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Abstract:



Glycerol has been utilized in an extremely diversified manner throughout human civilization—ranging from food, to various consumer products, to pharmaceuticals, and even explosives. Large surplus in glycerol supply thanks to biodiesel production and biomass processing has created a demand to further boost its utility. One growing area is to expand the use of glycerol as an alternative feedstock to supplement fuels and chemicals production. Various catalytic processes have been developed. This review summarizes catalytic materials for glycerol reforming, hydrodeoxygenation, and oxidation. In particular, rationale for catalyst selection and new catalyst design will be discussed aided by the knowledge of reaction mechanisms. The role of theoretical density functional theory (DFT) in elucidating complex glycerol conversion chemistries is particularly emphasized.
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1. Glycerol Uses and Production


The use of glycerol can be traced back to early civilized human society, where animal fats and vegetable oils were hydrolyzed in alkaline conditions for soap manufacturing [1]. During World War I, glycerol was used on a large scale, by momentarily overtaking soap manufacturing industry, for the production of nitroglycerin—a base for dynamite and cordite [2,3]. Around World War II, feedstocks for glycerol production have shifted to petroleum-based sources such as propene or propylene. For more than half a century, synthetic glycerol accounts for approximately 25% of global glycerol demand [4]. More recently, with the prospect of dwindling petroleum resources, and the increased cost of propylene, biological resources has regained favor as the feedstock for glycerol production.



By 2011, the annual global glycerol production reached almost 1.6 million metric tons (see Figure 1 [5]), and is expected to triple by 2024 [5,6]. A number of comprehensive reviews on glycerol production from various biological or chemical means [3,5,7,8,9,10,11], and applications [1,4,5,12,13,14,15,16,17,18,19,20,21,22,23], have been published. The boom in glycerol production in the past ten years or so is largely a consequence of booming biofuel production activities. Specifically, biodiesel production accounts for the largest driving force (at approximately 64%) [7], followed by fatty acid conversions (at 21%), according to the 2009 statistics [4]. These figures reflect a global trend pursuing chemical and fuel sources from non-fossil-based feedstocks. The upward trend in glycerol production is accompanied by the fall of crude glycerol price (Figure 1). Therefore, it is understandable to note ongoing efforts to explore and expand the usage of glycerol, and to maintain its commodity chemical status.


Figure 1. Annual glycerol production (in million metric tons), and crude glycerol price (in US$/ton) between 2001 and 2011. Reproduced from Reference [5]. Copyright Year 2013, Elsevier.
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The current leading applications of glycerol include drugs and pharmaceutical manufacturing, personal care products, polyols and polyether, food, and so on, as shown in Figure 2 [13]. Emerging opportunities give rise to production of value-added fine chemicals, especially those that traditionally rely on petrochemical feedstocks. Relevant topics have been recently discussed by Quipse [5], Rahmat [19], and their coworkers. It is particularly encouraging to note the diversity and range of glycerol-derived products that can be obtained by exploiting the rich chemistry. The key to success depends on the availability of active and selective catalysts.


Figure 2. Glycerol usage as a commodity chemical. Reproduced from Reference [13], Copyright Year 2007, Wiley.
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Studies in the realm of glycerol reforming, hydrogenolysis, and oxidation, and representative catalysts for each type of catalytic processes have been surveyed based on literatures published in the past twenty years. As continuous progress in developing new catalysts and processes for glycerol conversion is being achieved, studies included in this review are far from complete. Instead, it is our goal to reveal the fundamental relationship between catalyst performance and fundamental reaction pathways. Along this line of thought, recent theoretical developments, based on quantum mechanical density functional theory (DFT) calculations, will be highlighted and presented as an effective tool to unravel the catalyst functionality-reaction activity and selectivity relationship.




2. Chemistries in Catalytic Glycerol Conversions


A roadmap for glycerol catalytic conversion, depending on the catalysts, is illustrated in Figure 3. Hydrogen, syngas (a mixture of CO and H2) can be acquired from steam or aqueous phase reforming on transition metals or metal alloys, which prioritize C–H, O–H, and C–C bond cleavages. Often, water-gas shift (WGS) reaction occurs concomitantly, producing CO2 and H2. It is also possible for glycerol to undergo C–O bond cleavage on certain metals and alloys, in the form of hydrogenolysis (when H2 is present), which further opens up product distributions to propanediols, alcohols, and alkanes. It is common that a second metal in an alloy modulates the catalyst’s capability for C–O bond cleavage. Catalysts with acid functionalities promote glycerol dehydration, and can effectively shift glycerol conversion toward hydrogenolysis as well. Oxidations of glycerol to aldehyde and ketone can occur when noble metals such as Au, Pt, or Pd are used. Electrooxidation of glycerol is a particularly promising method to obtain sustainable chemicals with tunable selectivity. Deeper oxidation products such as organic acids or even complete oxidation products can also be achieved. In the following subsections, each of the above catalytic routes will be discussed with more details.


Figure 3. A schematic roadmap for glycerol conversions when different types of catalysts (i.e., metal or alloy, acid, or metal-acid bifunctional catalytic materials in different color codes) are used. Main products from various pathways are underlined. C, O, and H atoms are depicted in black, red and white, based on Reference [24].
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2.1. Catalytic Glycerol Reforming for Hydrogen Production


2.1.1. Aqueous and Vapor Phase Hydrogen Production


Global hydrogen supply has reached ~700 billion Nm3 in 2009 [25], obtained primarily (~96%) from fossil fuels such as natural gas (CH4), oil refining products, and coal [26,27]. For the long term, the fate of hydrogen production can be affected by dwindling reserves, increasing energy costs, and environmental consequences, and all of these issues need to be addressed [25].



The overall reactions for glycerol decomposition, water-gas shift (WGS) reaction, and glycerol steam reforming are expressed by Equations (1)–(3).
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(1)
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(2)
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(3)







Reforming of glycerol in either aqueous or vapor phase has been extensively investigated, as presented in recent reviews [22,28].



Dumesic and coworkers [8,24,29,30,31,32,33,34] led and demonstrated feasibility of glycerol aqueous phase reforming (APR) as an alternative solution to sustainable hydrogen production in a series of studies. Main technological advantages of APR include low operating temperature (<270 °C) [24,29], and thus low production cost. However, relatively high pressure (25–30 bar) must be maintained.



Adhikari et al. [35,36,37] and several other groups [38,39] achieved successful glycerol steaming reforming operations at elevated temperatures (typically 500–700 °C), but at atmospheric pressure (1 bar). At these conditions, H2 selectivity (up to 90% [38]) is usually higher.




2.1.2. Catalysts for Glycerol Reforming


Ideally, APR catalysts should be effective for C–H, O–H, C–C bond cleavage [24]. With the main challenge to H2 selectivity stemming from parallel pathways involving C–O bond cleavage, mechanisms enabling such events should be avoided or minimized. Representative catalysts for glycerol reforming are summarized in Table 1.



Table 1. Catalysts and performance for hydrogen production from glycerol aqueous phase (APR) or steam reforming.







	
Catalyst

	
Pressure, Temp.

	
Process

	
Gly. Conversion, %

	
Yield (H2)

	
Selectivity (H2), %

	
Reference






	
3 wt.% Pt/C

	
29 bar, 225 °C

	
APR

	
5

	
68

	
57

	
[40]




	
3 wt.% Pt/γ-Al2O3

	
29–56 bar, 225–265 °C

	
APR

	

	
65, 57

	
75, 51

	
[24]




	
0.9 wt.% Pt/γ-Al2O3

	
25 bar, 220 °C

	
APR

	
65 1

	
45

	
70

	
[41]




	
3 wt.% Pt/γ-Al2O3

	
29 bar, 225 °C

	
APR

	
~50

	
20 2

	
20 3

	
[42]




	
Pt/MgO, Al2O3, CeO2, TiO2, SiO2

	
27.6 bar, 225 °C

	
APR

	
20–48

	
56–70

	
14–28

	
[43]




	
Ni/MxOy-Al2O3 (M = Zr, Ce, La, Mg)

	
30 bar, 225 °C

	
APR

	
15–37

	

	
32–48

	
[44]




	
3 wt.% Pt-10 wt.% Ni/γ-Al2O3

	
30 bar, 230 °C

	
APR

	
75

	

	
54

	
[45]




	
3.2 wt.% Pt-8 wt.% Ni/γ-Al2O3

	
50 bar, 250 °C

	
APR

	
74

	

	
51

	
[46]




	
Pt-Ni/CNT

	
30 bar, 230 °C

	
APR

	
70–90

	

	
18–62

	
[47]




	
3 wt.% Pt-3 wt.% Re/C

	
29 bar, 225 °C, in KOH

	
APR

	
89

	
67

	
26

	
[40]




	
3%Pt-(1–4.5%)Re/C

	
29 bar, 225 °C

	
APR

	
100

	

	
~70

	
[48]




	
(2.5–4 wt.%)Pt-Re (1:5 ratio)/C

	
25 bar, 225 °C

	
APR

	
<45%

	

	

	
[49]




	
(2.5–3 wt.%)Pt-Re (1:2 ratio)/ZrO2, CeO2, TiO2

	
25 bar, 225 °C

	
APR

	
<35%

	

	

	
[50]




	
Pt-Mo (Pt:Mo ratio = 1:1)

	
31 bar, 210–240 °C

	
APR

	
0.5–26

	

	
~50

	
[51,52]




	
Ni-Sn

	
25.8–51.4 bar, 225–265 °C

	
APR

	
>90

	

	
68–78

	
[29,32]




	
Ni-Cu

	
38–52 atm, 250–270 °C

	
APR

	
60

	

	
>80

	
[53]




	
Pt/γ-Al2O3

	
1 bar, 350 °C

	
Steam

	
8

	

	
61

	
[39]




	
Pt/SiO2, ZrO2, Ce4Zr1α

	
1 bar, 350 °C

	
Steam

	
100, 16, 78

	

	
69, 62, 73

	
[39]




	
5.8 wt.% Ni/Al2O3

	
1 bar, 600–700 °C

	
Steam

	
>99

	

	
~100

	
[54]




	
Ni, Ir, Co./CeO2

	
1 bar, 550 °C 4

	
Steam

	
100

	

	
91, 93, 94

	
[38]




	
Ni/MxOy-Al2O3 (M = Zr, Ce, La, Mg)

	
1 bar, 600 °C

	
Steam

	
100

	

	
60–70

	
[44]




	
Ni/MgO

	
1 bar, 550–650 °C

	
Steam

	
100

	
43–57

	
61–66

	
[36,37]




	
Ni/TiO2

	
1 bar, 550–650 °C

	
Steam

	
96–98

	
31–47

	
44–62

	
[36,37]




	
Ni/CeO2

	
1 bar, 550–650 °C

	
Steam

	
72–98

	
31–44

	
54–67

	
[36,37]




	
Pt-Ni/La2O3

	
1 bar, 600 °C

	
Steam

	
100

	

	
53

	
[55]




	
3 wt.% Ru/Y2O3

	
1 bar, 550–650 °C

	
Steam

	
100

	
~90

	

	
[56]




	
Ru/Al2O3

	
900 °C

	
Steam

	
58

	

	
42

	
[35]




	
Ni-Cu-Al

	
1 bar, 500–600 °C

	
Steam

	
70

	

	
~75

	
[57]




	
Ni-Co./Al2O3

	
1 bar, 500–550 °C

	
Steam

	

	
5–6

	
65

	
[58]








1 The conversion, as in Reference [41], was reported in terms of carbon converted to gas products. 2 H2 yield is based on ca. 50% conversion, as defined in Reference [42]. 3 H2 selectivity was obtained using a 30 wt.% glycerol concentration, as defined in Reference [42]. 4 Temperature corresponding to highest H2 selectivity is listed [38]. 








Pt exhibits good activity under typical aqueous phase reforming conditions, with satisfactory selectivity (up to 75%) [24,40,41,42], which can be attributed to the fact that Pt is effective for C–H, O–H, and C–C bond cleavages, while being sluggish for C–O bond cleavage. Modeling of glycerol decomposition elementary steps showed that the H2 evolution process begins with C–H or O–H bond activations. As glycerol is sufficiently dehydrogenated, decarbonylation, a C–C bond cleavage step, could become competitive, producing C2 species, and CO. Under APR conditions, the latter may participates in WGS, which is a beneficial secondary reaction (see Figure 3), supported on Pt.



On Pt/C catalysts, ethylene glycol (EG) and propylene glycol (PG) are the main liquid phase products. EG is almost certainly produced from decarbonylation. On Pt, the energetics and energy barriers for C–O bond are uncompetitive throughout the decomposition process, according to DFT calculations [59,60]. Hence, PG is more likely from either dehydration of glyceraldehyde, or direct dehydration of glycerol (through an acetol intermediate), completed with hydrogenation [42]. If alumina or carbon black supports—creating more acidic conditions—are used, dehydration can be further enhanced.



Pure Pt catalysts are considered too expensive for industrial scale use in APR or steam reforming. Hence, a number of Pt-based bimetallic catalysts, allowing reduced Pt usage, were studied [40,45,46,47,48,49,50,51,52,55]. More importantly, additional catalytic functionality can be introduced this way. High-throughput screening of Pt, Pd-based bimetallic catalysts have been performed by Dumesic and his coworkers [61] using EG, which can be regarded as a polyol analog compound. The EG conversion trends acquired could be transferable to understand the glycerol conversion behaviors.



For glycerol, King et al. [40] employed Pt-Re catalysts in an APR setting, and found that the addition of Re has significantly increased glycerol conversion. Even higher glycerol conversion (89%) can be achieved eventually with additional base (e.g., KOH) [40]. The route for hydrogen production is proposed to follow a sequence of: glycerol → glyceraldehyde → EG → glycolaldehyde → methanol → syn gas.



Zhang et al. [48] aimed at catalytic functionalities of Pt-Re/C catalysts for glycerol APR by varying Re loadings, and revealed that the active site is linked to oxidized Pt-Re, with local acidity on surface. A relationship between hydrogen selectivity and C–O/C–C bond cleavage was established based on respective product ratios—products associated with C–C bond cleavage include CO2 (via WGS reaction), EG, methanol, and CO, while C–O bond cleavage produces PG. In particular, the authors noted that the Re/C catalysts alone have no activity, and the hydrogenation functionality provided by Pt is necessary for PG formation.



Pt-Mo/C catalysts prepared by Dietrich and coworkers [51,52] showed that the H2 turnover frequency (TOF) becomes 4 times higher than Pt/C. The reduced bimetallic catalyst structures were probed and revealed to have a Pt-core and Mo-rich shell, with some Mo oxides present on the surface. During the reaction, the metallic Mo content increases, indicating that these surface Mo oxide clusters are catalytically functional. This hypothesis has been confirmed with DFT calculations conducted by Liu et al. [62]. During experiments, Pt-Mo catalyst particles can retain their Pt-rich core Mo-rich shell morphology [51]. The hydrogen selectivity is estimated to be around 50%, with CH4 as the major by-product. Similar to Pt-Re catalysts, high H2 selectivity depends on the control of catalyst acidity [51]. A general rule is that low acidity is preferred in order for catalysts to be selective for H2 production. As for Pt-Re, the Mo:Pt ratio can be varied to tune H2 selectivity and yields.



Catalyst supports can influence the performance of metal sites, and even participate in reactions. Wawrzetz et al. [42] indicated that Pt supported on γ-Al2O3 behaves as a bifunctional catalyst. A Tishchenko/Cannizaro disproportionation mechanism has been proposed to be responsible for the observed acid product, which can further goes through decarboxylation reactions, producing alkanes or alcohols.



A series of supported Pt catalysts on SiO2, Al2O3, ZrO2, and Ce4Zr1α have been tested for glycerol steam reforming by Pompeo et al. [39]. It is found that Pt supported on neutral supports such as SiO2 carries out the usual dehydrogenation and C–C bond cleavage reactions. However, dehydration, dehydrogenation, hydrogenolysis, and condensation reactions are promoted on more acidic supports such as γ-Al2O3, ZrO2, and Ce4Zr1a.



Ni is known to be an effective reforming catalyst, which is the main component in hydrocarbon reforming catalysts for industrial hydrogen production [27]. Nickel is earth abundant and significantly (~1500 times) cheaper than Pt. Ni-based catalysts can be used in both aqueous phase and steam reforming of glycerol for hydrogen production [44]. Hirai et al. [56] showed that activities of metals from Group 8–10 on Y2O3 supports follow an order of Ru ≈ Rh > Ni > Ir > Co > Pt > Pd > Fe at 600 °C. At even higher temperature (i.e., 900 °C), Adhikari et al. [35] showed that glycerol conversion is in the order of Ni > Ir > Pd > Rh > Pt > Ru, on Al2O3. However, the deterioration of nickel catalysts is a serious issue, due to ongoing hydrocarbon decomposition, Boudouard reaction, and methanation reactions.



Huber et al. [29,32] used Sn-promoted Raney-nickel catalysts, which is believed to overcome some of those issues, for glycerol APR, and achieved a glycerol conversion of more than 90% and a H2 selectivity of above 70%. The performance of this inexpensive catalyst is comparable to those of Pt/Al2O3. The formation of the Ni3Sn-phase alloy is attributed to the high H2 selectivity. The addition of Sn is shown to significantly decrease methane formation, while maintaining the activity of C–C bond cleavage.



Besides Sn, the performance of Ni catalysts can be tuned with various oxide supports (e.g., MgO, CeO2, and TiO2) [36,37,63], with the maximum H2 yield obtained on MgO for glycerol steam reforming [36,37]. Iriondo et al. [44] introduced Ce, La, Mg, or Zr as promoters to Ni supported on Al2O3. For glycerol APR, the addition of these species is found to improve initial glycerol conversion compared to undoped Ni catalysts. Temperature programmed reduction and X-ray photoelectron spectroscopy (XPS) analyses showed that these metal ions have been incorporated into catalyst systems and can interact closely with the active Ni phase. These promoters function differently [44]. Some modify interactions between Ni and the Al2O3 support. La and Ce species will form mixed oxide phases with support. Moreover, Iriondo et al. [45] pointed out that La2O3-Al2O3 can improve the structure stability.



Pt-Ni alloys are also good reforming catalysts. Doukkali et al. [46] showed that Pt-Ni alloys prepared using sol-gel methods under basic condition (known as SGB) can be more active than either Pt or Ni for glycerol APR. Pt-Ni alloys are also effective for WGS reaction.



He et al. [47] used multi-walled carbon nanotubes (MWCNT) as supports for Pt-Ni alloys to improve glycerol APR. They deducted that the primary H2 production pathway proceed with initial glycerol dehydrogenation forming glyceraldehyde. Glyceraldehyde is then converted to lactic acid (LA), which can undergo decarboxylation. Base additives (e.g., CaO) increase LA selectivity. Methanol, from C–C bond cleavage, was also found in the liquid phase.



Among other metals, Zhang et al. [38] found that CeO2-supported Ir and Co catalysts which were also very active and selective for H2 production in steam reforming. The highest catalytic activity was achieved on Ir/CeO2 (100% conversion), with >85% H2 selectivity. The superior performance of Ir/CeO2 can attributed to strong interactions between Ir and the support.




2.1.3. Understanding Molecular Behaviors for Glycerol Conversion on Transition Metals with DFT


To understand trends exhibited on transition metals during polyol conversions, EG is considered ideal and studied as a model compound [30,64,65,66]. Some key findings have been summarized in Figure 4 by Davda et al. [64]. Thanks to extensive experimental screening, it is found that the activity of SiO2-supported monometallic catalysts (in terms of CO2 turnover frequency, or TOF) decreases in the order of Pt > Ni > Ru > Rh >> Pd. The H2 selectivity is ranked in the decreasing order of Pd > Pt > Ni > Ru > Rh.


Figure 4. Trends in ethylene glycol (EG) aqueous phase reforming (APR) on selected metals, turnover frequency (TOF) (CO2, in × 103 min−1), alkane selectivity (%), and H2 selectivity (%) are colored in green, blue, and yellow, respectively. Reproduced from Reference [64]. Copyright Year 2003, Elsevier.
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Nevertheless, it also became evident that the detection and grathering information on key reaction intermediates for pathway elucidation is far from straightforward. DFT calculations can be employed to provide information to fill the gap between fundamental chemistry and catalyst performance. If properly used, the modeling can be utilized to predict and tune catalytic properties for catalyst developments.



Liu and Greeley [60,62,67,68] investigated adsorptions of glycerol and its dehydrogenation intermediates on transition metals. Adsorption patterns of glycerol conversion intermediates were investigated on close-packed surfaces of Pt, Ni, Pd, Rh, and Cu.



The behavior to describe glycerol dehydrogenation thermochemistry, transition states of C–H/O–H, C–C, and C–O bond cleavage on Pt(111) can be summarized in a unified free energy diagram on Pt(111) [60,67], as shown in Figure 5. DFT calculations showed that intermediates from C–H bond cleavage are more thermodynamically stable than those from O–H bond cleavage. Energy barriers for C–H/O–H bond cleavage steps are significantly lower than those for C–C or C–O bond cleavage steps (by more than 0.5 eV). Hence, it can be concluded that, on Pt(111), early in the decomposition process, both C–C and C–O bond cleavage will be kinetically slow compared to dehydrogenation reactions. Moreover, much lower C–C bond cleavage energy barriers are possible, via decarbonylation, after several steps of dehydrogenation.


Figure 5. Adsorption thermochemistry (estimated at 210 °C and 1 bar) of the most stable glycerol dehydrogenation intermediates (black squares), the most stable transition states for C–H/O–H, C–C, and C–O bond cleavage (represented by blue diamonds, red triangles, and purple circles, respectively) on Pt(111) are compiled in a unified free energy diagram. Reproduced from Reference [60]. Copyright Year 2011, American Chemical Society.
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Similar analyses can be performed on other transition metals or even bimetallic alloys [62,68]. It should be mentioned that acquiring full detail of the entire glycerol decomposition network is extremely, computationally expensive. In Section 4.1, analytical approaches such as scaling relationship, thermodynamic Group Additivity, and Brønsted-Evans-Polanyi method can potentially eliminate the necessity of performing full explicit DFT calculations, and are frequently employed for mechanistic elucidation and trend prediction.





2.2. Catalysts for Glycerol Hydrogenolysis


Glycerol reforming is always accompanied by hydrogenolysis, dehydration, and/or methanation—all involving C–O bond cleavage and H2 consumption. Despite the loss of H2 as product, 1,2-propanediol (12-PDO), 1,3-propanediol (13-PDO), 1-propanol (1-PO), 2-propanol (2-PO), EG, LA, methanol, can be obtained. Product selectivity is a primary interest in catalyst selection for glycerol hdyrogenolysis. Complicated by different catalyst behaviors and environmental conditions, the exact hydrogenolysis pathways are still being debated currently.



Montassier and co-workers [69,70,71] proposed a widely accepted scheme for glycerol hydrogenolysis over silica-supported transition metals (i.e., Pt, Ru, Rh, Ir), under basic conditions. In their scheme, C–C bond cleavage occurs through base-catalyzed retro-aldol reaction, whereas C–O bond cleavage occurs through base-catalyzed dehydration. Dehydrogenation takes place on metal sites.



Maris and Davis [72] proposed an adjusted mechanism, as shown in Figure 6, which resembles to Montassier’s original scheme, from a series of tests on carbon supported Pt and Ru monometallic catalysts under neutral or basic conditions (using NaOH or CaO).


Figure 6. Glycerol hydrogenolysis pathways on Ru and Pt-based catalysts under neutral or basic conditions. Reproduced from Reference [72]. Copyright Year 2007, Elsevier.
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According to the adjusted scheme (Figure 6), glycerol dehydrogenation (to glyceraldehyde) is proposed to be the first step on the metal (Ru, Pt) site. Under a neutral condition, Ru/C is more active than Pt/C for hydrogenolysis, but the selectivity over PDO is higher on Pt/C [72]. NaOH or CaO were added to elucidate base-catalyzed routes (versus metal-catalyzed reactions at neutral conditions). Under basic condition, the activity of Pt/C is enhanced more than Ru/C [72]. Lactate formation became significant higher on both Pt/C and Ru/C catalysts at high pH.



EG is formed via C–C bond cleavage catalyzed by metal because the rate of EG formation remains comparable to that under neutral condition. It was further deduced that EG cannot be formed via hydrogenolysis from PDOs, but from glycerol directly instead. Therefore, the likely route for EG formation proceeds through glyceraldehyde, followed by C–C bond cleavage, similar to the retro-aldol reaction.



Under acidic condition, King et al. [40] proposed that C–C bond cleavage proceeds through glyceraldehyde decarbonylation. CO2 in the gas phase product, which is rapidly converted from CO via WGS reaction at the metal sites, can be analyzed to monitor this pathway.



Figure 7 depicts a schematic network with multiple pathways leading to 12-PDO and 13-PDO, adapted from Reference [73]. Each of the six primary intermediates—1,2-enol, acetol, 1,2-aldol, 2,3-enol, hydroxylpropanal, and 1,3-enol—can be formed from dehydration, which is then followed by hydrogenation (of C=C or C=O bond) to 12-PDO or 13-PDO. Activities and selectivities are very sensitive to the transition metal catalyst involved, and are especially linked to the relative stability of the dehydrated intermediates. Isomerizations between different pairs of intermediates are possible (as indicated by two-headed arrows in Figure 7), cross-linking different pathways. Representative metal-based catalysts for glycerol hydrogenolysis are summarized in Table 2.


Figure 7. Reaction network depicting glycerol conversions to 12-PDO and 13-PDO, with primary reaction intermediates. Reproduced from Reference [73]. Copyright Year 2011, Royal Society of Chemistry.
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Table 2. Metal-based catalysts for glycerol hydrogenolysis.







	
Catalyst

	
H2 Pressure, Temp., and Solution

	
Glycerol Conversion, %

	
Yield, %

	
Main Products and Selectivity, %

	
Reference






	
Ru/C

	
40 bar, 200 °C, neutral

	
20

	

	
32 (PDO)

68 (EG)

	
[72]




	
Rh/C

	
30 bar, 180 °C + NaOH (1 M)

	
22

	

	
9 (12-PDO)

5 (LA)

	
[74]




	
5 wt.% Rh/C

	
80 bar, 180 °C

	
0.3

	

	
58.6 (12-PDO)

3.4 (13-PDO)

	
[75]




	
Rh/C, with H2WO4

	
80 bar, 180 °C

	
10

	
5.2 (12-PDO)

2.6 (13-PDO)

	
52 (12-PDO)

26 (13-PDO)

	
[76]




	
Rh/Al2O3

	
80 bar, 180 °C

	
21

	
12.4 (12-PDO)

3.1 (13-PDO)

	
45 (12-PDO)

12 (13-PDO)

	
[76]




	
Rh/Nafion

	
80 bar, 180 °C

	
8

	
4.3 (12-PDO)

1.5 (13-PDO)

	
54 (12-PDO)

19 (13-PDO)

	
[76]




	
Ni/Al2O3

	
1 bar, 190 °C

	
92

	

	
43.6 (12-PDO)

	
[77]




	
Ni/SBA-15

	
30 bar, 450 °C

	
50

	
24 (12-PDO)

	
30 (12-PDO)

	
[78]




	
Pd/C, with H2WO4

	
80 bar, 180 °C

	
3

	
2

	
100 (12-PDO)

	
[76]




	
Pd/C

	
80 bar, 180 °C

	
0.7

	

	
93.1 (12-PDO)

1.4 (13-PDO)

	
[75]




	
Cu-ZnO (Cu:Zn ratio 50:50)

	
20 bar, 120–220 °C

	
37

	

	
>93 (12-PDO), 3.4 (Acetol), 3 (EG)

	
[79]




	
Cu/ZnO/Al2O3

	
6.4 bar, 190 °C

	
96

	

	
92.2 (12-PDO)

	
[77]




	
CuO/ZnO, with H2WO4

	
80 bar, 180 °C

	
21

	
17

	
100 (12-PDO)

	
[76]




	
Pt/amorphous silico alumina

	
45 bar, 220 °C

	
20

	
6.3 (12-PDO)

	
35.3 (12-PDO),

1.2 (13-PDO)

	
[80]




	
Pt/C

	
40 bar, 200 °C, neutral

	
13

	

	
79 (PDO)

17 (EG)

	
[72]




	
Pt/C

	
40 bar, 200 °C, with 0.8 M NaOH

	
20

	

	
30 (PDO)

62 (LA)

2 (EG)

	
[72]




	
Pt/C

	
80–90 bar, 160 °C

	
20

	

	
43 (12-PDO)

	
[81]




	
Pt/C

	
80 bar, 180 °C

	
1.1

	

	
87.6 (12-PDO)

1.9 (13-PDO)

	
[75]




	
Ru/C

	
40 bar, 200 °C, with 0.8 M NaOH

	
20

	

	
37 (PDO)

47 (LA)

12 (EG)

	
[72]




	
Ru/C

	
80 bar, 160 °C

	
29.7 1

	

	
50.9 (12-PDO)

0.8 (13-PDO)

22.9 (1-PO)

3.2 (2-PO)

	
[82]




	
Ru/C

	
80 bar, 180°C

	
6.3

	

	
17.9 (12-PDO)

0.5 (13-PDO)

	
[75]




	
Pt-Ru/C

	
40 bar, 200 °C, with 0.8 M NaOH

	
22

	

	
37 (PDO)

41 (LA)

15 (EG)

	
[83]




	
Au-Ru/C

	
40 bar, 200 °C, with 0.8 M NaOH

	
21

	

	
25 (PDO)

60 (LA)

10 (EG)

	
[83]




	
Pt-Re/C sintered

	
80–90 bar, 200 °C

	
20

	

	
33 (12-PDO)

34 (13-PDO)

	
[81]




	
Cu-Ru/ZrO2 (Cu:Ru ratio = 1:10)

	
80 bar, 180 °C

	
100

	
78.5 (12-PDO)

	
84 (12-PDO)

6.4 (1-PO)

9.3 (EG)

	
[84]




	
Ru-Re/ZrO2

	
80 bar, 160 °C

	
57

	

	
47.2 (12-PDO)

5.5 (13-PDO)

27.2 (1-PO)

8.1 (2-PO)

	
[85]




	
Ir-ReOx/SiO2

	
80 bar, 160 °C

	
60 2

	

	
5 (12-PDO)

54 (13-PDO)

31 (1-PO)

4 (2-PO)

	
[86]








1 Conversion is defined in Reference [85]. 2 Conversion is achieved after 20 h of experiment. 








Anneau et al. [74] used DFT calculations to generate detailed glycerol hydrogenolysis pathways on Rh(111). Both dehydration and dehydrogenation were investigated as the first step for 12-PDO and LA formation. As a result, the authors confirmed that glycerol prefers to dehydrogenate to form glyceraldehyde first, and then dehydrates to form an energetically stable enol intermediate (an unsaturated alcohol as shown in Figure 7). Enols can isomerize quickly into acetol or aldol. Finally, 12-PDO is formed via hydrogenation.



As the relative stability among glycerol dehydration intermediates differs from metal to metal. Coll et al. [73] suggested that this character can be used to determine desired product selectivity. For example, on Rh(111), enols (consisting of a C=C bond) will be stabilized more than aldols (consisting of a C=O bond by up to 0.4 eV). Hence, the route corresponding to dehydration at the central carbon, forming 1,3-enol, becomes competitive. On Pd(111), the aldol structure becomes even less stable, while 1,2-enol is the most stable intermediate. On Ni(111), the energetic difference between 1,3-enol and 1,2-aldol, is 0.36 eV, much higher than that on Rh (only 0.16 eV). The larger energetic difference explains why very little 13-PDO is obtained on Ni. Supported by theory, catalyst selection can be guided by theory following a principle based on the relative stability on different metals so that 12-PDO and 13-PDO selectivity can be modified. Another useful indicator is the energy difference between 13-PDO versus 12-PDO.



The role of catalysts is also present in influencing glycerol hydrogenolysis selectivity. Huang et al. [77] tested Ni/Al2O3 and Cu/ZnO/Al2O3 for hydrogenolysis of glycerol in both aqueous and vapor phase. On Ni/Al2O3, the catalyst is more selective toward CH4 and CO, rather than 12-PDO. Cu/ZnO/Al2O3, however, is much more selective for 12-PDO and acetol formation. The 12-PDO production of was even more favored at higher H2 pressure (64 bar), reaching a selectivity of 92% at 100% glycerol conversion.



The use of catalytic promoters has also been attempted. Jimenez-Morales et al. [78] showed Ce-promoted Ni/SBA-15 catalysts are much more active for 12-PDO production than unpromoted Ni/SBA catalysts. This is because Ce species increase surface acidity that promotes the formation of acetol. The 7.5 Ce-Ni-SBA catalyst is most active among the materials tested.



Bimetallic Pt-Ru and Au-Ru have been prepared by Maris and Davis [83], by depositing respective Pt or Au onto C-supported Ru nanoparticles. Both alloys behave similarly to pure Ru during aqueous-phase hydrogenolysis. However, Pt-Ru alloys are more active than either of its pure Pt or Ru component. It is possible that the presence of Pt is able to help dissociate H2, whereas Ru provided sites for glycerol adsorption and C–C cleavage. Pt-Ru appeared to be more stable than Au-Ru, in which Au is found disintegrated from Ru onto the support. In addition, the addition of Au will decrease hydrogenolysis activity. The formation of EG is favored over PDOs by both Pt-Ru/C and Au-Ru/C under neutral condition [83]. Also, in the presence of base, bimetallic catalysts will favor the production of lactate and PDO over EG.



Pt-Re alloys were tested by Daniel et al. [81], and were found to be more active than either Pt or Re. For instance, the 13-PDO selectivity can go up to 34%. Catalyst performance can be further improved after sintering at high temperatures, benefitting from better mixing. Re is more oxophilic and is capable of coordinating with OH. For this reason, the authors suggested that surface Re–OH species is mainly responsible for C–O bond activation and cleavage.



Liu et al. [84] showed that Ru-Cu bimetallic alloys are also active for glycerol hydrogenolysis. In particular, the synergy between Ru and Cu has been identified to be crucial. Ru-Cu alloys are selective for 12-PDO production (at 84%, and no 13-PDO). In addition, catalyst supports also influence the performance of catalysts. Especially, ZrO2 enables the best performance for 12-PDO production. Acidic supports such as NaY and HY promote 1-PO formation. Carbonium ions are believed to convert 12-PDO further into 1-PO under acidic conditions.



Ma et al. [85] added Re to Ru to promote glycerol conversion of glycerol and the selectivities of PDOs. In this case, Re is shown to prevent Ru particles from aggregation. In addition, the Re component (ReOx) acts as a solid acid to promote dehydration. Ru-Re favors 12-PDO over EG formation. Despite some acid functionality being present, Ru-Re catalysts are effective to inhibit conversions of 12-PDO and 13-PDO to 1-PO and 2-PO, a beneficial property to maintain high PDO selectivities.



On Ir-Re alloys, Nakagawa et al. [86] pointed out that glycerol hydrogenolysis occurs at its terminal position near the ReOx cluster to form 2,3-dihydroxypropoxide. Hydrogen at the Ir site approaches the 2-position of 2,3-dihydroxypropoxide, producing 3-hydroxypropoxide that is then hydrolyzed into 13-PDO. Due to structure sensitivity, the size of ReOx cluster is a key factor. To achieve high 13-PDO selectivity, the cluster should be sufficiently large so that steric effect for the preferential terminal alkoxide formation can be induced.




2.3. Metal–Acid Bifunctional Catalysts for Glycerol Hydrogenolysis


It has become apparent that the acid functionality plays a dominant role in catalyzing the C–O bond cleavage. A group of catalysts, which are bifunctional by possessing both metal and acid sites, are effective for both dehydration and hydrogenation. Particularly, catalytic synergies are unique and extremely beneficial.



A series of bifunctional catalysts based on Ru have been investigated by Kusunoki et al. [75] (Table 3). The addition of solid acids to Ru is able to broadly boost glycerol conversion and promote 12-PDO selectivity even at a mild temperature (e.g., 120 °C). The study confirmed that 1-hydroxyacetone, resulting from dehydration, is the intermediate for 12-PDO formation. On the other hand, 13-PDO is formed via 3-hydroxypropanal. It is also shown that the reactivity of 12-PDO is lower than both glycerol and 13-PDO in the presence of solid acids, contributing to the enhanced selectivity.



Table 3. Metal-acid bifunctional catalysts for glycerol hydrogenolysis.







	

	
H2 Pressure, and Temp.

	
Glycerol Conversion, %

	
Main Product Selectivity, %

	
Reference






	
Ru/C + Amberlyst

	
80 bar, 140 °C

	
41

	
43.1 (12-PDO)

1.0 (13-PDO)

18.2 (1-PO)

2.9 (2-PO)

	
[75]




	
Ru/C + H2SO4

	
80 bar, 140 °C

	
3.2

	
47.4 (12-PDO)

5.4 (13-PDO)

19.6 (1-PO)

1.6 (2-PO)

	
[75]




	
Pt/amorphous silico alumina

	
45 bar, 220 °C

	
20

	
35.3 (12-PDO)

1.2 (13-PDO)

	
[80]




	
Pt/C + Amberlyst

	
80 bar, 140 °C

	
0.5

	
4.4 (12-PDO)

4.4 (13-PDO)

52.7 (1-PO)

14.7 (2-PO)

	
[75]




	
Pd/C + Amberlyst

	
80 bar, 140 °C

	
0.3

	
6.1 (12-PDO)

51.5 (1-PO)

15.2 (2-PO)

	
[75]




	
Rh/C + Amberlyst

	
80 bar, 140 °C

	
6.4

	
19.5 (12-PDO)

7.2 (13-PDO)

53.2 (1-PO)

14.7 (2-PO)

	
[75]




	
Ru/C +Amberlyst

	
80 bar, 120 °C

	
13

	
55.4 (12-PDO)

4.9 (13-PDO)

14.1 (1-PO)

0.9 (2-PO)

	
[87]




	
Ru5/C(I)

	
80 bar, 120 °C

	
21

	
76.7 (12-PDO)

1.5 (13-PDO)

2.5 (1-PO)

0.5 (2-PO)

	
[88]




	
h-Ru/C + A70

	
80 bar, 180 °C

	
49

	
70.2 (12-PDO)

1.3 (13-PDO)

7.1 (1-PO)

1.0 (2-PO)

	
[89]




	
Pt-HSiW/ZrO2

	
50 bar, 180 °C

	
24

	
16.5 (12-PDO)

48.1 (13-PDO)

21.8 (1-PO)

4.5 (2-PO)

	
[90]




	
Pt-HPW/ZrO2

	
50 bar, 180 °C

	
25.5

	
10.9 (12-PDO)

32.9 (13-PDO)

37.9 (1-PO)

5.2 (2-PO)

	
[90]




	
Pt-HPMo/ZrO2

	
50 bar, 180 °C

	
27

	
39.2 (12-PDO)

7.8 (13-PDO)

30.4 (1-PO)

3.2 (2-PO)

	
[90]










With amorphous silicate aluminate (ASA)-supported Pt catalysts, Gandarias et al. [80] noted that acetol is formed from glycerol dehydration at the acid site. Meanwhile, Pt plays the role of hydrogenating acetol to 12-PDO. This study also suggested that the glycerol-to-acetol pathway is enhanced when Pt and ASA coexist. In addition, Pt can also reduce coke formation by facilitating hydrogen spillover. Pt/ASA is also catalytically active for C–C bond cleavage and the hydrogenolysis of PDOs to 1-PO, and thus may lower the selectivity of PDO productions.



Miyazawa et al. [87,88,89] performed a series of glycerol hydrogenolysis studies using Ru-based catalysts containing ion-exchanged resins (e.g., Amberlyst). Compared to Rh/C, Pt/C, and Pd/C, such a metal-acid combination is effective for glycerol hydrogenolysis under acidic conditions and mild temperatures (120 °C). By comparing the yields of PDOs on Ru/C + Amberlyst and Ru/C catalysts, it is deduced that 12-PDO is formed via dehydration over the Brønsted acid sites of Amberlyst. The intermediate, i.e., acetol, results from proton attacking the OH bonded to terminal carbons. Acetol hydrogenation to 12-PDO is a fast step. 13-PDO is first formed through dehydration to 3-hydroxypropionaldehyde at the Ru site, and then hydrogenated at the Ru sites as well. Both 1-PO and 2-PO are formed via 13-PDO catalyzed by Ru/C. EG is formed directly from glycerol (not observed from PDO conversions). Ethanol and CH4 are from the degradation of PDOs. Ethanol can also be formed during hydrogenolysis of EG. Methanol is formed via C2 (i.e., EG) degradation.



As shown above, Ru is often the metal by choice for hydrogenolysis as it is much more active than other noble metals. Surface OH species on Ru is believed to assist Ru for dehydration. An OH-assisted glucose dehydration mechanism on Ru has been suggested by Tyrlik et al. [91]. Glycerol can be catalyzed by Ru–OH to form 3-hydroxypropionaldehyde, as OH can attack H atoms on terminal carbons.



A number of optimizations of Ru/C + Amberlyst catalysts have been attempted by Miyazawa et al. [88], who indicated that glycerol hydrogenolysis can be sensitive to Ru structures. For instance, on Ru5/C(I), hydrogenolysis selectivity was lower on smaller Ru particles [88]. They also pointed out that the metal component in Ru/C + Amberlyst is susceptible to sulfur poisoning by SO2 and H2S. Miyazawa et al. [89] also demonstrated the heat-resistant Amberlyst70 (or A70) can be employed to improve the heat tolerance (up to 190 °C) of the catalyst, which is still selective for 12-PDO production.



Zhu et al. [90] showed that heteropolyacids (HPAs) can be used to modify Pt/ZrO2 catalysts for glycerol hydrogenolysis to obtain 13-PDO. Moreover, acidity can improve the selectivity to 13-PDO. In this work, highest selectivity to 13-PDO was achieved on Pt-HSiW/ZrO2, compared to Pt-HPW/ZrO2 and Pt-HPMo/ZrO2. These studies also reflected that the yield of 13-PDO (via acrolein) was proportional to the concentration of the Brønsted acid sites, whereas the yield of 12-PDO (via acetol) is proportional to the concentration of Lewis acid sites. Products such as 1-PO and 2-PO are mainly formed via 12-PDO, and the formation of EG is from glyceraldehyde decarbonylation.




2.4. Catalysts for Glycerol Oxidation


Glycerol oxidation reactions can also produce many unique products (glyceraldehyde, dihydroxyacetone (DHA), and organic acids). Some of these chemicals are values medicinally, with applications related to metabolite in glycolysis. A general glycerol oxidation reaction network can be illustrated by Figure 8, adapted from Reference [92].


Figure 8. Glycerol oxidation reaction network and main products. Reproduced from Reference [92]. Copyright Year 2005, Elsevier.



[image: Catalysts 08 00044 g008]






Representative catalysts for glycerol oxidation are summarized in Table 4. Supported noble metals, Pt, Pd, and Au, are commonly used [92,93,94,95,96].



Table 4. Catalysts for liquid phase glycerol oxidation reactions.







	
Catalyst

	
Experimental Conditions

	
Selectivity, %

	
Reference






	
5 wt.% Pt-1 wt.% Bi/C

	
With air in acidic media at 323 K and normal pressure

	
20 (DHA)

	
[93]




	
Pd/C

	
pH = 11 in air

	
70 (Glyceric acid) 1

8 (DHA))

	
[94]




	
Pt/C

	
pH = 7 in air

	
55 (Glyceric acid) 1

12 (DHA)

	
[94]




	
Pt-Bi/C

	
pH = 11 in air

	
50 (DHA) 1

	
[94]




	
Au/AC

	
[image: ](10 bar), 60 °C in NaOH solution

	
75 (Glyceric acid) 2

15 (Glycolic acid) 2

	
[92]




	
Pt(111), Pt(100)

	
0.5 M HClO4, CV performed at 293 K in the range of 0.0–1.0 V

	
80 3 (Glyceraldehyde) ~20 3 (DHA)

	
[95]




	
Pt(111)/Bi, Pt(100)/Bi

	
0.5 M HClO4, CV performed at 293 K in the range of 0.0–1.0 V

	
80 4 (Glyceraldehyde) ~20 4 (DHA)

90 4 (Glyceraldehyde) ~10 4 (DHA)

	
[95]




	
Pt/MCM-41

	
[image: ](30 psi), 75 °C

	
15.25 (DHA) 5

	
[96]




	
Pt-Bi/AC

	
[image: ](30 psi), 75 °C

	
77.12 (DHA) 5

	
[96]




	
Pt-Bi/ZSM-5

	
[image: ](30 psi), 75 °C

	
41.07 (DHA) 5

	
[96]




	
Pt-Bi/MCM-41

	
[image: ](30 psi), 75 °C

	
65.26 (DHA) 5

	
[96]




	
Pt/Bi-MCM-41

	
[image: ](30 psi), 75 °C

	
33.73 (DHA) 5

	
[96]








1 Selectivity on Pt/C and Pd/C is reported for 90% glycerol conversion, and 70% conversion on Pt-Bi/C. 2 Selectivity is based on Au_1/BP catalyst 3.7 nm mean diameter, and 30% conversion. 3 Results are taken from Pt(111) at 0.6 V [95]. 4 Results are taken from Pt(111)/Bi [95], and Pt(100)/Bi with an applied potential of 0.6 V, respectively [95]. 5 Highest DHA selectivity reported during 5 h of experiments [96].








Oxidation of glycerol on Pd and Pt in the liquid phase was investigated by Garcia et al. [94]. Glyceric acid, via oxidation of the terminal OH group in glycerol, was obtained as the main product on Pd/C catalysts (with selectivity up to 70% at pH = 11). On Pt/C, glyceric acid can be achieved at 55% selectivity in neutral media. Demirel-Gülen et al. [92] also investigated liquid-phase glycerol oxidation, and found that Au/carbon black catalysts are catalytically active.



In recent years, electrochemical techniques for glycerol oxidation have been developed. In order to elucidate oxidation pathways, high-performance liquid chromatography (HPLC), coupled with rapid online sample collection method, were developed and implemented by Kwon et al. [97,98] to detect product from electrooxidation of glycerol.



Besides catalytic materials, support, pH values, or even applied potential voltage can influence catalyst activity and main product distributions. Glycerol electrooxidation mechanisms on polycrystalline Au and Pt have been probed using HPLC-MS at different pH values [98]. Therein, more detailed reaction networks at neutral, acidic, and basic conditions were reported. In alkaline media, glyceric acid is the main product with glyceraldehyde as the intermediate on Pt. On Au, glyceric acid is the initial primary oxidation product, which is then rapidly oxidized into glycolic acid and formic acid (Figure 8). Higher applied potentials are usually necessary on Au. At such voltages, Au becomes more active than Pt as the Pt surface is susceptible to oxidation, forming PtOx. On the oxidized Pt surface, glycerol is more likely to be oxidized to glyceric and formic acids, via respective glyceraldehyde and glycolic acid. At lower pH, activities on both Au and Pt electrodes decrease, and Au will completely lose its activity under acidic conditions. Under neutral condition, the selectivity toward glyceraldehyde is high for both Au and Pt.



Using a combined experimental and computational approach, Garcia et al. [99] established the understanding that the activity and selectivity of glycerol oxidation is very structure sensitive, as illustrated in Figure 9. Overall, small Au particles (~2.7 nm) are selective for glycolic acid formation. For larger Au particles (~3.7 nm), the selectivity to glyceric acid increases. Catalyst structure sensitivity has also been observed on Pt catalysts as well. For instance, the main glycerol oxidation products are primary and secondary alcohol oxidation on Pt(111), with respect to Pt(100).


Figure 9. Glycerol oxidation pathways on Pt(111) and Pt(100) in acidic solution. Reproduced from Reference [99], Copyright Year 2016, American Chemical Society. Purple and blue are used to indicate pathways on Pt(111) and Pt(100), respectively.
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Doping Pt with small amounts of Bi can improve activity, selectivity, as well as catalyst stability [93,95]. Kimura et al. [93] showed that Pt modified by Bi enables the oxidation of the secondary OH group of glycerol to obtain DHA, yielding 50% DHA selectivity.



Garcia et al. [95] further showed that Bi on Pt(111) can improve glycerol electrooxidation activity, by weakening the adsorption of CO. An increase of DHA selectivity was also observed. Kwon et al. [100] reasoned that this is because the Bi adatom species can block the active sites for primary alcohol oxidation on Pt/C. Enediol is the key intermediate during the isomerization between glyceraldehyde and DHA. It is produced from glycerol C–H bond cleavage, which prefers Pt(111), as illustrated in Figure 9 in purple (left). Bi adatom is able to stabilize this intermediate by interacting with the two hydroxyl groups of enediol, but not on Pt(100). Hence, glyceraldehyde is the primary product on this surface. DFT calculations are well suited to test the key hypothesis to elucidate reaction pathways eventually.



Recently, Xiao et al. [96] prepared a series of Pt and Pt-Bi catalysts loaded on MCM and ZSM-5 zeolitic supports, such as Pt-Bi/AC, Pt-Bi/ZSM-5, Pt/MCM-41, Pt-Bi/MCM-41, and Pt/Bi-MCM-41. Kinetic measurements showed that bimetallic Pt-Bi loaded on MCM-41 exhibits the highest DHA yield. Aided by DFT calculations, it was found that the Bi2O-Pt(111) complex is formed from O2 dissociative adsorption to stabilize glycerol adsorption. With this complex formation, the energy barrier to directly form DHA from glycerol can be lowered as the dehydrogenation at the middle C and middle O of glycerol occurs simultaneously under Bi2O and Pt cooperation. On the other hand, glyceraldehyde is formed from dehydrogenation of the terminal OH group at the Bi2O site. Because DHA, which is a secondary OH oxidation product, is more stable than glyceraldehyde, it will be the primary oxidation product, which is consistent with experimental work.



Kwon et al. [101] also demonstrated that Sb, Pb, Sn, or In can be introduced to Pt/C as surface adatom species to enhance the activity and selectivity of glycerol oxidation in acidic solution (e.g., H2SO4).



In recent years, glycerol electro-oxidation techniques, based on Pt, Pd, and Au catalysts, have been developed by Li’s group [102,103] to obtain sustainable commercial chemicals. Moreover, electricity power can be cogenerated using anion-exchange membrane fuel cell (AEMFC) devices. In order to further advance this technique for practical applications, understanding of the activity and selectivity governing reaction mechanism and robust catalytic materials will be the key.





3. Catalysts Selections Guided by First-Principles Methods


3.1. Linear Scaling Relationship to Estimate the Binding Energies of C3HxO3


Computational expenses increase rapidly as the number of atoms in a molecule rises, for instance, glycerol versus methanol. Hierarchical modeling methodology [59] that allows accurate kinetic parameter calculations for glycerol decomposition need to be established, so that the necessary computational cost reduction can be accomplished.



The concept and early work on the use of empirical formulations to describe chemisorption have been introduced by Shustorovich [104,105,106], known as the Unity Bond Index-Quadratic Exponential Potential (UBI-QEP). Similar work has been carried out by Kua et al. [107] to compute the heat of formation of certain gas phase adsorbates.



Both of the above approach relies, to some extent, on analyzing nearest neighbors of the central binding sites of adsorbed intermediate species. Methods adopting such concepts will be elaborated. For the purpose of discussion, binding energies of glycerol dehydrogenation intermediates ([image: ]), representing C3HxO3, (x = 0–8) generically, are defined in Equation (4), by Liu and Greeley [67].


[image: ]



(4)







Such a definition is helpful to be related to the energy needed to decompose vapor phase glycerol into C3HxO3 and the stoichiometric amount of H2(g), and the adsorption of C3HxO3 on the substrate.



All the terms on the right side of Equation (4) can be obtained directly from DFT. The scaling scheme is, in turn, defined by Equations (5) and (6).


[image: ]



(5)
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(6)







Variables [image: ] and [image: ] in Equation (5) represent the degree of undersaturation, defined by Equation (6), for all C and O atoms in C3HxO3. [image: ] is 4 for carbon and 2 for oxygen, while [image: ] is the total neighbors (H, C, and O), to which the central C/O atom is bonded. [image: ], [image: ], [image: ], and [image: ] in Equation (5) are parameterized from DFT calculations. [image: ] is the binding energy of gas phase glycerol on the substrate.



If the binding energy of a given intermediate is known for a reference metal (e.g., Pt), the binding energies of this species on different metal surfaces (M) can be computed according to Equation (7) using binding energies of atomic C and O on M.


[image: ]



(7)







When combined with Equation (4), Equation (7) can be modified into a more compact form as in Equation (8) [108].


[image: ]



(8)







More recently, Garcia-Muelas and Lopez [109] studied 14 mono and poly alcohols up to four carbon atoms on clean Pt(111) and Pd(111) surfaces, and proposed a multifactorial linear-scaling relationship, as in Equation (9). Terms in Equation (9), account for contributions from OH group ([image: ]), CHx group ([image: ]), and H-bonds ([image: ] and [image: ]), and will be parameterized from periodic DFT calculations.


[image: ]



(9)







A Group Additivity (GA) approach has been adapted by Salciccioli and coworkers [110,111] to predict thermodynamic properties of adsorbed alcohols and polyols. Different from Benson’s original approach [112], contributions from oxygenate groups (-CHxO-, x = 1, 2) center around carbon-oxygen-metal interactions. Moreover, a number of rules have been developed. Similar to the scaling relationship (as in Equations (5) and (6)), bond order rules (i.e., H = 1, C = 4, and O = 2) in the gas phase were followed. Zero-point energy correction to heat of adsorption and the vibrational frequencies associated with the intermediates were considered. The GA approach provides correlations at similar numerical quality.




3.2. Prediction of Catalyst Activity for Glycerol Decomposition Using Scaling Relationships


To deal with the numerous steps and complex reaction pathways, effective strategies have to be able to reduce the number of conventional DFT calculations. Predictive tools based on correlations associated with catalytic descriptors become critical. However, they need to be straightforward, numerically reliable, and chemically meaningful. Ferrin and coworkers [113] formulated an approach to analyze ethanol decomposition networks on a broad range of transition metals, and demonstrated initial success in connecting minima with maxima in the potential energy surface in conjunction with a scaling relation, based on binding energies of complex adsorbates with those of C and O. With this strategy, understanding key catalytic trends is essentially reduced to performing DFT calculations to retrieve binding energies of C and O, a much easier and reliable computational task.



Typical interpretations of free energy diagram for Pt have been introduced in Section 2.1.3. By executing the scaling relationship, every level of glycerol dehydrogenation on the close-packed surface of Pt, Pd, Rh, Ni, and Cu can be quickly generated, as illustrated in Figure 10. The main impact of this modeling approach is to enable a very computationally convenient means to examining a large number of plausible transition metals, equivalent to modeling-based high-throughput screening to some degree.


Figure 10. Free energy diagrams showing most stable intermediates at each level of glycerol dehydrogenation on close-packed Cu, Pt, Pd, Rh, and Ni surfaces (at 483 K and 1 bar). Reproduced from Reference [68]. Copyright year 2013, Royal Society of Chemistry.
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It becomes evident from Figure 10 that, on Pt(111), Rh(111), and Ni(111), dehydrogenation steps will not be limited by reaction thermodynamics, at least before the decarbonylation becomes competitive; on Pd(111), dehydrogenation becomes more endothermic, which is consistent with the trend observed in Figure 4 (i.e., much smaller CO2 TOF). On Cu(111), the thermodynamics for glycerol decomposition is the least favorable. The process, represented by Equation (1), is more than 2.5 eV endothermic.



Moreover, qualitative understanding of the preference for C–H versus O–H bond cleavage can be obtained using the relative binding strengths of C and O on different metals [68]. For example, on Pt and Pd, C binds much more strongly than atomic O, corresponding that intermediates from C–H bond cleavage are favored. For Rh and Ni, O–H bond cleavage becomes gradually competitive regarding stronger O binding. Cu shows the strongest preference for O–H bond cleavage due to the strongest O binding on Cu(111) relative to that of C.



Kinetic considerations for C–H, O–H, C–C, and C–O bond cleavage can be readily included in the analysis as well. Although DFT-based methods, such as Climbing Image-Nudged Elastic Band (CI-NEB) [114,115] and dimer [116], can be straightforwardly applied, the main obstacle is that such calculations will be extremely time consuming, even with the most advanced modern computing clusters. Liu and Greeley [60,67,68] showed that the so-called Brønsted-Evans-Polanyi (BEP) relationship, once reliably established from DFT, can be used to predict all the elementary steps in glycerol decomposition network. Now, it is, in principles, possible to perform full analysis (similar to Figure 5) on a given single crystal metal surfaces with minimal amount of calculations.



Most recently, periodic DFT calculations, coupled with fast energetic and kinetic analysis, have been employed to investigate glycerol decomposition on bimetallic Pt-Mo alloys [62]. It is concluded that on the Pt skin of Pt-Mo bimetallic alloys, CO binding becomes weaker and is able to promote reforming activity due to mitigated CO poisoning. In addition, surface Mo species have been found to promote CO oxidation via WGS reaction pathways. It is also likely that bifunctional site enabling synergistic interactions also exist to influence overall catalyst performance. In this regard, more sophisticated models are needed. More importantly, an integrated modeling and experimental approach (providing clues on catalyst structures, active sites, and intrinsic activity information) is the key to success.





4. Summary, Challenges, and Research Opportunities


Powered by fast advancements in parallel computing facilities, technique, and algorithms, significant progress has been made. Nevertheless, several directions—including: (1) development of efficient and accurate modeling tools to describe glycerol conversion in solutions; (2) establishment and predicting trends of bifunctional model catalysts; and (3) development of algorithms to generate reaction pathways of complex glycerol reaction network—will make further impact on catalytic glycerol conversions. Each of these topics represent one emerging research area.



4.1. Modeling Glycerol Conversion in Solutions


It can be seen that glycerol conversion into chemicals frequently takes place in the aqueous phase. Currently, consideration of the physical and chemical behaviors of glycerol in aqueous phase have been tackled by three main approaches: (1) DFT-based implicit solvation model [117,118]; (2) ab initio molecular dynamics (AIMD) [119]; and (3) combined DFT and classical molecular dynamics (MD) method [120].



Faheem et al. [118] proposed a simple implicit solvation model for solid surfaces (iSMS,) approach to model reactions at solid−liquid interfaces with implicit solvation models. The basic concept of iSMS is to account for the long-range metal interactions using slab models without solvent molecules; and the liquid effect of a local perturbation of free energy described by an embedded cluster model in an implicit continuum model. Other computational techniques, such as VASPsol (implemented in plane wave Vienna ab initio Simulation Package (VASP) code) [121], are also important tools. A comparison between implicit and explicit solvation models for surface adsorption free energies for DFT calculations was recently published by Steinmann et al. [122].



Callam et al. [119] performed G2- and CBS-QB3-level of ab initio molecular dynamics (AIMD) simulations to map the potential energy surfaces of glycerol in aqueous phases. The important and low energy conformers can be identified.



Bodenschatz et al. [120] introduced a multiple-step strategy to describe liquid phase configurations during the adsorptions of glycerol and its intermediates (C3H7O3) on Pt(111). In their approach, DFT is used to optimize surface-adsorbed species, partially relaxed H2O molecules are then used to initiate MD simulations using LAMMPS [123], with Pt atoms and other adsorbates were fixed in the positions determined from prior DFT calculations.




4.2. Modeling Synergistic Bifunctional Catalysts for Glycerol Conversion


Bifunctional catalytic materials are ubiquitous and play an important role in catalysis, including catalytic glycerol conversion. Many bimetallic alloys [34,40,48,49,62,81,83], metal-acid/support catalysts [75] can all establish multi-functional systems to influence reaction activity and product formation pathways.



In Section 2.4, Greeley and coworkers [96] modeled Pt-Bi alloys in glycerol oxidation and revealed the working principles of glycerol dehydrogenation in a synchronized manner at the PtOx and Bi sites. Such information is valuable to understand the intrinsic property related to product selectivity, and would be rather elusive to acquire without the aid of molecular modeling.



Moreover, Yun et al. [124] used DFT calculations to design W-incorporated MoVW mixed oxide catalysts for glycerol oxydehydration to obtain acrylic acid, acrolein, acetic acid, along with CO2 and acetaldehyde. It is revealed that the incorporated W species are able to induce neighboring Mo, V, and O, to a reduced state for Mo and V (e.g., Mo5+ and V4+), and those more nucleophilic O, which are necessary for selective acrylic acid production.



However, our treatments of bifunctional catalysts are far less mature than the modeling of catalysts with single and uniform active sites on surface. It is also important to point out that the success of this research direction will strongly depend on cooperative interactions between experiment and theory.




4.3. Development Tools to Generate Reaction Pathways


A number of algorithms are already available to automatically generate and predict reaction steps. Herein, a few examples are mentioned to show that there is a growing field focused on this direction. For instance, a simple protocol was developed by Suleimanov and Green [125] to allow fully automated discovery of elementary chemical reaction steps. Zimmerman et al. [126] applied the ‘Growing String Method’ to reliably find reaction path and transition state. Vinu and Broadbelt [127] presented a comprehensive review on the topics of reaction pathway elucidation using various algorithms for the purpose of reaction kinetics modeling of complex systems.



Lastly, as an alternative approach, the p-graph (or process graph) is a graph-theoretic approach to facilitate the synthesis of a process system. The concept was originally proposed and developed by Friedler, Fan, and their co-workers [128], to be exhaustive and computationally efficient. Although it has originally developed for process simulations and optimizations, recent developments have shown that this approach can be adapted for catalytic reactions such as WGS reaction [129], and hydrogenation reaction [130].
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