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How do we make ethanol?

« Biomass?

 How much sugar is in this jar of smarties?

« How much ethanol can we get?
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How do we make ethanol?

* Fermentation of sugar Is this bad?

Enzyme
Ce¢H,0¢ —— 2C,H:OH + 2CO,

 How much sugar is in this jar of smarties?

« How much ethanol can we get?

Chemical Technologies

Centre for
Sustainable
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How do we make ethanol?

* Fermentation of sugar

Enzyme
Ce¢H,06 —— 2C,H;OH + 2CO,

 How much sugar is in this jar of smarties?
— 1832 smarties = 430 g of sugar

« How much ethanol can we get?

Chemical Technologies

Centre for
Sustainable
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How do we make ethanol?

* Fermentation of sugar

Enzyme
Ce¢H,06 —— 2C,H;OH + 2CO,

 How much sugar is in this jar of smarties?

— 1832 smarties = 430 g of sugar Is this a good
assumption?

« How much ethanol can we get?
215 g EtOH (assuming 100% conversion)
) Sustainable 130 g ethene (polyethene) ca. 20 plastic bags

Chemical Technologies
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Should we use smarties to make ethanol??
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Ethanol as a platform chemical

 How much ethanol is produced in Brazil annually?

« What can we use ethanol for?
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Ethanol as a platform chemical

 How much ethanol is produced in Brazil annually?
23.4 billion litres in 2014

If a car travels 10,000 km/yr it needs ca. 1,000 litres

234,000,000,000 km ca. 5.8 million times round the world

« What can we use ethanol for?

Chemical Technologies

Centre for
Sustainable
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95% is produced as the by-product of ethene production from steam crackers
(breaking down of large hydrocarbons into smaller ones)

Uses of butadiene?

F SBR — used an alternative to
natural rubber

What is shale gas?

Methane ca. 76%, Ethane ca. 16%, Propane 6% (rest butanes)

Chemical Technologies

Centre for
Sustainable
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95% is produced as the by-product of ethene production from steam crackers
(breaking down of large hydrocarbons into smaller ones)

Uses of butadiene?

F SBR — used an alternative to
natural rubber

What is shale gas?

Methane ca. 76%( Ethane ca. 16% JPropane 6% (rest butanes)

Chemical Technologies
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1. Steam cracking of higher hydrocarbons

Ethane Ethene

What are the consequences of a new cheap supply of ethane?

What is shale gas?

Methane ca. 75%, Ethane ca. 16%, Propane 6% (rest butanes)

Chemical Technologies

Centre for
Sustainable
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Mn/Zn doped sepiolite systems (J. Chem. Soc., Chem. Commun., 1981, 401-402)
MgO/Na,O/SIO, ( Applied Catalysis, 1988, 43, 117-131)

Hydroxyapatite (J. Catal., 2008, 259, 183-189; butanol)
Tantalum oxide on silica (3. Am. Chem. Soc., 1947, 69, 593-599)

Various metal oxides on silica (Industrial and Engineering Chemistry Process
Design and Development, 1963, 2, 45-51)

MgO/Na,O/SIO, (J. Chem. Soc., Chem. Commun., 1985, 1613-1614)

One pass system binary, ternary oxides— fluidised bed (Bhattacharyya I&EC
Process design and Dev., 1963, 45.)

1920s-30s Lebedev’s single pass system

Problem reproducing results........

Sustainable
Chemical Technologies

) Gentre for Experimental sections very vague (if present!)
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Acetaldol
CH,CHO OH
dehydration
EtOH
MPV
3-hydroxybutanol
OH Crotonaldehyde
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OH
dehydration EtOH
MPV
CH3;CHO

\ \/\/OH
1,3-butadiene

dehydration

crotyl alcohol
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Catalyst Description Conversion / % Selectivity Measurements / %
1,3-BD Ethylene | Acetaldehyde Ether 1-butene

Co:Zn 17.0 6.5 29.8 47.4 16.1 0.4
Cu:Zn 29.0 20.9 42.1 30.1 4.6 2.2
Co:Zr 20.0 3.9 66.9 5.9 14.1 9.4
Cu:Co 17.0 10.8 39.3 37.6 10.9 1.4
Co:Mn 13.0 23.0 47.0 19.2 9.6 1.3
Ce:Zr 24.0 26.6 40.0 27.8 3.5 2.1
Hf:Zn 15.0 4.9 26.9 57.0 11.0 0.2
Mn:Zr 10.5 28.8 46.4 9.3 15.5 0

Cu:Mn 18.0 10.1 10.6 61.7 154 2.1
Mn:Zn 17.0 19.0 28.0 35.5 16.5 1.0
Zr:Zn 46.0 38.9 41.1 10.3 6.7 3.0

Centre for
Sustainable
Chemical Technologies T=375°C, LHSV=1h1

Cat. Sci. Technol. 2011, 267
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Catalyst Description Conversion / % Selectivity Measurements / %
1,3-BD Ethylene | Acetaldehyde Ether 1-butene

Co:Zn 17.0 6.5 29.8 47.4 16.1 0.4
Cu:Zn 29.0 20.9 42.1 30.1 4.6 2.2
Co:Zr 20.0 3.9 66.9 5.9 14.1 9.4
Cu:Co 17.0 10.8 39.3 37.6 10.9 1.4
Co:Mn 13.0 23.0 47.0 19.2 9.6 1.3
Ce:Zr 24.0 26.6 40.0 27.8 3.5 2.1
Hf:Zn 15.0 4.9 26.9 57.0 11.0 0.2
Mn:Zr 10.5 28.8 46.4 9.3 15.5 0

Cu:Mn 18.0 10.1 10.6 61.7 15.4 2.1
Mn:Zn 17.0 19.0 28.0 35.5 16.5 1.0
Zr:Zn 46.0 38.9 41.1 10.3 6.7 3.0

Centre for
Sustainable
Chemical Technologies T=375°C, LHSV=1h1

Cat. Sci. Technol. 2011, 267



Step 1: MgO-SiO,~x preparation. ¥ Mg(NO3), 6H,0 Steg 2: ZrZn/MgO-SiO,-x preparation.

;NaOH Sio, Zn(NO3), 6H,0 ZrO(NO3), H,0 MgO-SiO,-x

WA 4

i i Stirred until
\

Stirred, aged,
filtered, :
washed and | :
: Calcination 1 dried. : S
! Calcination 2

. Step 3: y-Me/ZrZn/MgO-SiO-- tion. .
A Previous systems too much

. ethene/diethyl ether
NaOH, or KOH, or LiOH.H,0 . use MgO.

_ . 1 do not like when we
Sogdand —> calcination3 | cannot repeat work in the
. literature..... systematic

____________________________________________________________________________________________

Catal. Commun. 2014, 25.

gentli':e for bl ChemCatChem 2016, 2376
Cr:lesm?c:;]l%'ecﬁnologies Chem. Eng J., 2017, 988

Appl. Catal.-A Gen 2017, 530
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Table 1 Catalytic results for 3 h of time on stream temperature 375 °C and WHSV = 0.62 h1.

o
Selectivities (%omol) 1.3-BD 1.3-BD

Entry  Catalyst X (%) yield productivity

13-BD AcH Ethene DEE Butene (%mol)  (9gp/Qcah)
ZrZn/MgO-SiO,-1 40 35.9 8.3 32.2 9.8 9.2 30.4 0.13
1.2-Na/ZrZn/Mg0-SiO,-1 24 46.5 13.1 18.7 4.6 10.9 17.3 0.07
Water/ZrZn/MgO-SiO,-1 46 325 6.6 34.9 10.4 10.6 26.8 0.11

Centre for
Sustainable
Chemical Technologies
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Chemical Technologies
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Step 1: MgO-SiO-x preparation. Mg(NO3), 6H,0 Step 2: ZrZn/MgO-SiO,-x preparation.
;NaOH SO, 566, Zn(NO3), 6H,0 ZrO(NO3), H,0 MgO-SiO,-x

Stirred until
dryness.

Stirred, aged, | M
\U/ washedand | . (1% — ]

Calcination 1 dried-

............................................................................................................................................................................................

Step 3: y-Me/ZrZn/MgO-SiO,-x preparation.

a0, o7 KOH, o LIOH1%0 . Or just one calcination

SUTSd s Gotcinations Typically 3 but more energy intensive

Centre for
Sustainable
Chemical Technologies
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KOH and LIOH

3 calcination steps 1 calcination step

T : T T
= 0.12 T T 60
—~ 0.09 1,3-BD selectivity -/: _50 | ' J L
= - - 55
§ __45 RS 1,3-BD selectivity 2o
of 40 g [
\‘g 0.08 - I &2 0.10 45
80 - -35 o ) . o
b - — 0.09 1 L
X 30 & | 35
g 0.07- - i < 3 008 I =
E o5 = g . 30 &
= i i 25
2 0.06- 1-3-BD yield 20 % 00771 . 13BDyield [
: 15 g 0064 15
s - ==] ; Butene selectivity r
2 0.0 //W. -10 . 0.05 .\1\. 10
e - —_
A 5 | T T T T 5
T ' T T T Li Na K

Li Na K

[ 81 m?/g ] [ 219 m3/g ] [ 243 m3/g ] [ 210 m?/g ] [ 290 m3/g ] [ 305 m?/g ]

Centre for
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Comparison of NaOH effect with = BATH

KOH and LIOH

e i T Butene selectivity r
0.05- Butene selectivity [, . .\,\. 10
[ - . 5
I I I

T T T T T 5 Li K
Li Na K ' Na

[ 81 m?/g ] [ 219 m3/g ] [ 243 m3/g ] [ 210 m?/g ] [ 290 m3/g ] [ 305 m?/g ]

) Centre for Where are we going with this?

3 calcination steps 1 calcination step
T : T T
= 6
S 1,3-BD selectivity _/: . 012 7= ' ' ' 1%
<, - 45 S o1l Ed
g | < 0.11 4 1,3-BD selectivity '_50
on L 40 °§ ] L
\g 0.08 - I 2 0.0+ 45
o0 35 & ] ) 40
z il - — 0.09 1 L
2 30 & . 35
= 0.07 . i < 3 008 35
E _25 E« .?; - | -_30 e,\
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o
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* Methanol A Methane § Formic Acid
CH,O0H L= F HcooH W&

Diethyl ether & ° Formaldehyde

Chemical
Building &%
Blocks

Fuels
CH,

Sustainable
Chemical Technologies

) We do need a sustainable source of H,
) Centre for
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Reverse water-gas shift reaction Fischer-Tropsch reactions

nCO + (2n+1)H2 —_— CnH2n+2 + nHzo
C:()zg'F F12 == CO + F12(3
nCO + 2nH2 - CnHzn + nHzo

thermodynamically unfavorable: nCO+ 2nH,  — CyHzn20 + (n-1)H;0

AG,°= 20.6 kJ mol*t

Py 1.E+03
100 7

methane + 1E+00
C2-4
g
So it would be best to work : 5
with CO rather than CO.. g 5
But CO, is what we are g 0
emitting in the atmosphere! S =
Q
§".
C5+ b, Tt1E2
0 T T T T lE'24
350 450 550 650 750 850
Temperature / K
Centre for . .
) Sustainable the most thermodynamically stable product is methane
Chemical Technologies

Journal of CO,, Utilisation 2014, 34



Reverse water-gas shift reaction

CO, + Hy ==

AG,°= 20.6 kJ mol*t

)

life cycle
assessment

process
optimization

Centre for

Sustainable
Chemical Technologies

Fischer-Tropsch reactions

nCO + (2n+1)H2 —_— CnH2n+2 + nHzo
—_— CnHzn + nHzo
> CnH2n+2O + (n-1)H20

co v o[>
nCO + 2nH2

thermodynamically unfavorabile:

nCoO + 2nH2

Py 1.E+03
100 7

methane + 1E+00
C2-4
catalyst 1E-03
i =\
synthesis : LE06
>
c
S 1E-12
o 40 A
l 3 1E-15
20 | 1E-18
C5+ b. 1E-21
catalyst
optimization 0 ; ; . . 1E-24
350 450 550 650 750 850
Temperature / K

Jonoely jow DH wnugiinbg

the most thermodynamically stable product is methane

Journal of CO,, Utilisation 2014, 34
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Reverse water-gas shift reaction

CO, + H, = CO + H,0

The reverse water-gas shift reaction is an equilibrium process and as such CO,
conversion is limited by thermodynamics

100 -
90 -
80 -
70 +
60 -
50 -
40 -
30 -
20 -
10 -

Conversion (%)

—\Nithout CO Removal
= \/\/ith 90 % CO Removal

Sustainable Temperature (°C)

c 0 200 400 600 800 1000
entre for
Chemical Technologies
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CO, can be converted to hydrocarbons through a two-step
process

RWGS Fischer-Tropsch
CO, + Hz% CO +H,0 (2n+1)H, + nCO & C Hyp4p+NH,0

H,

co, H Hydrocarbons

Centre for
Sustainable
Chemical Technologies
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The majority of previous work has been conducted using
‘traditional’ Fischer-Tropsch catalysts based on iron and cobalt

Iron

26
Fe

55.845

cobalt
27
Co

58.933

-Active for both the RWGS reaction

and FT

-Relatively high selectivity towards
higher hydrocarbons and olefins

-lower conversions observed when
CO, is used as a carbon feedstock

)

Centre for
Sustainable
Chemical Technologies

Cobalt

-High activity for the FT process

-Higher chain growth probability than
iron for FT
-Not RWGS active

-Generally high (>75%) selectivity to
methane with CO,, hydrogenation
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The majority of previous work has been conducted using
‘traditional’ Fischer-Tropsch catalysts based on iron and cobalt

26
Fe

55.845

cobalt
27
Co

58.933

Iron

-Active for both the RWGS reaction
and FT

-Relatively high selectivity towards

Cobalt

-High activity for the FT process

-Higher chain growth probability than
iron for FT

higher hydrocarbons and olefins <Not RWGS active >

-lower conversions observed when
CO, is used as a carbon feedstock

Chemical Technologies

Centre for
Sustainable

-Generally high (>75%) selectivity to
methane with CO,, hydrogenation
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Cobalt-based catalysts have also been shown to give high CO selectivities.

Variation of the catalyst support can play an important role in directing selectivity
away from hydrocarbon products.

Catalyst:
20wWt%Co/3wt%Mo/1wt%Na
. Conversion / Yield
30 -
ECO Yield mHC Yield
25 -
X
5 20 -
@
>_
15 -
10 -
5 4
0 - T T . .
Si02-500 CeO2 TiO2 Al203 MgO Zro2 ZSM-5

Catalyst Support

Chemical Technologies

Centre for
Sustainable

J. CO, Utilisation 2016, 97
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The addition of the appropriate promoters can greatly improve selectivity
towards CO or HCs.

100% 1 Catalyst Composition CO,
90% - Conversion
80% - (%)
70% - 20wt%Fe/SiO,-250A 35
60% -

e 20wt%Fe/10wt%Zn/SiO,-250A 8
40% - 20wt%Fe/10wt%Ga/SiO,-250A 7
30% 1 20wt%Fe/1wt%Al/SiO,-250A 28
20% -
10% - B HC Selectivity T= 370 oC
0% . . . B CO Selectivity

Ga Al

None Zn
Promoter

Selectivity

HC selectivity of Fe/SiO, catalyst
) Centre for can be improved by the addition of

Sustainable

Chemical Technologies promoters
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The addition of palladium was found to improve the performance of an iron
silica catalyst system

(a) Conversion
60 -
= M Total Conversion ® HC Yield CO Yield
X 50
el
@ 40
>
= 30
o
w
o 20
>
Q
0 -
20Fe 20Fe0.5In 20Fel1Pd
(b) C,-C, Olefin  (c) Hydrocarbon
Selectivity Distribution
20Fe 20Fe
M % olefin mCl
) W C2-C4
% Paraffin 54
20Fe-4In 20Fe-1Pd
mcl
® % olefin
mC2-ca
% Paraffin C5+
Centre for

Sustainable
Chemical Technologies

ChemPlusChem 2013, 1536
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Table 1. Product selectivity and catalytic activity at 1 bar. Catalytic tests were performed at 350°C and
a H,/CO ratio of 1; results after 15 hours on stream are shown (CO conversion: 0.5 to 1.0%). The
product mixture that was analyzed consisted of C; to C;¢ hydrocarbons. Iron time yield (FTY) represents
moles of CO converted to hydrocarbons per mol of Fe per second; %(C is defined as carbon atoms in a
product with respect to the total number of C atoms in the hydrocarbon mixture. CO, was not measured.

Selectivity (%C)

Sample (10—6 mF:lY /g s) H C.—C, C,—C,

o CH, olefins paraffins >+
Fe/CNF 141 23 61 4 12
Fe/o-Al;03 (12 wt % Fe) 0.65 22 61 4 13
Fe/B-SiC 6.52 31 58 4 7
Fe/SiO, 0.14 38 56 5 1
Fe/y-Al,03 0.07 54 44 2 0
Fe-Ti-Zn-K 0.13 83 16 1 0
Fe-Cu-K-SiO, 0.20 43 46 2 9
Bulk Fe 0.08 76 21 2 1

Centre for
Sustainable
Chemical Technologies

Torres Galvis, H. M., et al., Science 2012, 335 (6070), 835-838.
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Conventional process:
complex, inefficient, expensive

CNT removal of impregnation drying and
synthesis residual iron of Fe catalyst calcination

(@)
2
D
<
24
Q
Q
One-step process: S
=
Fe@CNT >
synthesis

@ >
Fe nanoparticles used to

synthesize the CNTs are re-used
) cenretor @S catalysts for CO, conversion

Sustainable
Chemical Technologies

Cat. Sci. Technol. 2013, 1153
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(b) Fe(lIl) Air, 570°C
40 mins

(c) Fe(11)(111) H,, 400°C
280 mins

Intensity (a.u.)

733 723 713 703
Binding energy (eV)

Centre for
Sustainable

Chemical Technologies Oxidation and reduction are all done on-line and in situ, no
additional process steps
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Ambient pressure, 370 °C, 4 hours

Catalyst FTY (10°) mol/lgs CO CH, C,, Cs,
FE@CNT 11 45.1 29.3 24.3 1.3
Fe decorated CNT 3.0 82.4 12.4 5.2 0
FeE@CNT Fe decorated CNT

.
} 20 nm
in-situ Fe deposition ex-situ Fe ?eposition

Sustainable Cat. Sci. Technol. 2013, 1153
Chemical Technologies .
Patent filed
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total C2+
S % B methane
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Centre for
) Sustainable
Chemical Technologies

ChemSusChem 2015, 4064
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Hydrocarbons
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Chemical Technologies
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» [ndustrial relevant catalysts prepared and tested. Selectivity very
sensitive to preparation conditions and operational parameters

» We have prepared highly efficient iron and cobalt nanoparticle catalysts
using a one-step method for the conversion of CO, to hydrocarbons, with
high conversion and selectivity to long hydrocarbons using promoters.

» Life Cycle Assessment was used to optimise catalyst preparation,
promoters and process parameters to minimise embodied impacts and
maximise hydrocarbon offsets. We have shown there is a credible route
towards carbon neutral carbon dioxide utilisation.

Centre for
Sustainable
Chemical Technologies
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Prof Davide Mattia, Dr Pawel Plucinski, Dr Laura Torrente-Murciano
(Chemical Engineering)

Prof Marcelle McManus (Mechanical Engineering)

CO,: Prof Sofia Pascu, Dr Justin O'Byrne, Dr Rhodri Owen, Dr Glyn
Griffiths Dr Daniel Minnett

Butadiene: Dr Simoni Da Ros and Prof Jose Carlos Pinto (Rio De Janeiro)

EPSRC Grand Challenge CO, Utilisation, University of Bath, CSCT and
the DTC, Ciéncia sem Fronteiras programme

Chemical Technologies

Centre for
Sustainable



W/& UNIVERSITY OF
I AT

Any questions?

Feel free to contact me if you want
any further information:

m|205@bath.ac.uk

http://www.bath.ac.uk/chemistry/contacts/academics/matthew_jones/

http://mdjbathchem.wixsite.com/jonesgroup
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