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The direct preparation of para-

xylene from

5-hydroxymethylfurfural is

achievable
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catalyst displays high selectivity

toward para-xylene

The superiority of t-ZrO2 as a

versatile catalyst support stands

out clearly
Cao and colleagues describe an alternative strategy for producing para-xylene

through a more sustainable method than the current bio-based approaches. The

strategy relies on an integrated conversion of 5-hydroxymethylfurfural with formic

acid and ethylene, made possible by the use of a single multifunctional catalyst

based on bimetallic Pd-decorated Au deposited on tetragonal-phase zirconia. The

proposed process is particularly appealing because it is fully fossil independent,

implying a viable and greener biorefinery scheme.
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The Bigger Picture

With increasing pressure around

the world to move toward a bio-

based economy, it is essential that

industrially important commodity

chemicals can be readily accessed

from biomass resources. Para-

xylene (PX) synthesis is one such

target that is being actively

pursued through the

development of several

biorefinery schemes based on

integrated biomass processing.

Significant progress has recently

been achieved either in the
SUMMARY

The use of biomass as a solution to satisfy the pressing needs for a fully sustain-

able biocommodity industry has been explored for a long time. However,

limited success has been obtained. In this study, a highly effective two-stage

procedure for the direct preparation of para-xylene (PX) from 5-hydroxymethyl-

furfural (HMF) and formic acid in one pot is described; these chemicals are two of

themajor bio-based feedstocks that offer the potential to address urgent needs

for the green, sustainable production of drop-in chemical entities. The use of a

robust, efficient heterogeneous catalyst, namely, bimetallic Pd-decorated Au

clusters anchored on tetragonal-phase zirconia, is crucial to the success of this

strategy. This multifunctional catalytic system can not only facilitate a low-

energy-barrier H2-free pathway for the rapid, nearly exclusive formation of

2,5-dimethylfuran (DMF) from HMF but also enable the subsequent ultraselec-

tive production of PX by the dehydrative aromatization of the resultant DMF

with ethylene.
selective synthesis of

biorenewable PX from Diels-

Alder-like coupling of ethylene

with 2,5-dimethylfuran (DMF) or

making DMF from 5-

hydroxymethylfurfural (HMF)

using hydrogen as the terminal

reductant. However, a green and

direct conversion of HMF, an

essential feedstock source for

future biorefinery schemes, into

PX has yet to be developed. We

have established an integrated

process that directly converts

HMF to PX in a highly compact

and hydrogen-independent

manner, thereby providing a new

perspective on the potential of

advanced biorefinery

technologies.
INTRODUCTION

Para-xylene (PX; 1,4-dimethlybenzene) is one of the major commodity chemicals

serving a vast range of industries with large global economic impact.1 Currently

the global production of PX amounts to nearly 40 million tons per year,2 and the

majority of PX is produced via distillative extraction of the BTX (benzene, toluene

xylene)-rich aromatic fractions from naphtha reforming processes.3,4 To expand

the source of PX production and alleviate excessive reliance on existing petroleum

processes, alternative routes to PX production from biorenewable feedstocks have

been explored.5 In this regard, the conversion of 5-hydroxymethylfurfural (HMF), a

highly versatile biomass-derived platform molecule, to PX is considered one of

the most promising, sustainable, and inherently selective approaches.6–8 In this

sequence, HMF was deoxygenatively transformed to 2,5-dimethylfuran (DMF)

that was upgraded with ethylene to PX through a tandem Diels-Alder/dehydration

pathway. As opposed to most other related procedures suffering from very poor

PX-targeting selectivity,9–11 this HMF-based procedure holds promise to afford

PX as the sole product and is of great industrial potential, especially when an effi-

cient and practical catalytic system can be employed (Scheme 1). With recent

advances in biorefinery technologies enabling cost-effective, highest-volume pro-

duction of HMF from abundantly available lignocellulosic biomass,12–16 the HMF-

to-PX process is expected to become increasingly competitive for future PX

manufacturing.
Chem 4, 1–16, September 13, 2018 ª 2018 Elsevier Inc. 1
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The key to the success of HMF-to-PX conversion is to develop highly advanced and

versatile catalytic systems that can achieve high levels of target PX selectivity.

Because of the inherent complexity of the reaction pathways associated with the

required tandem Diels-Alder/dehydration sequence,17,18 a robust and durable solid

acid catalyst enabling direct PX production from DMF with sufficient selectivity has

yet to be developed. Even more challenging is the development of an efficient and

affordable catalytic system for the reductive conversion of HMF to DMF in a highly

selective and H2-independent manner.19–24 Given that fossil-based H2 is currently

deemed as a less-favored part of the biorefinery concept, minimizing or eliminating

H2 utilization has become essential in the context of sustainable production pro-

cesses based on bioderivable feedstocks.25,26 Formic acid (FA), an emerging revers-

ible hydrogen storage material by virtue of its inherently biorenewable nature and

high gravimetric energy density,27–29 is particularly appealing in this regard,19–21 of-

fering unique opportunities to develop alternative reductive procedures capable of

achieving a higher level of selectivity control.30–33 Despite the anticipated benefits

of using FA for making DMF from HMF, a suitable catalyst that is sufficiently potent

for such a transformation still remains elusive.

To the best of our knowledge, a straightforward and one-pot procedure capable of

directing the H2-free formation of PX starting from HMF has not been reported. This

challenging goal would be of clear significance and interest, especially if the overall

process can be realized using only one single solid catalyst system. Herein, we report

such a potent catalyst system that can enable ultraselective production of PX starting

directly from HMF. More specifically, we show that Pd-decorated Au (Au^Pd) nano-

particles (NPs) anchored on amphoteric zirconia is a robust dual catalyst that com-

bines the excellent performance for H2-independent hydrogenolysis of HMF to

DMF related to the Pd-decorated Au sites with the high selectivity for subsequent
2 Chem 4, 1–16, September 13, 2018
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PX production from DMF and ethylene associated with the underlying support.

Moreover, we show that it is possible to integrate the Au^Pd-catalyzed HMF-to-

DMF reaction, which can be favorably accomplished by employing biogenic FA as

a convenient, versatile, and safe hydrogen source and the crucial dehydrative

DMF-ethylene cycloaddition into a one-pot catalytic process.
RESULTS

Catalyst Development for HMF to DMF

At the outset of our work, we sought to identify a superior catalyst that can enable a

facile HMF-to-DMF conversion by using FA as the sole reducing reagent. A recent

report by Rauchfuss and co-workers for deoxygenative conversion of HMF to DMF

with FA using a commercial Pd/C catalyst attracted our attention.34 In our case, how-

ever, attempts to apply Rauchfuss’s protocol to HMF-to-DMF conversion did not

prove efficacious, underscoring the need for exploring alternative catalytic systems.

Building upon our recent findings concerning the unusual capability of heteroge-

neous gold-based catalysts for FA activation and related processes,30–33 we initiated

our investigation by examining a series of monometallic Au-based catalysts

comprising Au NPs (average size <3 nm) deposited on various inorganic oxide sup-

ports (Figure S1). Initial testing was conducted under the conditions of 140�C,
0.1 MPa N2, and 1:10 mixture of HMF/FA in 1,4-dioxane using a catalyst loading of

0.4mol%.Asoften reported for gold-based catalysts,30–32we anticipated that the na-

ture of the underlying supportmaterials would play a vital role for success. As shown in

Table 1, this was indeed the case: while gold on single tetragonal-phase zirconia

(t-ZrO2) provided promising results for DMF formation from HMF (Table 1, entry 1),

the use of other related supports was rather unsatisfactory (Table 1, entries 2–6).

It is worth mentioning that the desired FA-mediated deoxygenation was not accom-

plished with other noble metal catalysts, such as Pt, Pd, or Ru deposited on t-ZrO2

(Table S1, entries 1–3)—a strong testament to the unique potential of mild Au catal-

ysis. We posited that the failure of the platinum-group metal (PGM)-based catalysts

was due to the lack of adequate capability to enable dehydrogenative activation of

FA. In fact, the results from detailed reaction monitoring of these catalysts indicate

only traces of reduced derivatives of HMF, with the formate ester being invariably

identified as the only product (Table S1). This observation supports the view that cat-

alysts based on individual PGMs are incapable of activating FA under present con-

ditions and that a suitably prepared gold catalyst can facilitate FA activation in an

efficient and highly desired manner. This is further confirmed by a separate set of ex-

periments involving FA as the sole reactant; as shown in Figure S2, FA decomposi-

tion on the catalyst Au/t-ZrO2 in 1,4-dioxane produces H2muchmore efficiently than

its PGM-based counterparts, as well as the corresponding systems comprising gold

deposited on other supports. All these results clearly demonstrate that, in the pre-

sent system, the combination of gold and t-ZrO2 plays a pivotal role in favoring

DMF formation during the FA-mediated HMF conversion.

In the course of optimizing the different process parameters, attempts to improve

the DMF yield by varying the reaction temperature and solvent (Table S2), as well

as altering the gold content in the Au-t-ZrO2-based systems (Table S1, entries

8, 9), were unsuccessful. Considering that bimetallicity promises widely tunable

catalytic properties, we turned our attention to the combination of Au NPs with a

second metal from PGMs. This was achieved by subjecting preformed Au/t-ZrO2

obtained by deposition-precipitation to a NaBH4-mediated reductive treatment in

the presence of a metal salt precursor of Pd, Pt, or Ru (denoted as Au^Mx/t-ZrO2;
Chem 4, 1–16, September 13, 2018 3



Table 1. FA-Mediated Catalytic Conversion of HMF into DMF Using Various Catalysts
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Entry Catalyst Metal (mol %) Conv. (%) Yield (%)

1 2 3 4 5 Others

1 1% Au/t-ZrO2 0.4 99 12 10 2 2 70 3

2 1% Au/m-ZrO2 0.4 99 54 15 – 1 23 6

3 1% Au/TiO2 0.4 >99 9 12 2 – 61 16

4 1% Au/Al2O3 0.4 72 52 8 – 1 6 5

5 1% Au/CeO2 0.4 78 58 10 – – 8 2

6 1% Au/SiO2 0.4 79 79 – – – – –

7 1% Au^Pd0.05/t-ZrO2 0.4 >99 – – 2 – 97 1

8 1% Au^Pt0.05/t-ZrO2 0.4 89 36 13 – 1 34 5

9 1% Au^Ru0.05/t-ZrO2 0.4 94 24 13 2 1 43 11

10 1% Au^Pd0.05/t-ZrO2 0.25 91 25 17 2 1 43 3

11 1% Au^Pd0.1/t-ZrO2 0.25 >99 1 4 6 2 85 2

12 1% Au^Pd0.2/t-ZrO2 0.25 >99 – – 1 – 98 1

13 1% Au^Pd0.5/t-ZrO2 0.25 99 30 15 2 2 47 3

Reaction conditions: 2 mmol HMF, 20 mmol FA, 0.1 MPa N2, 5 mL 1,4-dioxane, 140�C, 1.5 hr; and the catalyst is indicated in column 2.
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for details, see Supplemental Information). Analysis by transmission electron micro-

scopy (TEM) revealed that the sizes of the particulate matter were essentially

identical in both the Au/t-ZrO2 and the resultant bimetallic materials, inferring a pref-

erential deposition of the PGM species onto the Au surface (Figure S3). Notably, this

is accompanied by a prominent modification of the electronic properties of the Au

particles, as revealed by X-ray photoelectron spectroscopy (XPS) measurements

(Figure S4). Much to our delight, Au^Pd0.05/t-ZrO2 with a Pd/Au molar ratio of

1:20 showed a dramatic bimetallic promotion of DMF synthesis in HMF conversion.

With this catalyst, it was possible to achieve an excellent selectivity toward DMF,

which was obtained in 97% yield after only 1.5 hr at 140�C (Table 1, entry 7).

Spurred by these results, we sought to assess the efficacy of a series of t-ZrO2-sup-

ported Au-Pd bimetallic catalysts with the same chemical composition as the

Au^Pd0.05/t-ZrO2 material but featuring different binary mixing levels and various

degrees of structural uniformity. The preparation procedure for these Au-Pd/

t-ZrO2 bimetallic catalysts and relevant characterization data are provided in Supple-

mental Information. These catalysts, however, were not found to be particularly

effective, although in all cases very high to total conversion of HMF can be readily

attained (Table S3). It should be noted that a similarly constituted reference catalyst
4 Chem 4, 1–16, September 13, 2018



Figure 1. Reaction Progress of FA-Mediated HMF C onversion to DMF

(A) Time-course plot.

(B) Reaction network for FA-mediated HMF conversion to DMF.

Reaction conditions: 2 mmol HMF, 20 mmol FA, 0.4 mol % Au^Pd0.05/t-ZrO2, 0.1 MPa N2, 5 mL

1,4-dioxane, 140�C, 1.5 hr.
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comprising t-ZrO2-supported uniform Au-Pd bimetallic alloy NPs, which has been

carefully prepared by a colloidal deposition approach with benchmark characteris-

tics (see Figure S5 for characterization details), has also been proved to display infe-

rior performance in terms of target-specific DMF formation, despite the reported

advantages of Au-Pd-based alloy formulations for a variety of organic transforma-

tions including direct synthesis of hydrogen peroxide, selective alcohol oxidation,

and selective oxidation of carbon-hydrogen bonds.35–37 These results underscore

the critical importance of controlling both the structural and chemical nature of

the Pd/Au/t-ZrO2 interfaces for the desired catalysis.

Interestingly, with the replacement of the FA by H2 in the reaction, the expected

DMF formation barely occurred under otherwise identical conditions using

Au^Pd0.05/t-ZrO2 as the catalyst, with 2,5-bishydroxymethylfuran (BHMF) obtained

as the primary product (Table S4, entry 1). In fact, a significantly higher temperature

(greater than 220�C) is required to facilitate appreciable formation of DMF under H2

(Table S4, entry 2; Figure S6). These observations, along with the fact that the FA-

mediated conversion of HMF proceeds via multiple deoxygenation events involving

the formation of formate ester derivatives of HMF and 5-methylfurfuryl alcohol

(MFOL) as intermediates in the production of DMF (Figure 1), demonstrated the
Chem 4, 1–16, September 13, 2018 5
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crucial role of FA in considerably decreasing the energy barrier for DMF formation,

presumably because of the creation of a kinetically more favorable pathway associ-

ated with the deoxygenation of formate species. This is clearly the decisive factor in

promoting a desirable low-temperature C-O cleavage in HMFmolecules. To confirm

that FA-related intermediates exert a positive effect on the promotion of the crucial

C-O scission, we subjected both MFOL and its corresponding formate ester to hy-

drogenative reaction at 140�C (Figure S7). Upon the reaction conducted with

5-methylfururfylformate (FMFOL), the DMF formation rate dramatically increased.

This finding, along with the fact that the activation energy for DMF formation directly

from MFOL is 14.5 kJ$mol�1 greater than that from MFOL via FMFOL (Figure S8),

substantiates the unique capability imparted by FA to create an efficient formyla-

tion-decarboxylative deoxygenation (FDDO) pathway with an exceptionally low en-

ergy barrier.

The prominent role of FA in enabling the facile formation of DMF under energy-efficient

conditions is further emphasized by the fact that a significantly higher overall yield of

DMF was achieved using an additional 5 equiv of FA for H2-assisted HMF reduction un-

der otherwise identical conditions (Table S5, entries 1 and 2). Notably, although FA is an

important contributing factor for facilitating the generation ofDMF, the use of 5 equiv of

only FA is not sufficient to convert HMF to high amounts ofDMF,which is reflected in the

rather low yield observed in entry 1, where other than 5-methylfurfural (MFAL) and

MFOL, significant amounts ofDMFwere not obtainedduring the reaction. This observa-

tion, coupledwith the fact that only the use of 15 equiv of FA can lead to the formation of

an appreciable amount of 2,5-methyltetrahydrofuran as a result of the over-reduction of

the furan ring (Table S5, entry 4), indicates that the intricate control over the interplay

between the FA-mediated hydrogenation and hydrogenolysis pathways using a

Au^Pd0.05/t-ZrO2 catalyst is crucial to achieving thedesiredoutcome. Togain additional

mechanistic insight into themolecular events that are crucial for DMF formation, we also

subjected possible intermediates as inferred from Figure 1 to the FA-mediated reaction

under the optimized reaction conditions. As summarized in Table S6, the rates for trans-

formation of formyl-5-hydroxymethylfurfural (FHMF) to MFAL and FMOL to DMF were

consistently slower than those of the other three steps, suggesting the rate-determining

nature of the decarboxylation steps.

Collectively, these observations indicate a critical and multifaceted role of FA in

enabling the facile conversion of HMF to DMF, first as the hydrogen source and sec-

ond as the FDDO reagent for oxygen removal. The specific rates for the decomposi-

tion of FA alone and the sole decarboxylation of FMFOL occurred much faster over

Au^Pd0.05/t-ZrO2 than any othermaterials tested (Figures S9A andS9B), which further

supports the proposed multifaceted role of FA. To better understand the physico-

chemical characteristics of the bimetallic Au^Pdx/t-ZrO2 system,while simultaneously

improving its catalytic behavior, we prepared three additional Au^Pdx/t-ZrO2 cata-

lysts with differentmolar ratios of Pd/Au andevaluated themat a catalyst loading level

far lower than 0.4 mol %. Intriguingly, this has proved to be particularly beneficial for

further optimizing the FDDO capability of these bimetallic Au-based catalysts (Fig-

ures S9C and S9D). From the results obtained by XPS, the electronic state of metallic

Au clusters in all of these samples (Figure S10) was clearly affected by the addition of

Pd, indicating a distinct electronic promoting effect of Pd (albeit in very small

amounts) with respect to the crucial Au/t-ZrO2-catalyzedFDDOprocess. This scenario

is further supported by infrared studies of CO adsorption (Figure S11): bands corre-

sponding to linearly adsorbed CO, related to negatively charged Au edge sites and

bridging CO adsorbed on surface-decorated Pd species, which were predominantly

located on the surface of the original Au corner sites,38,39 were observed.
6 Chem 4, 1–16, September 13, 2018



Figure 2. Dehydrative Aromatization of DMFwith Ethylene for PX Synthesis Using Various Metal

Oxides

Reaction conditions: 1 mmol DMF, 4 MPa ethylene, 5 mL n-heptane, 300 mg catalyst, 250�C, 6 hr.
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Eventually, the Au^Pd0.2/t-ZrO2 catalyst with a Pd/Au molar ratio of 1:5, exhibiting

the highest FDDO efficiency, afforded DMF in an essentially quantitative yield

(ca. 98%) at an extremely low catalyst loading of 0.25 mol % (Table 1, entry 12). In

this specific case, the average turnover frequency (TOF) reached as high as

266 hr�1. Compared with previous efforts relying on the use of Pd/C and Ru/C, which

required mineral acids (e.g., H2SO4) to enable the FA-mediated deoxygenative

reduction of HMF,19,20 Au^Pd0.2/t-ZrO2 exhibited a TOF of at least one order of

magnitude greater than that of the reported catalysts under H2-free reaction condi-

tions. Furthermore, the catalyst was reused at least six times without an appreciable

loss of activity (Figure S12), during which time the total turnover number approached

2,400; this value is significantly greater than those reported for previous state-of-the-

art systems. Notably, significant morphological or compositional changes were not

detected by TEM, inductively coupled plasma mass spectrometry, and XPS (Fig-

ure S13) after catalysis, demonstrating the stable performance of the catalyst as

observed from the durability tests. To the best of our knowledge, this Au^Pd-FA-

mediated catalytic process exhibits the best activity ever reported for the targeted

conversion of HMF to DMF.

Catalyst Development for DMF to PX

After demonstrating the complete capability of Au^Pd0.2/t-ZrO2 to enable a facile

H2-free HMF-to-DMF conversion, the feasibility of implementing the second step

for making PX from HMF was assessed using the same catalytic material. In this

regard, notably, most of the relevant studies carried out thus far for the dehydrative

aromatization reaction using various zeolite-based solid acid catalysts40–47 have

reported an unacceptable product loss and undesirable rapid catalyst deactivation,

related to the prevalence of uncontrolled overalkylation and/or oligomerization

pathways triggered by the strong acidic Brönsted sites associated with the

zeolitic frameworks. As such, we were particularly intrigued by the potential use of

simple oxides such as ZrO2 and related materials as alternative catalysts for this

challenging transformation. Our initial studies dealing with the dehydrative

aromatization of DMF with 4 MPa of ethylene in n-heptane at 250�C for 6 hr were

promising and suggested that the oxide-assisted dehydrative aromatization is

possible. Figure 2 summarizes the tests of several ubiquitous metal oxides. The

results revealed that ZrO2 polymorphs are particularly effective materials, with
Chem 4, 1–16, September 13, 2018 7



Table 2. Dehydrative Aromatization of DMF into PX over Different Catalysts under Various Reaction Conditions

O C2H4

O

O
...

1 2 3 4

OAP DMCHO

OAP = Over-Alkylated Products Including:

O

O
DMCHO = dimethylcyclohexenone Including:

Entry Catalyst Temp. (�C) Conv. (%) Selectivity (%)

1 2 3 4

1 t-ZrO2 250 41 95 – <1 –

2 t-ZrO2 275 56 93 – 2 –

3 t-ZrO2 300 64 85 – 6 –

4a t-ZrO2 275 >99 90 – 3 –

5 Au^Pd0.2/t-ZrO2 275 51 93 – 2 –

6a Au^Pd0.2/t-ZrO2 275 >99 88 – 3 –

Reaction conditions: 1 mmol DMF, 4 MPa ethylene, 5 mL n-heptane, 300 mg catalyst, 6 hr.
aReaction time: 18 hr.
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t-ZrO2 exhibiting an outstanding selectivity for PX and excellent catalytic efficiency in

the reaction.

In this case, 41% of DMF was converted to PX (39% gas chromatography yield), with

a high selectivity of 95% (Table 2, entry 1). With further optimization, an excellent

yield of PX (90%) was obtained after 18 hr by performing the reaction at 275�C
(entry 4). Concerning the catalytic behavior of the different oxide-based samples,

the data in Table S8 clearly show that there is a marked influence of the type and con-

centration of the surface acid sites on the performance of these oxide-based mate-

rials. It seems that the absence of low Brönsted acidity (in the case of SiO2 or a TiO2

sample as catalyst) or high population of Brönsted acid sites with moderate to strong

acid strengths (as for Nb2O5, WO3, and Al2O3) is detrimental for the PX formation. In

fact, the main characteristics of the most effective single-phase ZrO2-based mate-

rials, in particular, the t-ZrO2 sample in its tetragonal crystal structure, is the pres-

ence of a high density of weak Lewis acid sites and a small amount of weak Brönsted

acid sites, suggesting that the cooperative interaction between the weakly acidic

Lewis and Brönsted acid sites is crucial in achieving optimal outcomes for making

PX from DMF. More importantly, it is worth noting that this t-ZrO2-based material

is fully recoverable and reusable for at least five successive runs (Figure S14), a sig-

nificant advantage over previous approaches based on zeolite catalysis.

t-ZrO2-based oxides clearly show significant potential as a new class of efficient and

effective solid acid catalysts for the highly selective transformation of DMF into PX.

An important issue when dealing with t-ZrO2-based nanocrystalline materials is their

tetragonal-to-monoclinic phase transformation in the presence of water or water

vapor even at relatively low temperature.48 It is worthwhile to point out here that

although water is one of the reaction products during the dehydrative conversion
8 Chem 4, 1–16, September 13, 2018
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of DMF to PX (see Scheme 2), we do not observe any sort of polymorphic phase

transformation of t-ZrO2. In fact, no phases other than tetragonal zirconia could

be identified by using X-ray diffraction to assess the phase purity of the spent sam-

ples (Figure S15). This serves as a strong indication that the t-ZrO2 material is indeed

stable during the present DMF-to-PX process. Although somewhat unexpected, it is

important to further note that all these findings are also compatible with the results

concerning textural measurements based on low-temperature nitrogen adsorption

analysis, which did not show obvious changes in the Brunauer-Emmett-Teller (BET)

specific surface areas, pore volumes, and average pore diameters of t-ZrO2 after

five successive runs (Figure S16). We envisioned that the very hydrophobic nature

of the present reaction medium plays a key role in inhibiting the water-induced

phase transformation of t-ZrO2, although the exact reason for the enhanced phase

stability remains to be clarified.

To put the catalytic performance of t-ZrO2 into context, we also carried out the DMF-

to-PX reaction under the optimal conditions using Brönsted acidic H-BEA and

P-BEA, as well as Lewis acidic Sn-BEA zeolites, as reference materials at a sub-

strate-to-acid molar ratio of 23 (consistent with 300 mg of t-ZrO2). The results ob-

tained (see Table S9) for the transformation of DMF show that the zeolite-based

catalysts were, under the above conditions, far more active than t-ZrO2, exhibiting

an initial conversion rate of 7.82 molDMF$(h$moltotal acid sites)
�1 compared with

2.38 molDMF$(h$moltotal acid sites)
�1 measured for t-ZrO2. As a result of the inherently

lower selectivity associated with zeolite-based systems, however, the specific PX for-

mation rate obtained for t-ZrO2 is still favorably comparable with those of these

zeolite-based materials. It is further noteworthy that, without post-calcination treat-

ment in air at 500�C, these zeolite-based catalysts suffered from severe deactivation

during a subsequent test run under otherwise identical conditions (Figure S17). A plau-

sible explanation for the superior durability of t-ZrO2 may lie in the fact that 2,5-hexa-

nedione (an unwanted by-product resulting from H2O-induced DMF ring opening,

Scheme 2), being responsible for the notorious oligomerization-induced carbon loss

commonly occurring on zeolite catalysts, can be essentially eliminated in such a

non-zeolite-based system, which we confirmed in a separate experiment (Table S10).

An additional aspect that deserves attention is the capability of t-ZrO2 to suppress

the ethylene oligomerization pathway. Although largely ignored in the context of
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DMF-to-PX transformations, catalytic ethylene oligomerization represents a topic of

considerable current academic and industrial interest,49 in particular for the produc-

tion of linear a-olefins (LAOs) in the C4–C10 range. It is pertinent to mention here

that, as a result of a high tendency for coke formation triggered by zeolitic Brönsted

acidic sites,50 zeolite-catalyzed ethylene oligomerization is generally not selective

for LAOs. To examine whether ethylene oligomerization on its own might occur as

a minor side reaction, we performed additional experiments in which ethylene was

employed as the sole reactant. It is noteworthy that although none of the samples

tested yield any detectable amount of oligomer products, all of the zeolite-based

materials turned from white to dark-brown after the reaction (Figure S18). TGA

mass loss above 250�C for the ethanol-washed catalyst from the sole ethylene reac-

tions catalyzed by H-BEA correspond to ca. 4 wt % of the initial ethylene mass (Fig-

ure S19). This finding contrasts with observations of the t-ZrO2 material, which

retains its white color, suggesting the absence of any oligomerization on this cata-

lyst, as corroborated by a negligible TGA mass loss in this sample. Taken together,

these findings underscored the central role of t-ZrO2 in facilitating ultraselective PX

formation in terms of full feedstock utilization by practically eliminating any un-

wanted pathways.

Although the mechanism for PX formation from DMF and ethylene is very complex

and several key aspects regarding the role and relevance of surface acidity are still

under debate,51,52 the distinguished ability of t-ZrO2 from those of zeolite-based

materials could be attributed to its unique capability of controlling the reaction

pathway through cooperation between weakly acidic Lewis and Brönsted acid sites.

The involvement of both Lewis and Brönsted acid sites on t-ZrO2 for dehydrative

aromatization was well supported by the negative effects of titration with 2,6-luti-

dine or pyridine (Figure S20).53,54 A major interest arising, then, is how the synergy

between such Lewis and Brönsted acidity could facilitate this t-ZrO2-mediated catal-

ysis. Given that the Brönsted acid sites of t-ZrO2 originate essentially from the hy-

droxyl-attached Zr species,55 a more thoroughly dehydrated sample (denoted as

t-ZrO2-DH) was prepared and tested under the same conditions as the data in Table

S11. As revealed by pyridine-infrared (IR) analysis (Figure S21), a prolonged post-

calcination of as-prepared t-ZrO2 at 400�C for 10 hr leads to an effective removal

of Brönsted hydroxyls while retaining its Lewis acidity. This dehydrated material ex-

hibited much lower PX yield compared with t-ZrO2, which underlines the central role

played by the Brönsted Zr-hydroxyls in determining the final performance of the

t-ZrO2-based materials. Meanwhile, by subjecting as-prepared t-ZrO2 to a surface

sulfation treatment, we were able to introduce additional strong Brönsted acidity

in this material. The poor activity of this sample excludes the possibility of perfor-

mance enhancement by the synergistic interactions between strong Brönsted acidity

and the inherent Lewis acidity in the t-ZrO2-based material.

To further understand how the surface Lewis acidity affects the Brönsted/Lewis co-

operativity in t-ZrO2, we prepared two additional control samples doped with low

levels of aluminum and lanthanum, wherein we opted for a simple alcothermal

approach for metal doping in zirconia. In such a way, Al and La cations could be intro-

duced onto the t-ZrO2 surface as extra Lewis acid sites to individually modulate the

nature of surface Lewis acidity,56,57 as supported by pyridine-IR and NH3-TPD mea-

surements (Figures S21 and S22; Table S12). We were thus able to establish that

despite their similar weak surface Brönsted acidity, the amounts and strengths of

Lewis acid decrease in the following order: t-ZrO2-Al > t-ZrO2 > t-ZrO2-La. Notably,

both doped samples displayed much inferior performance than that of t-ZrO2 (Table

S11). Because DMF to PX is a multistep reaction requiring specific functional sites for
10 Chem 4, 1–16, September 13, 2018



Figure 3. Overall Potential-Energy Barriers for the Dimerization of Ethylene, the Hydrolysis of DMF, and the Dehydrative Aromatization of DMF into

PX over H-BEA and t-ZrO2(101)
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individual steps in the reaction (Scheme 2), a delicate interplay between different

associated reaction pathways is a key issue for the high selectivity of PX. This is pre-

sumably ensured by the unique balance of Lewis-Brönsted acid pairs inherent to

t-ZrO2. With a close contact between the adjacent Lewis-Brönsted acid pairs, the

transient oxanorbornene intermediate has a higher chance to undergo subsequent

dehydration to produce PX rather than degrade as unwanted by-products. In agree-

ment with this notion are the data from reaction profile analysis (Figure S23), which

revealed an extremely low level of related side-product formation throughout the re-

action over the undoped t-ZrO2 sample. Taken together, the beneficial cooperation

effects arising from the close proximity of weakly Brönsted and Lewis acid sites in

t-ZrO2 seem to play a key role in ensuring that the reaction proceeds in an ideal

manner.

The density functional theory (DFT) calculations carried out on the t-ZrO2(101) sur-

face and an H-BEA zeolite model (Figure S24) have provided deeper molecular in-

sights into the key aspects of the moderately acidic Lewis and Brönsted acid sites

for pathway regulation (Figure 3). On the catalyst surface there are three competing

reaction routes: the oligomerization of ethylene, the hydrolysis of DMF, and the

Diels-Alder addition of ethylene to DMF to oxanorbornene and its subsequent tan-

dem transformation to PX. To keep the oligomerization problem computationally

tractable, we adopted the dimerization of ethylene as the probe for the oligomeri-

zation reaction. The DFT calculation results indicate that the dimerization of ethylene

and the hydrolysis of DMF are much easier in the porous channels of H-BEA

than those on the t-ZrO2(101) surface (Figures S25 and S26). On the t-ZrO2(101)

surface, the energy barrier (DEe
s) for the first step of ethylene dimerization is

35.4 kcal$mol�1, whereas it is just 3.2 kcal$mol�1 in H-BEA. On the t-ZrO2(101) sur-

face, the DEe
s for the first step of the hydrolysis of DMF is 65.7 kcal$mol�1, whereas
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it is just 39.7 kcal$mol�1 in H-BEA. On the other hand, the DEe
s for the first step of

the PX formation from DMF and ethylene is just 16.0 kcal$mol�1 on the t-ZrO2(101)

surface, whereas it is 16.8 kcal$mol�1 in H-BEA (Figure S27). Therefore, on the

t-ZrO2(101) surface, ethylene and DMF prefer to react with each other, whereas in

the porous channels of H-BEA they prefer to oligomerize or hydrolyze. This is the

reason that t-ZrO2 is superior to H-BEA in the transformation of ethylene and DMF

to PX.

The DFT calculation results also indicate that the synergistic effect between the

Lewis and Brönsted acid sites plays a key role in the conversion of DMF to PX

on the t-ZrO2(101) surface (Figure S27). There are two key elementary steps for

the formation of PX from ethylene and DMF on the t-ZrO2(101) surface: the

breaking of the C-O bond of the oxanorbornene intermediate and the dehydroge-

nation of a radical intermediate (IM5_Zr; Figure S30) to form PX. The DFT calcula-

tion results indicate that the active site for the breaking of the C-O bond of

oxanorbornene is the Lewis acid site, whereas that for the formation of PX from

IM5_Zr is the Brönsted acid site. On the Brönsted acid site, the DEe
s for the

breaking of the C-O bond of oxanorbornene is 23.6 kcal$mol�1, whereas it is

just 16.0 kcal$mol�1 on the Lewis acid site. For the formation of PX from IM5_Zr,

the DEe
s for this step is 20.2 kcal$mol�1 on the Brönsted acid site whereas it is

36.1 kcal$mol�1 without the help of the Brönsted acid site. It can be seen that

both the Lewis and Brönsted acid sites are important for the conversion. Therefore,

the activity and selectivity of the catalyst can be tuned by changing the ratio and

density of the two types of sites.

Process Development for HMF to PX

Given these findings, we were particularly interested in examining whether

Au^Pd0.2/t-ZrO2 could also exhibit excellent performance for the synthesis of PX

from DMF. Much to our delight the reaction between DMF and ethylene was

barely affected by the presence of additional Au-Pd species in the t-ZrO2 system

(Table 2, entries 5 and 6). This indicates that while the role of the metals is to

catalyze the reductive reaction step to yield DMF, the dehydrative aromatization

reaction is carried out by the underlying support, i.e., t-ZrO2, and thus is virtually

independent of the metals used. Hence, a two-stage, one-pot process is devel-

oped in which Au^Pd0.2/t-ZrO2 affects H2-free hydrogenolysis, and the underlying

t-ZrO2 support then promotes the dehydrative aromatization to obtain PX from

HMF. In addition, the possibility of coupling these two reactions in a single-pot

process to directly produce PX from HMF was explored. This is by far the most

relevant solution for the future production of PX from a sustainable viewpoint.

To this end, HMF was first transformed into DMF with FA in n-heptane over the

Au^Pd0.2/t-ZrO2 catalyst, and after flushing out the H2-CO2 mixtures generated

in situ, 4 MPa of ethylene was introduced into the reaction system (Scheme 3).58

The results indicated that a high HMF conversion with excellent selectivity for

PX can be achieved by this one-pot procedure. Taken together, these findings

indicate that a single catalyst-mediated direct synthesis of PX from HMF is

achievable.
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Figure 4. Techno-Economic Analysis of the Production of PX from HMF

For detailed cost distribution, see Table S17.
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Examining the above data from a techno-economic perspective leads to identifica-

tion of key process parameters that have to be greatly improved to promote future

development of this PX-targeted technology. A detailed description of the process,

the assumptions made, and the model used are available in the Supplemental Infor-

mation. On the basis of the process model as depicted in Figure S31, our proposed

integrated approach can produce PX at a minimum selling price (MSP) of $6,958 per

metric ton (Figure 4). This unduly high level of MSP can be mainly attributed to the

high HMF and FA feedstock costs, as well as the high cost arising from catalyst

manufacturing, which has been identified as the major contributor to the overall pro-

cess costs. From a practical perspective, future research should focus on a full opti-

mization of the reaction parameters and further development of fully non-noble

metal-based catalyst systems for the selective production of PX by means of the

highly integrated conversion of HMF. While advances in the FA utilization efficiency

as well as the TOF of PX production are necessary steps toward establishing a prac-

tically viable process, we anticipate that significant improvements in these areas will

also benefit from the continuously improved biorefinery supply chains, which would

lead to strongly reduced feedstock costs.

DISCUSSION

In summary, we demonstrated for the first time a highly effective protocol for the

direct synthesis of PX from HMF through a two-stage, one-pot procedure mediated

by a single catalyst. With characteristics such as energy savings and no additional

separation steps or catalysts, our method represents a rare example of an integrated

approach for target-specific conversion of bio-based multicomponent feedstocks

into renewable industrial products in a highly efficient and effective manner, which

is difficult to achieve using other catalytic systems. These findings clearly demon-

strate the great potential for multiscale design in achieving new one-pot multistep

transformations as a compelling strategy that can unlock the potential of bio-

renewable resources as feedstocks to produce industrially important commodity

chemicals.

EXPERIMENTAL PROCEDURES

Preparation of Au/t-ZrO2

Au/t-ZrO2 catalysts were prepared by a modified deposition-precipitation method

by mixing t-ZrO2 powders (1 g) with aqueous solutions of appropriate amounts

of chloroauric acid (100 mL). The pH was then adjusted to 9.0 by dropwise addition

of 0.25 M NH3$H2O. After 6 hr of stirring at 25�C the catalyst was washed five

times with deionized water and separated by filtration. The samples were dried un-

der vacuum at 25�C for 12 hr, followed by reduction with a stream of 5 vol % H2/Ar
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at 300�C for 2 hr. The BET surface area of the resultant Au/t-ZrO2 catalyst was

105 m2$g�1.

Preparation of Au^Pdx/t-ZrO2

Au^Pdx/t-ZrO2 catalysts were prepared by a wet chemical reduction method. Typi-

cally, 300 mg of Au/t-ZrO2 catalyst was introduced into aqueous solutions of appro-

priate amounts of palladium chloride (5 mL). The solution was then stirred at 25�C for

10 min followed by the addition of aqueous solutions of appropriate amounts of so-

dium borohydride (5 mL). After 30min of stirring at 25�C the catalyst was washed five

times with deionized water and separated by filtration. The samples were dried un-

der vacuum at 25�C for 12 hr followed by reduction with a stream of 5 vol % H2/Ar at

300�C for 0.5 hr before use.

General Procedure for FA-Mediated Catalytic Conversion of HMF into DMF

Amixture of HMF (2 mmol), FA (designated amount), catalysts (designated amount),

1,4-dioxane (5 mL), and dodecane (1 mmol, as the internal standard) were charged

into a 50-mL Hastelloy-C high-pressure Parr reactor. The resultingmixture was vigor-

ously stirred (800 rpm) under a N2 atmosphere (1 atm) at the designed temperature

for the given reaction time. After completion of the reaction, the reaction mixture

was filtered and the catalyst was washed thoroughly with ethanol. The filtrate was

then collected and analyzed by an Agilent 7820A gas chromatograph equipped

with an HP-INNOWax column (30 m 3 0.32 mm 3 0.25 mm) and a flame ionization

detector (FID). All of the products were identified by gas chromatography-mass

spectrometry (GC-MS), and the spectra obtained were compared with the standard

spectra.

General Procedure for Dehydrative Aromatization of DMF into PX

A mixture of DMF (1 mmol), catalysts (designated amount), n-heptane (5 mL),

and naphthalene (1 mmol, as the internal standard) were charged into a 50-mL

Hastelloy-C high-pressure Parr reactor. The resulting mixture was vigorously stirred

(800 rpm) under an ethylene atmosphere (40 atm) at the designated temperature for

the given reaction time. After completion of the reaction, the reaction mixture was

filtered and the catalyst was washed thoroughly with ethanol. The filtrate was then

collected and analyzed by an Agilent 7820A gas chromatograph equipped with an

HP-INNOWax column (30 m 3 0.32 mm 3 0.25 mm) and an FID. All of the products

were identified by GC-MS, and the spectra obtained were compared with the stan-

dard spectra.

Recovery and Reuse of Catalysts

The catalyst was collected after filtration, and washed with ethanol three times and

then with distilled water several times. The catalyst was then dried under vacuum at

25�C for 12 hr before being used for the next reaction.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures, 32 fig-
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