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Enhanced furfural-affecting ketonization of acetic acid by cerium composite metal oxides
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Abstract: Ketonization reaction can transform the organic carboxylic acids in bio-oil into ketones, which are important
platform chemicals because they can easily undergo chain growth through Aldol reaction to produce jet fuel precursors; and
this is an important pathway for the high-value utilization of bio-oil. However, the presence of furanic compounds in bio-oil
has negative effects on the ketonization reaction. To solve this problem, CeO,-MO, (M=Mg, Zr, Mn, Fe) composite metal
oxide catalysts were prepared, and their catalytic activities in the ketonization of acid-furan mixture were investigated in this
study. Over the unmodified CeO, catalyst, the addition of furfural in the feedstock led to the decrease of acetic acid conversion
from 94.68% to 79.33%, and the acetone selectivity also reduced from 88.33% to 79.87%. This was mainly attributed to the
competitive adsorption of furfural and acetic acid on the active sites. Additionally, some acetic acid and furfural molecules
also underwent joint transformation to form complicated condensed products, some of which retained the carbonyl group.
When CeO, was modified by the doping of second metals (M=Mg, Zr, Mn, Fe) through the coprecipitation method, it was
found that all second metals were successfully introduced into the lattice of CeO,, forming CeO,-based solid solutions. As a
result, the oxygen vacancies on the catalyst surface increased, and CeO,-MnO, had the highest surface defect oxygen (Ojesec)
concentration of 29.25% among the CeO,-MO, catalysts. Meanwhile, N, physisorption and H,-TPR characterizations showed
that CeO,-MnOQ, also had the largest specific surface area and good reducibility. Furthermore, according to the results of NH;-
TPD and CO,-TPD characterizations, the amounts of acid and base sites on the surface of CeO,- MnO, were close, resulting in
an acid-base ratio of 1.17. The catalytic activities of CeO,-MO, and CeO, catalysts in ketonization were tested using the
mixture of acetic acid and furfural as the feedstock. CeO,-MnO, exhibited the highest catalytic activities in the conversion of
acetic acid, the selectivity of acetone and the formation of compounds with carbonyl group: during the operation at 350 °C
with the lasting time of 12 h, the conversion of acetic acid was 90.79%, the selectivity of acetone was 81.95% and the carbon
yield of compounds with carbonyl group reached 61.95%. Two reasons could explain the superior performance of CeO,-MnO,
in the ketonization of acetic acid-furfural mixture. First, the high specific surface area and surface oxygen vacancy
concentration of CeO,-MnO, facilitated the adsorption of acetic acid on the active sites, which could effectively overcome the
problem of restricted acetic acid conversion caused by the competitive adsorption of acetic acid with furfural. Second, CeO,-
MnO, had a more balanced distribution of surface acid-base sites, which could benefit the ketonization reaction because the
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cooperation of acid (the oxygen vacancies acting as Lewis acid sites) and base sites were more efficient in catalyzing

ketonization than individual acid sites. This study could offer reference values for the selection and design of catalysts applied

in the ketonization of bio-oil acid-rich fractions such as aqueous fraction and vacuum distilled fraction, and the refined

fraction could be further converted into hydrocarbons fuels like jet fuel through the processes of carbon chain growth and

hydrodeoxygenation.
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Table 1 ~ Structural parameters of fresh catalysts and spent catalysts
Fresh Spent
Catalyst 200(°) FWHM™  Lattice spacing[b] dgchc,,c,[a][b] 200 FWHM"  Lattice spacing[b] dsChcm,.[a][b]

/(°) /nm /nm /(°) /nm /nm
CeO, 28.549 0.7233 0.3123 11.203 28.337 0.8408 0.3146 9.633
CeO,-MgO  28.563 0.7496 0.3121 10.811 28.483 1.6745 0.3130 4.838
Ce0,-ZrO, 28.570 0.8461 0.3120 9.578 28.404 1.3236 0.3139 6.120
CeO,-MnO,  28.599 1.6688 03118 4.856 28.447 1.9272 0.3134 4.204
CeO,-Fe, 0,  28.695 0.8728 0.3107 9.287 28.553 1.7038 0.3122 4.756

(. Average crystallite size, calculated by Scherrer equation; [b]: Calculated based on (111) peak, XRD.
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Table 2 Specific surface areas, pore volumes and pore sizes of fresh and spent catalysts

Fresh Spent
Catalyst 2 -1 3 1 2 -1 3 -1
Sger/(M™+g ) /M Voo/ (€M *g ) Sger/(M - g ) /M Vo (CM g )
CeO, 65.76 11.085 0.182 35.96 17.16 0.154
CeO,-MgO 62.39 11.376 0.177 37.95 20.40 0.144
Ce0,-Zr0, 76.72 8.825 0.169 41.66 21.24 0.121
Ce0,-MnO, 93.76 16.856 0.395 41.78 17.43 0.182
Ce0,-Fe,0; 76.52 16.707 0.320 38.56 18.23 0.176
2.3 XPS 4 ¥ i 75 i Ak 50 38 T Ce™ & BB, Hh, CeOn
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Table 3 Ce3+ and Oy content on the surface of different

catalysts
Catalyst ce’(Ce+Ce™ ) (%) Ouce/ O (%)
CeO, 9.12 19.01
Ce0,-MgO 13.65 25.34
Ce0,-Zr0, 13.36 24.25
CeO,-MnO, 15.81 29.25
CeO,-Fe,0; 11.06 23.36
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Figure 6 (a) NH:-TPD profiles and (b) CO,-TPD profiles of different catalysts
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Table 4 The distributions of acid-base sites on catalyst surface based on NH;-TPD and CO,-TPD

Catalyst Acid site™ /(umol-g ) Base site" /(umol-g ) Ratio of acid/base site
CeO, 323 246 1.31
Ce0O,-MgO 304 249 1.22
Ce0,-Zr0O, 311 470 0.66
Ce0,-MnO, 336 288 1.17
Ce0,-Fe,0, 581 300 1.94

[a]: Derived from NH;-TPD; [b]: Derived from CO,-TPD.
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ketonization of different feedstocks over CeO,
Temperature: 350 °C; Flow rate: 50 mL/min; Reaction time:
12 h; WHSV: 1.8 h "
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Table 5 Distribution of main products from different feedstocks after ketonization over CeO,
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Figure 9 Synergistic reaction pathways of

acetic acid and furfural
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Figure 10 Ketonization of the acetic acid and furfural mixture: (a) acetic acid conversion and (b) furfural conversion
Temperature: 350 °C; Flow rate: 50 mL/min; Reaction time: 12 h; WHSV: 1.8 h ",
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Temperature: 350 °C; Flow rate: 50 mL/min; Reaction time: 12 h; WHSV: 1.8 h ",
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Figure 12 Selectivities of acetone from acetic acid conversion
Temperature: 350 °C; Flow rate: 50mL/min; Reaction time:
12 h; WHSV: 1.8 h .
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Figure 14  Gas products in ketonization of mixture (a) Carbon yield of CO, (b) Gas product distribution
Temperature: 350 °C; Flow rate: 50 mL/min; Reaction time: 12 h; WHSV: 1.8 h.
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