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ABSTRACT

This work presents a kinetic model of drug substance synthesis considering slug flow character-
istics in Stevens oxidation. The developed model is also applied to determine the feasible range
of the process parameters. Flow experiments were conducted to obtain kinetic data, varying the
inner diameter, temperature, and residence time. A kinetic model was developed for the change
in concentrations of the starting material, products, and catalysis. In the kinetic model, slug flow
was considered by including a volumetric mass transfer coefficient during this flow. In the initial
experiments, early-stage kinetic data were insufficient, conducting additional experiments at
shorter residence times. Furthermore, the initial model could not reproduce the residual of the
starting material, introducing the oxidant consumption that inhibits the starting material consump-
tion and improving the initial model. The improved model could reproduce experimental results
and demonstrated that, as the inner diameter increases, the efficiency of mass transfer in slug
flow decreases with slowing down the reaction. Moreover, the improved model was considered
applicable to different scales. The developed model was used to simulate the yields of the desired
product, and the dimer, and the process mass intensity, thereby determining the feasible range.
As aresult, it was shown that when methanol and oxidant concentration was either too high or too
low, operating conditions fell outside the feasible range. This kinetic model with flow characteris-
tics will be useful for the process design of drug substance synthesis using liquid-liquid reactions.
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INTRODUCTION

Recently, in the production of drug substances (or
active pharmaceutical ingredients), flow synthesis has
attracted attention as an effective method. Flow synthe-
sis is increasingly being introduced due to its various ad-
vantages, such as high surface volume ratio and small
system size compared to conventional batch synthesis
[1,2]. One of the promising applications that leverages
the advantages of flow synthesis is liquid-liquid reactions
[3,4]. By performing these reactions in flow synthesis,
the interfacial contact between immiscible liquids could
be increased, which is expected to enhance process ef-
ficiency.

When two immiscible liquids enter together in a flow
reactor, unique flow patterns, especially like slug flow,
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are formed [5]. Slug flow is a phenomenon where the lig-
uids flow in alternating enclosed segments, making a dy-
namic interface. Flow patterns like slug flow are deter-
mined by the liquid properties (e.g., viscosity and den-
sity) and the reactor specifications and have a significant
impact on the mass transfer. Previous studies have in-
vestigated the effect of slug flow on mass transfer in lig-
uid-liquid reactions using computational fluid dynamics
[6,7] and explored flow pattern changes in solvents and
reactor specifications and improvements in mass transfer
[8,9]. These studies provide valuable insights into the in-
fluence of flow characteristics on reaction. However,
there is a lack of modeling approaches that simultane-
ously account for flow characteristics and reaction kinet-
ics. The absence of such models prevents understanding
the interaction between flow characteristics and reaction
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kinetics, potentially resulting in suboptimal process de-
sign and diminishing yields in practical application.

In this study, we developed a kinetic model of drug
substance synthesis by incorporating slug flow charac-
teristics in a liquid-liquid reaction, with the aim to deter-
mine a feasible range of the process parameters. The tar-
get reaction was Stevens oxidation, which is a novel lig-
uid-liquid reaction of organic and aqueous phases, pro-
ducing the ester via a shorter pathway than the conven-
tional route [10]. In this reaction, a catalyst which moves
between organic and aqueous phases was used, and slug
flow formation was necessary to enhance mass transfer

efficiency. A model can consider slug flow characteristics.

In pharmaceutical industry, models are effective in re-
ducing the number of experiments. By using models, it
becomes possible to identify a feasible range of the pro-
cess parameters that satisfies quality. Therefore, the de-
veloped model was utilized to define the feasible range.

MATERIALS AND METHODS

Target Reaction and Flow Experiments

Figure 1 shows the target Stevens oxidation and the
flow experiment overview. In this reaction, (4-nitro-
phenyl) methanol (SM, starting material) undergoes a re-
action with methanol (MeOH), and oxidant (NaOCI).

Tetrabutylammonium bromide (TBAB) is the catalyst
which moves between the organic and aqueous phases.
The ester methyl 4-nitrobenzoate (DP, desired product),
the impurity 4-nitrobenzyl 4-nitrobenzoate (Dimer), 4-ni-
trobenzoic acid (CA, carboxylic acid), 4-nitrobenzalde-
hyde (Ald, aldehyde) are produced.

In the flow experiments, the inner diameter, temper-
ature, and residence time were varied in different runs.
Experimental conditions were adjusted to form slug flow
to promote the catalyst's mass transfer. High-perfor-
mance liquid chromatography (HPLC) was used to quan-
tify the concentrations of SM, DP, Dimer, CA, and Ald in
the samples.

Model Development

Figure 2 shows a calculation flow on the developed
model. The inputs were defined as the equivalent con-
centration of MeOH, Cy.0n [equivalent], and the equiva-
lent concentration of NaOCI, Cya0c1 [€quivalent]. The out-
puts were defined as the yield of the desired product, ypp
[%], the yield of the dimer, ypimer [%], and the process
mass intensity, PMI, which are evaluation indicators, re-
spectively.

Kinetic model

The kinetic model was developed for the changes in
concentration of SM, DP, Dimer, CA, Ald, and the catalyst.

Ar"OH + NaOCI + TBABr + MeOH ——> , X1

o) , O
Ar OCH; = Ar 'O Ar

Ar"OH ( ) Residence time

SM Inner diameter
(in EtOACc) Temperature
MeOH
TBAB .
|
|
NaOCI |
(in water) Slug flow

Ar”"'OCH,

5
0] OZNO/

PN
Ar O Ar Ar

Dimer p-Nitrobenzyl

Aqueous phase Organic phase

NaOCl + TBAB TBAB TBAC ——— TBAC + NaOCI
+
Stevens
oxidation
NaBr + TBAOCI TBAOCI «—— TBAOCI + NaCl

Figure 1. Target Stevens oxidation and the flow experiment overview. The blue text indicates the conditions varied
in the experiments. TBAB moves from the organic phase to the aqueous phase, becoming the active form TBAOCI.
TBAOCI then moves to the organic phase, reacting with the starting material to produce various products.
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( Inputs: Cyeons @nd Cnaoct )

|

‘1. Calculate the volumetric mass transfer coefficient during slug flow formation ‘ Eq. (4)

l

‘ 2. Calculate the changes in concentration of catalysis ‘ Egs. (2)—(3)
’ 3. Calculate the changes in concentration of SM, DP, Dimer, and CA ‘ Eq. (1)
‘ 4. Calculate evaluation indicators ‘ Egs. (5)—(7)

!

( Outputs: ypp, Ypimer, and PMI >

Figure 2. Calculation flow using the developed model. In the 15t step, the overall volumetric mass transfer
coefficient during slug flow formation is calculated using Eq. (4). In the 2" step, the changes in concentration of
catalysis are calculated using Egs. (2)-(3). In the 3 step, the changes in concentration of SM and products are

calculated using Eq. (1). Finally, in the 4" step, the evaluation indicators are calculated using Eqgs.(5)-(7).

In the changes in the catalyst concentration model, slug
flow was considered using the overall volumetric mass
transfer coefficient during this flow formation. The
changes in concentration were modelled as follows:

dc; _ _

E = -r (1)

1

=C
m

dC]"m—g
= _Kaorg ( jorg — Cj,aqu) -r (2)

dat

dCjaqu
dat

= _Kaaqu(mcj,aqu - Cj,org) -r (3)

Here, C; [mol m3] is the concentrations of i (SM, DP,
Dimer, CA, and Ald), Cj org and Cj 5q, [mol m=] is the con-
centrations of j (TBAB, TBAOCI, and TBAC) in the organic
and aqueous phases, r [mol m= s™] is the reaction rate,
m [-] is the partition coefficient, Ka [s™] is the overall vol-
umetric mass transfer coefficients in the organic and
aqueous phases, and it was defined as follows [11]:

S €
Ka, uL—p = aCaPReY (%) (%”) (4)

Here, p is the phase (organic or aqueous), L [m] is
the reactor length, u [m s™] is the flow velocity, Ca [-] is
the mean capillary number of two phase, Re [-] is the
mean Reynolds number of two phase, d [m] is the inner
diameter, L, [m] is the slug phase length in the organic
and aqueous phases, and a, 8,7, 6, and ¢ are estimated
parameters.

Evaluation model

To determine a feasible range of the process param-
eters, three evaluation indicators were determined in this
study, namely, the yield of the desired product (ypp) [%],
the yield of the dimer (ypimer) [%], the process mass in-
tensity (PMI) as follows:

Vp = Z’;—ELO; x 100 (5)
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— CDimer(L) X 100 (6)

YDimer Csm(0)

masssm (0)+massyeon (0)+massyaoc1(0)+masstgag(0)
masspp(L)

)

Here, ypp and ypiemr [-] are the yields of DP and Di-
mer, PMI [-] is the process mass intensity,Csy (0) [mol m-
3] is the initial concentration of SM at the inlet, Cpp(L) and
Cpimer(L) [mol m=3] are the concentrations of DP and Di-
mer at the outlet, mass;(0) [kg] is the mass of i (SM,
MeOH, NaOCI, or TBAB) at the inlet, and masspp(L) [kg]
and masspimer(L) [kg] is the mass of DP and Dimer at the
outlet.

PMI =

Condition settings for feasible range
The feasible range was formulated as follows:
FR = {(Cmeon, CnaocD): 2(Y) = 1} (8)
Subject to

(0 ES)
Z(Y)_{1 (Yes)

Y = f(Cmeon, Cnaoct, T, L, d, Q)

S ={(pp, Ypimer, PMD): Yypp = 88, ¥pimer < 5,PMI < 15}
Cueon € {10,20, ..., 70,80}
Cnaocl € (3.0,4.0, ..., 7.0,8.0}

Here, FR is the feasible range, z takes the value of 1if all
evaluation indicators are satisfied and O if at least one
evaluation indicator is not satisfied, S is a set of evalua-
tion indicator constraints, and Y is the prediction results.
In addition, T is temperature [K] and Q is the volume flow

rate [mL m™].
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RESULTS AND DISCUSSION

Kinetic analysis

Fitting results of the initial model are shown in Figure
3(a). In the experimental conditions of (T,d) = (323,0.5),
minimal changes in concentration were observed, and it
was believed that the reaction had completed within the
measurement residence time. Consequently, additional

experiments were performed at shorter residence times
of d = 0.5 mm to obtain kinetic data during the early-
stage reaction (Figure 3(b)). The initial model was unable
to reproduce the results that included additional experi-
ments. And then, residual SM was observed in the exper-
iments, whereas the model predictions indicated its com-
plete consumption. To address this discrepancy, the fol-
lowing hypothesis was proposed: SM undergoes with ox-
idant but competes with a mechanism in which oxidant is

(a) Fitting results of the initial model
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Figure 3. Fitting results, (a) of the initial model, (b) of the initial model only to the initial experimental results, and
(b) of the improved model to all experimental results. Circules represent the initial experimental results, and
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consumed through a different pathway, thereby limiting
the consumption of SM. Based on the hypothesis, the
methanol oxidation mechanism was added as an alterna-
tive pathway for the consumption of oxidant, and the
model was improved accordingly. The improved model
was used to conduct kinetic analysis again.

Fitting results of the improved model are shown in
Figure 3(c). The average value of determination coeffi-
cients (R?) of SM, DP, Dimer, and CA for all experimental
conditions was 0.96, which means the model could rea-
sonably reproduce experimental results. In this way, an-
alyzing the discrepancies of the simulation results and
the experimental results made it possible to select effec-
tive experimental conditions for the model development.
The experimental results indicated that the reaction is
slower under conditions with a larger inner diameter
compared to those with a smaller inner diameter. This is
believed to be due to the reduced mass transfer en-
hancement effect of slug flow as the inner diameter in-
creases, resulting in a longer time required for catalyst
movement. Indeed, it has been reported that larger inner
diameters lead to slower mass transfer rates [12]. The
model predicted that, as the inner diameter increased,

the efficiency of mass transfer in slug flow decreased
with slowing the reaction, which is a similar trend of ex-
periments. Therefore, we judged that the developed
model could consider the slug flow characteristics and
adopt to different scales and provide sufficient perfor-
mance for determining the feasible range.

Feasible range determination and analysis

To determine a feasible range of the process param-
eters, the developed model was used to simulate the
three evaluation indicators. The simulations were con-
ducted within the range of the equivalent concentration
of MeOH and NaOCI, as defined in Eq. (8). Figure 4 pre-
sents the results of (a) the yield of the desired product,
(b) the yield of the dimer, (c) the PMI, and (d) feasible
range. According to the simulation results, the high
equivalent concentration of MeOH and NaOCI enhanced
the yield of the desired product, and the high equivalent
concentration of MeOH diminished the yield of the dimer.
In contrast, as depicted in Figure 4(c), increasing the
equivalent concentrations of MeOH and NaOCI caused to
escalate the process mass intensity. High quality, mean-
ing a large amount of DP and a small amount of Dimer,
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was achieved with the high equivalent concentrations
(Cmeon and Cnaoct)- Conversely, low waste was attained at
the low equivalent concentrations, indicating a trade-off
in regent quantity. Figure 4(d) shows the feasible range
which satisfies the predefined constraints in Eq. (8)
(Ypp = 88, Ypimer < 5,PMI < 15), indicated by the white
area. Within the range of the lower equivalent concentra-
tion of MeOH, the process did not meet the yield of the
dimer. When the equivalent concentrations were too high,
operating conditions fell outside the feasible range due
to not satisfying the process mass intensity constraints.
This feasible range could facilitate the identification of
the process parameters that satisfied the constraints.
Additionally, the feasible range could consider uncer-
tainty and measurement noise by introducing stochastic
approach such as Monte Carlo simulation.

CONCLUSIONS AND OUTLOOK

We presented the kinetic model of drug substance
synthesis by incorporating slug flow characteristics and
demonstrated the feasible range in Stevens oxidation.
Flow experiments were conducted to obtain kinetic data,
and a kinetic model considering flow characteristics was
developed. For feasible range determination, the evalua-
tion indicators developed, the yields and the process
mass intensity. Utilizing the determined indicators, the
feasible range was discussed, which could help in deter-
mining operating conditions. The kinetic model with slug
flow characteristics would be useful for the process de-
sign of drug substance synthesis using liquid-liquid reac-
tions. Future work includes conducting validation of the
feasible range and presenting the scale-up strategy
based on the simulation results using the developed
model.
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