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Increasingly Large Ethanol Surplus

Monthly Energy Review (2018) US Energy Information Administration, DOE
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Upgrading Ethanol to Jet Fuel over CuZnY/deAlBeta

ΔH > 0

Jet Fuel

H2O

Single step processes 

reduces GHG 

emission by 50%

High selectivity to C3+ olefins without significant C2H4 ,DEE, or C4H6 formation

Direct Route:
4.3 kg CO2,eq 

/ kg ethylene
CuZnY/deAlBeta

88% C3-C6 Olefins Yield
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Reaction Conds.:

623 K, 7.1 kPa 

C2H5OH, 94.3 kPa 

H2, WHSV 0.51 h−1

Zhang et al., ACS 

Catal., 11 (2021) 

9885-9897
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Metal-containing porous catalysts have broad site distributions

• Different oxidation 

number

• Different T-sites / pore 

geometry

• Spatial distributions

• Different local 

coordination

Si M
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Si

Primary Binding Site

Secondary Confining Pore

Harris et al., ACS Catal., 10 (2020) 9476-9495 



Metal-containing porous catalysts have broad site distributions
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Metal-containing porous catalysts have broad site distributions

Wolf et al., Helv. Chim. Acta, 99 (2016) 916-927
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Metal-containing porous catalysts have broad site distributions

Wolf et al., Helv. Chim. Acta, 99 (2016) 916-927

Zeolites With Framework Metal Atoms

~6% of Fe in MIL-100(Fe) catalyzes C-H bond activation

~20% of Sn in Sn-Beta 

catalyzes glucose 

isomerization

Harris et al., J. Catal., 335 (2016) 141-154

Simons et al., JACS, 141 (2019) 18142-18151

Need to quantify the 

subset of sites that 

perform the catalysis!



What sites are relevant in (Cu, Zn)Y/deAlBeta catalysts?

What are the active sites 

and how many are there?
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Dealuminating Beta zeolite
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Metal incorporation into dealuminated Beta (deAlBeta)
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flow in flow out

Fourier Transformed Infrared Spectroscopy

Wafer of 

Catalyst Sample

Cybulskis, Harris et al., Rev. Sci. Inst., 87 (2016) 103101



SSNMR of Y/deAlBeta Samples
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29Si MAS 29Si CPMAS 

Data collected by Carlos Bornes (Mafra group), U. Aveiro, Portugal



SSNMR of Y/deAlBeta Samples

Increasing Q4 sites 

with Y incorporation

29Si MAS 29Si CPMAS 

1H Hahn-echo NMR 

Hydroxyls generated by dealumination are largely eliminated by 0.5 wt% Y 

(0.05 Y/Alparent), and completely by 10 wt% Y (0.9 Y/Alparent)

Data collected by Carlos Bornes (Mafra group), U. Aveiro, Portugal
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IR of Y/deAlBeta Samples – O-H region

Y incorporation by SSIE results in decreased v(O-H) region area, suggesting 

incorporation of Y at vacancies formed from dealumination 

0

10

20

30

40

50

3200340036003800

Frequency / cm-1

A
b

s
o

rb
a
n

c
e
 /

 a
.u

.

0.0

0.2

0.4

0.6

0.8

0

400

800

1200

1600

2000

2400

2800

3200

0.0 0.2 0.4 0.6 0.8

Y/Alparent / -
In

te
g

ra
te

d
 A

re
a

 (
3
2

0
0
-3

8
0
0
 

c
m

-1
) 

p
e
r 

w
a
fe

r 
m

a
s
s
 /

 c
m

-1
/ 

g

F
ra

c
ti

o
n

 o
f 

d
e
A

lB
e
ta

A
re

a
 f

il
le

d
 /

 -

Y7/deAlBeta

deAlBeta

Y3/deAlBeta

Y1/deAlBeta



Y k-edge EXAFS of Y/deAlBeta samples

Y2O3 Y2O3 Y2O3

Y2O3

Y3/deAlBeta(IWI)

Y10/deAlBeta(SSIE)

Y10/deAlBeta(IWI)

Y1/deAlBeta(SSIE)

Above 1 wt%, all samples have some oxide-like peaks



Y k-edge EXAFS of Y/deAlBeta samples

Above 1 wt%, all samples have some oxide-like peaks



In-Situ Transmission X-ray Absorption Spectroscopy
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In-Situ Transmission X-ray Absorption Spectroscopy
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In-Situ Transmission X-ray Absorption Spectroscopy
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In-Situ Transmission X-ray Absorption Spectroscopy
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4(Si-OH) → 4(Si-O-M)

• Mixture of Y2O3 oligomers isolated Y sites?

• No YxOy observed by HRTEM or XRD

After treatment in flowing 3.5 kPa H2, 98 kPa He, for 2 h at 673 K 
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Fourier Transformed Infrared Spectroscopy
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Beam

flow out

MCT

Detector

Cybulskis, Harris et al., Rev. Sci. Inst., 87 (2016) 103101
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Pyridine IR: CuZnY/deAlBeta
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Zhang, Wegener, Samad et al., ACS Catal., 11 (2021) 9885-9897

See also: Cordon, Samad, et al., ACS Sus. Chem. Eng., 10 (2022) 5702-5707 (CuLa/deAlBeta)

*Data Collected by Junyan Zhang, ORNL
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Y9.8/Beta; T=503 K and 593 K

Flow mode

Total flowrate 100 cm3 min-1, CH4 (1.04% in He) as internal 

standard, reactant partial pressures (pAcH = 0.0048, pEtOH = 

0.03) kept constant.

Purge mode

Reactants (EtOH and AcH) switched off during He purge 

mode. Total flowrate 100 cm3 min-1, CH4 (1.04% in He) as 

internal standard.

Flow experiment on Y9.8%/Beta in IR cell
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See also: Cordon, Samad, et al., ACS Sus. Chem. Eng., 10 (2022) 5702-5707 (CuLa/deAlBeta)
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What sites are present in Y/deAlBeta samples?

What are the active sites 

and how many are there?

Y Si
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•Minimal H+ in Y/deAlBeta

•BD forming sites ≠ sites 

titrated in IR

•Crotonal forming sites 

unaffected by pyridine



How do we get from A to D (or E…)?

What is the 

reaction pathway?

? ?

A B
Y/Beta

?

What intermediates?

What are the active sites 

and how many are there?

Y Si
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•Minimal H+ in Y/deAlBeta

•BD forming sites ≠ sites 

titrated in IR

•Crotonal forming sites 

unaffected by pyridine



Zhang, Wegener, Samad et al., ACS Catal., 11 (2021) 9885-9897

Proposed Ethanol to Butadiene Reaction Pathway on Y/deAlBeta

Is crotonaldehyde 

actually an 

intermediate en

route to butadiene?

acetaldehyde ethanol

FEED

+ 

Aldol 

Condensation

MPV 

REDUCTION

crotyl alcohol

Dehydration

Inert environment

butadiene

crotonaldehyde

Y/deAlBeta

Y/deAlBeta

Ag-Zr catalysts

Sushkevich et al., ChemSusChem, 7 (2014) 2527-2536

Dagle et al., Appl. Catal. B., 236 (2018) 576-587

Miyake et al., ACS Sus. Chem. Eng., 10 (2022) 1020-1035

Zn and/or Y catalysts

Yan et al., ACS Catal., 8 (2018) 2760-2773

Qi et al., J. Am. Chem. Soc., 34 (2020) 14674-14687



Probing reaction pathway by varying residence time

Reaction conditions: T= 503 K; 

Gas Flows: PAcH = 1 kPa and PEtOH = 5.8 kPa , 0.098 kPa CH4, bal He; 

Total flowrates varied: 50-200  cm3 min-1 

Catalyst: Pure ~0.1 g Y0.5/deAlBeta, diluted ~0.01 g Y0.5/Beta in ~0.09 g SiC
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Probing the reaction pathway
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Probing the reaction pathway
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How do we get from acetaldehyde and ethanol to butadiene?

What are the active sites 

and how many are there?

Y Si
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•Minimal H+ in Y/deAlBeta

•BD forming sites ≠ sites 

titrated in IR

•Crotonal forming sites 

unaffected by pyridine

What is the reaction 

pathway?

•Crotonal is an 

intermediate that can 

undergo MPV reduction 

with ethanol, which 

leads to BD formation

Cr=O

BD
Y/Beta

CrOH

AcH

EtOH
H2O

H2O

2AcH



Can we measure kinetics?

What are the reaction 

mechanisms?

A

B
A*

‡

Reaction coordinate

G
 /
 e

V
 

What are the active sites 

and how many are there?
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What is the reaction 

pathway?

•Crotonal is an 

intermediate that can 

undergo MPV reduction 

with ethanol, which 

leads to BD formation

Cr=O

BD
Y/Beta

CrOH

AcH

EtOH
H2O

H2O

2AcH

•Minimal H+ in Y/deAlBeta

•BD forming sites ≠ sites 

titrated in IR

•Crotonal forming sites 

unaffected by pyridine



Reaction order test on Y10/deAlBeta (IWI)

Product rates variation wrt

PEtOH

Sum of C4 product rate variation 

wrt PEtOH
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Reaction conditions: T= 503 K; P=124 kPa

Gas Flows: Partial pressure of EtOH and AcH varied, 0.098 kPa CH4, 

bal He; Total flowrate 100 cm3 min-1 

Catalyst: diluted ~0.01 g Y10/deAlBeta in ~0.09 g SiC
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Sum of C4 product rate variation 

wrt PEtOH
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Gas Flows: Partial pressure of EtOH and AcH varied, 0.098 kPa CH4, 

bal He; Total flowrate 100 cm3 min-1 

Catalyst: diluted ~0.01 g Y10/deAlBeta in ~0.09 g SiC

Product rates variation wrt

PAcH
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Kinetic dependencies likely vary with identity of the rare earth metal

Reaction conditions: T= 503 K; P=124 kPa

Gas Flows: Partial pressure of EtOH and AcH varied, 0.098 kPa CH4, 

bal He; Total flowrate 100 cm3 min-1 

Catalyst: diluted ~0.01 g La4/deAlBeta in ~0.09 g SiC



Kinetic isotope effect experiments on Y5/deAlBeta
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Kinetic isotope effect experiments on Y5/deAlBeta
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Kinetic isotope effect experiments on Y5/deAlBeta
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Isotopic labeling experiments on Y5/deAlBeta

Products

Measured rates averaged / 10-6 mol s-1 gcat
-1 KIE values

RH_initial RH_final
RD_EtOH

D6

RD_EtOH

D6+AcH-D4

RH/RD only 

ethanol 

labeled

RH/RD both 

labeled

Butadiene 1.08 1.23 0.91 0.40 1.2 3.1

Crotonaldehyde 0.37 0.21 0.37 0.16 1.0 1.3

Crotyl alcohol 0.45 0.40 0.25 0.09 1.8 4.6

Total C4 1.90 1.83 1.53 0.65 1.2 2.8

Ethylene 0.18 0.18 0.14 0.12 1.3 1.5

DEE 0.04 0.05 0.06 0.05 0.6 0.9



Can we measure kinetics?

What are the reaction 

mechanisms?

A

B
A*

‡

Reaction coordinate

G
 /
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What are the active sites 

and how many are there?

Y Si
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•C4+ product formation 

is:

• ~0 order in 

C2H5OH

• >1st order in 

CH3CHO

•Minimal H+ in Y/deAlBeta

•BD forming sites ≠ sites 

titrated in IR

•Crotonal forming sites 

unaffected by pyridine

What is the reaction 

pathway?

•Crotonal is an 

intermediate that can 

undergo MPV reduction 

with ethanol, which 

leads to BD formation

Cr=O

BD
Y/Beta

CrOH

AcH

EtOH
H2O

H2O

2AcH



Acknowledgements

Oak Ridge National Laboratory
• Dr. Junyan Zhang

• Dr. Michael Cordon

• Dr. Stephen Purdy

• Dr. Meijun Li

• Dr. Andrew Sutton

• Dr. Zhenglong Li (Now: Zhejiang University, China)

Subcontract No. 

4000180427

2021-2022 Ralph E. Powe 

Award

U. Alabama
• Nohor “River” Samad (M.S. 2022, Westrock)

• Sumin Lee (B.S. 2020; Ga. Tech)

• Ryan Kitchen (B.S. 2022)

• Chase McGee (REU 2022, U. Conn.)

• Zahra Almohamedhusain (B.S. 2024)

Johns Hopkins U.

• Prof. Brandon Bukowski

• Prof. Michael Tsapatsis

Award No. EE0010304



Questions?

Oak Ridge National Laboratory
• Dr. Junyan Zhang

• Dr. Michael Cordon

• Dr. Stephen Purdy

• Dr. Meijun Li

• Dr. Andrew Sutton

• Dr. Zhenglong Li (Now: Zhejiang University, China)

Subcontract No. 

4000180427

2021-2022 Ralph E. Powe 

Award

U. Alabama
• Nohor “River” Samad (M.S. 2022, Westrock)

• Sumin Lee (B.S. 2020; Ga. Tech)

• Ryan Kitchen (B.S. 2022)

• Chase McGee (REU 2022, U. Conn.)

• Zahra Almohamedhusain (B.S. 2024)

Johns Hopkins U.

• Prof. Brandon Bukowski

• Prof. Michael Tsapatsis

Award No. EE0010304


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94: Probing the reaction pathway
	Slide 95: Probing the reaction pathway
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111: Acknowledgements
	Slide 112: Questions?

