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The cleavage of a lignin model compound of 2-phenoxyacetophenone (2-
PAP) was studied in an anhydrous ethanol solvent. A high conversion of 
2-PAP (> 99%) to the desired products (> 80% for phenol) with impressive 
selectivity was achieved in a stainless steel (T316SS) autoclave without 
any added catalyst. The stainless steel was analyzed as being effective at 
catalyzing the decomposition of 2-PAP because of its hydrogen transfer 
activity and stabilization of reaction intermediates, while anhydrous 
ethanol served as both a solvent and hydrogen donator. An active 
hydrogen-promoted reaction network was proposed to explain these 
results. Further investigation demonstrated that the co-catalyst, 
Cs2.5H0.5PMo12O40, enhanced the cleavage efficiency, which resulted in 
high yields of the desired products (> 98% of phenol and > 91% of 
acetophenone). The proposed method in this study based on the stainless 
steel-promoted hydrogen transfer reaction, which had the merits of a high 
conversion efficiency and easy handling, can be expected to develop a 
promising process for further transformation of lignin to valuable multi-
substituted aromatics. 
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INTRODUCTION 
 

With the depletion of fossil fuels and the exacerbation of the greenhouse effect, 

sustainable development is highlighted by many governments. Some fuels and chemicals 

produced from renewable resources such as biomass can be plausible and prospected in the 

future (Bull 1999; Werpy et al. 2004; Argyropoulos 2007; van Haveren et al. 2008). 

Lignocellulose biomass is an almost inexhaustible, carbon-neutral, and consistently 

renewable source of energy and chemicals. As the second principal component of 

lignocellulose, lignin can be applied as the precursor for many aromatics. However, it is 

still far from being effectively utilized. At present, most lignin is burned directly as fuel, 

and only a small portion is used to produce dispersants or adhesives. An even smaller 

amount is used to produce valuable chemicals (Zakzeski et al. 2012; Kang et al. 2013; 

Deuss and Barta 2016). With the increased investigation into lignin structure and 

development of catalytic technologies, the preparation of bulk or fine aromatics from lignin 
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is feasible and has attracted considerable interest (Zakzeski et al. 2012; Song et al. 2013; 

Deuss and Barta 2016).  

Because of its stable spatial network structure and complicated chemical 

conjunctions of primary monomers, it is a challenge to convert lignin into valuable 

products (Dutta et al. 2014). Some researchers intend to elucidate the mechanism of the 

decomposition of lignin through the study of cleavage of the model compounds (Yan et al. 

2010; Song et al. 2013; Luo et al. 2016). In natural lignin the β-O-4 linkage accounts for 

approximately 60% of all linkages of primary monomers. 2-Phenoxy-1-phenylethan-1-ol 

(POPE, Fig. S1 in Supporting Information (SI)) is generally used as a mimic of β-O-4 

linkages in lignin because of its abundance in natural lignin (Heitner et al. 2010; Deuss and 

Barta 2016). Some researchers have also selected 2-phenoxy-1-phenylethan-1-one (2-

phenoxyacetophenone, 2-PAP, Fig. S1) as a model compound because this linkage 

represents partially oxidized lignin (Strassberger et al. 2013; Zhang et al. 2013; Deuss and 

Barta 2016).  

Stainless steel autoclaves are popular in chemistry labs and are often operated at 

high temperatures and/or under high pressures. Numerous studies of lignin decomposition 

in stainless steel autoclaves have been recorded (Park et al. 2011; Vollhardt and Schore 

2011; Zeng et al. 2015), and the effects of stainless steel autoclaves on the reactions have 

also been observed (De Oliveira-Vigier et al. 2005; Szpyrkowicz et al. 2005), but not much 

attention has been paid to these phenomena. During some initial experiments with 

decomposition of 2-PAP in anhydrous ethanol (AE) in a stainless steel autoclave, it was 

found that the substrate was totally converted without the addition of any catalyst. This 

meant that the stainless steel of the autoclave wall potentially catalyzed the reaction. 

Therefore, in this study, 2-PAP was employed as the model compound to explore the 

catalytic effects of the stainless steel from an autoclave wall. 

 

 
EXPERIMENTAL 
 

Materials 
The model compounds 2-PAP and POPE were purchased from TCI Chemicals 

(Shanghai, China) and Bide Pharmatech Ltd. (Shanghai, China) and were used as received. 

Isopropanol (IPA), AE, acetone, benzene, phenol, acetophenone, H3PMo12O40•xH2O, and 

cesium nitrate (CsNO3) were all of analytical purity and were offered by Sinopharm 

Chemical Reagent Co. Ltd. (Shanghai, China). They were used as received without further 

purification. The stainless steel powder of type 316 (SSP316, particle size ~0.08 mm) was 

kindly provided by Shijiazhuang Jingyuan Power Materials Co. Ltd. (Shijiazhuang, China) 

and used as a catalyst directly without any treatment. 

 

Preparation of Cs2.5H0.5PMo12O40 
The catalyst, Cs2.5H0.5PMo12O40, was prepared by an ion exchange method from 

H3PMo12O40•xH2O according to the procedures described by Park et al. (2011). The precise 

quantification of water content in H3PMo12O40•xH2O was analyzed by thermal treatment 

at 300 °C for 4 h, and the water content was determined to be H3PMo12O40•27H2O. The 

solid heteropolyacid catalyst Cs2.5H0.5PMo12O40 was prepared using an ion exchange 

method. A stoichiometric amount of CsNO3 was dissolved in deionized water, and then, 

while vigorously stirring, the solution was added dropwise into an aqueous solution 

containing H3PMo12O40. The resulting solution was heated slowly (1 °C/min) to 60 °C and 
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kept at this temperature for 24 h, and a faint yellow solid was obtained. The solid product 

was dried overnight at 70 °C, and it was then calcined at 250 °C for 4 h in air to yield 

Cs2.5H0.5PMo12O40. Finally, the product was kept in a desiccator until it was used. 

 

Decomposition of Lignin Model Compounds 
Most of the decomposition reactions were conducted in a T316 stainless steel 

autoclave (denominated as T316SS with its composition shown in Table S1 in SI) equipped 

with a controller, a thermocouple, and a mechanical agitator (Model 4598, Parr Instrument 

Company, Moline, USA). For comparison, some specified reactions were executed in a 

poly(p-phenylene) (PPE)-lined reactor in static or dynamic mode heated in an electric oven. 

The reactions were typically operated by first dosing 0.100 g of 2-PAP and 0.010 g of 

catalyst (or none) into the dry autoclave, after which 50 mL of solvent was introduced. The 

autoclave was closed quickly to prevent adsorbing water, and then purged with N2 several 

times. The reaction was performed at 260 °C for 4 h with a stirring speed of 300 rpm. After 

a predetermined time, the reactor was cooled down to room temperature and the products 

were collected for further analysis. 

 

Products Analysis 
The products were first evaluated by gas chromatograph-mass spectroscopy (GC-

MS, Model DSQ Ⅱ, Thermo Fisher, Austin, USA), and then analyzed using a GC-FID 

equipped with HP-5 column (GC-2010, Shimadzu, Kyoto, Japan). The concentration of 2-

PAP, POPE, phenol, and acetophenone were quantified by the external standard method. 

The conversion of substrate, the selectivities of phenol and acetophenone, and the total 

mass yield of all other products (wt.%) were calculated by the following equations, 
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where Conv. is the conversion of the substrate 2-PAP, SP and SA are the selectivities of 

phenol and acetophenone, respectively, Yothers is the total mass yield of the other products 

than phenol and acetophenone, c is the molar concentration of the specific compound 

calculated by the chromatographic peak area in the GC-FID chart of reaction products that 

corresponded to the external standards of a specific compound (mol/L), and ω is the mass 

concentration of a specified compound (g/L). 
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Determination of Metals Dissolved in the Solvent 
Metals that probably had been leached from the autoclave wall into the solvent were 

analyzed by Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES, 

Model iCAP6300, Thermo Fisher, Waltham, USA). About 20 mL of solvent before or after 

the reaction was withdrawn in a cleaned crucible which was then first acidified by HNO3 

solvent, and then air-dried at room temperature. Then the crucible was calcined at 500 °C 

for 6 h in air. After that, 20 mL of HNO3 solvent (1mol/L) was introduced into the crucible 

and then the crucible was kept in an ultrasonic machine for 30 min. Finally, the metals in 

this ultrasonic treated solvent were determined by ICP-AES. 

 

 

RESULTS AND DISCUSSION 
 

Proofs for 2-PAP Decomposition Promoted by T316SS Reactor 
Figures 1A through 1D are the chromatograms of 2-PAP decomposition products 

in ethanol after it was reacted at 260 °C for 4 h under control conditions. Some semi-

quantitative data are also offered in Table 1 as supplement. All the compounds in the 

products were determined by GC-MS with some of the main products further analyzed by 

retention time in a GC-FID (Table S2 in SI). 
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Fig. 1. GC Chromatograms of post-reaction products of 2-PAP in a T316SS autoclave with a 
stirring speed of 300 rpm (A), 100 rpm (B), 0 rpm (C), and in PPE-lined autoclave at dynamic 
mode (D). The insets in Fig. 1A-1D are the enlargements of a part of the corresponding 
chromatogram. Experimental Conditions: substrate: 2-PAP; solvent: anhydrous ethanol; 
temperature: 260 °C; retention time: 4 h; Catalyst: None. 
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Table 1. Decomposition Results of Control Reactions of 2-PAP under Various 
Experimental Conditions* 

 Experimental Conditions Products Distribution 

Figure No. Autoclave Mixing Mode Catalyst 
Conv. 
(%) 

AP 

(%) 
AA 
(%) 

APOPE 
(%)  

1A T316SS Stirring at 300 rpm None > 99 40.2 46.0 8.2 

1B T316SS Stirring at 100 rpm None 40.2 2.5 3.3 34.4 

1C T316SS Stirring at 0 rpm None 45.2 4.1 5.4 25.7 

1D PPE dynamic mode None 32.5 2.6 2.9 27.0 

S2C PPE dynamic mode SSP316 88.5 5.8 3.1 73.9 

S2D PPE static mode SSP316 36.7 5.7 3.4 22.3 

*Peak area of chromatograms normalization method. Experimental conditions: substrate: 2-PAP; 
solvent: AE; temperature: 260 °C; retention time: 4 h. 

 

2-PAP was treated in an AE solvent in a T316SS autoclave without the addition of 

any catalyst at 260 °C for 4 h with a stirring speed of 300 rpm. The trace of decomposition 

products is shown in Fig. 1A. Compared with the chromatogram of raw material of 2-PAP 

displayed in Fig. S2B in SI, the signal at the retention time 13.134 min almost disappeared. 

Instead, two new peaks appeared at retention times 6.433 and 7.475 min, which were 

attributed to phenol and acetophenone, respectively. This demonstrated that the 

transformation of 2-PAP took place with a high selectivity of the desired products (Fig. 

1A, Table 1) without the addition of any catalysts.  

The possibility of the presence of other catalysts or some other unknown factor 

impacting the reactions was taken into consideration, and the experiment was repeated 

several times. The results were easily reproduced (Fig. S3 in SI). It should be noted that 

the autoclave had not been used by other investigators and no other catalysts were involved 

during the research period. 

Typically, the homolysis of β-O-4 bond (pyrolysis) in the absence of a catalyst 

occurs only at high temperatures (> 500 °C) because of the high bond dissociation energy 

of C-O in an ether bond. Therefore, it was inferred that the decomposition of 2-PAP in this 

study at a relatively low temperature (260 °C) was achieved with a catalyst and that the 

wall of the T316SS autoclave acted as that catalyst in the cleavage of β-O-4 conjunction.  

To determine the probability that some metals had been leached from the autoclave 

wall into the solvent and served as the homogeneous catalyst in this reaction, the amount 

of metals dissolved in ethanol before and after the reaction was determined by ICP-AES 

(Table S3 in SI). The results showed that only trace metals were detected in the solvent, 

and concentrations were almost unchanged before and after the reactions, which meant that 

only small amounts of metals were leached from the steel wall. Furthermore, when the 

stirring speed during the reaction was varied, the conversion and selectivity (Fig. 1A-1C) 

were greatly changed, which happened scarcely in homogeneous reactions. Thus, it was 

suggested that the catalysis should be ascribed to the steel wall.  

To further clarify the catalysis function of the stainless steel wall in these reactions, 

some comparative experiments were performed in a PPE-lined autoclave in dynamic mode 

(in a rotary ramp of 100 rpm in electric oven) with and without stainless steel powders 

(SSP316) as a catalyst, and the experiment results are displayed in Fig. 1D and Fig. S2C in 

SI, respectively. Comparing Fig. S2C in SI to Fig. 1D (also in Table 1), the addition of 

SSP316 in the mixture improved the transformation of 2-PAP.  
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The same reaction was also executed in static mode with SSP316 as a catalyst in a 

PPE-lined autoclave, and the chromatogram of the obtained products is shown in Fig. S2D 

in SI. It indicated that stirring further promoted the conversion of 2-PAP, which may have 

been due to the enhancement of mass/heat transfer effects in dynamic mode (Table 1). To 

verify this conclusion, experiments were also carried out in a T316SS autoclave at a 100 

rpm stirring speed (Fig. 1B) and in static mode (Fig. 1C). It can be clearly seen that lower 

conversions of 2-PAP were achieved when the reaction was performed in static mode or at 

a slower stirring speed (Table 1), which indicated that the mass/heat transfer factors were 

important for the conversion and cleavage of this β-O-4 model compound. It seems that 

when the stirring speed is over a specialized value (such as 100 rpm in our reaction), the 

products’ distribution can change obviously, as the change of fluent flow state with the 

variance of Reynolds' Constant. 

Moreover, after further analyzing the detailed structures of the products, it was 

determined that the hydrogen species must have been involved in the conversion of 2-PAP 

without adding additional hydrogen gas. The main products, phenol and acetophenone, and 

the by-product, POPE, all have two more hydrogen atoms compared to the raw material of 

2-PAP (Line II and III in Scheme 1). Solvents with hydrogen donating capability, such as 

methanol, ethanol, and formic acid, were employed in the decomposition of the lignin 

compound (Xu et al. 2012; Song et al. 2013; Huang et al. 2015).  

To explore the origin of the hydrogen, pure AE solvent was treated at 260 °C for 4 

h in a T316SS autoclave or a PPE-lined autoclave, and their chromatograms are exhibited 

in Fig. S2E and S2F in SI. Compared with the chromatogram of untreated AE displayed in 

Fig. S2A in SI, a new peak at retention time 3.437 min (Table S2) appeared in both of the 

chromatograms (Fig. S2E and S2F in SI). This was ascribed to diethyl acetal (denominated 

as acetal), which was confirmed by GC-MS. It was easy to infer that during the generation 

of acetal, ethylal was also produced simultaneously. After further quantification by GC-

FID peak area (Fig. S4 in SI), the concentration of ethylal in the pure AE increased 

remarkably from approximately 0.001% before the reaction to 0.336% after the reaction. 

Active hydrogen species were released accompanying the generation of acetal and ethylal 

without the addition of any catalyst (Scheme 1), regardless of whether the reaction occurred 

in a T316SS autoclave with stirring or in a PPE-lined autoclave in static mode. Thus, AE 

was the origin of the active hydrogen. 

 

 
 
Scheme 1. Pathways of (I) hydrogen generation, (II) decomposition of 2-PAP and hydrogenation, 
or (III) excessive hydrogenation of model compound 2-PAP 
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Effects of Solvents 
To clarify the effects of solvents with various hydrogen donation capabilities on the 

transformation of 2-PAP, some exploratory experiments were also performed in various 

solvents in a T316SS autoclave without the addition of any catalyst at 260 °C for 4 h with 

a stirring speed of 300 rpm. The total ion current (TIC) GC-MS chromatograms for the 

products are presented in Fig. S5 in SI, while the corresponding GC-FID chromatograms 

are presented in Fig. 2.  

 

Table 2. Products Analysis for Decomposition of 2-PAP in Various Solvents* 

Entry Solvent Conv. (%) 
Products Distribution 

SP (%) SA (%) SP/SA Others mass yield (wt.%) 

1 AE ＞99 65.6 40.6 1.6 47.9 

2 IPA ＞99 84.4 35.4 2.4 42.6 

3 Acetone 5.8 0.8 0.7 1.1 5.8 

4 Benzene 5.2 0.7 0.8 0.8 5.1 

*Experimental conditions: substrate: 2-PAP; reactor: T316SS autoclave with stirring speed of 300 
rpm; temperature: 260 °C; time: 4 h; Catalyst: None. Quantified by GC-FID using external standard 
methods. 

 
 

 
Fig. 2. GC-FID Chromatograms of post-reaction products of 2-PAP in various solvents, where (A) 
is AE, (B) is IPA, (C) is Acetone, and (D) is Benzene. The inset is the enlargement of a part of the 
corresponding chromatogram. Experimental Conditions: substrate: 2-PAP; reactor: T316SS 
autoclave with stirring speed of 300 rpm; temperature: 260 °C; time: 4 h; Catalyst: None. 
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The hydrogen donating capability of the solvents severely affected both the 

conversion of 2-PAP and the product distribution (Fig. 2, S4, S5, and S6, Table 2). 2-PAP 

was almost entirely converted (> 99%) when AE or IPA were employed as solvents, 

whereas it was scarcely transformed (< 6%) when acetone or benzene were used as solvents 

(Fig. 2, Table 2). The distribution of the main products was different from each other in 

various solvents (Table 2, Table S4 and Fig. S5 in SI), which meant the transformation of 

2-PAP proceeded along different pathways in solvents with different hydrogen donating 

capabilities. 

Referring to published reports (Guthrie 1975; Netto-Ferreira et al. 1990; Andersen 

et al. 1996; Dorrestĳn et al. 1999; Lanzalunga and Bietti 2000) and based on the main 

products’ distribution listed in Fig. 2, Fig. S5, Table 2, and Table S4, a reaction network is 

proposed and illustrated in Scheme 2 to illuminate the plausible pathways involved in the 

decomposition of 2-PAP in different solvents in a T316SS autoclave. 

 

 

Scheme 2. Illustration of active hydrogen transfer reactions promoted by stainless steel reactor 
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In this reaction network, the decomposition of 2-PAP proceeded along three routes, 

which were denoted as Routes I, II, and III, respective to various reaction solvents under 

different reaction conditions. 

In solvents with high hydrogen donation ability, such as AE (Fig. 2A and S5A, and 

Entry 1 in Table 2), the decomposition of 2-PAP mostly proceeded along Route I 

(Dorrestĳn et al. 1999). Essentially, the active hydrogen species generated from the 

solvents (illustrated in Scheme 1) participated in the proceedings and advanced the follow-

up reactions (Guthrie 1975). The active hydrogen species (bonded to the surface of the 

steel wall, or as Metal-H) first attacked the oxygen atoms in α-carbonyl of the 2-PAP 

molecule and formed POPE radicals (Huang et al. 1995; Dorrestĳn et al. 1999). The POPE 

radicals subsequently reacted along three routes, Routes Ia, Ib, or Ic, which led to further 

cleavage, rearrangement, or over-hydrogenation, respectively. According to the products’ 

distribution of the decomposition of 2-PAP in AE offered in Tables 2 and S4, the POPE 

radicals split into phenoxy radicals and phenylethyl alcohol along Route Ia (Huang et al. 

1995; Andersen et al. 1996; Lanzalunga and Bietti 2000). Then, the resultant 1-

phenylethenol (an enol) further tautomerized to a more stable ketone form of acetophenone 

(AP in Scheme 2) (Huang et al. 1995), while the phenoxy radicals were terminated with 

the formation of phenol (P in Scheme 2) by abstracting hydrogen from acetophenone or 

the solvent (Netto-Ferreira et al. 1990). POPE radicals underwent isomerization along 

Route Ib and further cleaved to benzaldehyde along Route Ib-1 (BAD in Scheme 2) 

(Dorrestĳn et al. 1999). The intermediate of POPE radicals also isomerized, and then 

hydrogenated to generate 2-hydroxy-1,2-diphenylethan-1-one, which then further 

etherified into 2-ethoxy-1,2-diphenylethan-1-one (EDPE in Scheme 2) along Route Ib-2. 

POPE radicals also hydrogenated directly into POPE along Route Ic (Scheme 2). Ethyl 

benzoate (EBA in Scheme 2) was also detected in some cases, which was likely generated 

along Route III (Huang et al. 1995; Hanson et al. 2010). The detection of EBA was caused 

by a small amount of air remaining in the autoclave and the redox catalysis characteristics 

of the components in the stainless steel wall (Table S1) (Hanson et al. 2010).  

As mentioned above, the reactions of 2-PAP in different kinds of autoclaves, such 

as a T316SS autoclave and a PPE-lined autoclave in static or dynamic mode and with or 

without a catalyst, showed a great diversity in the conversion and distribution of products, 

even in the same solvent. This meant that the stainless steel wall of the autoclave and the 

mass/heat transfer state both influenced the pathways of 2-PAP conversion. When the 

decomposition reaction was performed in a PPE-lined autoclave in dynamic mode without 

a dosage of SSP316 catalyst (Fig. 1D), the 2-PAP was partly hydrogenated to POPE along 

Route Ic with a small amount of cleavage. However, the addition of SSP316 in a PPE-lined 

autoclave as a catalyst improved the hydrogenation of 2-PAP to yield POPE, mostly via 

Route Ic, but there were low yields of the cleavage products, phenol and acetophenone 

(Fig. S2C). The stirring factor (mass transfer) also played an important role in the process 

of hydrogen transfer from the solvent to 2-PAP (comparing Fig. S2C and S2D). The 

promotion of mass transfer was clearly observed when comparing the results from the 

T316SS reactor at different stirring speeds (Fig. 1A-1C). The highest conversion of 2-PAP 

and selectivity of phenol and acetophenone was obtained in the T316SS autoclave with a 

stirring speed of 300 rpm (Fig. 1A), which indicated that Route Ia was the main reaction 

path under this condition.  

Taking into consideration the results that acetal was produced independently of 

reactor type and stirring speed (Fig. S2E and S2F), it was easy to infer that the stainless 

steel wall of the autoclave did not contribute to the generation of hydrogen. Hence, a 
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possible explanation was that the stainless steel wall of the autoclave stabilized the 

intermediates of the reactions (e.g. POPE radicals, phenoxy radicals, and phenacyl radicals, 

etc. in Scheme 2) to suppress the side reactions (Route Ib in Scheme 2) or the excessive 

hydrogenation to stable POPE products (Route Ic in Scheme 2). Additionally, the stainless 

steel accelerated the hydrogen transfer to these intermediates. Vigorous stirring deeply 

affected the reaction pathway, and led to effective cleavage and delivery of hydrogen to 

intermediates that originated from ethanol. As a result, the high yields of the target products 

phenol and acetophenone (Route Ia in Scheme 2) were generated with decreased 

occurrences of rearrangement, isomerization, or excessive hydrogenation (Routes Ib and 

Ic in Scheme 2). Contrarily, while the reactions were performed in a PPE-lined autoclave 

without SSP316 as a catalyst, the intermediates (POPE radicals) formed by the reaction 

with hydrogen were so reactive that they either further hydrogenated to a stable product of 

POPE (Route Ic in Scheme 2) or rearranged and isomerized if they were not stabilized in 

time (Netto-Ferreira et al. 1990; Dorrestĳn et al. 1999).  

When the decomposition reaction was performed in solvents with poor hydrogen 

donation ability, such as acetone and benzene (Fig. 2C-D, and Entries 3 or 4 in Table 2), 

2-PAP had to instead be pyrolyzed (homolyzed) and rearranged or recoupled along Route 

II (Table 2, Scheme 2 and Fig. S5) without the assistance of hydrogen species (Netto-

Ferreira et al. 1990). Nevertheless, as the pyrolysis of β-O-4 bonds into radicals required 

much higher dissociation energy, this route was not easily accomplished and the cleavage 

efficiency was poor, which agreed highly with the low conversions listed in Table 2. 

Furthermore, the homolysis radicals were not stable and prone to recombination, 

disproportionation, or re-polymerization with the formation of some heavy fractions 

products if they were not terminated effectively by hydrogen or some other radical 

scavenger species (Netto-Ferreira et al. 1990).  

Theoretically, the decomposition of 2-PAP should yield equal amounts of phenol 

and acetophenone (Scheme 1). However, when AE was employed as a solvent, it turned 

out that the selectivity of acetophenone was much lower than that of phenol, with a SP/SA 

ratio of 1.6, as shown in Table 2. The most probable explanation was that it was much 

easier for phenoxyl radicals to abstract hydrogen from solvents or other sources with the 

formation of stable phenols under the current conditions (Route Ia in Scheme 2). Moreover, 

some other cleavage pathways of 2-PAP were also followed in which only phenol can be 

generated (Route III in Scheme 2, Table 2). Otherwise, acetophenone was not stable 

enough that it could be further transformed to 1-phenylethanol (PE in Scheme 2, Table 2 

and Fig. S5) by hydrogenation along Route Ia-1 or be abstracted hydrogen atoms to form 

acetophenone-radicals (Netto-Ferreira et al. 1990; Andersen et al. 1996; Park et al. 2011; 

Fan et al. 2015). The latter underwent dimerization or coupling reactions to form products 

with higher boiling points that could not be detected by GC-FID procedures (Route Ia-2) 

(DiNinno et al. 1977; Heathcock 1981; Netto-Ferreira et al. 1990). Furthermore, even the 

2-acetylbenzoic acid was generated (ABA in Table S4 and Fig. S5) by a still unclear 

generation mechanism.  

Moreover, compared with the decomposition in AE (Fig. 2A and Entry 1 in Table 

2), the decomposition of 2-PAP proceeded better in IPA and had a higher conversion and 

selectivity of phenol (Fig. 2B and Entry 2 in Table 2). This was because the secondary 

alcohol had a higher hydrogen donation capability than the primary alcohol (Zassinovich 

et al. 1992), and much more active hydrogen was generated from IPA, which was 

beneficial for the activation and decomposition of 2-PAP. Unfortunately, the hydrogen 

yield derived from IPA caused an easier occurrence of side reactions, most likely along 
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Routes Ia-1 or Ib in Scheme 2 (Table 2 and Fig. S5) (Zassinovich et al. 1992; Sedai et al. 

2013), and the generation of other products listed in Table S4 and Fig. S5, but not illustrated 

in Scheme 2. This led to a much lower selectivity of acetophenone than of phenol. It caused 

a higher ratio of SP/SA (2.4) and a small decrease in the mass yield ratio for other products. 

 

Influence of Reaction Temperature 
The influence of reaction temperature on the decomposition of 2-PAP was further 

investigated in a T316SS autoclave. The experiments were executed in AE for 4 h with a 

stirring speed of 300 rpm. With increased reaction temperature, the conversion of 2-PAP 

and the selectivity of phenol were both enhanced remarkably, while the selectivity of 

acetophenone, the SP/SA ratio, and the yield of other products exhibited a discrepancy 

(Table 3), which indicated that different pathways in the reaction network in Scheme 2 

were followed. 

 

Table 3. Data Analysis of Reaction Products with Increasing Temperature 

Entry 
Temperature 

(°C) 
Conv. 
(%) 

Products 

SP (%) SA (%) SP / SA Other mass yield (wt.%) 

1 220 43.6 46.9 26.8 1.8 27.9 

2 240 65.1 49.5 19.9 2.5 43.5 

3 260 ＞ 99 65.6 40.6 1.6 47.9 

4 280 ＞ 99 81.6 54.4 1.5 32.6 

Experimental conditions: substrate: 2-PAP; reactor: T316SS autoclave with stirring speed of 300 
rpm; solvent: AE; time: 4 h; Catalyst: None. Quantified by GC-FID using external standard method. 

 

When the reactions were performed at 220 °C, 2-PAP conversion was only 43.6%, 

which indicated there was low hydrogen generation and depressed transfer activity of the 

T316SS at low temperatures. More importantly, the selectivities of both phenol and 

acetophenone were low, at only 46.9 and 26.8% (Table 3), respectively. These results most 

likely implied that at low temperatures the activity of T316SS for Route Ia path was limited 

and a lot of POPE radicals turned to benzaldehyde (BAD, Route Ib-1), 2-ethoxy-2-

phenylacetophenone (EDPE, Route Ib-2), or POPE (Route Ic), which was verified by semi-

quantitative data of the products’ distribution (Table S5 and Fig. S7). Some 2-PAP 

molecules were oxidized to ethyl benzoate (EBA, Route III). Moreover, the selectivity of 

acetophenone was much lower than that of phenol with a SP/SA of 1.8, which could have 

been due to the fact there were more transformation pathways available for acetophenone, 

such as hydrogen abstraction and recoupling reactions, leading to the presence of some 

black floccules in the products (Route Ia-2, Fig. S8 in SI) (Fouassier and Lougnot 1987; 

Netto-Ferreira et al. 1990; Huang et al. 1995; Harwood et al. 2008). Also, there were more 

generation pathways available for phenol via oxidation in Route III. 

When the reaction temperature was elevated to 240 °C, the conversion of 2-PAP 

was improved considerably, which was explained by the promotion of the hydrogen 

donation ability of AE and hydrogen transfer ability of T316SS along the Route I path. 

However, the selectivity of phenol only slightly increased (49.5%), whilst the selectivity 

of acetophenone decreased to 19.9%, which led to a tremendous increase of the SP/SA ratio 

(2.5) and a slight increase in the mass yield of other products (Table 3). Referring to the 

semi-quantitative data in Table S5, it was found that the increase of the 2-PAP conversion 
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did not result from reactions along Route Ia and Ib, but was mainly caused by the increasing 

amount of hydrogenation to POPE along Route Ic in Scheme 2, which resulted in only a 

slight increase in the yield of phenol. The phenomenon that acetophenone selectivity was 

even less than at 220 °C was attributed to the increased rate of recoupling reaction of 

acetophenone at this temperature (Route Ia-2 in Scheme 2), as verified by the presence of 

more black floccules in the products (Fig. S7 in SI). 

As the reaction temperature was further elevated to 260 °C, the conversion of 2-

PAP and the selectivity of phenol and acetophenone were all enhanced, and the SP/SA ratio 

(1.6) and the yields of other products were both decreased. These phenomena demonstrated 

the noticeably enhanced activities of hydrogen generation and hydrogen transfer of the 

T316SS wall, which resulted in the conversion of 2-PAP preferentially along Route Ia, led 

to the high yield and selectivity of the cleavage products, phenol and acetophenone. The 

decrease in the SP/SA ratio was ascribed to the relatively low tendencies of hydrogen 

abstraction and recoupling reactions along Route Ia-2, as verified by the almost complete 

disappearance of black floccules in the products (Fig. S7). This was despite the fact that 

hydrogenation reactions along Route Ia-1 were enhanced, as evidenced by the generation 

of 1-phenylethanol as shown in Table S5. Moreover, the elevated temperature also 

promoted the side reactions along Route Ib and III. A tremendous reduction in the tendency 

of Route Ic was observed by the competition of various pathways in the reaction network, 

which led to a smaller increase in the yield of other products.  

As the reaction temperature increased to 280 °C, the selectivities of phenol and 

acetophenone simultaneously increased, but the SP/SA ratio remained mostly unchanged 

(Table 3). These results were explained by the further enhancement of reactions along 

Route Ia due to increased hydrogen generation from AE and the hydrogen transfer ability 

of the wall of the T316SS autoclave reactor (Samec et al. 2006; Toubiana and Sasson 2012). 

Furthermore, the reactions along Route Ia-2 mostly vanished with a clearer solution after 

the reaction (Fig. S7), although some excessive hydrogenation products appeared, such as 

styrene, ethyl α-methylbenzyl ether, and ethyl benzoate, appeared (Route Ia-1, Table S5), 

and the reactions along Route Ib-1 and III proceeded to generate 4-

(hydroxyethyl)benzaldehyde and ethyl benzenecarboxylate (Table S5). As a result, the 

mass yield of others products decreased to 32.6% (Table 3), which implied that elevating 

the temperature benefited the enhancement of yield and selectivity of target cleavage 

products. 

 

Further Investigation with Additional Catalyst 
The stainless steel behaved as an efficient catalyst at intermediate to high 

temperatures in the aforementioned reactions. Some literature reported that the presence of 

an acid or base further promoted reactions, such as dry-reforming of ethanol (Samec et al. 

2006; Toubiana and Sasson 2012). Increased surface acid sites also promoted the 

decomposition of β-O-4 linked lignin model compound (Kim et al. 2014). Therefore, 

further investigation was carried out using Cs2.5H0.5PMo12O40 as a co-catalyst to improve 

the decomposition of 2-PAP. The reactions were also conducted in AE at the prescribed 

temperature for 4 h in a T316SS autoclave with a stirring speed of 300 rpm. 

Compared with the results without any catalyst (Table 3), the addition of 

Cs2.5H0.5PMo12O40 greatly enhanced the decomposition of 2-PAP at the lowest reaction 

temperature, 240 °C, improved selectivities of cleavage products, and decreased the yield 

of by-products (Table 4). At high reaction temperatures, 2-PAP was almost completely 

converted to the desired products with a SP/SA ratio of 1.1. These results showed that the 
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addition of Cs2.5H0.5PMo12O40 further promoted the cleavage of the β-O-4 bond and 

improved the hydrogen transfer efficiency from AE to intermediates to generate phenol and 

acetophenone (Park et al. 2011) and thus inhibited possible side reactions. At 280 °C, the 

selectivity of phenol and acetophenone reached 98.6% and 91.1%, respectively, with a 

conversion of 2-PAP greater than 99%, and the mass yield of other products was 4.6 wt.%. 

 
Table 4. Further Investigation using Cs2.5H0.5PMo12O40 as Co-Catalyst 

Catalyst 
Temperature 

(°C) 
Conv. 
(%) 

Products 

SP 

(%) 
SA 

(%) 
SP/SA 

Other mass yield 
(wt.%) 

Cs2.5H0.5PMo12O40 240 86.4 66.0 39.1 1.7 42.0 

Cs2.5H0.5PMo12O40 260 ＞ 99 79.9 58.6 1.4 31.4 

Cs2.5H0.5PMo12O40 280 ＞ 99 98.6 91.1 1.1 4.6 

Experimental conditions: substrate: 2-PAP; reactor: T316SS autoclave with stirring speed of 300 
rpm; solvent: AE; temperature: 260 °C; time: 4 h; Quantified by GC-FID using external standard 
method. 

 

The discovery that stainless steel promoted hydrogen transfer reactions in this study 

revealed the merits of a high conversion efficiency and selectivity, as well as easy handling 

without the need for noble metals and complicated catalysts. The proposed method of the 

decomposition of 2-PAP in a stainless steel reactor with the aid of polyoxometalates may 

be employed to develop a promising process for the decomposition of lignin to valuable 

multi-functional unsaturated benzenes. Some inspiring results were obtained in this study. 

A systematic investigation is still in progress. 

 

 

CONCLUSIONS 
 

1. The cleavage of a lignin model compound of 2-PAP in hydrogen donation solvents 

with a high conversion of 2-PAP (> 99%) was achieved with impressive selectivity of 

desired products (> 80% for phenol) without the addition of any catalyst. 

2. The proposed reaction network was shown to have an active hydrogen transfer process, 

which was effectively promoted by the stainless steel. 

3. The intensive investigation demonstrated that the active hydrogen liberated from AE 

transferred to 2-PAP, which promoted the cleavage reaction of 2-PAP and stabilized 

the intermediates. This decreased the occurrence of rearrangement, recoupling, and 

condensation. 

4. Further investigation demonstrated that the addition of Cs2.5H0.5PMo12O40 as a co-

catalyst further enhanced the conversion (> 99%) of 2-PAP and selectivity (91%) of 

the target products.  
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APPENDIX:  SUPPORTING INFORMATION 
 

 

 
Fig. S1. Molecular structures of model compounds 2-PAP and POPE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
Fig. S2. Chromatograms of blank AE, raw materials or post-reaction products detected by GC-
FID method and qualified by GC-MS method: (A) bank anhydrous ethanol; (B) raw material (and 
standard) of 2-PAP dissolved in AE; (C) 2-PAP-SSP316-AE-260 oC-4 h- dynamic mode-in PPE-
lined; (D) 2-PAP-SSP316-AE-260 oC-4 h- static mode-in PPE-lined; (E) pure AE proceeded in 
T316SS autoclave at 260 oC for 4 h without additional catalyst with stirring speed of 300 rpm; (F) 
pure AE proceeded in PPE-lined autoclave at 260 oC for 4 h at static mode;. The inset in Figures 
C, D is the enlargement of a part of the correspondence chromatogram; *AE: anhydrous ethanol; 
PPE: poly(phenylene). 
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Fig. S3. The captures of original GC-FID analysis of repetitive test of 2-PAP decomposition in AE 
at 260 oC for 4 h with stirring speed of 300 rpm without added any catalyst: (A) reaction 
conducted on 30th, Apr., 2015; (B) reaction conducted on 20 October 2015 
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Fig. S4. GC-FID chromatograms of blank anhydrous ethanol (AE) (A) before and (B) after 
reaction in T316SS autoclave with stirring speed of 300 rpm at 260 °C for 4 h 

 

Because the acetic aldehyde cannot be separated from ethanol in the column of HP-

5, as those shown in Figs. 1A or 1I, the chromatograms in Fig. S4 were analyzed on another 

GC-FID (Shiamadzu, GC-2010) equipped with a DKM-FFAP column (30 m × 0.25 mm × 

0.5 μm). It was shown that the concentration of acetaldehyde in pure AE before reaction 

was < 0.001% by a semi-quantitative normalization method, while that after thermal 

treatment in a T316SS autoclave at 260 °C for 4 h remarkably increased to 0.336%. 
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Fig. S5. Total ion current profiles from GC-MS of reactions products of 2-PAP in the solvents of 
(A) AE, (B) IPA, (C) acetone and (D) benzene in T316SS autoclave with stirring speed of 300 rpm 
and no additional catalyst at 260 °C for 4 h 
 
* Peak for the products from solvent itself 
# Peak of high-vacuum grease 

 

 

 

 

 

 

 

 

 

 

Fig. S6. GC-FID Chromatograms of blank solvents after control reactions: (A) AE; (B) IPA; (C) 
Acetone; (D) Benzene. The insets show the profiles of the correspondent blank solvent without 
processing.  
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Fig. S7. Total ion current profiles from GC-MS of reactions products of 2-PAP in AE in T316SS 
autoclave with stirring speed of 300 rpm and no additional catalyst at (A) 220, (B) 240, (C) 260 
and (D) 280 °C * for 4 h. 

  
*This TIC profiles were collected under different programmed temperature procedure conditions 
of GC-MS before the others. 
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Fig. S8. Photos of suspending liquids after reactions of 2-PAP in AE in T316SS autoclave with 
stirring speed of 300 rpm and no additional catalyst at (A) 220, (B) 240, (C) 260 and (D) 280 °C 
for 4 h 

 

 

Table S1. Nominal Chemical Composition of T316SS Pressure Vessel Materials 
(Parr Instrument) 

Material 
Typical trade 

name 

Composition (wt.%) 

Fe Ni Cr Mo Mn Si Others 

T316 stainless 

steel 

T316SS 
65 12 17 2.5 2.0 1.0 <0.5 

316 powder SSP316 
64~68 12~14 16~18 2~3 2~3 

≤

1.0 
<0.5 
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Table S2. Detailed Retention Time of the Main Compounds Involved in the 
Reactions 

Compound Retention time (min) 

AE 1.914 

IPA 2.183 

Acetone 1.874 

Benzene 2.872 

Acetal 3.437 

Phenol 6.433 

Acetophenone 7.475 

2-PAP 13.134 

POPE 13.215 

 

Table S3. Concentrations of Metals Dissolved in AE Before and After Reaction* 

Element 
Concentration before reaction 

(mg/L) 
Concentration post-reaction 

(mg/L) 
Detection limit 

(mg/L) 

Fe 0.02 0.048 0.002 

Si 0.08 0.07 0.008 

Ni n.d.# n.d. 0.008 

Mo n.d. n.d. 0.004 

Mn n.d. n.d. 0.0005 

Cr n.d. n.d. 0.003 

* All metal components concentrations were simultaneously determinated by ICP-AES.  
# n.d. not detected. 
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Table S4. Main Product Distribution of Decomposition of 2-PAP in Various 
Solvents  

AE Acetone Benzene IPA 

Product Labeling Product Labeling Product Labeling Product 

benzaldehyde BAD benzaldehyde BAD benzaldehyde BAD styrene 

phenol P phenol P phenol P phenol 

acetophenone AP acetophenone AP acetophenone AP 1-phenylethanol 

2-ethoxy-1,2-
diphenyl-ethanone 

EDPE 2-PAP 2-PAP benzoic acid BA acetophenone 

2-acetylbenzoic acid ABA   biphenyl BP 
2-methyl-3-phenyl-

butane 

Ethyl 
benzenecarboxylate 

EBA   2-PAP 2-PAP 
(1-

propoxyenthyl)benzene 

1-phenylethanol PE     
2-methyl-1-phenyl-

butane 

2-PAP 2-PAP     
2-methyl-4-phenyl-

butene 

POPE POPE     
2,3-dihydro-2,2-

dimethyl-1H-indene 

      Isopropyl ester benzoic acid 

      4-phenyl-octane 

      
(2-

phenoxyethyl)benzene 

      2-PAP 

      POPE 

Experimental conditions: substrate: 2-PAP; reactor: T316SS autoclave with stirring speed of 300 
rpm; solvent: AE; temperature: 260 °C; time: 4 h; Catalyst: None. 
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Table S5. Semi-Quantified By-Products from Decomposition of 2-PAP in AE at 
Various Temperatures  

By-product 

Peak area of total ion current of GC-MS 

220 °C 240 °C 260 °C 280 °C 

Area 
Plausible 

route 
Area 

Plausible 

route 
Area 

Plausible 

route 
Area 

Plausible 

route 

Styrene 
n.d. - n.d. -. n.d. - 1175578 Ia-1 

Benzaldehyde 
499012 Ib-1 504351 Ib-1 326235 Ib-1 n.d. - 

benzenemethanol n.d. - n.d. - 457550 III 179646 III 

Ethyl α-

methylbenzyl ether 

n.d. - n.d. - n.d. - 1578831 Ia-1 

1-phenylethanol 
n.d. - n.d. - 1031095 Ia-1 n.d. - 

Ethyl 

benzenecarboxylate 

703317 III 325387 III 609016 III 1610920 III 

2-ethoxy-2-phenyl- 

acetophenone 

2029877 Ib-2 1268545 Ib-2 5352527 Ib-2 n.d. - 

4-(1-hydroxyethyl) 

benzaldehyde 

n.d. - n.d. - n.d. - 1687361 Ib-1 

POPE 

8499890 Ic 21232945 Ic 13039369 Ic 14821145 Ic 

2-acetylbenzoic 

acid 

196236  201811  1837162  n.d. - 

Experimental conditions: substrate: 2-PAP; reactor: T316SS autoclave with stirring speed of 300 
rpm; solvent: AE; time: 4 h; Catalyst: None. Qualified by GC-MS (acetal in anhydrous ethanol is 
not included). 
 

 

Table S6. Names and Corresponding Molecular Structures of Main Products 

Name Structure 

styrene 

 

benzaldehyde 

 

phenol 
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benzenemethanol 

 

acetophenone 

 

ethyl α-methylbenzyl ether 

 

1-phenylethanol 

 

ethyl benzenecarboxylate 

 

2-ethoxy-2-phenyl- acetophenone 

 

4-(1-hydroxyethyl)benzaldehyde 

 

2-PAP 

 

POPE 

 

2-acetylbenzoic acid 

 
 
  

benzoic acid 

 

biphenyl 
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2-methyl-3-phenylbutane 

 

(1-propoxyenthyl)benzene 

 

(2-methylbutyl)benzene 
 

2-methyl-4-phenyl-but-1-ene 

 

2,3-dihydro-2,2-dimethyl-1H-indene 
 

Isopropyl benzoate 

 

4-phenyloctane 

 

(2-phenoxyethyl)benzene 

 
 


