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Abstract: The isomerisation of glucose to fructose is a critical step 

towards manufacturing ligno -  petroleum free chemicals from cellulosic 
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 Table 1. Physical, chemical and reactivity data for various Lewis acidic 
silicates . explored for glucose isomerisation in batch mode    

Entry Catalyst SSA 
(m2 g-1) 

Vmicro  
(cm3  g-1) 

Si/M  TOF 
for GI 
(h

-1
) 

SFru at 
XGlu=20% 
(%) 

1 Sn BEA-  398 0.21 198 95 68 

2 Zr-  BEA 414 0.21 189 16 45 

3 Ti-  BEA 390 0.20 204 15 56 

4 Hf-  BEA 404 0.22 202 0 - 
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 ICP-MS. Turnover frequency (TOF) values calculated from batch GI 
experiments at 4  t = 2 minutes. Reaction conditions: 1 wt. % glucose in MeOH, 
g reaction solution glucose/metal 0 ° autogenic pressure, ratio of 50, 11 C,  . 

 
However, major differences in performance for the Lewis acidic 
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 processes, reactants are continuously pumped over a 
suspended solid catalyst bed, and the reaction occurs during the 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 time the solution resides on the catalyst within the reactor 
(“contact time”). Such reactors are widely employed in the base 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 chemical industry, due to their increased levels of productivity, 
safety and scalability.12 Figure 1A-D presents the time on stream 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 data for two particular Lewis acidic silicates, Sn- -BEA and Hf
BEA, for continuous GI at 110 °C, alongside their conversion vs. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 selectivity profiles and product distribution profiles. As can be 
seen  (Figure  1 -A),  Sn BEA  exhibited  an  initially  high  level  of 
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 Table S1, E )ntry 2 . However, relatively rapid deactivation 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 occurred, resulting in more than 40% loss of activity over the 
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 determined,  characterized by a deactivation rate constant of 
0.00715 hX%!

-1 (  2SI Figure S ).13 In contrast, Hf-BEA exhibited a 

very different kinetic profile . (Figure 1B) After an initial induction 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 period lasting several hours, Hf-    BEA reached similar levels of 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 activity -to  Sn BEA.  Its performance  was  maintained over  the 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 following , 72 h on stream with conversion and yield fluctuating 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 by the typical experimental error of the testing and  analytical 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 protocols (5 8%). After the induction period-  , a deactivation 
constant of 0.00281 X%.h-1 was determined, demonstrating Hf-
BEA to be more stable than Sn BEA (SI-  3  Figure S ). 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 In addition, analysis of the product distribution revealed Hf-
BEA to be substantially more selective to fructose than Sn BEA- . 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 When comparing the fructose selectivity at all levels of 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 conversion (Figure 1C), Hf- -BEA was approximately 80 100 % 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 more selective than Sn-BEA, converting glucose solely to 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 fructose and mannose, the two thermodynamic products 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 expected from GI, at a carbon balance level of 100 % (Figure 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 1D). In contrast, only around half of the glucose converted by 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Sn BEA became fructose,  and a substantial  (>20%) loss of -
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 carbon balance was observed (Figure 1D), indicating that 
 

 

 

 

 

 

 

 

 unwanted  by products  were  formed.  Notably,  the exceptional -
 

 

 

 

 

 

 

 

 selectivity of Hf-BEA was maintained even at extended contact 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 times (Figure 1D). As can be seen, increasing the contact time 
from 8 seconds to 54 seconds increased the quantity of glucose 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 converted, from 33.6  % to  66.2 %. Yet, despite operating  at 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 extremely high conversion, the excellent selectivity of Hf-BEA 

remained,  resulting  in  an  unprecedented  single-pass  fructose 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 yield  of  57.9 %  being  achieved. Notably, no loss  of  carbon 
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 competitive and/or consecutive side reactions remained absent 
even at high levels of conversion. In fact, the product distribution 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 achieved at these conditions is representative of the 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 thermodynamic equilibrium mixture expected at 110 °C, 
representing  the  first  time  chemo-catalysis  has  been  able  to 

achieve this feat for GI.14  
 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Kinetic data for the isomerisation of glucose to fructose over Sn- and 
Hf-  -  containing BEA zeolites. (A) Time on stream data for Sn BEA; (B) Time on 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 stream data for Hf-BEA; (C)  Glucose  conversion versus fructose selectivity 
profile for Sn and Hf and Hf- -  - BEA; (D) Product distribution achieved with Sn -

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 BEA at various contact times between 4 and 54 seconds. General reaction 
conditions: 1 wt. % glucose in methanol, 110 °C. Precise conditions  including 
WHSV of each experiment are provided in SI Table S1.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 We note here that the induction period observed   -with Hf
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 BEA (Figure 1B) could catalyst in  be avoided by activating the 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 MeOH at 110 °C for 20 h prior to introducing glucose into the 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 feed, which ensured that no valuable substrate was wasted 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 during operation ( although ZrSI 4)  Figure S . Furthermore, -BEA 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 also exhibited an induction period and reached high levels of    
selectivity ( 5)  SI Figure S , its absolute activity was 5 times lower 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 than that of Hf ,  and its selectivity was found  to be -BEA also 
approximately 20 % lower, at otherwise identical conditions.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 To understand the nature of the overall reaction network, 
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 performance of Hf- -BEA relative to Sn BEA, detailed studies of 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 both product  mixtures . -were undertaken Firstly, operando UV

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Vis was performed during continuous GI over Sn BEA and Hf- -
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 BEA, according to our recently benchmarked procedure.15  
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 note that the kinetic data obtained with the operando  reactor 
matched that obtained in the conventional flow reactor (SI Figure 
S6),15  
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 levels of substrate conversion were attained during both 
reactions. The resulting spectra of the first 50 h on stream under 
the UV probe are shown in Figure 2A-B. Spectra are presented 
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 reaction exhibit positive signals, whereas optical features 
decreasing  during  the  reaction  exhibit  negative  signals.  Both 
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 further for brevity. However, a clear difference at longer  

wavelengths was observed . In the case of Sn , -  BEA (Figure 2A)
a positive absorption between 400 480   was immediately formed -
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 the  experiment.  theAn excellent  inverse  c   orrelation between  
intensity  of  this  absorption  and  the  selectivity  of  the  catalyst 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 could be made (   SI Figure S8)   t  ,  indicating that his absorption 
relates -to by product formation. Notably, this signal was absent 
from the the absence operando spectrum of Hf suggesting-BEA,  

of oducts -prvarious chromophoric by  when using this catalyst.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Figure 2 ( (. Operando UV-  Vis measurements for A) -  Sn BEA and B) Hf-  BEA
catalysed GI at 110 °C, permitting the absorption spectra of the system to be 
measured continuously alongside the kinetics of the system. General reaction 
conditions: 1 wt. % glucose in methanol, 110 °C.   

1H-13  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 C HSQC NMR spectroscopy was  thus used to obtain an 
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 C HSQC method was employed as it 
provided roughly 30- -times higher sensitivity than analogous one
dimensional 13C NMR measurements, whilst providing dramatic 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 improvements in resolution due to its two-dimensional nature. 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Moreover, various by products in the Lewis acid catalysed -
conversion of glucose have previously been described using 1H-
13C HSQC NMR assays, thus facilitating the characterization of 
post eaction solutions.-r 16  

 

 

 

 

 

 

 

  -Figure 3A D shows the 1H-13C HSQC 
NMR spectra for Sn- -and Hf BEA catalysed GI at 110 °C across 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 various  spectral regions.  The  spectra  of  both  reactions were 
sampled at different points of time on stream, so that samples of 
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 HPLC- . HELSD ence of the signals associated to , the volumes 
unconverted glucose are identical in both spectra (Figure 3A).16 
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 hence - A A the improved selectivity of Hf BE . similar quantity of 
mannose was  also observed during both experiments. However, 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 a number of  additional species were observed over  Sn-BEA, 
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 aldohexose hamamelose, in addition to various glycolytic end 
products including 2,5,6 hexenoic acid methyl trans- - -3-trihydroxy
ester (THM) and various 3- - -deoxy " lactones.17 

 
 

 

 

 

 

 

 

  
 

 

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3. 
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 C  HSQC  NMR spectra  for NMR  analyses  of the  reaction   

effluent from Sn and Hf- -BEA catalysed GI at 110 °C. Spectra were acquired 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 at 25 ºC on an 800 MHz spectrometer equipped with a cryogenically cooled 
probe. The spectra provide an unbiased of the vastly reduced representation 
by product formation when using - Hf- -  BEA instead of Sn BEA. 

The diversity of products formed , particularly -in the case of Sn
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 BEA,  indicates that multiple reaction pathways  are feasible
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 and  e -to compar the structure and active site speciation of Hf
BEA to BEA, spectroscopic those previously established for Sn-
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 characterisation by classical site selective methods.- 18 
Accordingly, direct and indirect studies were achieved by means 
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  -edge X ray Absorption Spectroscopy (XAS) and 

chemisorption coupled with spectroscopy (cIR).FTIR  
 

 

 

 

 

 

 

 

  Hf L3 edge XAS studies were used to gain insight into the 
Hf active site within the catalyst, before and after reaction, and 
after MeOH activation (SI Figure S4). Samples were not further 
treated between operation and measurement, so as to maintain 
the relevance of the XAS spectra to kinetic performance. Figure 
4A- -  B shows the X ray Absorption Near Edge Structure (XANES) 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 spectra of Hf-BEA, prior to reaction, after methanol activation, 
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  standard. The adsorption edges of all catalyst 
samples, as determined by the maxima of the first derivative of 
the data, were found to be at 9564.4 eV, compared to 9563.4 eV 
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  was coupled with a significant 

increase in the white line feature labelled 1 (2p # 5d transition) 
in the catalyst samples, which was greatest in the fresh sample, 
followed by the methanol activated catalyst and the post reaction 
material. It is proposed that the formal oxidation state of Hf (IV) 
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was seen in the XANES of HfO2, but not in Hf-BEA at any stage 
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 scattering  process involving  atoms in the second shell. The 
absence of this feature in the Hf-BEA catalyst further suggests a 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 different coordination of oxygen to Hf in Hf-BEA compared to 
bulk HfO2 . Feature 3 was the EXAFS oscillation feature of each 
material.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Figure 4 (A. X- -ray Absorption Spectroscopy data for Hf BEA catalysts. ) 
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 Expansion of the XANES spectra. (Red) fresh catalyst; ( ) methanol grey
activated greencatalyst; (blue) used catalyst; ( ) HfO2. (1) White line feature; (2) 
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 To complement these findings, Hf L3  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 - E -edge xtended X ray 
Absorption Fine Structure (EXAFS) studies were performed. The 
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  weighted data of the samples are shown in Figure 4C, 
alongside the corresponding magnitude of the Fourier transform 
(FT) in Figure 4D. Based on previous XAS studies of Sn-BEA,20 
the first feature in the FT data was assigned to Hf-O scattering 
paths, while features between 2.5 and 4 Å could be associated 
to Hf- -Hf scattering and/or second shell Hf O paths. Clearly, the 
first Hf-O feature in all the catalyst samples (Figure 4D) was at a 
shorter distance compared to HfO2. Moreover, second shell Hf-O 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 and/or Hf-Hf paths were much less significant in the catalysts 
samples. 
 
 

Table 2. EXAFS fitting data of BEA catalystsHf-  and monoclinic HfO2. 

Sample Path CN b R (Å) 2$
2 (Å2) Er 

(eV) 
R-
factor 

Mono-
HfO2 

Hf O (1)- a 7b 2.12(1) 0.011(1) 7(1) 0.007 

Hf Hf (1)- a  7b 3.42(1) 0.008(1) 

Hf O (2)- a 7b 3.70(3) 0.013(5) 

Hf Hf (2)- a  4b 4.00(1) 0.005(2) 

Hf-BEA 
(fresh) 

Hf O (1)-  4.5(8) 2.00(2) 0.003(2) 7(1) 0.007 

Hf O (2)-  2.1(5) 2.20(4) 0.004c 

Hf-  BEA
(used) 

Hf O (1)-  4.5(8) 2.00(2) 0.004(2) 8(1) 0.005 

Hf O (2)-  2.4(5) 2.20(2) 0.004c 

Hf-BEA 
(MeOH 
activated) 

Hf O (1)-  4.8(8) 2.00(2) 0.004(2) 7(1) 0.007 

Hf O (2)-  1.9(5) 2.21(5) 0.00c  

 

 

 

 

 

 

 

 

 Fitting parameters: 2.2 < k < 12, 1.1 < R < 2.5 (4 for mono-HfO2). Amplitude 
reduction factor = 0.8 (fitted from Mono-HfO2); 

a
M  ultiple path lengths fitted as a 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 single path (i.e Hf-O(1) comprises of 7 different path lengths); bCoordination 
numbers  ;(CN) fixed to known crystallographic values

19
 

c
2$

2
  defined as 1.2 of

2$
2 -  of Hf O(1)

 

Fitting of the EXAFS data (Table 2) revealed two clear first shell 
Hf- -O paths in the catalyst samples, compared to a single Hf O 
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   that was fitted to represent the 7 very 
similar seen in monoclinic HfO -  Hf O paths 2.

21 -The first Hf O path 
in all the catalyst samples was found at 2.00 Å, and possessed a 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 coordination number of 4. These values are in excellent 
agreement to those we determined for Sn-BEA during previous 
XAS studies,20a   and thus this path can be attributed to Hf atoms 

present in the BEA -framework. A second Hf O distance, at 2.20 
Å with a coordination number of 2, could also be determined in 
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oscilla data of all catalysttion around 9 Å in the " s (Figure 4C). 
 

 

 

 

 

 

 

 

 As  such,  -  the  second  Hf O  distance could  either  derive  from
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small fraction of the Hf being present as HfOx clusters. Whilst the 
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  alongside previous studies documenting the 
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 hypothesis  -i.e. that the  second Hf O  distance  relates  to  the 
coordination of two water molecules to the framework Hf species. 
Thus, we conclude that at least the major fraction of Hf is within 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 the BEA framework, and is isomorphously  n present as a
substituted lattice atom in a hydrated state at ambient conditions. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Although  this  is the  first  time such XAS  studies have been 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 performed for Hf-BEA catalysts, our findings are supported by 
previous Pair Distribution Function measurements of Hf-BEA.23   

10.1002/anie.202006718

10.1002/anie.202006718

10.1002/anie.202006718

10.1002/anie.202006718

10.1002/anie.202006718

10.1002/anie.202006718

10.1002/anie.202006718

10.1002/anie.202006718

10.1002/anie.202006718

A
cc

ep
te

d 

A
cc

ep
te

d 

A
cc

ep
te

d 

A
cc

ep
te

d 

A
cc

ep
te

d 

A
cc

ep
te

d 

A
cc

ep
te

d 

A
cc

ep
te

d 

A
cc

ep
te

d 
M

an
us

cr
ip

t

M
an

us
cr

ip
t

M
an

us
cr

ip
t

M
an

us
cr

ip
t

M
an

us
cr

ip
t

M
an

us
cr

ip
t

M
an

us
cr

ip
t

M
an

us
cr

ip
t

M
an

us
cr

ip
t

Angewandte Chemie International Edition

Printed by [W
iley O

nline Library - 093.193.168.190 - /doi/epdf/10.1002/anie.202006718] at [02/08/2020].



 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 RESEARCH ARTICLE

RESEARCH ARTICLE

RESEARCH ARTICLE

RESEARCH ARTICLE

RESEARCH ARTICLE

RESEARCH ARTICLE

RESEARCH ARTICLERESEARCH ARTICLE 

 

 

 

 

 

   

 

 

 

 

 

   

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

5 

5 

5 

5 

5 

5 

5 5 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 The lack of changes in the amplitude of features between 
2.5 and 4 Å in the catalyst samples post operation, coupled with 
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 Figure 5 shows - the IR spectra of pyridine adsorbed on (A) Hf
and 1400(B) Sn BEA - in the 1650-  cm-1  region, following dosing 
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Figure 5. Chemisorption FTIR studies following the interaction of pyridine over 
 

 

 

 

 

 

 

 

 (A (B)) Hf-BEA, and  -Sn BEA. Spectra are illustrated after outgassing at room 
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 Figure 1) due to of , increased conversion is achieved   initiation
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unprecedentedly high selectivity (>90%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Kinetic data for the - isomerisation of glucose to fructose over Sn and 
Hf Distribution of products -  containing BEA zeolites at 140 °C. (A) attained over  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Sn BEA and H BEA at maximal conversion- f-   at 140 °C. (B) Time on stream 
analysis of Hf at 140 °C over a 28 h period. -  BEA  General reaction conditions: 
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140 °C (2.1 g (Fru) cm-3 h -1) -. In addition, excellent stability for Hf
BEA was observed over a 28 B)h period of operation (Figure 6 . 
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processes even during high temperature operation with Hf-BEA 

(   SI Figure S10).
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pe glucosermits  selective -fructose isomerisation to be achieved 
even during intensified continuous operation at 140 °C , which no 
chemical or biological catalyst has yet been able to achieve. The 
reasons  behind  the  induction  period  observed  at for  -   Hf BEA

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 lower temperature,   and its higher stability against deactivation
compared to other Lewis acidic zeolites, remain the focus of our 
on going - investigations. 
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Hf- -zeolites are shown to catalyse glucose fructose isomerisation to thermodynamic equilibrium during continuous operation, which no 
chemical catalyst has yet been able to achieve. Fructose yields of 58 % are observed at a selectivity of 94 %, and continuous 
operation for over 100 hours is demonstrated. Structure activity relationships are developed with X- -ray Absorption Spectroscopy, 
chemisorption FTIR, operando UV-Vis and HSQC NMR. 
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