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ABSTRACT: Biomass-derived feedstocks bring significant challenges to the longevity of the 

catalysts used for their conversion, and alkali metals, e.g., K, in the feedstock have been widely 

ascribed as one of the important factors causing catalyst deactivation. To address this challenge, 

it is critical to understand the mechanism of catalyst deactivation caused by K accumulation to 

guide the improvement of catalysts and processes and the development of catalyst regeneration 

strategies. In this work, we report a deep understanding of the impact of K on a bifunctional 

Pt/TiO2 catalyst, which is an efficient catalyst for ex-situ catalytic fast pyrolysis (CFP) of 

biomass. We simulated the K-poisoning of Pt/TiO2 catalysts by purposely loading different 
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amounts of K (100-6000 ppm by weight) on the catalysts. A series of characterization 

approaches, including STEM, FTIR, and chemical titration, were combined with kinetic 

assessment of multiple probe reactions to elucidate the mechanism of Pt/TiO2 deactivation by K 

accumulation. At low K loadings (<800 ppm), K preferentially poisons the strong Lewis acid 

sites, leading to significantly reduced activity for acid-catalyzed alcohol dehydration. However, 

acetone condensation is less sensitive to the poisoning of strong Lewis acid sites. Reactions that 

occur on Pt sites or at the metal-support interface, including alkene hydrogenation, m-cresol 

hydrodeoxygenation (HDO), and CO oxidation were not impacted. At high K loadings (>800 

ppm), K starts to accumulate on the Pt-TiO2 interfacial area, poisoning the interfacial active sites 

for HDO and CO oxidation reactions. We further found that the poisoning of the Pt/TiO2 catalyst 

by K is reversible, and water washing can successfully remove the accumulated K and recover 

the activities for both alcohol dehydration and m-cresol HDO reactions. 

1. Introduction 

Catalysis plays a central role in the conversion of biomass into liquid fuels and a variety of 

commodity chemicals to reduce our dependence on fossil energy sources and leverage the under-
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utilized bio-based resources.1,2,3 However, some grand challenges exists in successful 

implementation of commercially and economically viable catalysis technologies, with one of 

them being catalyst deactivation associated with unique properties of biomass derived 

feedstocks.4,5 Among the multiple deactivation modes, blocking of catalytic active sites by 

deposition of metallic contaminants from the biomass feedstock remains a critical challenge. 

The metallic contaminants (e.g., K, Na, Mg, and Ca) in the biomass can be carried into different 

stages of biomass conversion, causing catalytic site poisoning and catalyst deactivation.6 For 

example, potassium was found to be a major inorganic contaminant accumulated on the catalyst 

during biomass pyrolysis.6, 7 In plant biomass, potassium exists partially as water-soluble salts or 

is bound to carboxyl groups or other functional groups. Majority of K in biomass (>80%) is 

water-soluble, thereby freely moving in cells or transport channels in natural biomass.8, 9 In the 

process of thermochemical conversion, organic and inorganic potassium can be released into 

gaseous phase (KCl vapor).8, 9 On the other hand, part of potassium exists as redeposited discrete 

particles of KCl and K2CO3, as potassium silicates, or bound to the organic matrix.8, 10 During 

catalytic processing of biomass-derived gas or liquid feedstocks, potassium, in either vapor phase 

or aqueous solution, can potentially deposit on catalysts and cause deactivation. 
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The deposited K and other metal contaminants poison solid acid sites by replacing the Brønsted 

acid site (H+), as mainly reported on zeolite catalysts.7, 11, 12 The impact of metal contaminants on 

Lewis acid catalysts (e.g., transition metal oxides) has not been well understood. On the other 

hand, metal contaminants were also found to deactivate hydrotreating catalysts. Kubička et al.13 

investigated the deactivation of CoMo/Al2O3 catalysts during the hydrotreating of vegetable oils. 

The waste oil deactivated the catalysts much faster than other feedstocks, due to its much higher 

concentration of alkali and alkaline-earth metals. It was proposed that alkali/alkaline-earth metals 

formed phosphate deposits on the catalyst surface inducing electronic effects limiting 

hydrogenation and leading to blockage/poisoning of active sites. Apparently, the deactivation of 

catalysts by metallic contaminants that impact both the metallic and acid-base active sites 

extensively used in biomass conversion is a significant challenge. It is critical to gain insight into 

how these contaminants impact active sites of the catalyst and consequently reduce their catalytic 

activity to guide catalyst and process improvement and development of efficient regeneration 

procedures. 

In this work, we provide a systematic and deep understanding of how K, a representative and 

significant metallic contaminant from woody biomass, deactivates a bifunctional metal-acid/base 
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catalyst, Pt/TiO2, which is an efficient catalyst for ex situ catalytic fast pyrolysis (CFP) of woody 

biomass. Ex situ CFP is a technique in which biomass pyrolysis vapors are sent to a secondary 

reactor for catalytic deoxygenation prior to condensation, producing bio-oils with improved 

properties and enabling straightforward hydrotreating to produce biofuels. TiO2 supported Pt 

catalysts (Pt/TiO2) are efficient in catalytic upgrading of the pyrolysis vapors with H2 at near 

atmospheric pressure, offering an alternative approach for CFP of lignocellulosic biomass.14, 15 

During CFP over bifunctional Pt/TiO2 catalysts, the Pt sites are required to activate H2 for 

hydrogenation/hydrodeoxygenation reactions, while the Lewis acid/base sites are responsible for 

the acid-catalyzed reactions (e.g., dehydration and C-C coupling). Despite the high activity of 

Pt/TiO2 catalysts, the deactivation of Pt/TiO2 catalysts during CFP needs to be addressed to 

increase the catalyst lifetime or to prolong the time-on-stream (TOS) before catalyst 

regeneration. While thermal oxidation followed by re-reduction can readily regenerate catalyst 

fouling by heavy organic species (e.g., coke), but it cannot regenerate the catalytic sites poisoned 

by metal contaminants. Washing or demetailization using acid or NH4
+ solution has been 

claimed to efficiently regenerate metal-contaminated zeolite catalysts.12, 16, 17 The regeneration of 

metal-contaminated metal-acid bifunctional catalysts, however, has rarely been explored. To 
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develop approaches for mitigating catalyst deactivation by metal contaminants or for catalyst 

regeneration, a detailed understanding of the deactivation mechanism is needed. 

Here, we simulated K accumulation on Pt/TiO2 by loading various amounts of K (100-6000 

ppm) on the catalysts. Characterization including X-ray diffraction (XRD), Brunauer–Emmett– 

Teller (BET) surface area analysis, scanning transmission electron microscopy (STEM), energy 

X-ray dispersive spectroscopy (EDS), diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS), and chemical titration was conducted to elucidate the distribution of K 

on Pt/TiO2 catalysts. In addition, kinetic measurements of several probe reactions, including tert-

butyl alcohol dehydration, acetone condensation, m-cresol hydrodeoxygenation (HDO), 1-

methyl-cylcohexene hydrogenation, and CO oxidation were performed to: (1) evaluate the 

impacts of K loading on the catalytic performance of Pt/TiO2 catalyst for CFP-relevant reactions 

and (2) understand the interaction between K and the different catalytic sites. Based on these 

results, we proposed a sequential mechanism of Pt/TiO2 catalyst deactivation by K accumulation. 

First, with low K loading (<800 ppm), K preferentially poisons the strong Lewis acid sites on the 

TiO2 support, deactivating most of the alcohol dehydration activity. With high K loading (>800 

ppm), K begins to occupy the Pt-TiO2 interfacial sites, resulting in the deactivation of HDO 
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reactivity. We also demonstrated that the K-poisoned Pt/TiO2 catalysts can be readily 

regenerated by water washing. 

2. Experimental 

2.1. Catalyst preparation 

Pt/TiO2 catalysts were prepared using 0.5 mm TiO2 microspheres obtained from Johnson 

Matthey. A summary of the support properties is provided in Table S1 in the supporting 

information. Pt deposition was performed via strong electrostatic adsorption18, 19 at a pH of 11.5 

using a Pt(NH3)4(NO3)2 precursor to achieve a nominal metal loading of 0.5 wt%. The support 

was soaked for >24 h in an aqueous solution containing the metal salt. After impregnation, the 

catalyst was dried at room temperature for at least 24 h followed by a second drying step at 50 °C 

for at least 8 h. The dried catalyst was reduced in flowing 5% H2/N2 at 450 °C and passivated in 

flowing 1% O2/N2 at room temperature prior to K loading. The poisoning effect of K was 

investigated by loading K on the Pt/TiO2 catalysts via an incipient wetness impregnation method 

with KNO3 as the precursor.20 We chose KNO3 instead of KCl as the precursor because Cl can 

potentially poison Pt catalysts and interfere with the analysis of poisoning effects of K species. 

ACS Paragon Plus Environment 

8 
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 

The published version of the article is available from the relevant publisher.

https://precursor.20


 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Page 9 of 63 ACS Catalysis 

The K-loaded samples were dried at 100 ºC for 1h and calcined at 500 ºC (heating rate 10 ºC 

min-1) in flowing air (100 cm3 min-1) for 4 h under atmospheric pressure. The baseline catalyst 

(denoted as PT100K) was prepared by loading 100 ppm of K on the fresh Pt/TiO2 catalyst. 

Additional KNO3 was loaded on PT100K to obtain catalysts with 800, 2000, 4000, and 6000 

ppm of K loading, respectively (denoted as PTxK, x represents the K loading in ppm). 

Control samples were based on TiO2 (P25) (Sigma Aldrich) which was calcined at 500 ºC in 

flowing air for 4 h to obtain the bare TiO2 support, denoted as T0K. 6000 ppm and 4% of K was 

loaded on the bare TiO2 support following the same K loading procedure as described above, to 

obtain the partially and fully K-poisoned support, denoted as T6000K and T4%K, respectively. 

2.2 Catalyst regeneration 

The reversibility of the K poisoning effect was studied by washing the K-loaded catalyst 

PT6000K using water. Specifically, 1g of PT6000K was washed with 50 ml of deionized water 

by stirring at 80 ºC for 1h, followed by centrifuging to remove the waste solution. Such washing 

procedure was repeated 6 times. The washed catalysts were then collected, dried at 100 ºC for 1 

h, and calcined at 500 ºC for 1h, and was denoted as PT6000K-W. 
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2.3. Catalyst characterization 

XRD patterns were collected with a Physical Electronics Quantera Scanning X-Ray Microprobe 

using a focused monochromatic Al Kα X-ray (1486.7 eV) source for excitation and a spherical 

section analyzer. The surface areas were measured with Quantachrome autosorb iQ gas sorption 

system. Before the measurement, the samples were degassed at 150 ºC in vacuum for 12 h. 

The amount of Pt and K on the catalyst samples were determined by ICP-OES (Inductively 

coupled plasma-optical emission spectroscopy). The catalyst samples were digested in solution 

of 4 ml HF/1 ml HNO3/1 ml H2O, 3 ml HCl, and 2 g H3BO3/25 ml H2O. 

The surface Pt site densities of the catalyst samples were measured by CO adsorption using 

Micromeritics AutoChem II chemisorption analyzer. The samples were first reduced in 10% 

H2/Ar (40 cm3 min-1, 10 K min-1) at 350 ºC for 1h. Then He gas was passed over the sample for 

30 min, before cooling to 40 ºC in flowing He for pulse CO adsorption. The pulses of 10 % 

CO/He (150 μl) were injected into the reactor until the catalyst sample no longer adsorbed CO. 

The number of Pt atoms exposed on the catalyst surface was quantified by the amount of CO 

adsorption assuming a CO to Pt stoichiometric ratio of 1 to 1 
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DRIFTS spectra of deuterated acetonitrile (CD3CN) adsorption on the catalysts were measured 

using a Nicolet iS50R FT-IR spectrometer (Thermo Scientific) equipped with a liquid nitrogen-

cooled MCT detector. The catalyst powders placed in the sample cell were pretreated by heating 

to 450 ºC in flowing He (20 cm3 min-1) and holding for 30 min followed by reduction in 10% 

H2/He (20 cm3 min-1) at 450 ºC, before cooling down to 20 ºC in flowing He (20 cm3 min‒1). For 

adsorption of CD3CN, 0.5 µl of CD3CN was dosed using a microliter syringe into a heated 

vaporization port, where the CD3CN vapor was mixed with He flow (20 cm3 min-1) and carried 

to the sample cell. The spectra were collected using KBr background after CD3CN adsorption for 

5 min followed by He purging for 20 min. 

The total acid site densities of the catalysts were determined by temperature-programed 

desorption (TPD) of pyridine performed in a quartz fixed bed reactor with about 100 mg of 

catalysts. Pyridine adsorption was conducted at 150 ºC by flowing pyridine vapor (5 Pa pyridine 

in He, 50 cm3 min-1) for 10 min followed by He purge (50 cm3 min-1) for 30 min to remove the 

weakly adsorbed pyridine. TPD was carried out by heating up to 500 ºC at 5 ºC min-1 in 

following He (50 cm3 min-1). Pyridine concentration in the effluent stream was quantified in a 3 

min interval, with an on-line gas chromatograph (Agilent, 7890A) equipped with a capillary 
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column (Agilent HP-1 (19091Z-433, 30 m, 0.25 mm ID, 0.25 μm film) connected to a flame 

ionization detector. 

The relative ratio of Brønsted and Lewis acid sites were determined based on the DRIFTS 

spectra of pyridine adsorption measured using a Nicolet, Magna 6700 FTIR spectrometer 

equipped with a liquid nitrogen-cooled MCT detector. The samples were pretreated by heating to 

500 ºC in He (50 cm3 min-1) and hold for 10 min, followed by spectrum background collection at 

200 ºC, respectively. The spectra were collected after pyridine adsorption (5 cm3 min-1 He 

carrying pyridine vapor, 10 min) followed He purge (50 cm3 min-1, 10 min) at 200 ºC. 

The morphology and elemental distribution of the catalysts were analyzed by a scanning 

transmission electron microscopy (STEM), FEI F200X Talos operating at 200 kV, equipped with 

an extreme field emission gun (X-FEG) electron source, high-angle annular dark-field (HAADF) 

detector and Super-X energy dispersive X-ray spectroscopy (EDS) system with four silicon-drift 

detectors (SDD) (Bruker XFlash® 6 series with detector size 120 mm2) with a solid angle of 0.9 

Steradian for chemical analysis.  To avoid and/or decrease any potential electron beam damage 

during imaging and spectroscopy analysis, the current of the electron beam was controlled and 

was set to 0.49 nA. The high resolution (HR) STEM imaging was performed on an aberration 
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corrected JEOL JEM-ARM200CF TEM/STEM (ARM stands for Atomic Resolution 

Microscope) operated at 200kV with a unique cold field emission gun (Cold-FEG) and equipped 

with a next generation Cs corrector (ASCOR) that compensates for higher order aberrations and 

an energy dispersive X-ray spectroscopy (EDS) system with dual JEOL 100 mm2 silicon-drift 

detectors (SDD) with a large solid angle of 0.98 Steradian for chemical analysis. High resolution 

analysis was performed with a nominal beam current of ~25 pA and associated resolution of a 

nominal 0.07 nm. 

2.4. Catalytic activity assessment 

The catalytic activity assessments for tertbutyl alcohol dehydration (220-260 ºC), acetone 

condensation (250 ºC), m-cresol HDO (330-370 ºC), and 1-methyl-cyclohexene hydrogenation 

(180 ºC) were performed in a fixed-bed quartz reactor (10 mm inner diameter) with plug-flow 

fluid dynamics. About 10 mg of catalysts were mixed with 200 mg of SiC diluent and loaded in 

the reactor. Inside the quartz reactor, the catalysts were supported on a coarse quartz frit and the 

bed temperature was recorded using a K-type thermocouple placed at the center of the catalyst 

bed. The reactants were introduced into a vaporization zone located at the upstream of the reactor 

using a gas tight syringe and a syringe infusion pump (KD Scientific, Model 100). The 
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vaporization zone was heated to the boiling points of the reactants, allowing the reactants to 

evaporate and mix with the carrier gas. For m-cresol HDO, the catalysts were pretreated by 

reduction in 30 kPa H2/He (100 cm3 min-1) at 350 ºC for 30 min, whereas for tertbutyl alcohol 

dehydration and acetone condensation, the catalysts were pretreated by He purging at the 

reaction temperatures for 10 min. The effluent stream was kept above 200 ºC and quantified with 

an on-line gas chromatograph (Agilent, 7890A) equipped with a capillary column (Agilent HP-1 

(19091Z-433, 30 m, 0.25 mm ID, 0.25 μm film) connected to a flame ionization detector (FID). 

The reaction rates were calculated based on the product concentrations quantified with GC-FID. 

The mass balance is typically at 100±5%. 

The kinetic measurements were conducted under a differential condition with low conversions 

(<5% for tert-butyl alcohol dehydration, acetone condensation, and m-cresol HDO and <20 % 

for 1-methyl-cyclohexene hydrogenation). In all the reactions mentioned above except for 

alcohol dehydration, the Pt/TiO2 catalysts always experienced deactivation of different extents as 

time-on-stream increased, due to coke formation via polymerization of unsaturated products or 

reaction intermediates. The reaction rates on fresh catalysts were determined by extrapolating 

rates (under identical conditions) to 0 time-on-stream, via nonlinear regression with a simplified 

deactivation kinetic model: 
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𝑟g,𝑡 = 𝑟g,1 + 𝑟g,0exp ( ― 𝑘d𝑡)  (1)

 where t represents the time-on-stream and 𝑟g,𝑡 the reaction rate (catalyst weight basis) at time-

on-stream of t; 𝑟g,1 is the reaction rate contributed by stable catalytic sites which do not 

deactivate, whereas 𝑟g,0 is contributed by sites that deactivate due to the accumulation of cokes; 

𝑘d is the deactivation rate constant at a given condition (temperature and reactant partial 

pressures). 

The low-temperature CO oxidation activities of the K-poisoned Pt/TiO2 catalysts were measured 

in a fixed-bed quartz reactor with plug-flow fluid dynamics. 20 mg of Pt/TiO2 catalysts were 

mixed with 380 mg of SiC diluent and loaded in a quartz reactor. The catalysts were supported 

on a coarse quartz frit and the bed temperature was recorded using a K-type thermocouple 

attached to the outer wall of the quartz reactor at the center of the catalytic bed. All catalysts 

were pretreated the same way as the m-cresol HDO measurements. The catalytic performances 

of K-poisoned catalysts were measured at 70 and 75 ºC, respectively. The reactant consists 1 kPa 

CO and 4 kPa O2 balanced with Ar at a total flow rate of 30 sccm and a gas hourly space velocity 

of 90,000 mL (gcat.h)-1. Outlet gas composition was measured by a gas chromatograph Agilent 

3000 Micro GC, using a thermal conductivity detector (TCD). 
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3. Results and discussion 

3.1 Accumulation of K over Pt/TiO2 during ex situ CFP of actual biomass feedstock 

To assess K deposition under realistic CFP conditions, a series of experiments was performed 

using a large bench scale system and a commercially harvested biomass feedstock consisting of 

50 wt% loblolly pine and 50 wt% forest residues. A summary of the reactor configuration, 

process conditions, feedstock properties, product yield and properties is provided in Section S2 

and Tables S2-S3 in the supplementary information. The performance of the Pt/TiO2 catalyst for 

ex-situ CFP has been reported in our previous publication.14 For ex situ CFP, biomass feedstock 

was firstly pyrolyzed to produce a wide range of intermediates as vapors and aerosols containing 

numerous oxygenates with functional groups such as acids, aldehydes, ketones, esters, phenolics, 

and alcohols.  Pyrolysis intermediates were then processed over the bifunctional Pt/TiO2 catalyst 

with H2 and underwent hydrogenation/hydrodeoxygenation reactions over Pt sites as well as 

dehydration, C-C coupling, decarbonylation, and decarboxylation reactions over the acid/base 

sites. A bio-oil product with much-reduced oxygen content, compared to pyrolysis vapor, was 

produced and consisted of deoxygenated aromatic hydrocarbons, partially upgraded oxygenates, 
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unreacted methoxyphenols, and trace amounts of anhydrosugars.14 The bio-oil can be 

hydrotreated to further remove oxygen and produce fuel range hydrocarbons. 

Over a series of 4 reaction-regeneration cycles, a single 100 g catalyst charge was cumulatively 

exposed to 32 h of process conditions and pyrolysis vapor from 4,826 g of biomass. After a final 

oxidative regeneration, the catalyst bed was segmented and samples were collected from top 

(leading edge), middle (ca. 35% bed depth), and bottom (ca. 85% bed depth) zones of the 

reactor. Characterization of these samples by ICP-OES (Figure 1a) revealed considerable 

deposition of K, P, Fe, and Ca on the catalyst. Among these heteroatom contaminants, K 

deposition was detected at the highest concentrations and was localized to the leading edge of the 

bed. Further characterization via XPS (Figure 1b) confirms the presence of K in the catalyst 

located at the top of the reactor in form of K+ ions (K 2p3/2=293.5 eV). STEM-EDS images 

suggest a fairly uniform distribution across the surface of the catalyst particles (Figure 1c). The 

uniform distribution of K at the atomic level and its preferential accumulation at the leading edge 

of the catalyst bed suggest that K species likely transport as vapor in the pyrolysis vapor stream 

and adsorb on catalyst surface through strong interaction. 
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Figure 1. (a) Concentration of heteroatom contaminant (K, P, Fe, and Ca) accumulation on spent 

Pt/TiO2 from the top, middle, and bottom zones of the CFP reactor determined by ICP-OES, (b) 

XPS spectra O1s and of K 2p regions of the post-reaction Pt/TiO2 catalysts, and (c) high angle 

annular dark field (HAADF)-STEM image and associated EDS elemental maps of Pt and K 

outlining their distribution on the post-reaction Pt/TiO2 catalysts (Top). 

The gradient distribution of K along the catalyst bed (Figure 1a) brought difficulties in analyzing 

the catalyst deactivation by K. On one hand, the biomass CFP reactions on a mixture of K-

contaminated and uncontaminated catalysts cannot fully reflect the poisoning effects of K. On 
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the other hand, the spent catalyst samples collected from the actual CFP reactors are often a 

mixture of catalyst particles with different K content. In addition, other deactivation modes, such 

as Pt sintering and structure change of TiO2, could also occur and complicate the study on the 

impact of K.  Therefore, in order to study how K deposition impacts the performance of different 

reactor zones, catalysts with homogeneous K content are needed. To achieve this goal, we 

purposely loaded various amount of potassium (100-6000 ppm weight basis) on the Pt/TiO2 

catalyst to simulate the K deposition, as summarized in Table 1. Figure 2 shows a HAADF-

STEM image and associated EDS elemental maps of a representative K-poisoned catalyst 

sample, PT6000K. On this simulated K-deposited catalyst, K species are evenly dispersed on the 

catalyst particles, similar to the K distribution on the actual spent Pt/TiO2 catalysts from biomass 

CFP reactor (Figure 1c). XPS spectra in Figure 2b shows that the state of potassium on these 

model catalyst samples (K 2p3/2=293.5 eV) is similar to that on the post-CFP catalysts (Figure 

1b). 

Table 1. Amounts of K loading on the K-poisoned (PTxK, x=100-6000) catalysts (determined by 

ICP-OES). 
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Sample K loading 

ppm -1μmol gcat. 

PT100K 168 4.3 

PT800K 774 19.8 

PT2000K 1613 41.4 

PT4000K 3418 87.6 

PT6000K 5757 118 

PT6000K-W 337 8.6 

Figure 2. (a) STEM image and EDS mapping of PT6000K. (b) XPS spectra of O1s and K 2p 

regions of the PT100K, PT800K, and PT6000K samples. 
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In the next sections, we provide a detailed characterization of these K poisoned Pt/TiO2 catalysts 

and kinetic measurements of several probe reactions, including alcohol dehydration, acetone 

condensation, phenolic HDO, and alkene hydrogenation to understand the interaction between K 

and the different catalytic sites and their catalytic consequence. As discussed above, CFP involves 

complicated reactions and, with our best knowledge, we select these reactions to represent the 

major type of reactions involved in CFP with the Pt/TiO2 catalyst in H2: dehydration, C-C coupling, 

hydrodeoxygenation, and hydrogenation. In addition, we choose these model reactions, of which 

the mechanism and site requirements have previously been well-established, to provide a rigorous 

determination of the activity of active sites, by providing rates and apparent reaction energies, to 

correlate with K deposition.  

3.2. Effects of K loading on the physical and chemical properties of the Pt/TiO2 catalysts 

The accumulated metal contaminants can potentially deactivate catalysts by fouling/pore 

blocking,7, 21 poisoning acid sites,11 or impacting noble metal sites.22 We conducted systematic 

characterization of the impact of K accumulation on the physical and chemical properties of the 

Pt/TiO2 catalysts. 
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Figure 3a shows the XRD patterns of PT100K and PT6000K. For both samples, only the 

characteristic peaks of anatase and rutile TiO2 were observed, similar to TiO2 (P25).23 No peaks 

for Pt or PtO2 were detected because of the low Pt loading and small particle size in combination 

with the highly crystalline TiO2 support. Potassium species were well dispersed on the catalyst 

surface (EDS mapping, Figure 2) and did not incorporate into TiO2 bulk to form potassium 

titanate (K2TiO3). Potassium also did not form any oxide or salt particles blocking the pores of 

the catalyst particles, as the surface areas and pore volume remained unchanged (Figure 3b). 

Figure 3. (a) XRD patterns of PT100K and PT6000K samples; (b) surface area and pore volume 

of the PTxK samples (x=100-6000) as a function of K loading. 
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Potassium, as an alkali metal, has the potential to interact with the acid sites on the catalysts. The 

DRIFTS spectra of pyridine adsorption on the T0K and PTxK(x=100-6000) samples (Figure 4a) 

indicate that there are only Lewis acid sites (1444 cm-1) but no Brønsted acid sites (1545 cm-1) 

on both TiO2 support and Pt/TiO2 catalysts. The Lewis acid site density of the PTxK (x=100-

6000) samples, determined by pyridine-TPD, decreases linearly as the K loading increases 

(Figure 4b). Figure 4c presents the corresponding pyridine-TPD profiles, of which the desorption 

peak temperatures and the desorption completion temperatures shift to lower temperature as the 

K loading increases. This indicates that the Pt/TiO2 catalysts contain Lewis acid sites with varied 

acid strengths, with the stronger Lewis acid sites being preferentially poisoned by K. The wide 

distribution of the Lewis acid site strength results from the multiple phases (rutile and anatase) 

contained in the TiO2 support (P25).24, 25 Even within one phase, the Lewis acid site strength can 

vary depending on the exposed crystal facets26, 27 and the coordination environment of Ti atom.26, 

28 

The identities of the surface acidic sites on the K-poisoned catalysts were further probed with 

CD3CN adsorption. Figure 4d shows the DRIFTS spectra of CD3CN adsorption on the Pt/TiO2 

catalysts and TiO2 supports with different amounts of K loading. The clean TiO2 support, T0K, 
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and the baseline Pt/TiO2 catalyst, PT100K, only show a band at 2285 cm-1, which is assigned to 

the v(CN) vibration of the CD3CN bonded to the Lewis acidic Ti site.29 The 2263 cm-1 band 

observed on the K-poisoned TiO2 support (T6000K) and Pt/TiO2 catalysts (PT800K, PT2000K, 

PT4000K, and PT6000K), which is often associated with physically adsorbed CD3CN,29-31 is 

assigned to the K-bonded CD3CN. When the Ti sites were completely covered by excessive K on 

the sample T4%K, only the 2263 cm-1 band but no 2285 cm-1 band was observed, further 

confirming the covering of Ti by K sites. These weakly acidic K sites cannot adsorb pyridine at 

180 ºC and thus were excluded from the Lewis site titration with pyridine-TPD (Figure 4b). 

The loss of strong Lewis acid sites followed by weak ones due to K accumulation is expected to 

directly impact the Lewis acid-catalyzed reactions. In next section, we will evaluate the 

consequences of K-poisoning on alcohol dehydration and aldol condensation, which are two 

major Lewis acid-catalyzed reactions during CFP process.32-34 
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Figure 4. (a) DRIFTS spectra of pyridine adsorption on T0K and PTxK samples (x=100-6000) at 

200 ºC; (b) Lewis acid site densities of the K-poisoned (PTxK, x=100-6000) and regenerated 

(PT6000K-W) catalysts as a function of K loading (determined by pyridine-TPD, pyridine 

adsorption temperature 180 ºC); (c) the profiles of pyridine-TPD; (d) DRIFTS spectra of CD3CN 

adsorption at 40 ºC on K-poisoned Pt/TiO2 catalysts and TiO2 supports with varied K loadings. 
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The effects of K loading on Pt dispersion were probed by STEM and CO chemisorption. Figure 

5a shows dark field STEM images of the PT2000K catalyst. While most of Pt was present as 

nanoparticles in the 0.5–2 nm range, atomically-dispersed Pt was also observed. Figure 5b shows 

the Pt size distributions for PT100K, PT2000K, and PT6000K determined by STEM. The 

diameter of a Pt atom is 0.28 nm, so particles smaller than 0.5 nm were assigned to Pt single-

atoms. It was found that K loading had weak impact on the Pt dispersion since all three samples 

with different K loadings have very similar Pt particle size distributions. Samples with high K 

loadings (2000 and 6000 ppm) have a slightly higher fraction of Pt single-atoms. Table 2 lists the 

quantities of surface Pt sites estimated based on the Pt particle size distributions (Figure 5b, see 

Sec. S4 in SI for the details of estimation35) and measured by CO-chemisorption, respectively. 

These two approaches gave similar results, indicating that K did not significantly impact the Pt 

dispersion. Although atomically dispersed Pt atoms were observed, they only accounted for less 

than 0.5% of the surface Pt sites (Table 2), thus most of the surface Pt were contributed by the Pt 

particles. 

Since K accumulation did not significantly change the Pt particle size distributions and quantities 

of available surface Pt sites, it is expected that the activation of molecular H2 on Pt of K-loaded 
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catalysts is also minimally impacted. However, K can potentially deposit at the interface between 

the Pt particles and TiO2 support, impacting the HDO reactions which are catalyzed by the Pt-

TiO2 interfacial sites or by the synergetic effects of Pt and Lewis acid sites. In next section, we 

probe the consequences of K poisoning on the C=C bond hydrogenation and phenol HDO 

reactions. 

Figure 5. (a) HAADF-STEM image of PT2000K; (b) Pt particle size distributions for PT100K, 

PT2000K, and PT6000K samples determined from STEM images. 

Table 2. Surface Pt site density and the contribution of Pt-single atoms 

Sample Surface Pt density (μmol gcat.-1) Contribution of Pt single-

atoms to surface Pt density 
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CO chemisorption a TEM b TEM b 

PT100K 12 14.1 0.27% 

PT800K 13 - -

PT2000K 13 16.8 0.44% 

PT4000K 12 - -

PT6000K 11 16.9 0.35% 

a measured by CO chemisorption; 

b estimated based on the Pt particle size histogram in Figure 5b. 

3.3 Impact of catalytic activity of acid sites by K accumulation 

The activity of acid-catalysis was probed with tert-butyl alcohol dehydration and acetone 

condensation. It was found that these two reactions were affected by K accumulation to different 

extents. 

Alcohol dehydration represents an important class of oxygen-removal reactions in the catalytic 

transformation of biomass.36 For instance, in the CFP process, alcohol intermediates generated 

by hydrogenation of oxygenates eventually undergo dehydration to eliminate the oxygen 

heteroatoms. On TiO2, this reaction is catalyzed by Lewis acid-base site pairs (Ti-O).27 Stronger 

Lewis acid sites have higher activity and lower activation barrier for alcohol dehydration.27, 37 
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Therefore, alcohol dehydration reactions can be used not only to evaluate the catalytic 

performance, but also to probe the Lewis acid site strength of the Pt/TiO2 catalysts. Tert-butyl 

alcohol without an α-H was used as the model compound to avoid the Pt-catalyzed 

dehydrogenation side reaction forming the ketone. 

As depicted in Figure 6a, the alcohol molecule is adsorbed and activated on the Lewis acidic Ti 

site under quasi-equilibrium (equilibrium constant 𝐾Ads). Sequentially, the adsorbed alcohol 

undergoes dehydration (rate constant 𝑘Dehy) via the kinetically relevant β-C-H cleavage followed 

by α-C-O cleavage. The rate of alcohol dehydration, 𝑟Dehy, is expressed by Eq. (2) 

𝑘Dehy𝐾Ads𝑃Alcohol 𝑟Dehy =  (2)1 + 𝐾Ads𝑃Alcohol 

where 𝑃Alcohol represents alcohol partial pressure. Under high alcohol pressure, the catalytic 

sites are saturated with alcohol (1 ≪ 𝐾Ads𝑃Alcohol), Eq. (2) is simplified to: 

𝑟Dehy = 𝑘Dehy  (3) 

Eq. (3) indicates that the reaction falls into the zeroth order kinetic regime, in which the 

measured 𝑟Dehy captures the rate constant 𝑘Dehy for the elementary step of H2O elimination. The 

tertbutyl alcohol dehydration falls into a zeroth-order regime when the reactant partial pressure is 
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higher than 2 kPa (Figure S1, in SI), therefore in this work, we conducted the kinetic 

measurements with 4 kPa of tertbutyl alcohol to obtain the zeroth-order rate constants. 

The T4%K sample, with complete coverage of Lewis acidic Ti sites by K (Figure 4d), showed 

almost no catalytic activity for tert-butyl alcohol dehydration (see Figure S2 in SI), confirming 

that the non-acidic K sites are inactive for alcohol dehydration. Thus, the alcohol dehydration 

activity on the K-poisoned Pt/TiO2 catalysts is only contributed by remaining Lewis acidic Ti 

sites. 

K accumulation deactivates the alcohol dehydration activity not only by decreasing the number 

of Lewis acid sites, but also by decreasing the average Lewis acid strength. Figures 6b and 6c 

show the zeroth-order rate constants (𝑘Dehy, in turnover frequency, 230 ºC) and the activation 

energies (𝐸a,Dehy), respectively, of the tert-butyl alcohol dehydration on the K-poisoned Pt/TiO2 

catalysts as a function of K loading. The impact of K on alcohol dehydration over Pt/TiO2 

catalysts can be divided into two regimes. In the low K loading regime (2000 ppm), increasing K 

deposition led to the decrease of 𝑘Dehy and increase of 𝐸a,Dehy. In the high K loading regime 

(>2000 ppm), both 𝑘Dehy and 𝐸a,Dehy remained constant regardless of K loading. This trend is not 

only valid for the K-poisoned Pt/TiO2 catalysts, but also for the clean TiO2 support (T0K) and 
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the K-poisoned TiO2 support (T6000K). Such impacts of K on the alcohol dehydration suggest 

that Pt/TiO2 catalysts contain multiple types of Lewis acid sites with different acid strengths, 

which originated from the multiple phase composition (anatase and rutile) of the TiO2 (P25) 

support. We compared the pyridine-TPD profile (Figure S3a in SI) and the tert-butyl alcohol 

dehydration activity (Figure S3b in SI) of the pure anatase and pure rutile TiO2, which indicates 

that anatase has higher Lewis acid strength and thus higher dehydration activity in comparison to 

rutile. The loaded K preferentially poisons the stronger Lewis acid sites which have higher 

catalytic activity for alcohol dehydration. These conclusions are in line with that of the pyridine-

TPD results (Figure 4c). 

ACS Paragon Plus Environment 

31 
Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 

The published version of the article is available from the relevant publisher.



1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

ACS Catalysis Page 32 of 63 

Figure 6. (a) Mechanism of tert-butyl alcohol dehydration on TiO2 (based on our previous 

work27);; (b)-(c) the zeroth order rate constant (𝑘Dehy, 230 ºC) (b) and the activation energy 

(𝐸a,Dehy) (c) for tert-butyl-alcohol dehydration on the K-poisoned catalysts (PTxK, x=100-6000), 

regenerated (PT6000K-W), blank TiO2 support (T0K), and K-poisoned TiO2 support (T6000K) 

as a function of K loading. 

Aldol condensation, which generates inter molecular C-C bonds between ketones or aldehydes to 

lengthen the carbon chain, is another important reaction in the catalytic transformation of 

biomass-derived oxygenates.38-40 We used acetone as the model compound to evaluate the aldol 

condensation activity of the Pt/TiO2 catalysts. On TiO2, aldol condensation is also catalyzed by 

Lewis acid-base site pairs. Our previous work41 determined that on the TiO2 surface populated 

with hydroxyl groups, acetone condensation takes place between an acetone molecule adsorbed 

on a Ti site and a vicinal acetone hydrogen-bonded to an OH group, as shown in Figure 7a. 

Acetone molecules adsorb on both Ti sites and OH groups under equilibrium (equilibrium 

constants 𝐾Ads,Ti and 𝐾Ads,OH, respectively). The α-H of the Ti-bonded acetone is abstracted by 

an adjacent basic O site (equilibrium constant 𝐾Enol) to form an enolate intermediate. The 
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kinetically relevant nucleophilic attack of the enolate onto the OH-bonded acetone for C-C 

coupling (rate constant 𝑘C ― C) leads to the aldol product, diacetone alcohol, which then rapidly 

dehydrates to mesityl oxide.                    

The rigorous measurement of the rate constant for the kinetically relent C-C coupling step 

(𝑘C ― C) was not feasible due to the rapid catalyst deactivation caused by coke formation at high 

acetone coverage (see Figure S4 in SI for the rates of acetone condensation as a function of time-

on-stream). Thus, we compared activities of different catalysts using the initial rates of acetone 

condensation under identical conditions (250 ºC, 0.5 kPa acetone), extrapolated to 0 time-on-

stream using the deactivation kinetic model Eq. (1)), as shown in Figures 7b and 7c. Acetone 

reaction on all K-poisoned Pt/TiO2 catalysts under this condition formed exclusively aldol 

condensation product (C6 mesityl oxide and its structure isomer) and its secondary products (C9 

and C12 oxygenates and hydrocarbons) (see the product selectivities in Figure S5, SI). 

In contrast to the alcohol dehydration, the acetone condensation on Pt/TiO2 catalysts was 

impacted by K poisoning to a lesser extent. As the K loading increased from ca. 100 to ca. 6000 

ppm, the rate per gcat. decreased slightly by ca. 30% due to the loss of Ti sites (Figure 7b). The 

rate per Ti site, however, presented an increasing trend (Figure 7c). This is because the stronger 
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Lewis acid sites are actually less active for acetone condensation reaction in comparison to the 

weaker ones, as previously confirmed by comparing the activities of different anatase TiO2 facets 

((101) vs. (001)), 41 different TiO2 phases (anatase vs. rutile),42 and different catalysts (anatase 

TiO2, HAP (hydroxyapatite), and MgO).43 On the other hand, loading of K introduced strong 

basic sites, 44, 45 which can facilitate the enolation of surface acetone and thus favor the aldol 

condensation. As a result, the average activity of acetone condensation on all Lewis acid sites, 

increased due to the preferential poisoning of the stronger but less active Lewis acid sites by K. 
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Figure 7. (a) Mechanism of acetone condensation on TiO2 surface populated with OH groups 

(proposed in our previous work41); (b)-(c) rates of acetone condensation on PTxK catalysts 

(x=100-6000), in catalyst mass basis (b) and Ti site basis (c), respectively, as a function of K 

loading (250 ºC) 

3.4. Impact of metal sites by K accumulation 

The Pt sites of the Pt/TiO2 catalysts are responsible for the hydrogenation activities. We 

examined the activity of the Pt sites using m-cresol HDO and 1-methyl-cyclohexene 

hydrogenation as probe reactions. Both phenolic HDO and alkene hydrogenation are important 

reactions in CFP to convert the lignin fraction to desirable chemicals and/or fuel components. 

These two hydrogenation processes have different catalytic site requirements. High temperature 

(>300 ºC) HDO of phenolics on TiO2-supported noble metal (Pt, Pd, Rh) catalysts is mainly 

catalyzed by the metal-support interfacial sites,15, 46-51 whereas alkene hydrogenation 

predominantly occurs on metal particles.52-55 In addition, low temperature CO oxidation, which 

is proven to occur on the Pt-TiO2 interface,56-58 was performed to confirm the impact of K on the 

interfacial sites. 
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While m-cresol can potentially undergo both ring-hydrogenation and HDO reactions on the 

metal oxide-supported noble metal catalysts, the HDO pathway predominates at high 

temperature (> 300 ºC).59 For m-cresol HDO on TiO2-supported noble metal catalysts, two kinds 

of reaction mechanisms have been proposed, including the direct C-O hydrogenolysis pathway49, 

50 and the tautomerization-hydrogenation-dehydration pathway,15,51 as depicted in Figure 8a. In 

both mechanisms, the reaction occurs at the metal-support interfacial sites, with m-cresol 

activated on the Lewis acidic Ti sites and H2 activated on the metallic Pt cluster. 

We conducted m-cresol HDO on the K-poisoned catalysts in the temperature range of 330-360 

ºC, which formed exclusively toluene. In each experiment run, the catalyst deactivated fast with 

time-on-stream increasing, due to coke formation. Therefore, we extrapolated the rates to 0 time-

on-stream using the deactivation kinetic model Eq. (1) to estimate the rates on fresh catalysts 

(see Figure S6 in SI). The reaction rate 𝑟HDO is first order on H2 pressure (𝑃H2, 30-90 kPa) and 

zeroth order on m-cresol pressure (see Figure S7 in SI) as depicted by Eq. (4): 

𝑟HDO = 𝑘HDO𝑃H2  (4) 
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where 𝑘HDO represent the apparent first order reaction rate constant. Such a kinetic dependence 

suggests that: (1) m-cresol and H2 adsorb on different types of active sites and there is no 

adsorption competition; (2) adsorption of m-cresol reaches saturation under the test condition 

(350 ºC, 1 kPa m-cresol); (3) adsorption of H2 is relatively weak and the corresponding active 

sites remain largely uncovered. 

Figures 8b and 8c show the first order rate constant (𝑘app. 1st, HDO, 350 ºC) and apparent 

activation energy (𝐸app,HDO) of the m-cresol HDO reaction, respectively, as a function of K 

loading. When K loading is lower than 2000 ppm, the HDO activity is not affected by K 

accumulation. When K loading exceeds 2000 ppm, 𝑘HDO begins to decrease linearly with 

increasing K amount. On the other hand, the apparent activation energy (𝐸a,HDO) remains 

relatively constant (110±6 kJ mol-1) regardless of the K loading, suggesting the activity drop 

upon K accumulation is simply due to the loss of catalytic sites. Therefore, we postulate that, 

only when K loading is higher than 2000 ppm, K begins to accumulate at the Pt-TiO2 interfacial 

area and poison the catalytic sites for HDO reaction. 
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Figure 8. (a) Possible mechanisms for m-cresol hydrodeoxygenation on Pt/TiO2 catalyst (based 

on the mechanism proposed in the literature49-51, 60); (b) The first order rate constants 

(𝑘app. 1st, HDO, 350 ºC) and (c) the apparent activation energies (𝐸app,HDO) for m-cresol HDO on 

the K-poisoned and regenerated Pt/TiO2 catalysts as a function of K loading. 

Alkene hydrogenation on supported noble metal catalysts are catalyzed predominantly by 

metallic sites. However, on catalysts with strong metal-support interaction (SMSI) such as 
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Pt/TiO2, H atoms that have spilled over from metal clusters also lead to the hydrogenation of 

alkene molecules adsorbed on the support. 50, 61-63 We used 1-methyl-cyclohexene (C7H12) as the 

model compound to evaluate the activity for alkene hydrogenation on the K-poison catalysts, 

because this branched cyclo-alkene has a relatively low hydrogenation activity and thus low 

conversions (< 20%) at moderate temperature (180 ºC, 30 kPa H2), allowing for kinetic 

measurement. . Slow catalyst deactivation was observed during 1-methyl-cyclohexene 

hydrogenation on Pt/TiO2catalysts. The deactivation kinetic model Eq. (1) was applied to correct 

the measured rates to the initial state (0 time-on-stream) (see Figure S8 in SI). 

Figure 9a shows the pathways for 1-methyl-cyclohexene hydrogenation on Pt/TiO2 catalysts. As 

the major reaction route, 1-methyl-cyclohexene hydrogenation on metallic Pt sites occurs via the 

equilibrated adsorption of its C=C bond on Pt sites, as confirmed by the first-order kinetic 

dependence on 1-methyl-cyclohexene partial pressure (Figure S9a in SI). The C=C bond is 

mainly hydrogenated by the H ad-atoms generated by homolytic dissociation of H2 on the Pt 

clusters, as indicated by the reaction order of 0.6 over H2 pressure (Figure S9b in SI). The 

stepwise addition of two H atoms saturates the C=C bond. Meanwhile, in a minor hydrogenation 

route via H spillover, 1-methyl-cyclohexene adsorbs on the Lewis acidic Ti site next to the Pt 
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cluster or at the Pt-TiO2 interface via its C=C bond. The H atoms on the metallic Pt cluster 

spillover on the Ti-activated C=C bond to complete hydrogenation. The rate of 1-methyl-

cyclohexene hydrogenation on Pt/TiO2, 𝑟C = C hydro, is the combination of the two routes: 

𝑟C = C hydro = 𝑟C = C hydro,metal + 𝑟C = C hydro,interface  (5) 

where 𝑟C = C hydro,metal and 𝑟C = C hydro,interface denote the rates on the metallic Pt cluster and Pt-

TiO2 interface, respectively. 

Figure 9b shows 𝑟C = C hydro. as a function of K loading. At low K loading (< 2000 K), 𝑟C = C hydro. 

remains unchanged, indicating K does not impact either metallic Pt sites or the interfacial Ti 

sites. Further increasing K loading (>2000 ppm) leads to a slow decrease of 𝑟C = C hydro., because 

K begins to accumulate near Pt clusters and block the interfacial Ti sites. Both phenolic HDO 

and 1-methyl-cyclohexene hydrogenation reactions consistently indicate the accumulation of K 

at the Pt-TiO2 interface at high loading. 
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Figure 9. (a) Possible routes of 1-methyl-cyclohexene (C7H12) hydrogenation on Pt/TiO2 

catalysts (based on previously proposed alkene hydrogenation routes on noble metals52-55 and via 

H spillover,61-64 respectively); (b) rates of 1-methyl-cyclohexene hydrogenation (𝑟C = C hydro.) on 

the K-poisoned catalysts as a function of K loading (180 ºC, PH2=30 kPa, PC7H12=1 kPa). 

We also used low-temperature CO oxidation as a probe reaction to further confirm the impact of 

K accumulation on the Pt-TiO2 interfacial sites. Similar to other reducible oxide-supported Pt 

nanoparticle catalysts,64, 65 Pt/TiO2 demonstrated strong interaction between Pt and TiO2. CO 

oxidation at low temperature over Pt/TiO2 is predominantly catalyzed at the metal-support 

interfacial sites where CO chemisorbs on Pt and O2 chemisorbed and dissociates on TiO2 , 

namely Mars van Krevelen mechanism (MvK) mechanism.56-58 Figure 10a depicts the MvK 
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mechanism for CO oxidation on Pt-O-Ti interface which contains a reducible O site cycling 

between active O and O vacancy. In the catalytic cycle, CO adsorbs on the Pt site of the Pt-O-Ti 

interface and reacts with the active O to form CO2 and create an O vacancy. Afterwards, a 

molecular O2 adsorbs on the O vacancy and gets activated. Another CO adsorbed on a Pt site 

then abstracts one O atom from this activated O2 to form CO2, leaving behind an active O on the 

Pt-O-Ti interface and completing the catalytic cycle. 

Figure 10b and Figure S10 show the rate of the K-poisoned Pt/TiO2 catalysts as a function of K 

loading at 70 ºC and 75 ºC, respectively. Similar activity trends were demonstrated at both 

temperatures. Below 800 ppm, K loading does not impact the CO oxidation activity. Above 800 

ppm, the rate of CO oxidation decreases as K loading increases, indicating that K begins to 

poison the Pt-O-Ti interfacial sites. This suggests that the significant poisoning of Pt-TiO2 

interfacial sites by K starts at a K loading between 800-2000 ppm, and the poisoning of the Pt-

TiO2 interfacial sites reaches its maximum at a K loading between 4000-6000 ppm. Comparing 

to the loss of interfacial sites for HDO reaction (Figure 8b) upon K accumulation, the reducible 

interfacial sites for CO oxidation decrease even more rapidly (Figure 10b), indicating the 

reducible interfacial sites have a greater affinity for K. 
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Figure 10. (a) Mars van Krevelen mechanism of CO oxidation on the Pt-TiO2 interfacial site 

(based on the proposed mechanism in literature56-58); (b) Rates of CO oxidation on the K-

poisoned Pt/TiO2 catalysts as a function of K loading (70 ºC, PCO = 1 kPa, PO2 = 4 kPa). 

3.5. Deactivation mechanism of Pt/TiO2 by K accumulation 

The interactions between potassium and noble metal and metal oxide catalysts have been 

extensively investigated for the purpose of catalyst modification. Potassium has been used to 

facilitate the atomic dispersion of noble metals on oxide supports, 66-69 modify the electronic 

structure and adsorption properties of noble metal clusters,62, 70-79 form metal-O-K interfacial 

sites on noble metal clusters,80, 81 reduce the acidity of metal oxides,82, 83 and create strong basic 

sites.44, 45 Depending on the specific catalytic requirements of different reactions, a promotion 

effect for one reaction can become a suppression effect for another. 
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Based on the characterization and probe reaction test results, we concluded that the Pt/TiO2 

catalyst is deactivated by accumulated K species mainly via the interaction with Lewis acid sites 

both on the TiO2 support and at the Pt-TiO2 interface. The K species do not have significant 

impact on the metallic Pt clusters. The introduction of K does slightly facilitate the atomic 

dispersion of Pt on the TiO2 support (Figure 5b and Table 2). However, in comparison to the Pt 

or Au single atoms stabilized by K on TiO2 from the precursor stage, 66-69 the re-dispersion of Pt 

nanoparticles on TiO2 is negligible. It is probably because of the high energy barrier for the re-

dispersion of Pt nanoparticles on TiO2 under the 500 °C calcination. On the other hand, we do 

not observe a significant interaction between K and Pt nanoparticles either leading to Pt 

electronic structure change 62, 70-79 or formation of Pt-O-K interface,80, 81 according to the stable 

CO chemisorption capacity and stable activation energy for HDO reaction regardless of K 

loading. We proposed the deactivation mechanism of the Pt/TiO2 catalyst by K accumulation, as 

depicted in Scheme 1. 

On the clean Pt/TiO2 catalyst, the TiO2 support provides the Lewis acid sites, responsible for 

alcohol dehydration and ketone C-C coupling reactions. These  Lewis acid sites have different 

acid strengths probably due to the heterogeneity of the TiO2 support which consists of both 
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anatase and rutile phases. In addition, the Pt-O-Ti interface also generates relatively weak Lewis 

acidic Ti sites. As shown in Scheme 1, both strong and weak Lewis acid sites catalyze alcohol 

dehydration and aldol condensation. The stronger Lewis acid sites are more active for alcohol 

dehydration, whereas the weaker ones are more active for aldol condensation. C=C 

hydrogenation mainly occurs on metallic Pt clusters, but the Pt-TiO2 interfacial sites also have a 

minor contribution via H spillover mechanism. HDO of phenolic compounds (m-cresol) and 

low-temperature oxidation of CO oxidation are mainly catalyzed by Pt-TiO2 interfacial sites. 

At low potassium loadings (<800 ppm), K species preferentially accumulate on the stronger 

Lewis acid sites of Pt/TiO2 catalysts, poisoning the majority of alcohol dehydration activity 

(Figure 6) but leaving activities for C=C hydrogenation, phenolic HDO, and low-temperature CO 

oxidation intact (Figures 8, 9, and 10). Once all of the stronger Lewis acid sites are all occupied, 

additional introduced K species (>800 ppm) begin to deposit on weaker Lewis acid sites and the 

Pt-TiO2 interfacial area. The covering of K on the metal-support interfacial area results in the 

loss of catalytic sites for m-cresol HDO and CO oxidation (Figures 8 and 10). However, alkene 

hydrogenation, which was mainly contributed by metallic sites on Pt clusters, is least impacted 

by K loading (Figure 9). 
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Scheme 1. Proposed mechanism of Pt/TiO2 deactivation by K accumulation. 

3.6. Catalyst regeneration by K removal 

There are at least two approaches to address the issue of catalyst deactivation by metal 

contaminants in biomass feedstock, namely feedstock cleaning and catalyst regeneration. 

Regarding feedstock cleaning, recently, a method of biomass washing has been patented for 
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efficiently reducing metal impurities in biomass feedstocks before processing for pyrolysis.84 

According to the examples presented in the patent, 65-98 % of K in the biomass feedstock can be 

removed. Alternatively, in cases that the feedstock washing process is not feasible or K cannot 

be completely removed, the approach of regenerating the K-poisoned catalysts can be 

considered. The selection of mitigation approach will be guided by techno-economic analysis 

considering the potential impacts of product yields and other important operation cost drivers by 

different options. 

The K-poisoned Pt/TiO2 catalysts can be regenerated by washing catalyst with water, a method 

which was previously reported to successfully remove the alkaline/alkali-earth metal 

contaminants on SCR catalysts.85 We washed the high K-loading sample PT6000K with water to 

obtain the regenerated catalyst, denoted as PT6000K-W. As shown in Table 1, on PT6000K-W, 

most of K species were removed by water washing, with only 337 ppm of K remaining. Removal 

of K recovered both the number and strength of the Lewis acid sites, as shown in Figures 4b and 

4c. As a result, the activity of the catalysts was also recovered. For both alcohol dehydration 

(Figures 6b and 6c) and m-cresol HDO (Figure 8b) reactions, the activity of regenerated 

PT6000K-W was recovered back towards the fresh catalyst along the deactivation trend line 
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versus K loading. These results suggest that the poisoning effect of K contamination on Pt/TiO2 

catalysts is reversible, due to the high solubility of the K species in water. For the Brønsted 

acidic zeolites, the regeneration of metal-contaminated catalysts requires washing with acid 12,17 

or amonium16 solutions, because the restoration of Brønsted sites requires H+ or NH4
+ ions. In 

contrast, the regeneration of K-poisoned Lewis acid catalysts like Pt/TiO2 only needs water 

washing, as it just requires removal of the highly soluble K species from the Lewis acid-base site 

pairs. 

4. Conclusions 

The deactivation of a metal-acid bifunctional catalyst, Pt/TiO2, for ex-situ catalytic fast pyrolysis 

by K accumulation was simulated by loading various amounts of K (100-6000 ppm) on the 

catalyst. It was found that the Pt/TiO2 catalyst was deactivated by K via the poisoning of Lewis 

acid Ti sites on both TiO2 support and at the metal-support interface, whereas the metallic Pt 

clusters remained largely available. 

The Pt/TiO2 catalyst contains Lewis acid sites with different acid strength because of the 

heterogeneity of the TiO2 (P25) support, which consists of both anatase and rutile phases. In 

addition, it is postulated that the metal-support interaction forms relatively weak Lewis acid sites 

at the Pt-O-Ti interface. 
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K species preferentially accumulate on the stronger Lewis acid sites. Thus, when the K loading is 

low (<800 ppm), K species selectively deposit on the stronger Lewis acid sites and dramatically 

decrease the activity of alcohol dehydration, because stronger Lewis acid sites are more active 

for this transformation. In comparison, the acid-catalyzed acetone condensation is deactivated by 

K deposition to a much lesser extent, because the weaker Lewis acid sites are more active for this 

reaction. In contrast, reactions that take place on the metallic Pt clusters (C=C bond 

hydrogenation) and Pt-O-Ti interface (m-cresol HDO and low-temperature CO oxidation) were 

not impacted. 

As the K loading further increases (>800 ppm), K species begin to deposit on weaker Lewis acid 

sites including those at the Pt-O-Ti interface. The blockage of the Pt-O-Ti interfacial sites 

resulted in decreased activities for m-cresol HDO and low-temperature CO oxidation reactions, 

as well as a minor route of C=C hydrogenation via H spillover mechanism. 

The poisoning of Pt/TiO2 by K is reversible. Regeneration treatment by water washing 

successfully removed most of the loaded K and led to recovered catalytic activity for both 

alcohol dehydration and phenolic HDO reactions. 
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Based on the different potassium affinities of various active sites (Lewis acid sites, metal sites, 

and metal-support interfacial sites), it would be worth exploring designs of metal-acid 

multifunctional catalysts to improve the potassium tolerance. On the other hand, as washing with 

water has been demonstrated to efficiently remove potassium poisons from Pt/TiO2 catalysts, a 

washing procedure could be further developed to deal with the scaled-up CFP reactor. All of 

these findings can be leveraged by other catalyst systems with similar active sites for the biomass 

conversion process with potential exposure to potassium poisons. 
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