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Motivation: Opportunity for Electrochemical Processes

A large majority of industrial chemical processes are heat-driven

Why do we use fossil fuel heat to produce the chemicals we need?

« Most chemical processes developed over Global primary energy consumption by source
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel
the |aSt ~1 OO yea IS production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as
fossil fuels.
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Motivation: Opportunity for Electrochemical Processes

A large majority of industrial chemical processes are heat-driven

Why do we use fossil fuel heat to produce the chemicals we need?

* Most chemical processes developed over
the last ~100 years

* Energy only available in the form of heat
(combusting coal, oil, and gas)

* Fuel =2 heat 2 electricity = industrial process
is inefficient, when electricity can just be cut out

For the first time in history, we have substantial energy
in the form of electricity produced via wind & solar

* This allows us to reimagine a sustainable
and electrified chemical industry
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Energy consumption by source, World

Primary energy consumption is measured in terawatt-hours (TWh). It has been calculated using the substitution

method’, which adjusts non-fossil sources for the inefficiency of fossil fuel equivalents.
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Motivation: Opportunity for Electrochemical Processes

This has sparked interest in organic synthesis
industries (e.g. pharma)

Web of Science results for
“Electrochemical Synthesis” + “Pharmaceutical”
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Motivation: Opportunity for Electrochemical Processes

At the same time, there's a desire to move from batch Continuous Electrochemical Reactors
to continuous processes (" N
Electrochemical CSTR
— . o/

. (Fao — FaA)nF
[

« What reactivity hazards are specifically associated
with flow electrochemistry?

e How can we address them?

Electrochemical PFR

To understand, let’s briefly review basic concepts of — >—> dCp 3 iS

electrochemical reactions — —_— —
IIIJ dX nTLvo
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Electrochemical Reaction Fundamentals

3 elements of an electrochemical reaction:

1. Molecular transformation where an electron (e°)
is a reactant or a product

2H* + 2e"> H, 4

2. Inherently heterogeneous process with at least o
2 phases /1 electrode Ze'> i
Electron conducting phase (electrode) electrolyte ol o
e 2
* lon conducting phase (electrolyte) T H,O 2H*+ 15 O,
. . ) 2e.L 267 electrode
3. Contains 2 electrodes to maintain
electroneutrality H,0 2 2H* + %2 O, o+ 2€

* Current = reaction rate (rate of flow of electrons)
« Potential = driving force (impetus for electron flow)
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Reactivity Hazards for Continuous Reactors

Thermochemical Reactors Electrochemical Reactors
(| . ) 4 _ ~
Runaway Reactions Runaway Reactions?
............ * Echem rxns don't experience substantial T
Qrxn > Qrem effects as result of reaction
O o ] * Energy of reaction manifests as electron
eat removal due g . potential, rather than heat
to cooling
: ern
Ex) AMN,.
Temperature =
* Heat generated via reaction exceeds AH., = -242 kJ/mol
heat removed via heat-exchange ;;
1 2e’\
. Hazlarc_lous scle?alrlos unjerstood by 123V @ 298K
analyzing multiple steady states ) Lin electrochemical reactor Energy out y

G
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Reactivity Hazards for Continuous Reactors

Thermochemical Reactors

Electrochemical Reactors

Runaway Reactions

ern > Qrem

Qrem/"
Heat removal due

to cooling

Heat generation due to
exothermic process

ern

Temperature

« Heat generated via reaction exceeds
heat removed via heat-exchange

» Hazardous scenarios understood by
L analyzing multiple steady states

5=) PURDUE | s
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Runaway Reactions?

« But echem reactors can still experience
multiple steady states, creating potentially
hazardous operating conditions

50 (" Mass transfer:
T | _D .
What are the 2 oo == (¢ —-c¢f)
hazards? N
% 150
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g 100
S
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Kinetics: A
(k1 C]* eXp[aV]) Jn ° e
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. 2
) _ (1 + k,C; exp[aV])
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Reactivity Hazards for Continuous Reactors

Thermochemical Reactors Electrochemical Reactors
4 . N )
( Hazards during runaway conditions A Hazards during “runaway” conditions
T Constant current operation
J t
""""""" _ Potential increases
A .2 | until sufficient to o
g S| oxidize different S econdary
z t B species \Y > 7+ ef__-" [ reaction
2 ; Secondary o rwn T e emn y
= ATad,. ER B
z * feaction AS B . Reactant A
1 +e
Reaction occurs vV ) depleted
i||l-'['E"j'l I Ediﬂbﬂtica];}' deSII‘ed Deaviation Mormal
T gind l Operation
Daviation Normal -
Operation Time
Tine » Depletion of reactant initiates secondary rxn
. High T exceeds reactor specs » Solvent/electrode decomposition

« H,/0, generation
» Polymerization
 Higher T due to increased Joule heating

* High T initiates secondary rxn
« Gas generation/pressure increase

\____* Hazardous/undesired chemicals y, - g
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Reactivity Hazards for Continuous Reactors

Thermochemical Reactors

Electrochemical Reactors

Hazards during runaway conditions

Q?‘xn = Qrem

FY
5
-
g 1
f_ Secondary
= ATad,.. [ reaction
= .
F.eaction ocouts
ATad, " adiabaticallv
T gesived :
Deviation Normal
Operation

Time
« High T exceeds reactor specs
* High T initiates secondary rxn
« Gas generation/pressure increase
\_ « Hazardous/undesired chemicals

4 . .
) Hazards during “runaway” conditions
Constant potential operation
bk
c
g | Secondary
= reaction
@)
™ . Reactant A
. / | depleted
| desired Normal
/ ~, ~  Operation
Time
« Unpredictably high/low current (reaction rate)
» Could lead to oscillation/control issues
Y .
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Analyzing Unstable Steady States in Electrochemistry

Challenges for addressing reactivity hazards related Experimental analysis must simultaneously account
to multiple steady states:

for kinetics, MT, & potential @ steady state

Electrochemical multiple steady states arise as

solutions to coupled equations of /Rotating Ring-\/Micro Electrode\ /Electrochemical\
. Kinetics Disk Electrode Mass Spec
HZO + e v

* Mass transport < —+,r’
 Electric field

There is no existing experimental exploration of
electrochemical multiple steady states
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Iridium Oxide pH Sensor on RRDE

* Iridium oxide pH sensor can help

» Fabrication flexible (e.g. RRDE)

2irO, + 2H* + 2e-=Ir,0; + H,O

Potentiometric
Reaction agnostic
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Potential (V vs RHE)

Iridium

.,y =-0.0578x + 0.7632

Reactivity hazards of electrochemical reactors

Iridium oxide
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Sensing pH with Rotating Ring-Disk Electrode (RRDE)

How do we determine disk pH based on
ring pH?

Contributions to ring response:

Y ?,. « Ohmic drop induced by potential
g~ > distribution
Qe 05 (@)
c Q :
gé —— exp. currentdensity ;
3 D
© , , , , , ' ~
0 20 40 60 80 100 ""
0.0 0
S 12
< -0.1 ©
dat -
0.2 e b3 = HZO + e v,
—
—>
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Time (s)
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Ohmic Drop at Ring

* Current flowing to the disk induces potential
change at the ring, regardless of pH change

0.0 )
> Sy
2 7
r_ Q' O
: : S E -05
? — ¢O _Rlng pOtent’aI é‘c‘é —— exp. currentdensity §
I~ 4kr, induced by 3= o
disk current 0 20 40 60 80 100 ~
I ¢ . R 4'7’11 0.01 —= =~ _ ) JESEEEE )
(]5_ = KT3Iy gq _T‘ - \ / ¥ %
0 \—Y—) 2 g -0.11 \“‘ "” , _(c(‘;
Tabulated by Miksis © raw data i 5
—0.21 --- iR corrected \J 3
and Newman’ , , vV | |
0 20 40 60 80 100
Time (s)

* Provides the upper limit for ohmic drop at ring,
corresponding to primary current distribution'2

1. 1. J. Miksis and J. Newman, J. Electrochem. Soc., 1976, 123,

1030.
2. S.Hessami and C. W. Tobias, AIChE J., 1993, 39, 149-162.
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Sensing pH with Rotating Ring-Disk Electrode (RRDE)

How do we determine disk pH based on

Contributions to ring response:

ring pH?

0.0 )
&
TR X
% § 700 g * Boundary layer pH changes induced by
bt —— exp. current density . .
sE ? 3 disk reaction

—— Y X - Well-described by RRDE convection-
0.0 0 diffusion
e * Influenced by homogeneous buffers
S B
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Time (s)

E PURDUE Davidson School of The opportunity for electrochemistry to reduce reactivity hazards &

UNIVERSITY. | ChemicalEngineering Reactivity hazards of electrochemical reactors



Modeling pH change during HER in unbuffered pH 4 acid

) = i
| —— modeled disk pH 19
\ _ modeled ring pH no buffer

2-step HER in mild acid:
H"+ H,0+2e  =H,+OH™

Analytical solution for proton
concentration on disk surface:

c++/c2+0(-a)8(2—a)
6(—a)

Cd,H = KZ[

—b
- FED ]
9@0-2K2hn+2k K, p(;;)

—

Equation for ring concentration:

(crmg cbulk) ND (Cdlsk Cbulk)}

1. Galvez-Véazquez, M. D. J., Grozovski, V., Kovacs, N., Broekmann, P., &
Vesztergom, S. (2020). J. Phys. Chem. C, 2020, 124, 3988-4000.
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Model validated by

Broekmann et al.t
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RRDE accurately captures large pH
change in unbuffered acid
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J

[ B. M. Tackett, D. Raciti, N. W. Brady, N. L. Ritzert, T. P. Moffat. J. Phys. Chem. C, 2022, 126, 7456. ]
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Summary and outlook

Electrochemical processes can inherently
mitigate reactivity hazards:

 Ambient T operation
« Substitution of toxic oxidants
« Simplified reaction schemes

But continuous electrochemical reactors can
experience analogous reactivity hazards due to
multiple steady states

« Secondary reactions
» Unpredictable oscillations
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The first step to addressing such hazards is experimental
exploration of multiple steady state behavior

/Rotating Ring-\

Disk Electrode
H,O + e

H_H

H 0%
H o' H™./ n\ - lli
\ = 0O M 0=-H + :0-H
\ 2 v
H . H H H

oz B T

H H

/ Micro Electrode\

_/
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