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Abstract

The Villermaux-Dushman method, one of the most extensively used test reaction
systems for micromixing characterization, has been widely criticized for years due to
uncertainties regarding the incomplete dissociation of sulfuric acid and the proposed
kinetic study by Guichardon et al. In this work, a renewed study of the kinetics of
the iodide-iodate reaction is presented, using perchloric acid to avoid issues concerning
incomplete acid dissociation. The experimental results are in good agreement with
the fifth order rate law for the iodide-iodate reaction. The reaction rate coeflicient
strongly depends on the ionic strength and can be modeled with a Davies-like equation.
When implemented in the incorporation model, the kinetic model presented in this

study can be used to estimate micromixing times that are in line with the theoretical
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engulfment time. This is observed in two different reactors with low and high intensity
of mixing: an unbaffled stirred vessel and a rotor-stator spinning disc reactor. The
results from the latter are also compared with the second Bourne reaction, giving very
similar micromixing times. The use of sulfuric acid in combination with the kinetic
model from Guichardon et al. also provides micromixing times of the same order of
magnitude; presumably their kinetic model indirectly accounts for the second proton
dissociation rate in the overall reaction rate coefficient. The kinetic model presented
in this study in combination with perchloric acid is suggested as an alternative to

characterize micromixing behavior.

1 Introduction

For the chemical industry, the understanding of mixing plays a crucial role when fast complex
chemical reactions take place: it can affect selectivity and yield,” the size of crystals and
precipitates,? or the molecular weight of polymers.”

For these reasons, micromixing characterization has been an important research topic in
the last few decades, both to its relevance in the design and scale-up of new equipment,** as
well as to understand and optimize the operational conditions and feed streams in traditional
reactors. U4

A heuristic definition of mixing is the homogenization of a system: the reduction of
gradients of concentration, temperature, phases, and so on. Thus, micromixing is commonly
defined as the homogenization of the system at the smallest scale where reaction occurs.™
This process has a characteristic time, commonly called the micromixing time,*® and it
can define the product distribution of fast competitive-consecutive or parallel-competitive
reactions.’

When Direct Numerical Simulations are difficult to perform due to complex geometries

or complex hydrodynamic conditions, test reactions and mixing models are used to measure

qualitatively and quantitatively the micromixing time in chemical reactors.
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One of the most extensively employed test reaction systems is the Villermaux-Dushman
system, developed in the 1990’s'® and since then used to characterize both traditional and
novel reactors. Another test reaction that is used in micromixing investigations is the sec-
ond Bourne reaction,™ which involves the simultaneous diazo-coupling of 1-naphthol and 2-
naphthol with diazotized sulfanilic acid in a basic environment. Although the kinetics of the
second Bourne reaction have been carefully investigated and revised,” 2! the Villermaux-
Dushman method has been preferred among researchers for being experimentally and ana-
lytically easier to perform.

2122 45 briefly

The complete experimental method of the Villermaux-Dushman system
summarized as a slow addition of a proton source to a bulk solution. Depending on the
micromixing efficiency it can favor one of the two possible reactions: the nearly instantaneous

neutralization of a buffer containing borate ions /]

B(OH), + H" — B(OH); + H,0, (1)
or the iodide-iodate reaction

105 + 50 +6H" — 31, + 3H,0. (2)

To evaluate the micromixing efficiency in process equipment, typically the segregation

index Xg is used, which represents the selectivity towards the undesired product Y':

Y

Xg= —.
7 Yar

(3)

'In micromixing investigations, orthoboric acid and borate ion are commonly represented as H;BO; and
H,BO, ", respectively. However, orthoboric acid shows Lewis acidity, accepting a hydroxy group.*® It is
more appropiate to represent them as B(OH); and B(OH), .
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Y is the ratio of acid mole number consumed by iodide-iodate reaction,

2(%12 + nIg)

y=—"— b (4)

Ysr is the value of Y assuming an infinitely slow micromixing process, leading to a situation
in which the acid is consumed in proportion to the local concentration of borate ions and

iodate ions:
6[103 Jo
6105 ]o + [HaBO3 Jo

(5)

Yor =

When perfect mixing is achieved, no iodine is produced and Xg = 0. On the other
hand, under a situation where complete segregation occurs Xg = 1. In this way, experimen-
tally obtained values of Xg can indicate the micromixing efficiency at different operational
conditions.

This method is very sensitive to mixing effects and produces reproducible results. By
using the same concentration set, one can rank different mixers and devices. However,
to quantitatively determine micromixing times, sufficient information about the kinetics
is required, and for some years there has been controversy on whether the kinetic model
proposed by Guichardon et al.%* for the iodide-iodate reaction is accurate enough to quantify
micromixing times, >0

In 2000, Guichardon et al.?* published a kinetic model to determine micromixing times
using the Villermaux-Dushman method. In their work, previous kinetic studies were sum-
marized and discussed, partial reaction orders were determined, and an empirical model for
the reaction rate coefficient k£ with a dependency on the ionic strength I, was proposed:

d[105]
dt

r=—

= K105 ][I [H"*, (6)
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with

I, <0.166, log,,(k) = 9.281 — 3.664+/1,, (7)
I, > 0.166, log,o(k) = 8.383 — 1.511/1I, + 0.2371,. (8)

The salt used to study the effects of ionic strength was potassium sulfate. In combination
with sulfuric acid as the proton source, this led to a buffer-like situation, as others already
discussed.”” The sulfate ions, acting as a weak base, could catch and later release protons,
leading to slower reaction rates. In other words, this apparent reaction was a combination of
the iodide-iodate reaction plus the equilibrium reaction of the protonation and deprotonation
of the sulfate species.

In 2016, a revision of the kinetics*® took place, acknowledging the above mentioned
effect. The revision indicated that the second dissociation of the acid should be included in
the model and an updated model for the reaction rate coefficient was presented. However,
no information about the kinetic rates of the dissociation constant were given, and the re-
calculated reaction rate constant increased with increasing ionic strength, a phenomenon
unlikely to occur in aqueous solutions at moderate ionic strengths.?”

As first discussed in 2010 by Kolbl et al.,* and later explored by Baquerio et al.®!
and Wenzel et al.,*# the use of a strong monoprotic acid such as perchloric acid could
be an alternative to avoid the uncertainties due to the incomplete dissociation of sulfuric
acid. However, whether the kinetics of the iodide-iodate depend on the used acid was not
confirmed.

The Dushman reaction was studied also by Schmitz et al.*¥%7 However, their work fo-
cused on understanding other reaction systems: the oscillating Bray-Liebhafsky reaction,
the Briggs-Rausher reaction, and the reaction mechanisms of other iodine-related reactions.
Their most recent kinetic model,*” which is limited to low values of ionic strength (I, < 0.2

M), has not been used for micromixing investigations.
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The purpose of this work, of which its preliminary results were presented during the
AIChE Annual Meeting 2019,%¢ was to determine the reaction rate of the iodide-iodate
reaction when using perchloric acid as the proton source, and to propose a kinetic model that
allows quantification of micromixing times when using the Villermaux-Dushman method.
Micromixing experiments were carried out in a rotor-stator Spinning Disc Reactor (rs-SDR)
and in a Stirred Vessel (SV) using the Villermaux-Dushman method to verify the suitability
of the proposed kinetic model in equipment with different mixing intensities. Furthermore, a
diluted concentration set for the Villermaux-Dushman system using perchloric acid was used
to analyze its variability under similar hydrodynamic conditions. The results were compared
with those obtained using the original Villermaux-Dushman method with sulfuric acid using
the kinetic model proposed by Guichardon et al.*¥ Finally, the results were compared to
estimated micromixing times obtained with the second Bourne reaction system to confirm

the validity of the proposed kinetic model for the Villermaux-Dushman system.

2 Materials and methods

2.1 Kinetics of the iodide-iodate reaction

The experimental setup involved a batch reactor, represented schematically in Figure[I] The
small jacketed glass reactor had an inner diameter of Dy, = 2.5 x 1072 m, an inner height
of Hygren = 2 x 1071 m, an outer diameter of Dijacker = 3.5 X 1072 m, and total height of
Hjoeker = 2.05 x 107! m. Through the jacket, cooling liquid was recirculated to keep the
reactor at a constant temperature of 20 °C using a Lauda Ecoline RE104 cooling bath.
Depending on the investigated parameter, the batch reactor was loaded with 50 x 1073 L
solution containing potassium iodide (VWR, Chemicals, > 99%), potassium iodate (Merck,
98%), and sodium perchlorate monohydrate (Alfa Aesar, > 99.0%) to tune the ionic strength
to the desired values. The proton source, perchloric acid (VWR Chemicals, 65%), was added

to the reactor in pulses, using a 1 x 1073 L syringe. During every experiment, the reactor
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Figure 1: Schematic representation of the batch setup used for the kinetic study

was stirred using a small magnetic stirrer at constant speed, which was carefully selected to
avoid macromixing effects. All experiments were performed at least three times.

Table [1| summarizes the concentrations (after mixing) used for each investigated param-
eter. The concentrations were carefully selected, based on preliminary data, to maximize
sensitivity of the reaction rates and avoid saturation of the employed analytical method (spec-
trophotometry). Fresh solutions were daily prepared using demineralized water, stripped
with nitrogen gas.

The reactor included a small recirculation line with an in-line flow cell attached for
real-time spectroscopy measurements. For each experiment, the signal at a wavelength of
353+1 nm was recorded (integration time 1.05 ms) with an AvaSpec-2048 spectrophotometer
(Avantes) using the Avalight DH-S (Avantes) as a light source. The flow in the recirculation
line, with an estimated volume of 0.6 x 1072 L (negligible compared to the contents of the

1

reactor), was kept at a constant rate of 8.3 x 1072 L s™! using a gear pump ISMATEC

REGLO-Z Digital equipped with pump-head Z-186.
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Table 1: Set of concentrations according to the investigated parameter. Each column (2
to 5) shows the investigated parameter, with the corresponding set of concentrations of the
reagents in the rows below.

Investigated parameter

10; I HF I,
[KIOs[,M  4.0-500x10° 25x10° 25x 1077 25 %107
(K1), M 5.0 x 1073 2.5—10.0 x 107* 1.0 x 102 1.0 x 102
[HCIO4),M® 1.0 x 1073 1.0 x 1073 1.9-38.0x 107 1.0x 1073
[NaClO4),M 0.0,0.1,1.0 0.0,0.1,1.0 0.0,0.1,1.0 1.1 —100.0 x 1072

% For the experiments carried out at 1.0 M ionic strength, the concentration of acid was
doubled to 2.0 x 1073 M to keep the reaction time under 300 seconds.

2.2 Analysis of the kinetic data

The quasi-instantaneous equilibrium reaction of iodide ions and iodine to form tri-iodide

ions®” is a key feature for studying the kinetics of the iodide-iodate reaction, provided that

an excess of iodide ions is present at all times:

L+ T =15 (9)

The temperature-dependent equilibrium constant K.,

L]
K., = —, 10
"~ ] o
is defined by the following expression:*"
959
logy ey = 2 +7.355 = 2.575 logy T, (11)

A concentration profile of tri-iodide was obtained using the signal from the spectropho-
tometer using the Beer-Lambert law. Under the studied conditions the value of the ab-
sorbance at 353 nm was always in the linear range.

By adding a pulse of 1 x 1073 L of diluted methylene blue (VWR Chemicals, 1% w/v

aq. soln.) to the reactor containing 50 x 1073 L of water, and recording the signal from the
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spectrophotometer at a wavelength of 665 4+ 1 nm, the macromixing time (95% homogeniza-
tion) was determined to be always less than 5 s. To determine the reaction rate coefficient

k, the first 7 s after the reaction was started were not considered.

2.3 Fitting procedure

For each experiment, the tri-iodide concentration C' - as obtained from the absorbance mea-
surements was recorded as a function of time ¢. Recognizing that the limiting reagent? for the
iodine formation is potassium iodate®! and knowing the initial concentration of the reagents
for each experiment (Table , the mass balance closed. That provided a concentration pro-
file of all the species. These concentration profiles were used to model the system as a batch
reactor using MATLAB (version 2017b).

The set of ordinary differential equations that describes the concentration over time in a

batch system for species i takes the form of

dc;
dt

where the experimentally obtained concentration profiles were used to fit the reaction rate
coefficient k as shown in Equation [6] This fitting was performed using the built-in function
‘fminsearch’, and an objective function defined as the sum of squared estimate of errors

(SSE), i.e.:

SSE = Z (Clg,ea:p - Olg,mod)2> (13)

where the suffix exp stands for experimental, and mod for modeled.

Typical tri-iodide concentration profiles and their fitted curves can be found in the Sup-
plementary information.

At least three experiments were performed for a given set of concentrations, and the

average values of £ were compared against the ionic strength to obtain a correlation. The

2In iodometry this redox reaction proceeds by iodate ions oxidizing the iodide ions in acidic environment.



145

155

fitting was performed using the ‘Curve Fitting Toolbox’ from MATLAB (version 2017b), to
allow the use of custom equations. A nonlinear least-squares fitting was performed, and the
fit options were changed to increase the maximum number of function evaluations to 6000,
maximum number of iterations to 4000, while the termination tolerance on function value

and termination tolerance on x were both decreased to 1.0 x 10712,

2.4 Second Bourne reaction

As mentioned in the introduction, a very well established test reaction for micromixing
characterization is the second Bourne reaction, also referred to as diazocoupling of naph-
thols. Originally consisting of the diazo-coupling of 1-naphthol with the diazonium salt of
sulfanilic acid,?” this method was later extended to include the competitive azo-coupling of

t.19

2-naphthol to characterize devices with high energy inpu The reaction scheme follows the

competitive-consecutive and parallel-competitive second order reactions:

Al4+ B — o0— R, (14)
Al+B —p—R, (15)
o—R+B—S5, (16)
p—R+B— S, (17)
and
A2+ B = Q, (18)

10
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where Al stands for 1-naphthol, A2 is 2-naphthol, B represents diazotized sulfanilic acid,
p — R and o — R are the monoazo subsituted products in the para and ortho positions
respectively, S is the bisazo product, and finally @) is the monoazo product of A2.

The kinetic rate coefficients of these reactions were measured (Bourne et al.)* in a
stopped-flow apparatus, at a temperature of 298 K, pH of 9.9 (sodium carbonate / sodium
bicarbonate buffer) and ionic strength I, = 0.444 M. The values for the reaction rate coef-
ficients from Equations [14] - [18] are k1o = 9.2100 x 10° M~'s™!, kyp = 1.2238 x 107 M~ 's ™1,
kop = 1.8350 x 10° M~'s™!, ko = 2.2250 x 10* M~'s~!, and ks = 1.2450 x 10° M~ 's~!,
respectively.

Under perfect micromixing conditions, only the fastest reaction represented by Equation
would proceed. However, under a mixing controlled regime the other slower reactions
also proceed, forming products S and (). Thus, the product distribution is reflected by the

Segregation Index Xg for the competitive-consecutive system

Xh = (19)

and X for the parallel-competitive part

@]

S PR,y T F R T

(20)

In high-intensity equipment such as the rs-SDR, the bisazo product S is barely formed

and only X becomes relevant.*

2.5 Micromixing experiments

To validate the results from the kinetic study, micromixing experiments were performed using
two setups: a 5 L Stirred Vessel (SV) and a rotor-stator Spinning Disc Reactor (rs-SDR).
Furthermore, the Villermaux-Dushman experiments were carried out with both perchloric

acid and sulfuric acid. Additionally, a diluted concentration set of the Villermaux-Dushman

11
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system and the second Bourne reaction were performed in the rs-SDR to verify the estimation
of micromixing times in high-intensity mixing equipment. If the hydrodynamics define the
mixing environment, the micromixing times should be

The concentration sets used are shown in Table |2l Fresh solutions were prepared before
the experiments to avoid degradation of the reagents.

Table 2: Set of concentrations used in the micromixing experiments.

Villermaux-Dushman

Typical Diluted

[B(OH),], M 0.1818  0.012
. [NaOH],M 0.0909  0.006
Bullesolution gy 5y 0.0120  0.0117
[KIOs], M 0.0023  0.0023
eid imioctiog HCIO4], M 1.0400  0.104
) [H,S04), M 0.5300
Second Bourne reaction
[NagCOS],M 0.1110
. [NaHCOs],M 0.1110
Bullesolution 1y \ bhthol], M 0.0012
[2-Naphthol], M 0.0036
[

Acid injection [Diazotized Sulfanilic Acid], M 0.5300

A schematic representation of the rs-SDR. is given in Figure[2| Different than in a previous
publication,® for this study the experiments were carried out in semi-batch operation. A 5
L bulk solution was charged to a tank that fed the rs-SDR. The outflow was returned to
the tank, and the method of successive injections was adopted.?! At the rim of the disc,
the zone with the highest local energy dissipation rate in the reactor, 10 x 1073 L of acid
was slowly injected at a flowrate of 3.33 x 107° L s™' to ensure being in the micromixing
regime. In-line measurements of the absorbance were recorded from the inlet and outlet of
the reactor (Dual channel Avaspec-2048-2-USB2 spectrophotometer (Avantes), Avalight DH-
S light (Avantes)). As soon as the two signals for absorbance overlapped, steady-state was
achieved and the rotational speed was modified. The segregation index Xg was calculated
using Equation [3]

The experiments carried out in the unbaffled Stirred Vessel (SV) were performed in the

12
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Figure 2: Schematic representation of the rotor-stator spinning disc reactor used for the
micromixing experiments.

Figure 3: Schematic representation of the Stirred Vessel used for the micromixing experi-
ments.

13
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same tank that fed the rs-SDR. Figure [3] shows a schematic representation. A six blade
Rusthon Turbine with a diameter of D = 7 x 1072 m with a blade height of B = 1.5 x 1072
m was introduced into the 5.5 L tank of diameter 7' = 2x 107! m and height H = 1.75x 107!
m. The stirrer was located at a distance C' =5 x 1072 m from the bottom of the vessel. 4 L
bulk solution was loaded to the tank, and 5 x 1073 L of acid was injected also at a flowrate
of 3.33 x 107 L s™!. The acid was fed through a 1/8” standard stainless steel pipe located
very close to the tip of the impeller, at a distance r = 6 x 1072 m from the wall of the tank
and height h = 1 x 107! m from the top of the tank. The absorbance signal was recorded
with the same spectrophotometer that was used with the rs-SDR.

To perform the diazocoupling of 1-naphthol and 2-naphthol,*? 1 L of bulk solution was
used, and 20 x 1072 L of the diazotized sulfanilic acid was injected at a flowrate of 3.33 x 1075
L s~'. After the injection was completed, a 1 x 103 L sample of the final solution was diluted
using 9 x 1073 L of a sodium carbonate and sodium bicarbonate buffer to allow spectropho-
tometric measurement using spectrophotometer UV-2501PC (Shimadzu Corporation). The
product distribution was determined using the values for the extinction coefficients of all

species as presented in Ref. " The segregation index X was calculated using Equation

2.6 Local energy dissipation rate

According to turbulence theory,* kinetic energy is transferred from the larger scales in the
flow field to the smallest vortices where energy is dissipated. Following the law of conservation
of energy, the mechanical energy that the Rushton turbine or the rotor from the rs-SDR exerts
into the reactor contents must be dissipated in the smallest eddies in the turbulent field by
viscous forces. The lenghtscale of the smallest eddies is defined by dimensional analysis
as g = (V°/€)/Y. These eddies have a turnover time of 7 = (v/¢)(/?). Baldyga and
Bourne™? found that the hydrodynamically most active eddies (having the highest vorticities)
have a size of approximately 11.5nx and a characteristic time of 12.77x, and reactive mixing

is defined by engulfment, deformation and diffusion of these eddies.*?

14
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In unbaffled stirred vessels, the average energy dissipation rate €gyerqge Can be estimated

from:
P
average — <, 21
Caverage = 17 (21)
using the Power Number Po from:>
P

The local energy dissipation rate depends on the location of the feed point, and is typically
related to the average value with a proportionality constant ¢. Typical values for positions
close to the impeller range from 20 to 150. In this case a value of ¢ = 35 was assumed, in
agreement with other studies. %4279
For the rs-SDR, the averaged energy dissipation rate was directly measured from the

motor using the characteristic torque M, = 9.4 Nm A™', the rotational speed w and the

nominal current I:

wIM,
€average = pV ) (23)

and the local energy dissipation rate can be correlated by a momentum balance using the
correlations from Daily and Nece®" for the frictional torque. An explanation of the procedure
is presented by de Beer et al.®!' In this case, the proportionality value corresponding to the

injection zone is ¢ = 2.19.

3 Results

3.1 Kinetic study

Assuming that the fifth order rate law is the best description of the iodide-iodate reaction,
the reaction rate coefficient k obtained from the fitting procedure should only depend on the

ionic strength, whilst variations in the reactant concentrations should not affect its value.

15



Figure {4] summarizes the observed reaction rate coefficients obtained for the different
concentration sets described in Table [I] These results show that & strongly depends on the

205 ionic strength. The concentration of the reagents at constant ionic strength has no influence
on the observed reaction rate coefficient, which means that the fifth order rate law is valid
and that the partial reaction orders for the involved species are also correct. The dependency

on the ionic strength is attributed to the nature of the mixture, being an aqueous electrolyte

solution.??
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Figure 4: Reaction rate coefficient k£ as function of the specified parameters for the experi-
mental conditions summarized in Table [I| Error bars represent the standard deviation for
at least three experiments.
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Rewriting Equation [f] into an expression that includes the activity of the species (a;)

instead of their concentration leads to:
r = koayo- ar-az. (24)

The activity of each species is related to the concentration via the activity coefficient ~;,
i.e.

r = ko(Yo; [105]) (- [17])* (v [HT])*. (25)

For the sake of simplicity, an uniform activity coefficient v is used. Additionally, it is
assumed that the activity coefficient is well represented by a Davis-like equation as the one

proposed by Bromley et al.:2%2

VT, ) (006 +0.6Bn) 1y p 1 (26)

910(7) (1 +1, (14 1.51,)°

That means that the observed reaction rate coefficient from the experiments is in fact the
product of a value for the reaction rate coefficient at infinite dilution, kg, and the activity
coefficients:

k= koy®. (27)

From the experimental data, ky and the parameter B,, from Equation [26] were fitted as
a function of ionic strength. The results are presented in Table

Figure [5alshows that the proposed kinetic model describes the experimentally determined
reaction rate coefficients very well. The parity plot in Figure [6b|shows that the model predicts

the reaction rate coefficient within 20% accuracy for most of the experiments.

Table 3: Fitted coefficients for the estimation of v and &.

Parameter Value 95% confidence interval
B,,,Lmol™" 0.05722 (0.04158,0.07286)
ko,M_4s‘1 1.238 x 10° (1.196, 1.280) x 109

17
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Figure 5: (a) Comparison of the proposed model and the model from Guichardon et al.** for
the reaction rate coeflicient and the experimental data as a function of the ionic strength.
(b) Parity plot showing the calculated values for the reaction rate coefficient and the ex-
perimental values. The dashed lines (-) represent +10% deviation, and the dotted lines (:)
represent +20% deviation, while the dash-dot line (-.) refers to the model from Guichardon
et al. The colors and symbols are the same as used in Figure

3.2 Micromixing experiments

Figure [6] shows the segregation indices obtained from the micromixing experiments. The
results from the Stirred Vessel are shown in Figure as a function of stirring speed V.
Figure [6b] and [6¢| show the segregation index Xg and X, for the Villermaux-Dushman and
the second Bourne reaction, respectively, as a function of rotational speed w in the rotor-
stator Spinning Disc Reactor.

These results can be translated into micromixing times by solving the following ordinary

differential equations, using the incorporation model®® or the engulfment model:*4

av V
R 2
dC; _ (Courr. — Ci)
_ 29

18
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Figure [6b]
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These ODE’s model an initial reaction volume that incorporates (or engulfs) liquid from

275 the surroundings at a rate equal to the inverse value of the micromixing time, allowing

the reaction to occur inside that growing volume. When the acid is depleted, the final
concentration of products can be used to calculate the segregation index.

The relationship between micromixing time and segregation index is presented in Figures

and [7D] for both systems. It should be noted that full dissociation of sulfuric acid is

assumed, as it was assumed in the original study by Guichardon et al. as well.*

10°
in ><O‘ 10t
10/ 7 — — — - Guichardon et al. 2000 | }
4 4 .
a This study
< ————— This study - diluted XQ
10 10
105 10° 10° 10°
tmix (s) mix (s)
(a) Villermaux-Dushman system. (b) Second Bourne reaction.

Figure 7: Segregation indices Xg and X versus micromixing time t,,;,.

280

Micromixing times are presented in Figure [§| as a function of the estimated local energy

dissipation rate.

4 Discussion

4.1 Experimental results

255 Table 4] compares the reaction rate coefficients from different studies to the ones calculated
using Equation [26] and [27] with the obtained parameters shown in Table [8] Clearly, the

results of this kinetic study are in very good agreement with earlier investigations. #5355 Tt
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Figure 8: Estimated micromixing time ¢,,;, as a function of energy dissipation rate.
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is remarkable that at higher values of ionic strength the model proposed by Guichardon et

al. underestimates the reaction rate coefficient, deviating as much as one order of magni-

200 tude lower than the rest of the reported values. This is very likely due to the incomplete

295

300

dissociation of sulfuric acid.

Table 4: Comparison of previously published reaction rate coefficients k with those predicted
using the kinetic model presented in this study.

I,,M Reference Reported k,M~%s~! Calculated k, M *s~!
(this study)

Palmer and Lyons® 6.72 x 10°

0.015 Schmitz et al.®7 7.19 x 108 6.69 x 108
Guichardon et al.”* 6.80 x 108
Palmer and Lyons® 4.27 x 108

0.1  Schmitz et al.®7 4.26 x 108 3.50 x 108
Guichardon et al.?* 1.33 x 108
Schildcrout and Fortunato® 3.45 x 10°
Schmitz?? 3.50 x 108

0.2 Schmitz et al.?? 3.32 x 108 2.62 % 10°
Guichardon et al.’s 5.68 x 107
Palmer and Lyons® 2.62 x 10°

1.0 Barton and Wright®® 3.00 x 10® 1.51 x 108
Guichardon et al.* 1.28 x 107

The experimentally obtained values for k reported by Palmer and Lyons® and Schmitz,>?
and the k values predicted by the model from Schmitz et al.*“ match the experimental results
obtained in this study very well. Note that the model from Schmitz et al.®” is limited to
I, < 0.2 M.

The effects of incomplete dissociation of sulfuric acid in micromixing experiments have
been discussed by other authors, 07285053257 and can be observed in Figure [6a) and [6b| of this
study. Using equivalent proton concentrations and assuming the acids to be fully dissociated,
one would expect the same final product distribution. However, this is not the case and the
second deprotonation of sulfuric acid appears to be the rate limiting step, based on the lower
values of k obtained from the kinetic model from Guichardon et al. and shown in Table [4

Figure [§| compares the micromixing times obtained by the second Bourne reaction with
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those obtained with the Villermaux-Dushman system using both sulfuric acid and perchloric
acid in the rs-SDR, and also those obtained in the SV. The micromixing times were calculated
using the kinetic model from Guichardon et al.** for sulfuric acid and using the kinetic model
presented this study for perchloric acid. It is clear that at the investigated acid concentrations
of [H*] = 1 M and [H"] = 0.1 M, both kinetic models provide similar micromixing times
when implemented in the incorporation model. These estimated micromixing times are also
close to the theoretical engulfment time proposed by Baldyga and Bourne®® when the rate
of strain of the most active eddy (12.77x) is used as the engulfment parameter.

These results imply that the kinetic model presented in this study can be used for mi-
cromixing experiments using perchloric acid and other strong monoprotic acids (a comparison
between perchloric acid, hydrochloric acid, nitric acid and sulfuric acid is shown in the Sup-
plementary Information). However, in order to use the kinetic model proposed in this study
for experiments performed with sulfuric acid (and other incompletely dissociated acids), ad-
ditional modeling of the dissociation equilibrium is required. Schmitz et al.*? proposed to
include the equilibrium reaction of hydrogen sulfate ions, but the equilibrium constant (taken
from Ref.”¥) is only valid for ionic strengths less than 0.3 M, which is not sufficient for the
concentrations typically used in micromixing experiments. The kinetic model proposed by

Guichardon et al. is therefore only suitable for micromixing experiments using sulfuric acid.

4.2 Limitations

The kinetic model proposed in this study has several limitations that are worth discussing.

First of all and as pointed out by some authors,?>2% the concentrations used for the
kinetic investigation and the concentrations used for micromixing characterization differ sig-
nificantly. This issue is somewhat alleviated by the way the incorporation model works, being
a reaction volume of concentrated acid that rapidly dilutes by the incorporation of liquid
from the surroundings, which at the same time are reacting. As a results, the concentrations

in the reacting volume become significantly diluted.
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Another limitation is that the fifth order law is introduced as a given in this study.

The vast information in the studies from Schmitz et al.33737:5559

and the early observations
of Palmer et al. and Schildcrout et al.?*% support this assumption. Only at very low
concentrations (I~ < 107% M) the iodide-iodate reaction shows a different dependency on
the iodide concentration.

In an attempt to tackle these two limitations, Kolbl et al. 2057

investigated the partial
reaction order of the iodide-iodate system by performing the Villermaux-Dushman exper-
iments while varying the concentration of the reactants. However, as already pointed out
by Wenzel et al.®? this was more likely caused by chemical attenuation due to the buffer,
since it was kept constant. Furthermore, the different reaction orders observed in different
equipment suggest that the reaction took place under different hydrodynamical conditions
rather than the Villermaux-Dushman method being “instrument dependent”.

Another aspect that requires attention is that all kinetic experiments were executed at
a constant temperature of 20 °C. It was not confirmed whether this model is affected by

1.,°4 it was concluded that the effects

increasing temperature. In the work from Palmer et a
of temperature are negligible on the iodide-iodate reaction and only affect the tri-iodide
equilibrium.

Finally, it is important to mention that the iodide-iodate reaction in the Villermaux-
Dushman method requires the assumption of a mechanistic model that represents the course
of mixing and reaction. In this case the incorporation model was assumed. Simple models,
however, cannot describe what exactly occurs in the reaction zone. Direct Numerical Simu-
lations are the only possibility to provide better information about hydrodynamics in detail.
Unfortunately, for novel equipment such as the rs-SDR, Rotating Packed Beds, rotor-stator
mixers, etc, the grid size needed to resolve the complex turbulent fields leads to enormous
computational times. Therefore, the use of mixing models and test reactions is still a ne-

cessity to understand the efficiency of chemical reactors. One should consider the order of

magnitude of estimated micromixing times for design and scale-up.
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5 Conclusions

In this study, a kinetic investigation of the iodide-iodate reaction is presented to improve
the quantitative determination of micromixing times when using the Villermaux-Dushman
reaction system. The kinetic experiments are in good agreement with the fifth order rate law
for the iodide-iodate reaction. Furthermore, the reaction rate coefficient strongly depended
on the ionic strength. A kinetic model is presented that estimates the reaction rate coefficient
as a function of the activity of the involved species. A Davies-like expression similar to the
one proposed by Bromley was adopted that expresses an overall activity coefficient as a
function of ionic strength. The predicted reaction rate coefficients deviated less than 20%
from those measured experimentally for most of the experiments.

Micromixing experiments using the Villermaux-Dushman system with perchloric acid
and sulfuric acid were performed in a rotor-stator Spinning Disc Reactor and in an unbaffled
Stirred Vessel. Additionally, the second Bourne reaction was performed in the rotor-stator
Spinning Disc Reactor. All estimated micromixing times are in line with the theoretical
micromixing time as predicted by the engulfment model, using the vorticity of the most
active eddy in the turbulent field.

In general, using strong monoprotic acids like perchloric acid is recommended for the
Villermaux-Dushman system, as this prevents uncertainties related to incomplete dissocia-
tion of the acid at higher proton concentrations. The kinetic model presented in this study
allows accurate estimation of micromixing times when using perchloric acid. In addition,
compared to previously published models, our model provides more flexibility thanks to its

validity for ionic strengths in the range of 0.003 < I, < 1 M.
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