effectively increase the LA yield. The aqueous salt
suspensions of cellulose can be easily converted into biofuel precursors with solid acid catalysts.
Liet al. [113] revealed that the selective conversion of corncob residue to LA was realized by utilizing
AICl3 and NaCl as a catalyst and promoter, respectively. The dissolution of cellulose from corncob
residue was selectively promoted by NaCl, which greatly enhanced the LA yield by inhibiting the
formation of lactic acid in the following dehydration. Furthermore, the obtained LA could be efficiently
extracted into THF from aqueous solution on account of the salt effect of NaCl [113]. Thus, this process



Catalysts 2020, 10, 1006 9 of 22

allowed for the high-selectivity preparation of LA. NaCl may also play a role in microwave heating.
When the solvent is water, the decrease in the dielectric constant of water at higher temperature results
in a decline in the microwave absorbance, which causes the delay of the actual temperature of water
compared to the set temperature. The addition of an ionic species such as NaCl can compensate the
decreased absorbance of the microwave [114].

4.2.2. Solid Acids

As early as 1987, Jow et al. [115] used LZY zeolite (Faujasite) powder to prepare LA from molten
D-fructose at 140 °C within a packed batch reactor. The LA high yields were attributed to the high
dehydration ability of the Lewis acid sites on the alumina/silica support of the LZY zeolite, and its high
selectivity was due to the LZY zeolite matrix from the capability of molecular sieving [115]. Hydroxyl
groups in zeolites with a high polarization effect work as Brensted acids [116]. The Brensted acid sites
may help in the cellulose hydrolysis, showing the existence of solid to solid interactions between the
cellulose polymers and acid sites [117]. Ya’aini et al. [118] presented a new hybrid catalyst containing
HY and CrClj zeolite. The shape selectivity performance of the hybrid catalyst could improve the LA
selectivity through trapping HMF within the cage. The HMF molecule (0.82 nm) was trapped within
the pore matrix of HY zeolite (0.75 nm) until it was rehydrated to form LA and formic acid. The yield
of LA can be increased by an inter pore cage, the outer surface, and the bulk aqueous phase of the
hybrid catalyst, simultaneously.

In order to maintain the mesoporous structure, enhance the acidity of the catalyst, and avoid the
use of hazardous substances such as CrClz, Ramli et al. [119] developed the incorporation of Fe/HY
zeolites with BMIMBEr for the hydrolysis of cellulose without a pretreatment step. The yields of LA
computed on the basis of the cellulosic hydrolysate containing reducing sugar from the hydrolysis of
cellulose, oil palm frond, and empty fruit bunch are 72%, 68.2%, and 71.5%, respectively. The use of
ionic liquid can promote the solubility of the substrate [119]. Xiang et al. [120] developed a method
which has a remarkable stability, excellent selectivity, and high catalytic activity for converting cellulose
into LA directly by a Ni-based mesoporous ETS-10 zeolite catalyst. The full conversion of cellulose
and the 91.0% yield of LA were obtained because of the synergistic influence of Lewis acid sites and
the unique porous structures in hydrogen situation [120]. In addition, during the formation process of
LA, the utilization of hydrogen can completely transform cellulose and prevent the metal Ni from
oxidization by oxygen compounds, which is different from the broadly explained approach dominated
only by the hydrolysis of the cellulose [120].

Zirconia is effective for the hydrolysis of cellulose and following conversion to LA in a single
step under hydrothermal conditions [121]. A 53.9% LA yield under the best reaction conditions was
realized, and the catalyst could be used again several times after calcination, without a catalytic activity
loss [121]. Weingarten et al. [122] utilized zirconium phosphate as a heterogeneous catalyst and the
LA yield was 12% at 220 °C for 2 h. Similarly, Lu et al. [123] found that over Al-doped mesoporous
niobium phosphate, the LA yield of 52.9% was received in aqueous solution. The yield and high
selectivity of LA were because of the high acid capability and the appropriate B/L acid molar ratio
(1.2:1) of the catalyst [123]. This phenomenon emphasizes that the adjustable strength of the two acid
sites is an essential parameter for obtaining high LA yields.

Ion-exchange resins are insoluble polymers which can exchange specific ions inside themselves
with others in the reaction mixture. Nafion, Amberlyst, and Dowex have been widely used for acid
hydrolysis. For instance, Lucht et al. [124] suggested the utilization of Nafion SAC 13 for converting
cellulose and achieved an LA yield of 5%. Over Amberlyst 70, the conversion of cellulose caused a
high LA yield of 69% [125]. After cleaning the catalyst with H,O, solution, the catalytic activity can be
restored. Yang et al. [126] revealed Fe-resin solid catalyst to selectively decompose the microcrystalline
cellulose (MCC) in a 5 wt% NaCl solution. The conversion rate of MCC was 90.9%, with a 33.3% yield
of LA at 200 °C for 5 h [126]. On the basis of comprehensive research on the role of Fe-resin/NaCl
in system, the three-step degradation process was suggested [126]. Although mass transfer can be
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promoted through increasing the reaction temperature, ion-exchange resins usually exhibit a low
thermal stability [127].

Furthermore, sulfonated materials are applied to the catalytic conversion of cellulose to LA.
Carbon-based materials can form porous structures through incomplete carbonization followed by
sulfonation for the hydrolysis of cellulose [128]. The sulfonated carbon catalysts have low acidic
functional groups, such as the carboxyl (-COOH) and hydroxyl (-OH) groups [116]. The adsorption
of glucan chains on the weak acid sites causes a conformational change that makes it possible to
attack glycosidic bonds [129]. Wang et al. [130] showed an environmentally friendly process with
multi-functional sulfonated humins (MSH) as a catalyst to produce LA from cellulose and bamboo meal
in an aqueous sulfolane solution. The synergistic interaction of MSH with sulfolane and water made
for an excellent performance with relation to the catalytic activity and recyclability [130]. In addition,
all the solvents, catalysts, and byproducts (humus and furfural) in the process could be simply
reused and recovered, thus proposing a new plan for the high value-adding utilization of agroforestry
lignocellulose. The two step process was developed to produce furfural and LA from bagasse by
Wang et al. [131]. In the first step, hydrothermal pretreatment was applied to treat bagasse to produce
furfural with a 88.1% yield by utilizing the sulfonated Sn-loaded montmorillonite (Sn-MMT/SO4%")
solid acid as a catalyst in the biphasic system [131]. In the next step, the preserved residues were
further hydrothermally treated for producing LA with a 62.1% yield after the continuous use of the
solid acid [131]. Consequently, the two-step hydrothermal treatment of bagasse with Sn-MMT/SO4%
resulted in the selective conversion of hemicellulose and cellulose to furfural and LA, respectively.
Han et al. [132] reported that lignin was used as a carrier and loaded with ferrous sulfide to prepare
a new kind of solid acid catalyst for the conversion of cellulose to LA using GVL as the solvent.
The highest yield of LA was 35.6% at 185 °C for 120 min with a lignin-based catalyst [132]. This study
offers a new strategy for the resource utilization of lignin. The calcination temperature of lignin-based
material of more than 600 °C causes a significant reduction in the surface and microporosity [133].
Besides, a longer calcination time tends to produce a sintering effect, which shrinks the catalyst pores
and inhibits the active site, thus reducing the catalyst activity.

Tat et al. [134] presented a synergistic catalytic system utilizing the combination between Lewis
acid catalyst (CrCl3) and Bronsted hydrothermal carbon-based acid (HTCG-SO3H) for the one-step
conversion of cellulose to LA. Adding a proper amount of HTCG-SOsH could reduce the production of
by-products, thereby improving the selectivity of LA. Compared to CrCl; alone, the LA yield improved
significantly from 30% to 40% with HTCG-SO3;H (5 wt%) and CrCl; (0.015 M) at 200 °C for 5 min [134].
Therefore, this hybrid catalyst system offers significant economic and environmental potential for
widespread development to transform biomass to prestigious chemicals. The presence of —Cl has a
synergistic effect on -SO3H because —Cl can act as a powerful electron donor for improving the acidity
of -SO3H [135]. On the other hand, —Cl promoted the adsorption of cellulose owing to its greater
electronegativity than -COOH and —-OH [136]. Zuo et al. [137] synthesized sulfonated chloromethyl
polystyrene (CP) resin (CP-SO3H-1.69) by partially substituting chlorine groups (-Cl) of CP resin with
sulfonic group (-SO3H). The CP-SO3H-1.69 displayed a high catalytic activity that was due to the
higher content of sulfonic group and chlorine on the catalyst, and a high LA yield of up to 65.5%
was received by using 90 wt % GVL and 10 wt % water as the reaction medium [137]. Although the
catalyst was severely deactivated after the reaction, it can be almost completely recovered by stirring
in 28.5 wt% HO, at 35 °C overnight [137]. Shen et al. [138] investigated that LA was shaped from
untreated cellulose in pure water with the SO3H-functionalized sucralose (SA) catalyst. After recycling
for five times, the depleted catalyst could be recovered with H,O, solution to maintain over 95% of its
catalytic activity [138]. In addition, the ball-milling pretreatment of cellulose enhanced the yield of
LA by a few percent, implying that the catalytic sites (-SO3H) and cellulose binding sites (-Cl) of the
catalyst are critical to the activity of the catalyst [138].

The separation of catalyst from residues is challenging in biomass conversion. Lai et al. [139]
synthesized sulfonated mesoporous silica-magnetite nanocomposites (Fe304-SBA-SO3H) for LA
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production. The catalyst exhibited a favorable hydrothermal stability and could be simply separated
using the external magnetic force from the reaction residues, but the selectivity of the reaction
needs to be enhanced. Li et al. [140] used magnetic ferric oxide/SO,42~ biomass-based solid acid to
prepare LA from corn straw with the response surface methodology. Under optimized conditions,
the maximum LA yield reached 23.2%. The magnetic particles in the internal pores of the catalyst
made the pyrolysis residue easy to separate, thus solving the problem of environmental pollution.
In addition, Wang et al. [141] applied sulfated TiO, prepared by the precipitation-impregnation method
to hydrolyze cellulose to LA, and achieved a yield of 27.2% at 240 °C for 15 min. The activity of the
catalyst had a slight reduction after two cycles [141]. Chen et al. [142] prepared a hybrid super-acidic
catalyst called 8,042 /Zr0,~Si0,~Sm, 035 for converting the steam-exploded raw straw to LA. Under
the optimal conditions of 200 °C, 10 min, and 13.3% of solid super acid, the yield of LA from superfine
grinding steam-exploded rice straw can reach 22.8% [142].

Heterogeneous catalysts can provide an efficient method of LA production. Furthermore, their ease
of recycling and environmental friendliness are attractive for their practical utilization [37]. Therefore,
the catalytic conversion of biomass to LA through solid catalysts has received extensive attention.
The use of heterogeneous catalysts for biomass conversion is an important research topic for the future.
With the in-depth exploration of biomass conversion pathways and catalytic mechanisms, new catalytic
processes will continue to emerge, thus promoting the large-scale application of biomass.
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Table 2. Production of LA from biomass-derived feedstocks.

Substrate Catalyst T (°C) t Yra (%) Ref.
1 g Pretreated rice husks 4.5% HCl 170 1h 59.4 (based on the cellulose amount) [65]
1 g Pretreated rice husks 4% HpSOy4 170 1h 45.7 (based on the cellulose amount) [65]
1.75 g Olive tree pruning 37% HCl 200 1h 20.1 [78]
1.75 g Poplar sawdust 37% HCl 200 1h 29.3 [78]
1.75 g Paper sludge 37% HCI 200 1h 314 [78]
1.75 g Paper sludge 98% HS0y 200 1h 154 [78]
1.98 wt% Cellulose 1.25 M HCl + 35 wt% NaCl 155 1.5h 72 [80]
Sorghum flour (10% flour loading) 8% H,SOy 200 30 min 32.6 [81]
0.5 g Pennisetum alopecuroides 1% H,SOy4 190 1h 50.5 (based on the glucan amount) [86]
1 g Bagasse 4.45 wt% HCl 220 45 min 22.8 [143]
1 g Paddy Straw 4.45 wt% HCI 220 45 min 23.7 [143]
1 g Cotton 1M HCI 150 2h 44 [144]
0.4 g Cellulose 2 M H,S04 170 50 min 342 [145]
1.7 wt% Cellulose 1M H,S0q4 150 2h 60 [146]
5 wt% Water hyacinth 1 M H,SO4 175 30 min 53 (based on the Cg sugars amount) [147]
Wheat straw 3% HySOy4 210 42 min 41 [148]
Bagasse 0.55 M H,SO4 150 8h 63 (based on the glucan amount) [149]
0.02 g Cellulose 16.7 wt% [C3SO3Hmim]HSO, 170 5h 86.1 [92]
0.05 g Cellulose 1.5 g [BSMim]HSO, 120 2h 39.4 [93]
0.1 g Glucose 10 g [BMIM]FeCly 150 4h 224 [94]
0.1 g Glucose 10 g [SMIM]C1 150 4h 25.8 [94]
0.1 g Glucose 10 g [SMIM]FeCly 150 4h 67.8 [94]
0.18 g Oil palm fronds 7.27 g [SMIM][FeCly] 154.5 3.7h 24.8 [95]
0.1 g Cellulose 0.07 mmol heteropolyacid IL 140 12h 63.1 [96]
0.15 g Cellulose 50 mg Brensted acidic IL 150 48h 23.7 [97]
0.4 g Cellulose 1 g [C3SO3Hmim]HSO4 160 30 min 55 [98]
0.025 g Bamboo 0.75 mL [C4(Mim), ][(2HSO,4)(H2SO4)4] 110 1h 47.5 (based on the glucose amount) [100]
0.025 g Cellulose 1 mL [C4(Mim), ][(2HSO4)(H>SO4)5] 100 3h 55 (based on the glucose amount) [101]
2 wt% Bamboo shoot shell 0.9 M [C4gmim]HSOy4 145 104 min 71 + 0.4 (based on the Cq4 sugars amount) [150]
50 wt% Cellulose 0.02 M CrCl3 200 3h 67 [105]
0.5 g Potato peel waste 0.0075 M CrCl3 + 0.5 M H,SOy4 180 15 min 49 [108]
Corn stalk 0.5 M FeCl3 230 10 min 48.7 (based on the glucan amount) [110]
4 g Corncob residue 10 g/L AICl3 + 40 wt% NaCl 180 2h 46.8 (based on the cellulose amount) [113]
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Table 2. Cont.

Substrate Catalyst T (°C) t Yra (%) Ref.
1 g Cellulose 0.5 g Ni-HMETS-10 200 6h 91 [120]
2 g Cellulose 2 wt% ZrO, 180 3h 53.9 [121]
0.5 g Cellulose 0.4 g AI-NbOPO4 180 24h 52.9 [123]
2 wt% Cellulose 6 wt% Amberlyst 70 160 16 h 69 [125]
0.5 g Cellulose 0.3 g Fe-resin + 5 wt% NaCl 200 5h 33.3 [126]
10 g Cellulose 1.67 g MSH 180 2h 65.9 [130]
10 g Bamboo meal 1.67 g MSH 180 2h 45.6 [130]
0.15 g Cellulose 0.15 g Lignin-based solid acid 185 2h 35.6 [132]
Cellulose 5 wt% HTCG-SO3H + 0.015 M CrCls 200 5 min 40 [134]
0.1 g Cellulose 0.3 g CP-SO3H-1.69 170 10h 65.5 [137]
0.05 g Cellulose 0.2 g SA-SO;H 180 12h 51.5 [138]
1.5 g Cellulose 1.5 g Fe304-SBA-SOsH 150 12h 45 [139]
1 g Cellulose 0.7 g Sulfated TiO, 240 15 min 27.2 [141]
Rice straw 13.3 wt% S, 052 /Zr0,-Si0,-Sm, O3 220 10 min 22.8 [142]
Corn stalk 0.5 M FeClj 180 40 min 48.9 (based on the glucan amount) [151]
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5. Conclusions and Outlook

The rational use of biomass resources is an important way to address the current energy crisis.
Cellulose is a biomass resource with abundant reserves, and LA is a platform compound with a high
value. The use of cellulose to prepare LA is in line with the concept of sustainable development,
and the realization of this process route will greatly reduce the dependence on fossil resources.

Pretreatment results in an increase in the cellulose content of the feedstock, which is an economically
viable way to increase the yield of LA. The main advantage for the preparation of LA catalyzed by
liquid acid is the high reaction efficiency. However, liquid acid catalysts are difficult to recycle and are
capable of corroding the equipment, and these shortcomings lead to increased operating costs. The use
of dilute mineral acids in combination with high temperatures and long reaction times is a reasonable
compromise for LA preparation, and consequently the corrosion of the equipment decreases [122].
The low volatility, high boiling point, and high polarity of ionic liquids make them unique catalysts
for the hydrolysis of cellulose. However, there still exist several drawbacks with ionic liquid catalytic
systems. First, the catalytic activity of the ionic liquids is greatly influenced by the water content of the
material. Besides this, the large-scale application of ionic liquids is limited by the complex preparation
process and high cost. Technical issues such as the cost, properties, purity, and biodegradability related
to the ionic liquids need to be properly addressed. Heterogeneous catalysts have the advantages of
being non-corrosive, having a simple preparation, having a good thermal stability, and being easy to
separate from reaction mixtures. However, the limited contact of solid acid with cellulose affects the
catalytic activity.

Moreover, the outlooks for future trends are as follows:

(1) Future research should mainly focus on reducing energy input and waste generation,
and developing environmentally friendly processes to increase the yield of LA. Researchers
should also conduct techno-economic analyses to facilitate the commercial production of LA.

(2) The formation of by-products such as humins is a bottleneck in the industrial production of
LA. This problem is even more prominent when lignocellulosic biomass is used as a feedstock.
A suitable solvent system can decrease the formation of humins to promote the selectivity of
LA. Biphasic solvents work well on a laboratory scale and can be tried for use on a plant scale.
Low temperatures and high-concentration acid could possibly prevent the formation of humins.

(3) Catalysts containing special structures should be developed to reduce carbon deposition.
Additionally, another strategy to avoid carbon deposition is exploring a specific catalytic route
to synthesize LA under mild conditions. The calcination and air oxidation in the temperature
range of 400-500 °C are the preferred methods to remove humins [152]. It is recommended to
wash the catalysts with H,O,, HCI, NaOH, ethanol, or acetone when working with temperature
limitations. When the SO3H-functionalized catalyst is washed with methanol, methyl sulfonate
can be constituted on the solid surface and the catalytic activity will reduce after consecutive
washing [153]. The sulfonation method should be optimized to avoid the loss of acidic sites,
thereby improving the stability.

(4) Water is safe and eco-friendly, with a high thermal conductivity as well as a low viscosity for the
LA production from biomass. On the other hand, water is not recognized as a suitable solvent
since the feedstock is insoluble, especially since mass transfer is limited by a heterogeneous
catalyst [116]. Therefore, using a suitable organic solvent is a favorable alternative. However,
the separation and purification of LA from organic solvent is still a challenge. Generating a
higher concentration of LA in the product stream may reduce the amount of waste liquid and
energy cost.

(5) Brensted/Lewis acid molar ratio is a key factor in catalyst activity. Therefore, designing novel
catalysts with adjustable acid sites is instructive for seeking an effective way to obtain LA.
Developing green heterogeneous catalysts should focus on significant factors—e.g., proper shape
selectivity, acid site accessibility, recyclability, and long-term stability.
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(6)

Itisnecessary to find a more efficient and green catalytic system and further optimize the separation
and purification technology to achieve industrial production. Unavoidable by-products can be
converted into valuable new carbon materials. An in-depth study of the preparation of LA from
cellulose is significant for future development, and future research in this area will remain the
focus of the high-value utilization of biomass resources.
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