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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.35097/2vwx8 Artemisinin derivatives, recognized as the most potent antimalarial agents with extensive biological activity,
arcenkfljpc can be produced via semi-synthetic conversion of dihydroartemisinic acid through a hydroperoxide interme-
Keywords: diate (PO,). However, modeling and optimizing this synthesis, particularly the acid-catalyzed transformation
Malaria of PO, into artemisinin, has been challenging due to complex and partly unknown reaction pathways, and
Acid-catalyzed reaction coupled mass-transfer processes. Extending our previous work, we present the first semi-empirical kinetic model
Continuous manufacturing describing the partial synthesis of artemisinin. Our developed identification approach integrates chemical
Photo-flow reactor domain expertise, mathematical optimization, and rigorous model evaluation against experimental data. Data
Oxidation processes were collected from a milliscale photo-flow and a batch reactor, leveraging both the efficient mass transfer of
Model selection the continuous system and the frequent sampling capability of the batch setup. Numerical analysis revealed

that the acid catalyst influences reaction kinetics more significantly than previously assumed. The identified
kinetic model features apparent reaction orders greater than two with respect to the concentration of the added
acid, and it contains different intermediates and byproducts depending on whether the operation is conducted
in the presence of oxygen or under anaerobic conditions. Although the semi-empirical nature of the approach
necessitates careful interpretation of these mechanistic conclusions, the developed process model accurately
reproduces the behavior of the reaction system, providing parameter estimates crucial for process optimization.

1. Introduction cascade that converts PO; to ART, Fig. 1. In contrast to the industrial
batch approaches, continuous-flow photochemical conversion [12,13]
Drug therapies based on artemisinin (ART) show the highest ef- of DHAA to ART has been advancing [14] and a corresponding process

ficacy against malaria and are therefore recommended as first-line was introduced by Lévesque and Seeberger [15]. The developed two-
treatment against the disease [1]. Next to its antimalarial properties, phase flow reactor showed a very short residence time of 11.5min, an
ART and its derivatives exhibit further biological activity, e.g., anti- ART yield of 65% and a space-time yield of 3.5gmL~'d~! [16]. This
cancer, antibacterial or antiviral [2], and are thus an active research approach was further extended to utilize the DHAA content of the plant
field [3-5]. ART is industrially supplied exclusively by extraction from itself, and made use of the naturally present chlorophylls in the extract
the leaves of the plant Artemisia annua. Alternatively, semi-synthetic as photosensitizers for a green chemical synthesis [17].

routes for artemisinin production have been targeted to be industri- Despite the published research on the conversion of DHAA to ART,
alized [6-8]; these are based on the fermentative production of ART the detailed elucidation of the reaction mechanism is still being in-
precursors. The synthesis steps following heterologous production to vestigated [18-20]. However, for a reliable and safe process design to

ART have in common that dihydroartemisinic acid (DHAA) is con-
verted to ART in a two-step process based on the fundamental works
by Acton and Roth [9-11]: A photooxygenation of DHAA yielding a
tertiary hydroperoxide (PO, ) is followed by an acid-catalyzed reaction

cost-efficiently produce the drug molecule, the underlying phenomena,
in particular the mechanism and kinetics of the reaction network, have
to be well understood. To identify chemical reaction networks and their
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Fig. 1. Simplified semi-synthetic path from dihydroartemisinic acid (DHAA) to artemisinin (ART) based on Acton and Roth [9-11] with the singlet oxygen formed

by a photo-induced process (PS: photosensitizer).

dynamics in complex synthesis processes for finally designing the pro-
cess, mathematical modeling provides a powerful tool [21,22]. In [23],
the authors of this article published a process model for the photooxy-
genation step of the artemisinin partial synthesis from DHAA to PO,
in a two-phase milliscale photo-flow reactor. The here presented work
enhances the previous research and aims at identifying a semi-empirical
kinetic model for the second step of the partial synthesis, the acid-
catalyzed sequence from PO; to ART. To the best of our knowledge,
no kinetic model for the complete reaction sequence to artemisinin
has yet been developed. This study is therefore intended to provide a
first kinetic description of the reactions leading to artemisinin based on
a semi-empirical strategy. A full mechanistic understanding including
the elucidation of individual reaction pathways, elementary steps, or
microkinetic analysis is beyond the scope of this study. We examine the
reaction kinetics of the acid-catalyzed sequence using two experimental
methods: continuous operation in the presence of oxygen and batch
operation under a nitrogen atmosphere. A significant challenge hereby
is the incomplete knowledge regarding the chemical reaction network
(CRN) and the need to develop an engineering-oriented model rather
than elucidating intrinsic kinetics.

Both aspects are common issues in the field of chemical engineering.
Unraveling the mechanism and kinetics often follows from collected
time-resolved species data [24-27]. Applying these tools to the acid-
catalyzed reaction sequence is complicated, as the quantifiable product
spectrum is incomplete and both data sets from the batch and con-
tinuous experiments cover different subsets of the CRN. Moreover,
the experimental data from the flow reactor is collected when the
reactor system has reached a steady state [28]. Therefore, methods
based on time-resolved data were ruled out, and a knowledge-based
semi-empirical strategy was chosen instead. This strategy integrates
chemical mechanistic knowledge with mathematical optimization and
statistical model selection via the Akaike information criterion [29].
For the underlying process modeling, simplified reactor descriptions
were employed to enable identification of an initial dynamic process
model for the acid-catalyzed sequence based on established litera-
ture mechanisms. This work thus presents a semi-mechanistic process
model developed for the reactor configuration studied, with effective
kinetic parameters. While not determining intrinsic kinetic constants,
the model provides a reasonable framework for characterizing and op-
timizing the acid-catalyzed sequence of the artemisinin partial synthesis
process.

Following this introductory section, the reaction mechanism based
on published literature is discussed. Afterwards, the experimental se-
tups, the kinetic modeling approach and the model identification strat-
egy are explained. The results part is divided into an experimental data
analysis and the identification of the final kinetic model candidate.

2. Reaction mechanism

The reaction mechanism of the acid-catalyzed conversion of the
intermediate PO; to artemisinin was studied intensively to understand
artemisinin formation within its natural source Artemisia annua and
to boost partial-synthetic artemisinin production. This research began
with Acton and Roth in 1992 and has since been expanded by con-
tributions from Haynes and Vonwiller et al. [30-32], by Brown and
Sy et al. [33-36], and by Arman, Varela and Yoshimoto [18-20]. The
essential results have been used to formulate the simplified reaction
scheme in Fig. 2. The main steps considered in the model identification
of the acid-catalyzed sequence, along with the experimental rationale
underpinning these steps, are discussed in the following. When adding
a strong acid to the intermediate hydroperoxide PO,, PO, is converted
via a Hock-cleavage [10] and a nucleophilic attack of water to an
unstable seven-membered hemiacetal. However, this postulated inter-
mediate could not be identified in experiments so far [31,35]. The
hemiacetal is again cleaved in acid-catalyzed steps to a semi-stable
enol, that was managed to be isolated and analyzed at temperatures
below —20°C [31,32,35]. Besides the reaction pathway to the enol, PO;
can be converted in an acid-catalyzed loss reaction of PO; to dihydro-
epi-deoxyarteannuin B [35,36], which is in the model referred to as
BP,.

In the presence of triplet oxygen, the enol reacts further to a
hydroperoxyl aldehyde that is subsequently rearranged acid-catalyzed
to a peroxy-hemiacetal. Both intermediates have been isolated when
a DHAA ester was used as starting material [30,31,35]. In the final
step, the peroxy-hemiacetal converts to ART in a series of irreversible
reactions and under the influence of a strong Brgnstedt acid [30]. As a
side reaction, the enol reacts to a seco-cadinane intermediate yielding
the lactone BP, [31,35].

The proposed reaction mechanism along the hemiacetal and the
enol is backed by experiments using labeled compounds [10,19,20].
The main products of the semi-synthesis from DHAA to ART are the
target ART itself, and the following unwanted byproducts: arteannuin
H, dihydro-epi-deoxyarteannuin B (BP3), and the lactone BP,.

Up to 80 % of used DHAA has been recovered in literature [10,16].
Many other reaction species have been identified or postulated [35],
but a complete picture of the whole reaction mechanism is unknown
as in all studies (substantial) amounts of converted DHAA could not
be recovered in identified products. Despite the complex mechanism,
high yields up to 71 % for the partial synthesis can be achieved [37].
Current research directions involve in particular the role of the solvent,
the acidic catalyst, and the participating water [38,39].
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Fig. 2. Proposed reaction mechanism for the acid-catalyzed sequence forming ART from PO, [35]. Reaction with H* entering and leaving indicate acid-catalyzed
steps. Various versions of kinetic models for this mechanism are proposed and analyzed in this work, see Figs. 8 and 10 and Appendix D.

3. Material and methods
3.1. Experimental setups and operating conditions

The conversion of the intermediate hydroperoxide (PO;) to
artemisinin was carried out using toluene as the solvent and trifluo-
roacetic acid (TFA) as the acidic catalyst. Both components exhibited
effective performance in the overall partial synthesis, resulting in
high yields of artemisinin [16]. Toluene was also employed in the
preliminary investigation of photooxygenation kinetics [23]. Thus, the

selection of these materials aligns with both the previous and current
study.

The experimental data was obtained from the targeted continuous
and a batch setup. Both differ in the oxygen availability, and the
frequency samples could be taken. The continuous two-phase milliscale
reactor setup (Fig. 3(a)) ensured high oxygen transfer rates, whereas
the batch setup operated in an oxygen-free nitrogen atmosphere (Fig.
3(b)). The reason for conducting also batch experiments was to obtain
better insights into the mechanism and kinetics by time-resolved ex-
periments as the continuous setup was operated in steady-state mode
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Fig. 3. Experimental setups and operating conditions for the investigation of the acid-catalyzed sequence from the intermediate PO; to artemisinin: (a) Continuous
setup to investigate the reaction in the presence of oxygen and (b) batch setup to enable time-resolved sampling.

and samples were only drawn at the end of the reaction line. The
residence time range was limited to approx. 15min due to the limit in
the available reactor volume and the resulting duration of the system to
reach a steady-state. The batch experiments allowed us to observe the
conversion of PO; over a broader time range and, thus, enabled lower
catalyst concentration of TFA in the acid-catalyzed experiments.

For the continuous experiments, the milliscale photo-flow-reactor
introduced in our previous study [23] was complemented by an addi-
tional acid-dosing pump and a second reaction line consisting of FEP
tubing (ID: 1.6 mm, OD: 3.2 mm) offering reaction volume for the
reaction to artemisinin. This reaction line is wrapped around a stain-
less steel frame and integrated into a second stainless steel container
connected to a second thermostat for temperature control. The length
of the second reaction line was varied between 2m and 6 m depending
on the target residence time.

To separate the photooxygenation of DHAA to PO; and the acid-
catalyzed sequence of PO; to ART, the acidic feed was dosed separately
from the reactant containing feed. The reactant feed consisted of DHAA
and the photosensitizer dicyanoanthracene (DCA) in toluene. The reac-
tant feed was mixed with the oxygen feed (xp,=1) and pumped through
the photoreactor kept at —20 °C. The residence time in the photoreactor
was chosen to reach full DHAA conversion equal to a PO; yield of
approx. 85%. A second feed consisting of TFA in toluene was dosed
to the reaction stream exiting the photoreactor and before entering the
second reaction line initiating the acid-catalyzing solution. The ratio
of the DHAA feed and the TFA feed was kept in all experiments at 9:1
(v/v). The TFA concentration in the acidic feed and the DHAA and DCA
concentration in the reactant feed was set according to the target initial
PO; and TFA concentration in the reaction solution. All experiments in
the continuous setup were operated with a ratio of the gas to the total
liquid feed of 4:1 (v/v). The total flow rate was varied in a tight range
between 0.5 mL min~! to 2.5mL min~! to ensure comparable Taylor flow
conditions. The temperature in the acid-catalyzed section was set to
20°C. The pressure in the entire reaction line was 7 bar. Samples of the
reactor effluent were collected when the whole system was stable for
at least 5 times of the theoretical residence time in the entire system,
to ensure steady-state conditions. The system was defined as stable
when the temperature in all reactors did not vary more than 0.1°C
and the pressure measured at the beginning and the end of the whole
reactor line was kept between 6.8 bar bar to 7.2bar. At each set of
reaction conditions two samples were collected at the reactor outlet
after phase separation and depressurization and quenched directly
with triethylamine (TEA) to stop the reaction. Further details on the
continuous setup and its operation can be found in former publications
by the authors [23,28].

For the batch experiments, the reactant solution was prepared on
the day before in the continuous setup. The feed containing 0.25M
DHAA and 2.5mM DCA in toluene pumped through the photoreactor
kept at —20°C together with pure oxygen with a total flow rate of
2mL min~! so that a residence time of 2.5 min in the irradiated section

was obtained. The reactor effluent was collected after depressuriza-
tion in a brown flask and stored overnight in a fridge at 4°C. The
obtained solution was used — similarly as for the continuous setup —
directly as the feed solution for the batch experiments without further
workup. Using this procedure, an initial concentration of 0.2 M PO; was
obtained.

The batch setup, Fig. 3(b), consisted of a double-walled 100 mL
glass reactor mixed by a magnetic stirrer and attached to a cooling
thermostat keeping the temperature within the reactor at 20°C. The
reactor was closed with a rubber stopper including one inlet and one
outlet tubing for supplying nitrogen. At the start of the experiment,
30mL of the PO; containing feed were stirred for 30 min while rinsed
with nitrogen to remove all oxygen from the flask. The reaction was
initiated by adding 1 mL toluene with dissolved TFA. The samples were
drawn with a syringe after 1, 2, 3, 5, 7.5, 10, 15, 30, 60, and 90 min
and quenched with TEA dissolved in 0.4 mL toluene. An overview of the
constant and varied reaction conditions of both continuous and batch
experiments is included in Appendix A.

All samples were analyzed by IH-NMR [28]. The analyzed mea-
surement data was then used in an experimental data analysis of the
synthesis process, Section 4.1, for which the following key measures
for chemical reactions were evaluated.

3.2. Evaluating the performance of reactions

A superficial residence time can be calculated for a two-phase flow
reactor from

L — @
Vio+ Veo
with V' the considered reactor volume and V], and V,, the initial liquid
and gas volumetric flow, respectively.
The yield of the formed species C relative to the consumed species
B in a constant volume reactor is [40]
[C1-[Cly —v
- = 0. B, (2)
(Blo vc
where square brackets indicate concentration and the subscript 0 marks
the reference state, e.g., the initial conditions. vz and v are the
stoichiometric numbers of the reactant and product, respectively, in a
chemical reaction. The corresponding conversion of species B is [40]

_ [Bly— [B]

= 3
B B, 3

Lastly, the recovery of the species B indicates the amount of species C;
descendant of B that could be found in measurements:
B+ Xi[C;1

Ry = — B, 4
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3.3. Kinetic and process modeling

To describe rates of chemical reactions in a kinetic model, the law
of mass action is commonly applied. The rate of a chemical reaction is
here expressed as [41]

r= kHc;"’ 5)

with kinetic rate coefficient k, the concentrations of the participating
reagents ¢; and the exponents m; referred to as reaction orders. From
reaction rates, the net rate of reaction for a species i can be assembled:

Fo= Z\/i’jrj 6)
J

with v, ; the stoichiometric number of species i in reaction j and r; the
corresponding rates of reaction from Eq. (5).

In non-elementary reactions, the reaction orders do not equal the
reagents’ stoichiometric coefficients as in their elementary counter-
parts [41]. However, non-elementary reactions can be seen as a combi-
nation of elementary reactions where intermediates form that occur in
very low quantity and are therefore difficult to detect [41]. Similarly
as for the rate coefficient k, the reaction order m in non-elementary
reactions can be estimated from measurement data. It should be noted
that the reaction orders m; in Eq. (5) represent apparent (or effec-
tive) reaction orders specific to our reactor system. While our analysis
suggests that transport limitations are minimized under the studied
operating conditions, minor transport influences cannot be completely
ruled out. The reaction orders, along with the reaction rate coefficients,
should therefore not be interpreted as intrinsic kinetic parameters.

For deriving a process model, the kinetic model for simulating the
chemical reaction network must be integrated in a reactor model that
describes the experimental setup [42,43].

3.4. Process model for the batch setup

In the batch setup operating in oxygen-free atmosphere, a batch
reactor model with constant reactor volume is applied [41]. Integrating
kinetic rate laws, Eq. (6), the governing equations of the process model
for the batch setup are
de; .
d_tl =r= Z Vit (@]

J

for all participating species i and identified reactions j and their rate
laws. The corresponding initial conditions are

[PO,], ifi=POy,
¢;(t=0)=4[BP;], ifi=BP;, (C))
0 else,

where only PO; and BP; have non-zero initial conditions, as they are
components of the prepared reactant solution, see Section 3.1.

3.5. Process model for the continuous setup

In the continuous setup, the reactor model from our previous pub-
lication is used [23]. It was developed for the same experimental setup
and applied to the first step in the artemisinin partial synthesis, the
photooxygenation (step 1 in Fig. 1). While the first reactor governs the
light-induced reactions at —20 °C identified in our previous work, the
second reactor involves the acid-catalyzed reaction network at 20°C
triggered by the addition of TFA downstream of the photo reactor, Fig.
3(a). The intermediate hydroperoxide PO, formed in the photoreactor
is converted to artemisinin in the second reactor. Since the two steps
describe different chemical processes, this work follows a sequential
model development strategy to individually characterize the kinetics
in the two reactors.

Chemical Engineering Journal 523 (2025) 167770

Simulated concentrations of the hydroperoxide of interest PO, in
the photoreactor that are used in this work as an input to identify
the kinetic model for the second step resulted in an average deviation
of 7.1% when compared to the measured concentrations [23]. The
common reactor model is based on the drift-flux model [44], with key
assumptions previously established [23] and summarized as follows. A
discussion on the generalizability of the identified kinetic model under
the consideration of the assumptions is given in Section 4.7.

» The conditioned gas and liquid flow rates establish Taylor flow
conditions at all times. The total flow rate was varied over a
narrow range of only 0.5 mL min~! t0 2.5 mL min~! ensuring consis-
tent hydrodynamic conditions across all experimental conditions.
The experimentally determined distribution factor was 1.020 +
0.025 (95 % confidence interval) [23] suggesting a very low slip
between the two phases. Thus, the two phases’ dynamics are
closely coupled moving with similar velocities — an important
feature of the drift-flux model [44]. Moreover, the high length-to-
diameter ratios (10 m photoreactor length and 2 m to 6 m synthesis
reactor length with 0.8 mm and 1.6 mm diameter tubing, respec-
tively), enable continuum representations as employed in drift
flux modeling.

The mass transfer between gas and liquid phase is modeled using
the usually applied linear approach [45] and is based on [46]. The
authors analyzed mass transfer of oxygen into water under Taylor
flow in circular cross-sections with inner diameters ranging from
1 to 3mm. With the film contribution being the primary factor,
the mass transfer coefficient could be described as kja « f—:%%
with D the liquid diffusivity, u; the superficial gas velocity, Lﬁc
the length of a unit cell, and d the inner diameter of the tube.
Assuming low fluctuations in liquid diffusivity and that the effect
of varying superficial gas velocities across different experiments
(0.4mLmin~! to 2mLmin~! initial gas flow rates at 20°C) dom-
inates over changes in the unit cell length along the reaction

line, the mass transfer coefficient is reduced to k,a=k;a us. The

constant 1;21 thus integrates the effect of the unit cell length and
the toluene-gas system.

The setup was operated in steady-state. No transient terms are
therefore considered during modeling.

A momentum balance is not considered as the relative pressure
drop over the reactor is small (0.1 bar to 0.5bar at 7 bar operating
pressure).

Energy balances are neglected due to the isothermal operation of
the reactor.

The flow is one-dimensional (z axis). Hence, ideal mixing in radial
direction is assumed.

The gas phase can be described by an ideal gas mixture, and the
liquid phase is considered incompressible.

The saturated dissolved oxygen concentration is derived from
Henry’s law [23]. Corresponding parameters for oxygen in toluene
are taken from [47]. The authors collected data in the ranges from
1 to 10bar and from 20 to 110°C:

In(H) = % +B, A=400426, B = 3393, ©

with T the temperature in Kelvin and H the molar fraction based
Henry constant in MPa.

A schematic representation of the continuous reactor system as de-
scribed by the developed mathematical process model is shown in
Fig. 4. In the drift flux model, the gas fraction a constitutes the ratio
of the cross-sectional area covered by the gas flow A, to the total
cross-sectional channel area A:

a=—=. 10
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Fig. 4. Schematic representation of the 1-dimensional process model of the
continuous two-phase reactor system, Fig. 3(a). The setup is operated in
steady-state Taylor flow mode at constant pressure p and at constant, reactor-
dependent temperatures; concentrations change spatially in flow direction z.
The experimentally derived distribution parameter C, in the drift flux model
causes a small deviation between the velocities of the liquid (1) and the gas
phase (u,). Mass transfer of oxygen occurs from the gas to the liquid phase
(k,a). Reactions happen in the liquid phase with the light-induced reactions
in the photo reactor and the acid-catalyzed reaction sequence in the second
reactor.

Thus, the cross-sectional area covered by the liquid flow is A;=(1-a)A.
A constitutive equation for the phases’ interaction relates the gas

fraction
a=—Pp, an

to the known gas holdup p defined by the volumetric phase flows Vg
(gas) and V] (liquid):

v, V.
=L2=-_% 12
B Tl 12)

o
+
=

where C;, = 1.02 is the experimentally determined distribution factor
from our previous study [23]. The material balance of a species i in
the liquid phase becomes

£)a
o, (1-&)4 I i=0,
—_—— b:jo.), 6;= 13
= S o) a=q as
——
1/u

where u, is the liquid phase velocity and ' is the rate of concentration
change of the considered species, Eq. (6). The mass transfer of oxygen
from the gas to the liquid phase is

Jo, = kiay fus(10,1% — [0,]) as

with [0,]® the saturation concentration of oxygen in the liquid phase.

Analogously for the gas phase, the material balance over the total
gas flow yields

RT .

— === -wAjo, (15)
p

with R the universal gas constant, T the temperature and p the total

pressure.

The reaction network and the governing equations of the pho-
toreactor are given in Appendix C and were derived in our previous

publication [23]. The focus of this publication is the reactor with the
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acid-catalyzed reactions. Its corresponding governing equations are

L
ol[Pol]_(1 co)A o o
dz - V] racid - Pox[ ]] ’

dz

dz

" (16)

1-L)a

a_(1=§)4,

dz Vl acid”
1-L£)4

do,] o)t o~
dz V—l(raczid +kiay [uy (0,17 = [0,D).
av,
g T B~ o
== _;RC_OAkla Uy ([02]% = [O,)).

ri‘ci , are the net rates of reaction for species i of the acid-catalyzed
reaction network that will be identified in the remainder of this article.
Analogously, the differential equation for ¢; represents a placeholder
for each of the species taking part in the reaction network. PO, are
hydroperoxides formed in parallel with PO, in the photoreactor. PO, is
a lumped loss product from the hydroperoxides PO, and PO, with kpy_
the corresponding rate constant. The corresponding initial conditions

at the inlet of the acid-catalyzed reactor at z,, are
([PO; 1, [POy 1, [POL], ¢;, [0,], Vo )(2 = Zycig0)
= (IPO 1y¢id0» [POy Jcia0» [POx lacic0- 05 [02]acid 0 Vigacid,0)»

where the non-zero conditions follow from simulating the upstream
part of the setup including the photoreactor, Fig. 4. The only non-zero
conditions for the photoreactor at its inlet are [DHAA](z=0)=[DHAA],,
[0,1(z=0)=[0,]*® and V,(z=0)=V,, with the initial DHAA concentration
and the initial Vg being experimental settings. Note that the liquid flow
rates at the photoreactor inlet (DHAA feed) and at the acid-catalyzed
reactor (TFA feed), Fig. 4, are predetermined by fixed ratios, see
Section 3.1. The reaction network of the photoreactor and its governing
equations are given in Appendix D.

@a7)

3.6. Estimating model parameters

Both process models for the batch and the continuous setup are
mathematically described by a system of ordinary differential equa-
tions. The unknown model parameters 6 of the process model to be
estimated are

0= <";> e R, as)

where the vector of kinetic rate coefficients k and the vector of reaction
orders m of the considered chemical reactions, Eq. (5), are concate-
nated. The elements of the two vectors and therefore the number
of unknown model parameters ¢ are specific for each kinetic model
candidate. Note that for model candidates with fixed reaction orders,
m is not present in 6.

With the exception of kpg , kinetic parameter values for the pho-
tooxygenation step were taken from [23]. The parameter kpo_is re-
estimated in this study because the original parameterization accounted
for hydroperoxide losses occurring between sampling and measure-
ment. However, in the acid-catalyzed sequence, such losses are signif-
icantly reduced since the primary hydroperoxide PO, reacts immedi-
ately upon acid addition.

An overview of all the model parameters transferred from the
previous study and used here in the developed process model to identify
the acid-catalyzed reaction network, is given in Table C.4 in Appendix
A. Since model parameters for the photo reactor were taken from
a previous study, their attached parametric uncertainty potentially
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Fig. 5. Knowledge-based systematic strategy for kinetic model identification.

increases the uncertainty of the model parameter estimation for the
acid-catalyzed sequence in this study. This effect will be negligible
because a combined global sensitivity analysis of the estimated model
parameters and the process settings in the photo reactor showed that
the relative influence of the model parameters on the PO, concentration
was vanishingly small [48].

For the mass transfer coefficient k;a, parameter identifiability issues
arose in the acid-catalyzed reactor system. The absence of gas phase
sampling and liquid sampling only after oxygen equilibration made
direct observation of mass transfer dynamics infeasible, rendering Ia&
non-identifiable from the collected data. Consequently, the coefficient
was fixed at the value estimated for the photo reactor following an
engineering compromise that is necessitated by the available data
and system complexity constraints. A preliminary evaluation of this
approximation can be made by examining the three competing factors

. . . . ~ - Duyy .
affecting the mass transfer coefficient, i.e., kja=ka use\ [ 7 “e %. While
ucC

the diameter doubles from the photo to the acid-catalyzed reactor,
the 40°C increased temperature causes the oxygen diffusivity to rise.
For the comparable carbon dioxide molecule, the diffusivity in toluene
increases by approximately 1.8 from —20°C to 20°C [49]. The most
difficult factor to assess is the unit cell length L. From a purely
geometric perspective, the unit cell length must decrease by a factor
of four when the diameter is doubled. However, the situation is sig-
nificantly more complex due to hydrodynamic effects at the diameter
change [50], making it impossible to provide a definitive estimate.
Given these competing and complex effects and that mass transfer is
not expected to be rate-limiting under the studied conditions, fixing
ka to the photo reactor value represents a reasonable engineering
approximation.

3.7. Strategy for identifying kinetic models

The developed identification strategy builds upon an iterative cycle
starting with the knowledge-based proposition of kinetic model can-
didates, displayed in Fig. 5. The parameters of the different model
candidates are then estimated from the available experimental data.
Supported by a model selection criterion, the subsequently introduced
Akaike information criterion AIC_, one final model candidate is chosen
from the set by the expert. Alternatively, if none of the kinetic model
candidates is sufficient, i.e., the AIC, value is too large or artefacts are
observed in the model-data fit, further candidates are postulated and
the procedure is repeated.

A well-known model selection criterion is the Akaike information
criterion (AIC) or its small-sample analog, the corrected Akaike infor-
mation criterion AIC, [29]. It evaluates the model response residuals
as well as the model complexity in terms of the dimension of the model
parameter vector:

AIC = 2Ly p) + 2K, (19)

with £ the log likelihood function, 8 the maximum likelihood
estimated model parameters [51], and K the number of estimated
parameters. The corrected AIC is

2K(K +1)

AIC, = AIC R
¢ +N—K—1

(20)

with N the number of data points, where its use is recommended for
N /K ratios below 40 [29]. From Eq. (19), it is obvious that the AIC pe-
nalizes the goodness-of-fit measure, i.e., the log likelihood, through the
number of estimated parameters K. The AIC is a relative measure and
therefore can only be interpreted within an isolated study, with lower
values being favorable [29]. In the developed strategy, the AIC, serves
as a heuristic and supports the model selection procedure. Moreover,
two common measures to judge the goodness-of-fit are reported. That
is, the root mean square error

2D

and the averaged relative deviation of artemisinin

Nagr ‘([ART]?XP — [ARTJS™)

AT = (22)

Narr 4 [ART™

between simulated (sim) and experimental (exp) data. For the latter,
points smaller than 0.01 molL™! are excluded as they would distort the
measure.

The likelihood used for parameter estimation and the AIC (Eq. (19))
was based on independent and identically distributed Gaussian additive
errors with zero mean [51]. Thus, the number of estimated parameters
K is the sum of the number of model parameters ¢ from Eq. (18)
plus one for the measurement variance, K=g + 1. The parameters were
estimated using Julia [52] from 400 continuous and 201 batch data
points (N=601).

The building of different model candidates was based on the avail-
able information about the mechanisms in literature as discussed in
Section 2, expert domain knowledge and experiences gained from
the conducted experiments (Section 4.1). We began with a simple
initial base model and progressively explored more complex model
candidates to determine whether the increased complexity provided a
better description of the observed experimental behavior. The process
of identifying the kinetic model from the set of the postulated model
candidates by applying the outlined identification strategy is demon-
strated in the upcoming results sections starting with a data analysis of
the experimental data.

4. Results

The results chapter, first, addresses the outcomes of the continuous
and batch experiments, along with the modeling challenges and insights
they provide. Next, the kinetic network is introduced, starting with
a simple base network and potential extensions to better reproduce
the reaction system’s behavior. The corresponding kinetic models are
subsequently fitted to the experimental data, highlighting which char-
acteristics are captured well and which poorly. Finally, the best-fit
model candidate is presented, followed by a detailed discussion of its
validation procedure and limitations.

4.1. Experimental data analysis
The investigation of the reaction kinetics of the acid-catalyzed

reaction sequence is based on two separate sets of experimental data.
One data set was collected in the continuous setup in the presence
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Fig. 6. Scatter matrix and histograms of the continuous setup data with variation in superficial residence time z* and initial TFA concentration [TFA], (plot
22) for the acid-catalyzed sequence step of the ART synthesis. Please note that the photoreactor was connected upstream of the synthesis reactor to form
the hydroperoxide PO;. The data points are colored according to their acid concentration, see bottom row. The yields Y are based on the converted DHAA

concentration. The recovery R considers all recovered species.

of oxygen while operating in steady state mode. The second data set
results from experiments in a batch setup for time-resolved sampling
that were run in the absence of oxygen. Besides the availability of
oxygen, the major differences between the two data sets are the amount

of dosed TFA ([TFA],) and the residence time: we use the actual
residence time ¢ in the batch setup and the superficial residence time
7%, Eq. (1), in the continuous setup. The TFA concentration for the
continuous experiments was one magnitude larger than for the batch
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Fig. 7. Scatter matrix and histograms of the batch setup data with variation in initial TFA concentration [TFA], and sample time ¢ for the acid-catalyzed sequence
step of the ART synthesis. The data points are colored according to their acid concentration, see bottom row. Note two subtle differences between this Figure
and Fig. 6: (i) the units in the initial TFA concentration, mmol L™! in this Figure versus molL~! in Fig. 6; and (ii) the time variables, i.e., the actual sample time

t in this Figure versus the superficial residence time 7° in Fig. 6.

experiments thereby enabling shorter residence times. Figs. 6 and 7 pro-
vide scatterplot matrices showing the key quantities from Section 3.2
for the participating species and for the continuous and the batch data,
respectively. The scatterplots are numbered in gray inside each plot to
guide the discussion. The shown data are colored according to the TFA
concentration; see the bottom rows of both Figures.

First, the continuous data visualized in Fig. 6 are analyzed. For the
various initial TFA concentrations and flow rates, i.e., residence times,
(plot 22) high DHAA conversions of larger than 94 % are achieved for
all the continuous experiments (plot 1). ART yields reach 54 % and
47% within 16 min theoretical residence time for 0.125M and 0.25M
TFA, respectively, plot 16. The significant difference in ART yields
emphasizes the effect of the catalyst concentration on the formation
of potentially unknown byproducts. Recoveries on the other hand only
reach around 60% when production of ART has reached a plateau,
see green and blue marks in plot 2 and 16. Consequently, more than
40% of the converted DHAA are not identified during the applied

measurement procedure and are therefore not known. Moreover, since
the recovery significantly drops below 40% for low residence times,
plot 2, this suggests at least one non-detected intermediate between
the reaction path from PO; to ART in Fig. 2 next to the existence of
non-quantified byproducts. From the 'H-NMR spectra, none of the
other previously reported species could be inferred (details in [28]).
This finding is mainly due to the fact that the quantification of many
different species with structural similarities is limited with the used
analytical methods [28]. Please note that the formation of the measured
arteannuin H, one of the major byproducts in the semi-synthesis [28], is
not considered in detail, as it is a loss product of a hydroperoxide during
the photooxygenation and therefore not relevant to the conversion
of PO, to ART. Generally speaking, BP5 is formed in one magnitude
greater than BP, in the continuous experiments, plots 7 and 11. More
specifically, BP, only appears in trace quantities, causing the BP, data
to suffer from a high signal-to-noise ratio. Correlation patterns for BP,
are therefore difficult to detect in the plots, with the exception of the
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Fig. 8. Simplified superstructure for the acid-catalyzed sequence producing
artemisinin from the hydroperoxide PO;. The base network, i.e., model candi-
date 1 is drawn in black. Alternative routes are colored, and IM-hyd can either
be formed from IM, or IM; (dashed route).

series performed with the lowest TFA concentration, which suggests a
linear correlation between the BP, and the ART yield, plot 21. In the
case of BP3, a clear linear correlation with the TFA concentration is
observed, plot 26. A correlation with TFA can also be seen for ART,
plot 28, and between BP; and ART, plot 20. From plot 7 it might be
concluded that the formation of BP; happens very fast, as the BP5
yields show a very sharp rise at low residence times reaching quickly
a plateau. This indicates an instantaneous appearance of BPj, i.e., the
reaction path towards BP3 must exhibit very fast kinetics.

The complementary batch results were run six times at four different
TFA concentrations and for times up to 150 min (plot 11 in Fig. 7).

A comparison between the batch and the continuous results at
similar acid concentrations and initial conditions yield similar concen-
trations for PO; and BP5 suggesting that results from the two setups are
comparable (see Appendix B). At the same time, measurement results
within batch experiments obtained at equal TFA amounts do show
discrepancies, that make drawing conclusions more difficult, see for
example the BP; yield in plot 4 for the two similar TFA concentrations
around 25 mmol L~!. These discrepancies might be attributed to devia-
tions in the addition of the acid and an initial temperature rise due to
the exothermic nature of the reaction [28]. The complete disappearance
of PO; takes more than 90 min at the considered TFA concentrations,
plot 2. Similar to the continuous data, recoveries can significantly drop
with the conversion of PO; below 60%, plot 1 and plot 3, and start
rising again as BP, is increasingly formed when time advances, plot 7.
This observation underscores the presence of unidentified intermediates
in the pathway leading to ART. In contrast to the continuous case, the
main byproduct is BP,, whose concentrations are an order of magnitude
larger than those of BP;. The buildup of BP, is not finished within
the considered run time of up to 150 min, plot 7. In the same plot, a
strong linear dependence of BP, on the residence time is observed.
A dependence of PO, and BP, on TFA can be observed as well, plot
13 and 15, respectively. On the other hand and in contrast to the
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Table 1
Goodness of fit for the continuous and batch process models describing the
acid-catalyzed sequence with the base model, i.e., model candidate 1; details
see Table D.6.

Model-data fit

Symbol Unit Value Description

N ontibatch 1 400/201 Number of data points

RMSE mol/L 0.029 Root mean square error,

RMSE, mol/L 0.027 Eq. (21)

RMSE, ., mol/L 0.032

Apgr % 71720 Averaged relative
deviation of ART, Eq. (22)

Estimated parameters

Symbol* Unit Value

kpo, min~! 6.14x 1074

kpo, e, Lmol™" min™! 0.349

kpo, ., L mol™" min~! 3.17

Kiu,-8p, Lmol ™" min™" 0.441

ki, Bp, Lmol™! min~! 0.0

Ky, 1, L mol~! min~! 205.0

kpy,.arT Lmol~" min~! 0.598

*: The kinetic constant k. corresponds to the reaction that forms species C from
species B.

continuous data, a dependence of BP5 on the acid concentration cannot
be concluded with certainty, plot 14. Interestingly, a distinct non-linear
dependence between PO, and BP, yields can be observed that might be
independent on the acid concentration, plot 9.

Summing up, the key findings from the experimental data analysis
are:

The batch and the continuous experiments yield similar concen-
trations for PO; and BP; at similar TFA and initial concentrations.
Residence times for the batch data are in the range of hours, and
for the continuous data in the range of minutes, mainly caused
by a difference of one magnitude in the TFA concentration.

For continuous experiments reaching a steady state, around 40%
of the added DHAA cannot be recovered. This is attributed to
non-identified byproducts and to at least one non-identified in-
termediate on the reaction path from PO, to ART.

The main identified byproduct is BP; and BP, in the continuous
and in the batch data, respectively. In both cases, the more
abundant species concentration is one magnitude larger than the
concentration of the other byproduct.

The TFA concentration shows a large influence on the PO,
BP; and ART concentrations in the continuous data, and less
pronounced on the PO; and BP, concentrations in the batch data.

In the following sections, the kinetic model identification strategy
summarized in Fig. 5 is applied to the analyzed data sets leading to
a kinetic model for the acid-catalyzed sequence of the ART partial
synthesis.

4.2. Postulated model candidates

The starting point of the reaction network development was the
reaction mechanism of the conversion of PO, to artemisinin, introduced
in Section 2. Fig. 8 depicts the developed base network for the acid-
catalyzed sequence together with the extensions added later. The base
model is drawn in black and alternative routes are colored. All tested
networks are based on the following assumptions and simplifications:

+ The formation of all end products, e.g., ART, BP;, BP, and BPs5
(Fig. 8), is irreversible. They are chemically stable under the
conditions applied and do not decompose.

+ During the reaction to BP3, hydrogen peroxide is formed. It does
not influence the reaction kinetics and is therefore not considered.
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lines mark 20 % deviations.

» Each species is protonated only once. If not specified otherwise,
the acid catalyst reaction order is unity, that is the rate of reaction
r is proportional to the proton concentration.

» Only TFA contributes to the acidity of the reaction solution,
i.e., the carboxyl group of PO; does not interfere.

PO, is a byproduct species we introduced in the previous paper on
the photooxygenation kinetics [23]. It includes all formed hydroper-
oxides formed in the photooxygenation of DHAA apart from PO,
and their corresponding reaction products after conversion in acidic
conditions, e.g. arteannuin H. In the base network, PO; undergoes
irreversible acid-catalyzed conversion to either the byproduct BP; or
the intermediate IM,, with protonation as the rate-limiting step in both
pathways. The formation of several intermediate species is simplified
to a single lumped species, IM,, which represents the central enol
intermediate and the precursor for both artemisinin and BP,. The
formation of BP, is assumed to be governed by a single acid-catalyzed,
rate-determining step involving water elimination. A second byprod-
uct, BPs, is introduced to account for uncharacterized byproducts and
low recovery observed in the experimental data. IM, irreversibly re-
acts with oxygen to form IM;, which is subsequently converted to
artemisinin in an acid-catalyzed step that eliminates water. This simpli-
fied mechanism assumes oxygen addition as the rate-determining step,

11

with irreversible water abstraction. This base model candidate contains
4 byproducts and 7 reaction steps and assumes a reaction order of m=1
regarding acid concentration for the acid-catalyzed steps.

In later model candidates, additional reaction pathways were incor-
porated to account for reversible steps and side reactions. A reversible
protonation step was added to the cleavage of PO, where protonation
at either the internal or external oxygen of the hydroperoxyl group
leads to a catalyst-binding intermediate and a subsequent forward re-
action releasing the catalyst [53]. This protonation pathway substitutes
the direct conversion of PO; to IM, and BP;. Further, an internal
equilibrium step was introduced, where IM, reversibly forms IM,,
which then irreversibly transforms into BP5. IM, is interpreted as the
seco-cadinane species, a major byproduct identified in prior studies.
Finally, water effects were considered by introducing hydration of IM,
and IMj;, forming IM-hyd. As the reaction progresses, the increased
water concentration shifts the equilibrium towards IM-hyd, slowing
both BP, and artemisinin formation. The details of the tested model
candidates are given in Table D.6.

4.3. Performance of the base model
In the following, the results of the base model candidate (Fig. 8 in

black) are shown first before the identification path to the final kinetic
model considering the alternative routes is discussed.
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Fig. 10. Selected reaction network for the acid-catalyzed sequence producing
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oxygen (X,,=1, continuous experiments). The blue sub-network is active when
no oxygen is present (x, =0, batch experiments).

The results of fitting the base model to the experimental data are
shown in Fig. 9 and Table 1. The averaged relative deviation of ART
almost reaches 78 %, suggesting that the base model is not representing
fully the reaction network underlying the experiments. From the esti-
mated Kinetic parameter for the reaction of intermediate IM, to BPs,
kint, 5, =0Lmol ™' min~!, it follows that the byproduct reaction yield-
ing BP;s is not present. The high value for klM2A1M3:205Lmol‘l min™!
suggests that IM, is converted almost instantly to IM; in the presence
of oxygen. In the PO, parity plot for the continuous data, Fig. 9(a),
the model predicts for some measurements non-vanishing amounts
of PO,, although the data suggest near-zero concentrations; see the
data points on or very close to the abscissa. At the same time, ART
concentrations for relatively low ART values are predicted too low,
Fig. 9(b). For the batch data, an opposite trend is visible: The base
model does predict zero or trace quantities of PO,, but the experimental
data shows significantly higher concentrations. Thus, the PO; depletion
is predicted considerably too fast. The data points for ART in Fig.
9(b) form a curvy pattern that suggests a systematic gap in the base
model structure. Furthermore, the BP; data, Fig. 9(c), show very poor
predictive capabilities of the base model over almost the entire concen-
tration range, which points to missing characteristics of the simulated
chemical reaction network. Hence, the base model is not able to predict
the measured species within the considered concentrations, making
extensions and variants of the base model necessary.

4.4. Route to identify and parameterize a final kinetic model

Different combinations of reactions of the full reaction network
shown in Fig. 8 have been analyzed to identify the most likely candi-
date. Information about the different model candidates built upon these
modifications can be found in Table D.6 in Appendix. Likewise, the root
mean square errors and the corresponding AIC, values resulting from
the parameter identification are given in Table D.7 in Appendix. In the
following, the key results of the analysis that led to the final kinetic
model are summarized. The model candidates are thereby referenced
by their unique number as specified in Table D.6.

Changing the dissociation behavior of TFA from the default full
dissociation to partial dissociation (see equations in Table D.5) does
not improve the model-data fit (model candidates 1,2,3, and 16,17, 18
in Table D.6). Model candidates with different schemes for protona-
tion, dissociation equilibrium, hydration and byproducts that consider
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Table 2
Goodness of fit and estimated parameter values and spreads for the
developed process model and selected and refined model candidate
16 describing the synthesis reaction network.

Model-data fit

Symbol Unit Value Description

Neonti/batch 1 400/201 Number of data points
RMSE mol/L 0.016 Root mean square error,
RMSE,,,;  mol/L 0.014 Eq. (21)

RMSE,,,, mol’/L>  0.021

AT % 13.97 Averaged relative

deviation of ART, Eq. (22)

Estimated parameters

Symbol* Unit Value cr’ CIy; f
Kpo, 1/min 0.0105  0.0096  0.0113
i, - 2646 2629 2664
Kpo, 5p, (L/moly™=*! /min 4242 3730 4771
kpo, v, (L/mol)™: /min 880.3 8332 9316
K, Bp, Lmol™! min~! 0.0 - -

Kt -8p, L mol™" min~! 0.682 0.614 0.755
Kina,, 5, Lmol™" min™' 0.887  0.770 1.026
ki, ART (L/mol)? /min 30.07 28.07 32.24

*: The kinetic constant k. corresponds to the reaction that forms species
C from species B.
"t [Cl5, CIs]: 95% confidence interval based on profile likelihood [23].

proton reaction orders of unity (candidates 4 to 12) do not lead to a
notable improvement of the model-data fit in terms of the root mean
square error (RMSE). The largest improvement is achieved by assuming
a protonation step for PO; reacting to IM, (blue modification in Fig.
8; model candidates 4, 5, 7, and 10 to 12) emphasizing the important
influence of TFA on the reaction kinetics. Additionally integrating
hydration of IM, before it can react to IM; (brown modification in Fig.
8; model candidates 10 and 12) yields the best performing model within
this group having an RMSE as low as 0.018 mol L~!. On the other hand,
adding a further intermediate IM, for the production of BP, from IM,
(purple modification in Fig. 8; model candidate 12) shows a negative
effect on the predictive capability of the model, so this reaction is un-
likely. Clearly, the key aspects beneficial for the improved model-data
fit in model candidate 10 are the variability in the acid concentration
over the course of the reaction, and the possibility of a resting state by
the hydration extension. However, the usage of less TFA in the batch
experiments to reduce the reaction rate resulted in almost complete
temporary TFA depletions in the batch experiments for model candi-
date 10. This was considered unrealistic, in particular when compared
with the TFA behavior in the continuous experiments. Consequently,
the alteration of the TFA reaction orders for the depletion of PO,
towards both BP; and IM, were targeted (model candidates 13 to 30).
For all model candidates within this category, significant improvements
are achieved, where most of them reach an RMSE of 0.019molL~! or
below. The apparent reaction orders of TFA lie between 2 and 3 for
myy, and 3 to 4 for mgp, . Thus, the TFA reaction orders considerably
exceed 1. Such high values might be a consequence of a sequence of
rate-limiting acid-catalyzed steps, i.e., multiple protonations lumped
together; compare with the mechanism in Fig. 2. Alternatively, the high
reaction orders compensate physical or chemical phenomena, that are
not covered by the structures of the model candidates.

In many model candidates, the formation of IM; was estimated to
be very fast. That is, IM; is accumulated as the main intermediate and
IM, is only formed in trace quantities in the presence of oxygen leaving
no reactant for the byproduct formation starting from IM,. Therefore,
the byproduct formation starting from IM; obtains better model-data
fits (see model candidate pairs 15/16 and 25/26). This suggests the
existence of an additional byproduct on the reaction path from IM, to
ART apart from BP,.

The consideration of further structural extensions and variants,
other than the modifications shown in Fig. 8, did not improve the
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model-data fit and are therefore not discussed here [48]. From the
postulated kinetic model candidates, the most promising one supported
by the magnitudes of the AIC, was chosen. From Table D.7 in the
Appendix, a small choice of model candidates reaches an AIC, of
almost —5000, with very subtle differences among the candidates (see
the models with AIC < — 4890). It is known that AIC/AIC, tends to
overfitting, i.e., prefers model candidates with a greater number of
model parameters [54]. Therefore, model candidate 16 was chosen that
has both a small number of parameters, namely 7, a good model-data
fit and a low AIC_. Here, PO, converts to BP; and IM, directly (not
via the blue or green routes in Fig. 8) with non-unity TFA reaction
orders, where the reaction order to BP; is higher by 1 than that for
IM,. IM, is either oxygenated to IM;, or converted to the byproduct
BP,, i.e., hydration of IM; (brown variant) and IM, (violet variant) are
discarded. IM; can react to a further byproduct BP5 (red-brown route;
reaction from IM, to BPj5 is discarded) or to the final product ART.

4.5. Further refinements of the final kinetic model

Model candidate 16 underwent two further model refinements:
The first refinement was inferred from interpreting the model-data
fit while considering the partial synthesis mechanism. The second
refinement was established on the basis of identifiability problems of
model parameters.

13

Considering the continuous and the batch data of the BP, species,
Figs. 6 and 7, BP, is almost exclusively formed in the batch experi-
ments. On the other hand, the model candidates generally overesti-
mated the amount of BP, formed in the continuous experiments and
underestimated the BP, formation in the batch experiments. An impor-
tant difference in the prevalence of reactions between the continuous
and batch experiments is related to the impact of IM, to produce BP,. In
the batch experiments, in contrast to the continuous case, the reaction
path from IM, towards ART is blocked as the batch reactor is run in
oxygen-free atmosphere. Albeit, BP, can and is predicted to form in the
continuous experiments, even in situations where the model candidates
showed a very short occurrence of IM,. Hence, the results from the
model selection revealed that the differing formation rates of BP, from
IM, in the continuous and batch experiments could not be sufficiently
explained by the identified joint model.

kiv,m, is the only estimated parameter that reached its preset
upper limit, i.e., 5000 L mol~! min~!. This is equal to a reaction from IM,,
to IM3, which is solely limited by oxygen mass transfer. The model-
data fit could be further improved by increasing the mass transfer
coefficient to physically unrealistic numbers resulting in an instant
conversion of IM, to IM3 in the presence of oxygen. Alternatively,
two different intermediates for IM, in the continuous and batch case,
namely IM,. and IM,,, were introduced, that improved the model-
data fit and eased the numerical simulations as the rapid formation of
IM; in the continuous experiments was eliminated. The introduction of
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two different intermediates for the same physical system is the trade-
off one must accept for approximating the real system behavior by a
simplified reaction scheme that is to be identified from two limited
data sets collected under different conditions. A physical interpreta-
tion is the accumulation of two different intermediates in the batch
and continuous experiments. Note however that the differences in the
model-data fit of model candidate 16 between its original and its refined
version are subtle. Hence, the original version can serve as a generic
model in situations where the experimental conditions fall in between
the studied batch and continuous case. That is, for example, if the
molar oxygen fraction in the gas phase is between 0 (batch case) and 1
(continuous case).

The second refinement compensates for a detected parameter iden-
tifiability issue [51] that all of the model candidates shared. An analysis
revealed that a non-identifiability is linked to the kinetic constant
kim,, v, [48] that therefore cannot be estimated. Thus, only one in-
termediate is accumulated in non-trace quantities. This leads to the
omission of IM; and shortens therefore the species number of the path-
way to ART by one. The omission of IM; also results in smoother liquid
oxygen kinetics, where in the presence of IM; a rapid depletion of
liquid oxygen is predicted. It occurs as a result of very high magnitudes
for ki, .1m,»> as the oxygenation was assumed to happen from IM, to
IM;, Fig. 8.

The final reaction network is depicted in Fig. 10. Key characteristic
of the network is that different sub-networks are active depending on
the gas phase composition. If the gas phase contains oxygen (xo,=1,
green sub-network in Fig. 10), the accumulating intermediate is IM,,,
and ART and byproduct BP5 are formed, but no BP,. On the other hand,
if oxygen is absent (X, =0, blue sub-network in Fig. 10), the accumulat-
ing intermediate is IM,,, and BP, and BP are the only products formed.
The kinetic model corresponding to the reaction network for the acid-
catalyzed sequence in Fig. 10 using mass action kinetics, Eq. (5), reads

PO, — PO,, (23a)
TFA
PO, —— BP;, (23b)
TFA
PO} —— My /0, (230)
Xo, = 1,TFA
My, ————— BPs, (23d)
X0, =0, TFA
IM,, ——— BPg, (23e)
Xo, = 0.TFA
My, ——— BP, + H;0, (23f)
5. TFA
IM,, + 30,—— ART + H,0, (23g)
with rates of reactions r;:
rpo, po, = kpo,.po [PO] (24a)
rp0, 8p; = Kpo,.p, [TFAI"TAT[PO, ] (24b)
rp0, 1M, = kpo, .1m, [TFA]"TFA[PO,] (240)
"My BPs = Kivy,Bp; [TFAIIMy ] (24d)
FIMy,-BPs = K1y, Bps [TFAI[IMy, ] (24e)
"My, BP; = Kimy, e, [TFAI[IMp] (241)
FMye-ART = KMy, -ARTITFAIIM, 1[0, ] (24g)

Note that in the presence of oxygen (Xp,=1, continuous case) My,
and in the absence of oxygen (x,,=0, batch case) IM,, is inactive. Both
intermediates are formed with the same rate, where the reaction order
of TFA, mygy, is set as parameter to be estimated. In the formation of
BP;, the reaction order of TFA is set 1 larger than that of IM, formation.

14

Chemical Engineering Journal 523 (2025) 167770

4.6. Performance of the final model

A quantitative summary of the parameter estimation results of
the final model is given in Table 2. A drastic improvement of the
model-data fit is observed compared to the results of the base model
candidate, Table 1, where the RMSE decreased from 0.029 molL~! to
0.016mol L~!. The continuous data is slightly better predicted, which
could be observed for all model candidates (see Table D.6 in the
Appendix). The averaged relative deviation of ART is 13.97%, where
points smaller than simulated values of 0.01 mol L~! are not considered
because they would distort the calculation of the relative measure
that is based on the simulated ART concentration. The high value
estimated for the apparent reaction order of TFA of 2.46indicates that
the depletion of PO, is a sequence of rate-limiting acid-catalyzed steps,
i.e., multiple protonations in the mechanisms in Fig. 2 are lumped
together. Alternative explanations for the high apparent reaction or-
ders include non-ideal mixing effects, pH-dependent speciation of the
catalyst, or variations in activity coefficients at high TFA concentrations
[55,56]. Note that these effects are implicitly captured in our effective
kinetic parameters. Practically, all eight parameters are identifiable as
a corresponding analysis showed [48], with a good confidence in all of
them as can be seen in Table 2.

The parity plots of the measured versus simulated data are shown in
Fig. 11. In general, the results show a satisfactory agreement between
simulated and experimental data considering the complexity of the
reaction network and the continuous reactor setup, in particular for the
main pathway to ART, Fig. 11(b).

However, there are deviations between model and experimental
data for both the continuous and the batch data set. The model could
not fully reproduce the PO; conversion in the batch data and like-
wise the build-up of BP,, especially at concentrations of PO; below
0.25mol L~! (Fig. 11(a)). For the continuous data, the model predicts
the formation of ART and BP; too slow at low TFA concentrations, as
seen in the ART and BP; points lying on the ordinate in Figs. 11(b)
and 11(c). This behavior results from the slow depletion of PO; at low
TFA concentrations. The parity plots also show pronounced scattering
of experimental data at constant values of the simulated value, e.g. the
arrangement of parity points in a vertical manner at high ART and BP;
concentrations. This is for a large part attributed to the variability of
the measurement data obtained in the batch and continuous setup as
previously identified in the experimental data analysis in Section 4.1.

4.7. Generalizability of the identified model

The developed model incorporates several simplifications that are
specifically applicable to the system of purified dihydroartemisinic acid
in toluene and catalyzed by trifluoroacetic acid. The model is valid
only under specific conditions: at —20°C for the photooxygenation
step and at 20 °C for the acid-catalyzed reaction step. Additionally, the
application of the model in the acid-catalyzed reaction step is restricted
to scenarios where the gas phase consists of either pure oxygen or pure
nitrogen.

The application of the drift flux model and the velocity-dependent
linear mass transfer approach are strong simplifications of two-phase
reactive flows in capillary tubing [57] potentially compromising the
isolation of the underlying kinetics from transport phenomena. A ma-
jor source of concentration gradients are mass transfer limitations.
At the reactor inlets, ample tubing precedes both the photooxygena-
tion (3.2m) and synthesis (0.4 m) reactors, ensuring dissolved oxygen
reaches equilibrium before entering, thereby guaranteeing a well-mixed
liquid phase. We demonstrated in our prior publication that mass
transfer limitations are negligible for the photoreactor through Hatta
number analysis [23]. The Hatta number indicated that the reaction oc-
curs in the kinetic regime rather than being mass transfer-limited. The
experimental conditions in this study provide even greater assurance
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case, the data points are given at the synthesis reactor outlet. Hence, the time-resolved graphs originate from different experiments. The corresponding residence

times were taken from simulations.

of kinetic control, as the pure oxygen atmosphere (versus nitrogen—
oxygen mixtures in our previous work) enhances oxygen transfer and
diminishes mass transfer limitation risks. It can be concluded that mass
transfer limitations play a minor role under the studied conditions,
which we confirmed by another Hatta analysis as outlined in the
Appendix E. Despite the absence of mass transfer limitations, the
necessity of fixing the mass transfer coefficient to the photooxygenation
value due to identifiability issues warrants further investigation.

While a general transferability of the kinetic model is limited, the
observed kinetic behavior could neither be explained by mass trans-
port limitations nor by the mechanisms and kinetics published in the
literature. Nonetheless, a more detailed and microscopic examination of
hydrodynamics and transport phenomena would undoubtedly enhance
future advancements in the process model, enabling the inclusion of
conditions beyond those explored in this study. The reported kinetic
parameters represent effective values for the described reactor config-
uration. This is in particular evident in the apparent reaction order
of the acid catalyst being greater than two. The high value reflects
the semi-empirical nature of our simplified process description and
mass action law formulation rather than true molecular reaction orders.
While mass transfer limitations appear minimal based on our analysis,
they cannot be entirely ruled out. Consistent with standard practice
in process systems engineering, recalibration of parameters may be
required for fundamentally different reactor geometries or operating
regimes.

To improve the predictive accuracy of the kinetic model, addi-
tional research is required. A thorough identification of all reaction
products and intermediates is crucial for developing a more widely
applicable kinetic model. This will also facilitate the determination
and quantification of the mechanistic and kinetic role of the acid
catalyst. Moreover, quantifying water formation during the reaction is
another critical area of focus. As the reaction mechanism becomes bet-
ter understood, the model can be expanded to incorporate temperature
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dependence, as temperature influences various aspects of the process,
including transfer phenomena, flow conditions, and reaction kinetics.
A key challenge will be to identify the parameters most sensitive to
temperature changes, thereby reducing the number of variables that
need to be estimated.

4.8. Model application: Analysis of reaction dynamics

The discussed results in the previous Section enable a model-based
analysis of the partial synthesis reaction dynamics with the identified
process models and their underlying identified kinetic models. For the
operation in batch mode, time profiles of two exemplary experiments
are shown for two different TFA concentrations in the top row of Fig.
12. Predictions agree in general very well with the experimental data.
A minor exception is observed for the PO, depletion, where predictions
tend to be too fast with proceeding time. This can be observed in all
batch experiments.

For the continuous experiments, results from simulations and exper-
imental data having a TFA concentration of 0.25 mol L™! are given in the
bottom row of Fig. 12. Overall, the agreement between simulated and
experimental data is good. In particular, PO, conversion proceeds very
fast according to the data, which is well matched by the model. The
variation observed in the calculated formation of PO, lumped species
results from the specific residence time set in the photoreactor for each
experimental condition. In all experiments, a minimum residence time
was established to ensure complete conversion of DHAA. To achieve
longer residence times in the subsequent acid-catalyzed section, the
flow rate was reduced, which also led to increased residence times in
the photoreactor and, consequently, higher byproduct formation. IM,,,
the major intermediate, is very rapidly built up, and slightly less rapidly
converted to ART. Despite the high rate of ART formation, the liquid
oxygen concentration O, does not drop significantly (Fig. 12(d)). Thus,
the build-up of ART is not mass-transfer limited. As mentioned in the



M. Schulze et al.

previous Section, the model slightly underestimates the ART and BP;
formation in the beginning (Fig. 12(c)).

This data also reveals why two separate intermediate species in the
network are required to reproduce both the continuous and the batch
experimental data. With the final model, IM,, and IM,, are formed with
the same rate from PO, accumulating as intermediates before being
converted with separate rates to BP, and ART, respectively. If BP,
and ART evolve via the same major intermediate IM,, the rate of BP,
formation observed in the batch data imposes significant BP, product
concentrations in the continuous setup despite the short occurrence of
IM,. That is not covered by the experimental data.

5. Conclusion

Designing and optimizing a process for the artemisinin partial syn-
thesis requires a simple but sufficiently accurate kinetic model. Devel-
oping a broadly applicable model for the acid-catalyzed sequence from
the intermediate PO, to artemisinin is particularly challenging due to
the complex reaction mechanism, which involves multiple reversible
acid-catalyzed steps, unstable intermediates, oxidation reactions, and is
coupled with mass transfer. Only 24 % to 76 % of the reaction products
formed could be identified in the experiments. The analysis of the
different postulated simplified reaction networks showed that a purely
linear dependence of the reaction rates on the present acid concentra-
tion is not sufficient to describe the experimental data. The selected
final model has high H* reaction orders exceeding 2, that underlines
the importance of the catalyst and the presence of intermediate steps.
Thus, with respect to the conversion of PO, utmost caution is required
when handling acid concentrations in operational settings. Another
major characteristic of the identified kinetic model is that it has dif-
ferent sub-networks for an oxygen-absent (batch case) and oxygen-rich
(continuous case) atmosphere. This emphasizes the complexity of the
partial synthesis of artemisinin with different pathways dominating
depending on the operating conditions. With these main features, the
selected model candidate can describe the main process behavior with
a mean relative deviation for artemisinin of 14%. Based on the model
analysis, efficient mass transfer throughout the entire reaction system
is crucial for artemisinin production to minimize byproduct formation
in oxygen-deprived reaction zones. Combined with previous work on
the step from dihydroartemisinic acid to PO; [23], a semi-empirical
kinetic model for the ART partial synthesis and a process model for
the production of ART via partial synthesis in a milliscale photo-flow
reactor are made available with this work.

However, since our study provides effective kinetic parameters
estimated with the introduced modeling assumptions, a transfer to
fundamentally different reactor types or operating conditions may re-
quire reparameterization. In more detail, while the identified kinetic
model cannot provide full mechanistic understanding due to its semi-
empirical nature and its embedding in a simplified reactor description,
it does capture key behavioral tendencies that are valuable for process
insight and optimization within the studied parameter range. Moreover,
the identified kinetic constants are valid only at the investigated tem-
perature of 20°C using toluene as solvent and trifluoroacetic acid as
catalyst. To increase the predictive capability of the developed model,
a complete elucidation of all reaction products and intermediates is
pending. Secondly, the determination of the roles of water and acid
over the reaction progress is required to detect any effect of water on
the reaction mechanism and to validate the assumption of a constant
acid concentration and the acid’s substantial influence on the reaction.
When the underlying phenomena are better understood, the model can
be extended to study the effect of temperature and solvent on the
reaction kinetics.
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Appendix A. Summary of standard and varied reaction conditions

In Section 3.1 we introduced the experimental setup and the chosen
conditions for both the continuous and batch experiments. For clarifica-
tion and specification of the reaction conditions, Table A.3 summarizes
the constant and varied concentrations in the feed solutions, the pumps
settings, reactor sizes and the resulting conditions, e.g. the residence
time and acid concentration in solution.

Appendix B. Comparison of batch and continuous experiments to
study the acid-catalyzed reaction sequence

As introduced in Section 3.1, the acid-catalyzed reaction sequence
from PO, to artemisinin was studied through both continuous ex-
periments in the presence of oxygen and batch experiments under
anaerobic conditions. Batch experiments are particularly useful for
obtaining multiple kinetic data points in a single run, whereas each
continuous experiment in steady-state conditions provides a single data
point. Due to the limited residence time in the continuous reactor, batch
experiments were employed to investigate lower acid concentrations,
which require longer experimental durations.

Fig. B.13 presents a comparison of experimental data from both
batch and continuous experiments at similar TFA concentrations. The
comparison was made based on the concentrations of PO1 and the
byproduct BP3. According to the reaction mechanism (Section 2), the
conversion of PO; and the formation of BP; are unaffected by the
presence of oxygen.

The similar results observed after equivalent residence times in
the continuous mode and experimental durations in the batch mode
indicate that both experimental setups produce comparable outcomes
for PO, and BPj3, despite the differences in flow conditions.
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Table A.3
Reaction conditions of the continuous and batch experiments: Constant and varied
properties.
Continuous setup Batch setup
Photoreactor Acid-catalyzed section
Temperature -20° 20°C 20°C
Pressure 7 bara 1 bara
Oxygen content Xo, =1 Xo, =0
in the gas phase
Reactant feed cppaa = 0.25-0.28M 0.2M PO,
composition in toluene cpea = 1.25-1.50mM 2.5mM DCA
Acidic feed composition crpa = 0.06-4M -
in toluene
Acid concentration 0 crpa = 0.006-0.4M crpa = 0.006-0.024 M
in reaction solution
Reactant-to-acid feed ratio 9:1 (v/v) -
Gas-to-Liquid ratio 4:1 (v/v) -
Total flowrate 0.5-2.5mL min~" -
Gas flow rate 0.4-2 mL min™"

Reactant flow rate
Acidic flow rate

0.09-0.45 mL min~"
0.01-0.05 mL min~!

Total reaction volume 5mL 1.5-14.5mL 30mL

Residence time 2.5-10 min 1-16 min -

Sampling - At the reactor After 1, 2, 3, 5, 7.5,
Outlet 10, 15, 30, 60, 90 min
1072
0.5 2
—— Continuous —— Continuous

047" Batch - == Batch
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Fig. B.13. Comparison of experimental data on the acid-catalyzed reaction sequence obtained in continuous operation in the presence of oxygen and in batch

operation in nitrogen atmosphere ([DHAA],=0.5M, T,

Appendix C. Process model for the continuous setup

C.1. Reactions in the photoreactor

The reaction network in the photo reactor from the previously

published study [23] is
L~ kpoy

DHAA + '0,— PO,
kpoy

DHAA + '0,— PO,

1

10, ﬂ) 30,.
kpo,

PO,—5 PO,

kpoy
PO,—— PO,,

with PO specifying differing (lumped) hydroperoxides and 7, the
lifetime of singlet oxygen that is produced by photosensitization.

C.2. Governing equations of the final process model

Combining the reaction network of the photoreactor, Eq.
the reaction rates of the identified final model of the acid-catalyzed

photo= 20°C, 7

phom=5 min, [DCA]=2.5mM, Xo =1, P gp=100 %): (a) Cleavage of PO, (b) Formation of BP;.

sequence, Egs. (24), the governing equations of the process model for
the continuous setup are

d[DHAA] _ (1 B c%)

A [0,] (kpo, + kpo, )IDHAA]
dz 4 ISR (kpo, + kpo JIDHAA]

(C.1a)

Lp(l - exp[—KcDCAlop[]) s
(C.1b)

s N
(C.lC) d[PO]] _ (1 B C_o> A [02] kPO] [DHAA]
dz Vi ki [O5] + kpp 1+ (kpo, + kpo JIDH AA]

(C.1d) ' Y

Ly(1 = exp [=kepealop]) = kpo, .po, [PO1]
(C.1e)

~ kpo, 5p, [TFAI"TA* [PO, ] = kpo i, [TFA]"TFA[PO, ] )

arPo,) _ (1-%)/*(

dz Vi

[0,] kpo, [DH AA]

ki[Oa] + kip 1+ (kpo, + kpo, JIDHAA]

C.1), with
(€1 Ly (1 = exp[~Kepealop ) = kPol-Pox[POy]>s
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Table C.4
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Estimated and literature parameters from our previous study on the photo reactor [23] that are used in the developed process
model to identify the reaction network of the acid-catalyzed sequence.

Symbol Unit Value Description
ka 4/1/cmmin 1.094 Effective mass transfer factor
kml Lmol™ 7.130 Normalized kinetic rate constant
kpoy Lmol™ 0.644 Normalized kinetic rate constant
Lopt cm 0.178 Optical path length
Cy - 1.02 Distribution parameter in drift flux model
]:p mol/(Ls%LED) 9.02 x 1073 Proportionality factor for incident photon flux
kyy - 0.641 Kinetic constant in quantum yield
ki mol L! 0.0119 Kinetic constant in quantum yield
K Lmol™! cm™! 12841.98 Napierian absorption coefficient of DCA
T, us 33.2 Lifetime of singlet oxygen at —20°C
arog _(1-%)4
= - kpo, po, ([PO;1+ [PO,])
dz 14 !
Table D.5
d[IM,, ] (1 - C£> A Different calculation methods for the dis-
i C = VO (kpol ™, [TFA]"TFA[PO, ] sociation equilibrium of trifluoroacetic acid
1 (TFA) on mass action law basis. Model A
— ke, ARTITFAIIM, 1[0, 1] = kpyt,, 5o [TFAIIM,, 1) assumes full dissociation. Models B and C
- account for an incomplete dissociation due
d[BP3] ( ) k [TEAJ"™+1 PO, | to the nonpolarity of the solvent toluene
dz PO;-BP3 and protonable species, introducing a dis-
sociation constant K. The main assumption
d[BPs] (1 c_> A is that the dissociation equilibrates fast
3 k [TFA][IM,,]
dz Vi My, -BPs 2cd> compared with the decay of PO,, i.e., the
5 equilibrium is in place before the actual
<1 —> A reactions occur. Model B considers a simple
d[ART] C
dz kIMZ(,<ART [TFA][IM,][O,,], equilibrium, where in model C it is assumed
that all species evolving from and including
(0] (1 - ci) [0,] (]}PO1 + kpo )IDHAA] DHAA, summarized in species S, intervene
q 2 v % [0 ]2 A ]}y DHAA with the equilibration.
z
! e 2 1+ po; T POy)[ 1 Diss.  Calculation of H*
L,(1 —exp[~xepealop)) + 1;21 u;([Oz]"o -[0,D A HTFA—— TFA™ + H*
[H*] = [TFA],
- +
_ kIMZC »ART[TFA] [IMZC][OZ,I] , B HTFA «—— TFA :{-H
[H*]=-% + /& + K[TFA],
dxo, T R B Al e (101 — [05]) dVg C HTFA + S <« TFA™ + SH*
=\ T4 144 /U 2 21— XO S] = [DHAA],, [SH*] = [H*
dz pV Cy £ 2 dz {H]*'J =[ _KIDII]gAEu I=H0
- 2
dv, 2 >
== -Tr C’f Algay [us(10,] = [0,)). +\/ S 4+ KITFA)[DHAA,
z p

A corresponding scheme is shown in Fig. 4. The following kinetic
constants in the differential equations have been normalized to the
lifetime of singlet oxygen:

k; = k;4,i € {PO;, PO, }. (C.2)
The quantum yield of singlet oxygen is
[0,]
=2 C.3
027§, 10,1+ ki €3

with kj; and kj, kinetic parameters that combine diverse rate constants
of singlet oxygen generation. The local volumetric rate of photon
absorption follows from Beer-Lambert law:

LY = Ly(1 —exp [—kepealop]) ((eX)]

with L, = ZPPLED the local volumetric incident photon flux being
proportional to the LED power percentage, x the napierian absorption
coefficient of the photosensitizer DCA, and [, the optical path length.
Note that a differential equation for the molar oxygen fraction xo,
was added. In contrast to the performed continuous experiments in
this study with oxygen in the gas phase only (x5, = 1), continuous
experiments in our previous study were also run with a gas mixture of
oxygen and nitrogen [23]. Please also note that the liquid volumetric
flow V] is predetermined by the fixed feed ratios given in Section 3.1,
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resulting in a jump condition at z=z,,,. The corresponding initial
conditions at the inlet of the photo reactor are

(IDHAAL, [PO, 1. [PO, 1. [PO, ].¢;. [0,]. Xo,. Ve )(z = 0)

(C.5)
= ([DHAA]),0,0,0,0, [0,]%®

s on,(), Vg,o),

where the subscript 0 identifies initial conditions that can be set by the
operator for each experimental run. The model parameters that have
been determined in our previous publication are given in Table C.4.

Appendix D. Summary of postulated kinetic models

The base model candidate is shown in Fig. D.14, and solely involves
irreversible steps. PO; conversion has two competing paths: It either
reacts to the byproduct BP; or to the intermediate IM,, with both
reactions being acid-catalyzed. The series of formed species is sum-
marized in the lumped species IM,, that represents the central enol
intermediate; compare with Fig. 2. IM, is the starting point for the
reactions towards both ART, BP,, and BP5, where the latter species
is introduced to compensate the low recoveries. BP, is formed in an
acid-catalyzed reaction step with the ejection of a water molecule. The
ART formation is mapped in two steps.
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Table D.6
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Core set of proposed model candidates for the acid-catalyzed reaction network, corre-
sponding to the superstructure in Fig. 8. Note that the font colors of the table headers
also match the colors of the network characteristics in the superstructure illustration.
The dissociation types, column ‘Diss.’, are given in Table D.5. ‘#x’ is the number of
species (states) and ‘q’ is the number of model parameters to be estimated. The column
‘Reaction orders’ refers to the reaction orders regarding TFA from PO, to IM, and BP;,
respectively. All other reaction orders are unity. A check in the column ‘IM;’ implies
that IM, is participating and the orange direct route in Fig. 8 is inactive. If there is
a check in any of the columns ‘IM, prot.’, ‘BP; prot.” or ‘BP, eq.’, the corresponding
colored route in Fig. 8 replaces the black route. In the columns ‘Hydr. pos.” and ‘BP; ¢’
the starting point for the corresponding reaction is given.

D #x g Diss. Reaction IM, BP; BP, Hydr. BP; 6
orders prot. prot. eq. pos. pos.

19 7 A 1,1 - - - ™, v
2 9 8 B 11 - - - - M, v
3 9 8 C 1,1 - - - - ™, v
4 10 8 A 1,1 v - - - ™, -
5 11 9 A 11 v - - - M, v
6 10 9 A 1,1 - - v - ™, v
7 12 11 A 1,1 v v - - ™, v
8 10 9 A 11 - - - M, M, v
9 10 11 A 1,1 - - v ™, ™, v
0 13 13 A 1,1 v v - ™, ™, v
1 13 13 A 1,1 v v v - ™, v
12 13 15 A 1,1 v v v ™, ™, v
13 9 7 A 1,2 - - - - ™, v
14 9 8 A Mg, » 1 - - - - M, v
15 9 8 A My, +1 = - - - M, v
16 9 8 A Mgy, +1 - - - - M, v
17 9 9 B mp, s mpy, + 1 - - - - IM; 4
18 9 9 C Moy, +1 = - - - M, v
19 11 10 A My my, +1 - - - ™, v
20 10 10 A Mgy, 1 - - - ™, v
21 10 10 A Mgy, +1 = - - M, M, v
22 10 10 A My ompg, 10— - - ™, ™, v
23 10 10 A Mgy, +1 - - - M, M, v
24 10 9 A Mg, g, +1 = - - - M,; v
25 9 9 A My, Mgp, - - - - M, v
26 9 9 A Mg, Mg, - - - - ™, v
27 10 11 A Mg M, - - - ™, ™, v
28 10 11 A My, M, - - v - ™, v
20 11 13 A Mg, Migp, - - v ™, ™, v
30 11 13 A Mg, M, - - v M, M, v

First, IM, reacts with oxygen to the intermediate IM3, that phys-
ically represents an intermediate after the oxidation, Fig. 2. IMj is
then further converted to ART in an acid-catalyzed reaction under the
ejection of a water molecule. In the base network, the formed water
does not affect the reaction kinetics, and the proton concentration, that
is set to the initial TFA concentration, stays constant over the course of
the reaction.

The first variants target the dissociation equilibrium of TFA in
toluene. Despite being a very strong acid in water, dissociation of
TFA in the nonpolar toluene is hampered. Additionally, protonated
species such as PO; might interfere with the dissociation equilibrium.
To account for the reduced dissociation, three different options, with
the equations listed in Table D.5, are proposed. All of them hypothesize
that the dissociation equilibrates significantly faster than the reactions
with PO,. Variant A assumes complete dissociation, variant B considers
a dissociation equilibrium introducing the dissociation constant K,
and variant C assumes that all species evolving from and including
DHAA intervene in the dissociation equilibrium. The adjustment of the
dissociation equilibrium is a consequence of the importance of a precise
description of the acid-catalyzed conversion of PO, to yield accurate
predictions for the products ART in the continuous and BP, in the
batch experiments. To account for this importance, the reaction orders
regarding proton concentration from PO, to IM, and from PO, to BP;
are added to the set of model parameters considered during parameter
estimation. Thus, the rate of reactions from the reaction scheme in Fig.
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D.14 are expressed as:

rp0, M, = kpo,.m, [H1"™2 [PO, ] (D.1a)
70,8y = kpo,.5p, [H' 1”3 [PO, ] (D.1b)
rpo,.po, = kpo,.po [PO] (D.1¢)
My M = Kiv,m,; [IM21[051] (D.1d)
Tivy-Bp, = Kivy-pp, [HT11IM,] (D.1e)
rimy-Bps = Kivy-ppg [HY11IM, ] (D.1f)
"iM-ART = Kivy-arT[HT 11IM;] (D.1g)

, with reaction orders mgp, and my;,, based on the rate law in Eq. (5).
[H*] is given by the equations in Table D.5. In certain model candidates,
the reaction orders are assumed to differ by unity, i.e., mgp, = myy, +1.

Apart from a modified dissociation mechanism and variable reaction
orders, the base network was extended and altered to yield different
model candidates, that comprehend reasonable reaction networks, with
the goal of improving the model data fit. A superstructure of the
developed model candidates is shown in Fig. 8, and a corresponding
table containing the different model candidates in Table D.6.

In the base network, the initial protonation is considered to be rate-
determining for the decay of PO,. Alternatively, the rearrangement
following the protonation might be rate-determining [58]. Here, the
educt is first reversibly protonated and further converted to the product
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Table D.7

Summary of the goodness of the fit, i.e. RMSE and AIC, criterion, of the
best parameter estimation runs for proposed core set of model candidates, ID
according to Table D.6. The number of non-zero model parameters ¢ is given
in brackets in the respective column.

D q RMSE RMSE,; RMSE, .., AIC,

1 7 (6) 0.029 0.027 0.032 —4230
2 8 (7) 0.029 0.027 0.032 —4228
3 8 (7) 0.029 0.027 0.032 —4228
4 8 (6) 0.024 0.020 0.031 —4451
5 9 (7) 0.024 0.019 0.032 —4457
6 9 (8) 0.029 0.027 0.033 —4248
7 11 (1D 0.026 0.018 0.029 —4385
8 9 () 0.027 0.024 0.033 —4308
9 11 (8) 0.027 0.024 0.032 —-4322
10 13 (12) 0.018 0.018 0.019 —-4789
11 13 (13) 0.022 0.022 0.022 —4571
12 15 (14) 0.018 0.018 0.020 —4774
13 7 (6) 0.027 0.025 0.031 —4307
14 8 (7) 0.023 0.024 0.021 —4515
15 8 (7) 0.019 0.017 0.021 —4773
16 8 (8) 0.017 0.014 0.021 —4895
17 99 0.017 0.014 0.021 —4896
18 9 (9 0.017 0.014 0.021 —4893
19 10 (10) 0.019 0.017 0.022 —4738
20 10 (9) 0.019 0.017 0.021 —4769
21 10 (9) 0.019 0.017 0.021 —4769
22 10 (9) 0.017 0.014 0.021 —4895
23 10 (10) 0.017 0.014 0.021 —4899
24 9 (8 0.017 0.014 0.021 —4893
25 9 (8) 0.019 0.017 0.021 —4771
26 99 0.017 0.014 0.021 —4895
27 11 (10) 0.019 0.017 0.021 —4767
28 11 (10) 0.019 0.017 0.021 -4767
29 13 (12) 0.021 0.017 0.026 —-4644
30 13 (13) 0.017 0.014 0.021 —4887

H+
BP, [~ [ P0O,|——— PO,

/'02 H’
il H,0
M, BP,
H+
H,0
ART

Fig. D.14. Scheme of base model candidate, i.e., model candidate 1 in Table
D.6, for the reaction network of the acid-catalyzed sequence.

in a non-reversible acid-catalyzed step; see for example the path from
PO; to IM, passing PO;H" in Fig. 8.

The role of water, that can influence the acidity of the solution or
change the reactivity of involved species by hydration, is taken into
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account in the species IM-hyd. Here, free water is trapped, where the
equilibrium between IM, or IM; and IM-hyd shifts towards IM—hyd
with increasing reaction progress, since more water becomes available.
The equilibrium shifts cause the slow down of both the BP, and the
ART formation.

In a further variant, the IM5 species may not be present, that is, ART
is directly formed from IM,. The byproduct BP5 can be derived either
from IM, or from IM;. Moreover, two byproducts, BP5 and BPg, can be
formed from the two intermediates.

The results from the identification of the postulated model candi-
dates is given in Table D.7.

Appendix E. Hatta number analysis

The Hatta number in the synthesis reactor is defined as [13]
\/DkIMZC. ArTITFAIIM, ]

G

a

Ha (E.1)

with D=4.38 x 1075 cm?s™! the diffusion coefficient of oxygen in
toluene [59] and a the interfacial transfer area per unit volume. For
obtaining an estimation about a maximum Hatta number, maximum
values for TFA of 0.4M and for IM,. of 0.28 M are used. Note that
the letter represents the maximum DHAA concentration, making it a
significant overestimation of the maximum IM,, concentration. The
Hatta number becomes

/60 - 438 x 10-5 cm2 min™'30.07 L2 mol 2 min™"0.4 mol L-10.28 mol L-"!
1.094 1/7(cm min)\/g

a

Ha

. 0.094cm min~!
1.094 4//(cm m'm)\/g '
If the longest synthesis reactor (6 m length, 0.16 cm diameter) was filled
with gas only, the specific area would be ¢=25cm~!. The maximum
Hatta number then becomes

0.094 cm min~! 1 :
ar ————— — ~ ——2.15y/cm/min
1,094\//(cm7min)\/§ Vi

25cm!
The process is transfer-controlled for Ha>3 and kinetically controlled
for Ha<0.3. Hence, with the condition Ha>1 for partial transfer lim-
itations, the superficial gas velocity would need to be approximately
lower than 4cmmin~! for partial transfer limitations. However, gas
velocities are substantially higher, i.e., initial superficial gas velocities
approximately vary from 80cmmin~' to 400 cmmin~! at 0.08 cm inner
tube diameter, Table A.3. This translates to a range of 20 cmmin~' to
100cmmin~! at 0.16cm inner tube diameter. The process is therefore
running in the regime controlled by the chemical kinetics.

Data availability

The data presented in the manuscript are openly available in the
KITopen repository at https://doi.org/10.35097 /2vwx8arcenkfljpc.
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