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1. Development of an analytical model for electrochemical generation of ferrates by
electrochemical flow reactor operating in batch recirculation with ferrate degradation

We express the general rate balance equation of the flow reactor as:
IN - OUT + GEN - CONS = ACC#(S1)

where IN, OUT, GEN, CONS, and ACC are the flow into, flow out of, generation in,
consumption in, and accumulation in, respectively, a control volume or surface. The individual
terms correspond to rates of some quantity of interest, for example the moles of Fe(VI), for a
cross section of the flow reactor at some arbitrary distance X from the inlet and at some arbitrary
time t with some arbitrarily small thickness AX. It is assumed that: 1) each cross section is
perfectly mixed, 2) the reaction of Fe(III) to form Fe(VI) is a heterogeneous reaction occurring at
the surface of the electrode, and 3) the degradation of Fe(VI) to form Fe(Ill) is homogeneous
occurring uniformly throughout each cross section. As such, the terms of Equation (S1) are

expressed as follows:

IN = QuCpoqyy () #(S2)
OUT = Qypoqy(x + Ax,)#(S3)

Ax
GEN = kmBAche(m)(x + 7,t)#(54)

Ax
CONS = kdBSAche(V,)(x + 7,t)#(55)

ACC = 0#(S6)

where Qy is the volumetric flow rate of the electrolyte in m3 s!; CFE(”I)(x 1) and SFe(v) (t) the

k

molar concentration of Fe(IIl) and Fe(VI), respectively, at X and t in mole m™3; kg and “m is the

coefficients of Fe(VI) degradation (first order) [1] and mass transport in s and m s,
respectively; and B and S are the electrode width and inter-electrode distance, respectively, in m.

Combining Equations (S1)—(S6) gives:

Ax Ax
QVcFe(V,)(x,t) - QVcFe(V,)(x + Ax,t) + kmBAche(m)(x + 7,1:) - kdBSAche(w)(x + 7,t) = 0#(S57)

Dividing Equation (S7) by A% gives:
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QVCFe(VI)(x't) - QVCFe(VI)(x + Ax,t)
Ax

Ax Ax

lim
Taking the 4x~0 to Equation (S8) and applying the definition of a derivative gives:

che(w)(x,t)
- QVT + kchFe(,”)(x,t) - kdBScFe(W)(x,t) = 0#(59)

By conservation of mass, it is therefore developed that: 1) the total iron concentration is
conserved and 2) the total iron concentration remains homogeneously dispersed. Furthermore, it
is assumed that: 3) the only iron species which appear in significant concentrations are Fe(III)

and Fe(VI) such that:

Cre(t1n(0) = Crern(6t) + Creyp (X, ) #(510)

where CFE(”I)(O) is the initial concentration of Fe(IIl). Thus, substituting Equation (S10) in
Equation (S9), it becomes:

che(w)(x,t)

- QVT + kB [CFe(III)(O) - CFe(VI)(x’t)] - kdBSCFe(VI)(x't) = 0#(S11)

Rearranging Equation (S11):

dCpeyn(%:t) B
= dx#(512)
knCrequiny(0) = (K + kgS)Cpeupy(et) - Qy

We integrate Equation (S12) and apply the following boundary conditions:
Creny (1) lizo= Creny(IN,D#(S13)
Crerny ()| = 1, = Crery(OUT ) #(514)

where L is the length of the electrode length in m. We then obtain the following solution:

KnCrein(0) = (R, + k4S)Crey(OUTL)
kmCFe(IH)(O) B (km + de)CFe(VI)(IN't)

(k,, + k,S)BL
Qy

=exp| - #(S15)

Substituting for the reactor volume VR and residence time “R in m® and s, respectively, where
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V, = BSL#(516)

Ve
T, =—#(517)
R Q,
and rearranging to isolate F e(VI)(OUT’t), we obtain:

k

m

s k k
CFE(W)(OUT,t) = . [1 - exp [— (?m + kd)TR”CFe(m)(O) + exp [— (?m + kd)rR]cFe(w)(IN,t)#(SlS)

m
—tk
S d

Using the general balance Equation (S1) we now perform a mole balance of Fe(VI) on the
entirety of the reservoir at t. It is assumed that: 1) the reservoir is perfectly mixed and 2) the
degradation of Fe(VI) to form Fe(Ill) is homogeneous, occurring uniformly throughout each

cross section. As such, the terms of Equation (S1) are expressed as follows:
IN = QVcFe(w)(OUT,t)#(Sl‘B)

oUT = QVcFe(VI)(IN,t)#(SZO)

GEN = 0#(521)

CONS = deTcFe(VI)(IN,t)#(SZZ)

de, o (IN,E)
ACC=V, Fe(V;t #(523)

where Vr is the reservoir volume in m3. Combining Equations (S19)—(S23) leads to the following
equation for the reservoir:

che(W)(IN,t)

Substituting the reservoir residence time *7 in s given by

v
Ty = Q—T#(szs)
14

and substituting CF E(VI)(OUT’t) as expressed by Equation (S18) into Equation (S24) leads to:
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s k., k., depeynUNE)
3 l-exp|- ?+ kyltg cFe(,”)(O) {1+ kyrp—exp| - ?+ kyltg cFe(w)(IN,t) = TTT#(SQﬁ)

Rearranging Equation (S26):

CreqnUN,t) 3 dt# <7
. =5 (527)
S o K
K [1 —-exp|- (? + kd)‘rR”CFe(”,)(O) - [1 + kT —exp| - (? + kd)‘rR”cFe(w)(IN,t)
—+ky
S

We solve Equation (S27) and apply the following initial condition:

CrernIND)| = o = 0#(528)

To obtain the concentration of Fe(VI) in the reservoir as a function of time:

c (IN,t)
LD " a1 - exp (- bt)]#(S29)
Cre(in(0)
where
k. ke,
— l-exp|-|—+ky|t
S (5 d) Rl #(530)
a= #
km km
< +k 1+ kTt —exp| - (? + kd)TRl
and
km
1+ kytp—exp| - (? + kd)rRl
b= #(531)

Tr
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2. Linearization of analytical model and fitting of linearized experimental data
2.1. Linearization of analytical model

The following is postulated to develop a simplified approximation of the analytical model

expressed by Equations (S29)—(S31) such that it can be linearized:

km
kg < —#(532)

k Tp << 1#(S33)

This work evaluating kq using the non-linear least squares method suggests that Equation (S32)
is also a reasonable postulate. Previous work with degradation of electrochemically-generated
ferrates [1] suggests that Equation (S33) is also a reasonable postulate. As such, Equations (S30)
and (S31) become:

a=1#(534)
k,Tp
1- _
exp( g )
b= #(S35)
Tr

Therefore, Equation (S29) can be expressed in the following linearized form:
I [oqin(0) = Cren(IN.D] = at + b #(S36)

where

kaR
1-exp ( - )

a =- #(S37)

b =10 [Coqn(0)]#(S38)

ky=0

It is noted that satisfies both postulates described by Equations (S32) and (S33) and

results in the approximations described by Equations (S34) and (S35). In other words,

linearization of the analytical model is equivalent to the special case where kg =0.
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2.2. Fitting of linearized experimental data

To demonstrate this analysis, CFE(VI)(IN’t) data for varying current densities, I, using an ion

exchange membrane are shown on a In [CFe(”I)(O) - CFe(VI)(I N ’t)] vs time plot (Figure S1). It
is clear that data for different current densities show linear trends and can be fitted by linear

regression (straight lines). For all fits the value of R? exceed 0.95 (Table S1).
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Figure S1. In [CFE(”I)(O) = Creqrn(IN 0] for varying current densities with an ion exchange

membrane plotted as a function of time. Initial conditions: pH 7, CF 9(111)(0) =10 mM, Qv = 49L
min-!,
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Table S1. Summary of statistics from linear regression analysis of linearized experimental data

[/ mA cm? R?
5.0 0.979
7.5 0.957
10.0 0.994
15.0 0.993

The values of o are obtained form the slopes of the linear regression analysis and are
summarized in Table S2. In addition, we performed non-linear least squares method to directly

fit Equation, i.e., without applying approximations (S32,S33) and linearization (S36) . It is clear

that regressed values of e do not vary significantly within a 95% confidence interval for a
given I, irrespective of whether the linear regression analysis of linearized experimental data or

non-linear least squares method was employed. With the use of non-linear fitting, best optimum
fitting is generally obtained when kg is 0.
Table S2. Comparison of parameters obtained by 1) linear regression analyses of linearized

experimental data (“Linear”) and 2) non-linear least squares method (“Non-linear”). Reported
values include 95% confidence intervals

km/mS'1 X 106
[/ mA cm Linear Non-linear
5.0 26 £ 03 3.6 £ 09
7.5 106 £ 1.8 9.7 £ 1.0
10.0 219 £ 13 198 £ 1.4
15.0 358 £ 24 324 25
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