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Production of maleic anhydride from n-butane is carried out in large fixed-bed reactors, which face a multitude
of challenges, amongst them the removal of heat produced by the reaction, alongside a transient increase in
activity due to phosphorus loss from the catalyst, causing a shift in selectivities and loss in target product yield.
Improved modelling can aid in a better understanding of the involved processes, such that operating policies
can be optimized. However, this necessitates the coupling of models for all subprocesses, that are parameterised

independently of one another. To date, especially the phosphorus dynamics are not well understood and lack
models to describe them. Experiments involving p-reactor phosphorus dosing under transport limitation-free con-
ditions are reported, investigating the underlying mechanisms of the phosphorus dynamics. Based on this data,
an activity model comprising only four parameters is developed. Results indicate that a site-blocking mechanism
plays a role in the phosphorus dynamics.

1. Introduction

Maleic anhydride (MA, IUPAC: Furan-2,5-dione) is an organic
molecule comprising several functional groups, which make it a suit-
able intermediate for subsequent chemical modification. It contains two
carboxylic groups, a heterocyclic ring and a C=C double bond (Miiller
et al., 2022; Felthouse et al., 2001; Lohbeck et al., 2000). Due to its par-
ticular chemical properties, MA is used in the chemical industry, with
the majority market being unsaturated polyester resins for construc-
tion (Guan et al., 2018; Volta, 2000). However, an increasing aware-
ness for the need of sustainable materials has seen MA become rel-
evant in the production of biodegradable plastics, too (Raquez et al.,
2008b,a; Dammak et al., 2020). Other common products relying on MA
include co-polymers, lubricant additives, and selected bulk chemicals
(Guan et al., 2018; Volta, 2000).

To date, the most common synthesis route relies on the selective ox-
idation of n-butane over vanadium-phosphorus-oxide (VPO), a mixed-
metal-oxide catalyst (Bartley et al., 2008; Trifiro and Grasselli, 2014).
With a global production capacity of more than 5 Million t/a, it is the
most widely applied selective oxidation reaction in the world (Denny,
2024). It is characterized by its distinctly exothermic nature (Ag H? =
—1236 kI mol™! Felthouse et al., 2001; Lesser et al., 2016), which poses a
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significant challenge for heat removal. Simultaneously, the inherently
low reactivity of n-butane requires the reaction to be carried out at el-
evated temperatures (Miiller et al., 2022). Despite the existence of spe-
cially developed reactor concepts (Lerou and Mills, 1993), large multi-
tubular reactors 3 m < L < 6.5 m) remain the workhorse of MA
production to date (Ballarini et al., 2006; Lohbeck et al., 2000; Miiller
et al., 2022). They usually consist of several ten-thousand slender reac-
tor tubes (20 mm < dp < 25 mm), providing good heat transfer proper-
ties through a high surface to volume ratio, cooled via a molten salt bath
at operating temperatures in the range of 380 °C to 430 °C. The feed, de-
livered at head pressures around 1barg to 2 barg, consists of 1vol% to
2vol% n-butane in compressed ambient air (Volta, 2000; Lesser et al.,
2016; Miiller et al., 2022).

Despite this dilute feed mixture, distinct hot-spots of 50K to 70K
above cooling temperature can occur as a result of insufficient heat re-
moval (Lesser et al., 2016; Miiller et al., 2022). Higher temperatures
and the accompanying higher conversion levels generally shift the se-
lectivity away from MA and towards CO, (CO and CO,) and increase
the catalytic activity - it is well documented that consecutive oxidation
of MA is favoured when n-butane conversion exceeds 70 % (Trifiro and
Grasselli, 2014; Ballarini et al., 2006; Wellauer et al., 1986). In addi-
tion to this innate issue of the reaction itself, high temperatures can
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Nomenclature

Latin symbols

b Activity factor [-]

d Diameter m

E, Activation energy [kJ mol™']

GHSV  Gas-hourly-space-velocity [m*>m=3h~]

AgH® Reaction enthalpy [kJ mol™!]

k Rate constant [misc.]

K Equilibrium constant [misc.]

L Length [m]

m Number of data-points for Maximum Likelihood
formulation [-]

N Number of data-points for Maximum Likelihood
formulation [-]

NE Number of experiments for Maximum Likelihood
formulation [-]

NM Number of measurements for Maximum Likelihood
formulation [-]

NV Number of variables for Maximum Likelihood
formulation [-]

R Ideal gas constant [JK~! mol™']

r Reaction rate [molkg™'s™!]

T Temperature [°C or K]

t Time [s]

TOS Time on stream [h]

X Molar fraction [ mol %]

z Predicted value for Maximum Likelihood formulation
[misc.]

z Predicted value for Maximum Likelihood formulation
[misc.]

Greek symbols

a Activity factor [-]

€ Bulk content [-]

(€] Surface coverage [-]

0 Parameter set [-]

Abbreviations

1D One-dimensional

CFD Computational fluid dynamics

MA Maleic anhydride

IR Infrared

TEP Tri-ethyl phosphate

TMP Tri-methyl phosphate

VPO Vanadium phosphorous oxide

Subscripts

ads Adsorption

cat Catalyst

des Desorption

inert Inert

P Phosphorus

p Particle

ref Reference temperature (693 K)

SBT Salt-bath-temperature

invoke a performance evolution of the VPO catalyst. This phenomenon
is commonly referred to as phosphorus dynamics, where the catalyst ex-
periences a loss of phosphorus leading to increased catalytic activity
with decreased selectivity towards MA (Wilkinson et al., 2013; Lesser
et al., 2016, 2017; Miiller et al., 2022; Anderson et al., 2023b,a). In-
dustrially, organophosphorus substances, such as tri-methyl-phosphate
(TMP) or tri-ethyl-phosphate (TEP), are added to the feed stream (1 ppm
to 3 ppm) to replace the lost phosphorus and maintain a constant level of

Chemical Engineering Science 316 (2025) 121880

activity (Volta, 2000; Lesser et al., 2017; Miiller et al., 2022; Wellauer
et al., 1981; Ebner, 1993; Diedenhoven et al., 2012; Edwards, 1987,
1989; Taheri, 1992; Burnett et al., 2001). Further common issues with
these reactor types lie in the inhomogeneous packing of reactor tubes,
which leads to a distributed pressure drop over the entirety of tubes,
and ultimately to variations in residence time per tube. Inhomogeneous
salt-bath-temperatures, and temporal variations of water content in the
compressed ambient air used for the reactor feed are also amongst those
issues (Miiller et al., 2022).

Considering the aforementioned challenges, it becomes readily ap-
parent that precise reactor control is of utmost importance to maintain a
high target product yield, and ensure safe and economic operation. Nat-
urally, in-depth knowledge of the involved processes is a prerequisite for
optimizing reactor control, comprising of several phenomena on differ-
ent length scales, as visualized in Fig. 1. This reaches from the smallest
length scale, the catalytic reaction and the phosphorus dynamics on a
molecular level, over intra- and inter-particle heat and mass transport
on a particle and tube level, to salt-bath cooling and distributed pressure
drops on the entire reactor scale.

Often, classical measurement techniques fail to provide the full im-
age: (Dixon, 2017) showed how local hot-spots, for example in the ra-
dial direction, are not captured by axial thermocouples placed in indi-
vidual reactor tubes. Kutscherauer et al. (2024) showed how a single
catalyst particle close to the reactor wall exhibited higher temperature
and n-butane conversion than the remainder of the fixed-bed and Dong
et al. (2018) reported temperature differences of up to 40K on a sin-
gle catalyst particle, both using computational fluid dynamics simula-
tions (CFD). Using CFD simulations, too, Anderson et al. (2023a) re-
ported that, under hot-spot conditions, a single VPO catalyst particle
can experience temperatures of up to 80 K above the temperature of the
surrounding bulk fluid, due to external heat transport limitations. Such
effects would clearly not be recognized by an axial thermocouple mea-
suring the gas phase temperature in the center of a reactor tube. The
ability to describe the aforementioned processes in mathematical terms,
independently of one another, can therefore be employed to close the
knowledge-gap via modelling, ultimately leading to optimized control
and operating policies for such reactors.

Throughout the past decades, a multitude of kinetic models has
amassed in the literature: The earliest publications date back to the mid-
1980s (Wellauer et al., 1986; Centi et al., 1985; Buchanan and Sundare-
san, 1986), many publications around the early 2000s (Brandstadter and
Kraushaar-Czarnetzki, 2005; Gascon et al., 2006; Lorences et al., 2003;
Uihlein, 1993) and only a few models in recent years (Wilkinson et al.,
2013; Lesser et al., 2017; Miiller et al., 2021). These models differ in
the type of reactor used to generate the kinetic data, the form of the
rate expression and the type and complexity of the reaction network
considered.

Unfortunately, only a few of these reaction kinetics also take the
phosphorus dynamics into account (Anderson et al., 2023b). Wellauer
et al. (1986) were among the first to model the selective oxidation
of n-butane. Their publication from 1986 covers a reactor model, re-
action kinetics and a deactivation model that is based on an Arrhe-
nius expression, describing the deactivation of the catalyst by subli-
mation of phosphorus on the catalyst surface. Over 25 years later,
Diedenhoven et al. (2012) brought the topic of the phosphorus dynam-
ics back to life: they presented a hypothetical model for a reversible
sorption process, that could be used to describe the phosphorus dynam-
ics. However, they did not perform any experiments or attempt to pa-
rameterise the model. Another noteworthy study in this context is the
work by Wilkinson et al. (2013), in which the transient change of cat-
alytic activity during the conditioning phase of a fresh VPO catalyst
is modelled using an activity-time approach. Although, strictly speak-
ing, this is separate to the phosphorus dynamics, their transient de-
scription of catalytic activity makes this somewhat related. The most
recent, and current state-of-the-art model on the phosphorus dynamics
was published by Lesser et al. (2017) in 2017. It comprises of reaction
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Fig. 1. Modelling an industrial MA reactor requires detailed description of phenomena taking place on several different length scales.

kinetics paired with a dynamic activity model for the phosphorus dy-
namics. Although it is able to describe the measured data with remark-
able accuracy, its application is limited as a consequence of the model
being derived from pilot reactor measurements, and hence including
transport effects in the kinetic parameters, meaning that the model is
strictly only valid for the parameter space it was fitted within. In an
attempt to rectify this, Miiller et al. (2021) published reaction kinetics
from measurements in a p-reactor, especially designed for measuring
kinetic data for highly exothermic reactions under transport limitation-
free conditions. However, their model only covers the reactions kinetics,
and is as of yet lacking the transport limitation-free model for the phos-
phorus dynamics.

Further complicating this topic is the fact that little is known about
the actual underlying physico-chemical mechanisms of the phospho-
rus dynamics, as evidenced by the lack of topical literature, and by
the complicated surface chemistry of the VPO system. The catalyst sur-
face is composed of a multitude of different VPO species (e.g. vanadyl
pyrophosphate (VO),P,0,, different vanadyl phosphate phases «, 7,
5-VOPO,), which contain Vanadium in different oxidation states V3,
V4, V3+) (Badehbakhsh et al., 2023). Additionally, there are transient
changes in surface composition taking place under reaction conditions.
For example, Ihli et al. (2021) reports a change from a dark green-blue
color to lint green for spent catalyst pellets, which is indicative of a
shift from V** to V3*. Further, a multitude of studies report a reduc-
tion of surface area for spent catalyst (Ihli et al., 2021; Badehbakhsh
et al.,, 2023; Anderson et al., 2023b). Bocklein et al. (2017) found
negative correlations between surface phosphorus content and catalytic
activity, which they attributed to a reduction in concentration of active
sites on the catalyst surface. Studies by Cavani et al. (2010a,b) report an
influence of the P/V-ratio in the surface-near volumes of the catalyst
on n-butane conversion and MA selectivity, further indicating that the
phosphorus content of the surface plays a role in moderating the cat-
alytic activity. A few other studies and patents indicate that water plays
a role, too. It is suspected that steam aids in the distribution of phos-
phorus along the fixed-bed (Edwards, 1987, 1989; Burnett et al., 2001),
and Anderson et al. (2023b) reported that steam in the reactor feed low-
ers the temperature at which the first signs of phosphorus loss can be
observed. Clearly, the little knowledge available mostly reports observ-
able effects, rather then hard evidence for a proposed mechanism. It is
also unclear what happens to the selectivity-mediators TMP and TEP
once they are dosed to the feed, whether or not they undergo chemical
transformation before they reach the catalyst (Lesser et al., 2016, 2017;
Anderson et al., 2023b).

In continuation of previous work on the phosphorus dynamics in the
p-reactor (Anderson et al., 2023b), we aim to develop a dynamic activity
model, measured under heat and mass transport limitation-free condi-
tions, to be coupled with the reaction kinetics by Miiller et al. (2021).
Ultimately, the goal is to describe all subprocesses independently and
couple them, as shown in Fig. 1, to advance the design and optimiza-
tion of industrial MA reactors. During the development of the model,
it is the authors aim to maintain the descriptive equations as close to

actual physical phenomena as possible, in hopes of providing a better
understanding of the phosphorus dynamics, in part or as a whole, along
the way.

2. Experimental
2.1. Reactor

All experiments where conducted in a slit fixed-bed reactor (here-
after referred to as p-reactor), originally developed by Hofmann and
Turek (2017) and further improved by Miiller et al. (2020a). A previous
publication describes the experimental setup in detail (Anderson et al.,
2023b), hence only a brief overview is given here.

The p-reactor consists of two metal plates with a rectangular milled
recess of 1.65 mm on one of them, and is assembled by fixing both plates
onto each other, fastening them with 16 M12x50 bolts, and thereby cre-
ating a space for the fixed-bed (see Fig. 2). Industrial VPO catalyst (Clari-
ant SynDane ©, 97 % vandyl pyrophosphate (VO),P,0; and 3 % graphite)
was milled and sieved. Steatite particles (Miihlmeier GmbH & Co. KG,
Bernau, Germany) were used as inert material for dilution of the cata-
lyst, being sieved as well. In order to exclude mass transport limitations,
based on the findings of Miiller et al. (2020a), the 450um to 630um frac-
tion of the catalyst were then used for the packing of the p-fixed-bed.
The same sieve fraction of the steatite particles was used. A molten salt
bath (55/45 wt% KNO; / N;NOs) is used for precise temperature control
of the submerged p-reactor. A syringe pump (Fink Chem + Tec LSPO1-
1C) was used to dose liquid TMP (Merck > 98 %) at flow rates between
10nLh~! and 1uLh~!. After the p-reactor, the product gas is stripped of
condensable components in a series of stripping vessels, and dried via a
cooling trap, before entering an IR Gas analyzer (Rosemount X-Stream)
to measure the gas concentrations. N, is used as internal standard to
obtain absolute flow rates from concentrations. It is assumed that all
carbon that is not measured as n-butane, CO, or CO, at the IR-analyzer,
is converted to MA. Quantities of other byproducts are usually insignif-
icant, and are often neglected (Buchanan and Sundaresan, 1986; Schulz
et al., 2018). The IR-analyzer is equipped with a paramagnetic cell to
measure the oxygen concentration, which is used to calculate an oxy-
gen balance, to verify this assumption. The error of the oxygen balance
was within +2 %, in all experiments. For a more detailed description the
authors refer the avid reader to the previous publications by Hofmann
and Turek (2017), Miiller et al. (2020a,2020b,2021) and Anderson et al.
(2023b).

2.2. Experimental

The relevant parameters for the phosphorus dynamics were de-
termined as TMP concentration, salt-bath-temperature and feed wa-
ter content. Hence, these parameters were varied throughout the p-
reactor experiments. The rather narrow range of investigated salt-bath-
temperatures is a results of two constraining factors: In previous work
(Anderson et al., 2023b) it was reported that onset of phosphorus loss
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Fig. 2. The p-reactor consists of two metal plates, where the fixed-bed is placed in a milled recess. Through crushed industrial catalyst particles and a high surface-
to-volume ratio, heat and mass transport limitations are almost completely excluded (Miiller et al., 2020a). © 2019 Miiller et al. Published by WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.

Table 1

Overview of the experimental conditions investigated in this study.
Tspr XHZO XT™MP GHSV My Minert XeyHyg Xo,
°C mol%  molppm m’m7h! g g mol%  mol%
430 2 2 3200 3.997 2.402 1.5 20.265
410 2 2 2500 4.003 2.346 1.5 20.265
410 3 2 2500 4.003 2.346 1.5 20.055

was observed at 450°C to 460 °C, depending on the feed steam con-
tent. To avoid a shift of the baseline catalytic activity throughout the
duration of the experiments, the maximum temperature was limited to
430 °C, therefore. Since the composition for the fixed-bed was the same
for all tested conditions, the contact time with the catalyst was modified
according to the salt-bath-temperature, to maintain conversion levels
close to industrially relevant conditions. This contact time modification
is expressed in terms of the gas hourly space velocity (GH SV), and
the required GH SV values for each temperature were estimated with
a steady state 1D-1D heterogeneous model, published by Miiller et al.
(2021). The minimum realizable flow rate of the p-reactor setup im-
poses a lower limit of 410 °C to the salt-bath-temperature. Table 1 lists
the values for each set of measured conditions. During previous exper-
iments it was found that dry-feeding TMP did not invoke a discernible
change of the catalytic activity. It is suspected that the entirety of the
dosed phosphorus species binds to the first layers of the catalyst bed,
such that the remainder of the catalyst does not come in contact with
any phosphorus. Hence, only operating points with water added to the
feed stream were investigated: 2% and 3 %. Each combination of the
varied parameters was tested twice, to ensure reproducible results.

In order to quantify the effect of phosphorus addition to the catalyst,
experiments involving phosphorus dosing for a short period of time, fol-
lowed by a subsequent period without phosphorus addition to the feed,
were carried out. Once a steady state, characterised by stationary con-
version and selectivities, was reached, TMP was dosed for a duration of
1 h. After 1h, the phosphorus dosing was stopped and no further TMP
was added to the feed. The p-reactor was then operated without exter-
nal disturbances, until the aforementioned metrics had reached a new
steady state.

3. Model formulation

As global conversion in the kinetic experiments reached anywhere
from 50 % to 70 %, the reactor is clearly operated in an integral man-

ner. Despite the fact that the reactor has been optimised for low in-
fluence of transport effects (Hofmann and Turek, 2017, Miiller et al.
2020a,2020b,2021, Anderson et al., 2023b) the integral operation of the
reactor necessitates the use of a reactor model to account for the consid-
erable evolution of physical conditions along the length of the fixed-bed.
The dynamic activity model describing the phosphorus dynamics does
not cover the intrinsic reaction rates. Hence, reaction kinetics are re-
quired to describe the conversion of educts to products throughout the
reactor. In the context of this study, the complete model thus comprises
of a reactor model, a reaction kinetic model, and a dynamic activity
model.

3.1. Reactor model

A steady state 1D-1D heterogeneous reactor model was used for this
purpose. Due to the geometrically thin nature of the p-fixed-bed (slit
width 1.65mm), it is assumed that radial gradients can be neglected
(Miiller et al., 2021). This carries a major advantage in terms of compu-
tational effort, especially when considering transient phenomena. The
catalyst particles are modelled as spherical particles of diameter d,,
which equals the Sauter mean diameter of the real crushed particles.
The Binary-Friction-Model (Ertl et al., 1997) is used to calculate the mass
transport within the solid particles. The pressure drop created by the p-
fixed-bed is calculated according to Eisfeld and Schnitzlein (2001), Hof-
mann and Turek (2017). Since the model is one-dimensional, the heat
transfer between the i-fixed-bed and the reactor wall is described using
an overall heat transfer coefficient according to Dixon (1996). Correla-
tions from Zehner and Schliinder (1972), and Wellauer et al. (1981) are
used to calculate the effective radial thermal conductivity of the catalyst
bed and the bed to wall heat transfer coefficient used in the calculation
of the effective heat transfer coefficient (Miiller et al., 2021). More de-
tailed information is available in the original publication of the model
by Miiller et al. (2021) and in the supporting information.

3.2. Reaction kinetics

Mars-van-Krevelen type rate equations are implemented into the re-
actor model to account for the reaction. More specifically, the reaction
kinetic model published by Miiller et al. (2021) is used, which is based
on data measured in the same reactor configuration as used in this study.

These kinetics describe the consecutive reactions by using three sep-
arate active sites, each of which is assigned a specific part of the reaction
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n-butane - MA

CcO Co,

Fig. 3. Simplified four-species-five-reaction reaction network for the selective
oxidation of n-butane to MA (adapted from Miiller et al., 2021).

network (Fig. 3). Active site 1 (AS1) is responsible for the n-butane ac-
tivation reaction:

C,H,o +3.5 0, — C,H,0; + 4H,0 @
C,H,( +4.5 0, —> 4CO + 5H,0 @)
C,H,o + 6.5 0, —> 4CO, + 5H,0 3)

Further oxidation of MA to CO takes place on active site 2 (AS2):

C,H,0; + 0, — 4CO + H,0 ©)
Active site 3 (AS3) is responsible for the further oxidation of MA to CO,:
C,H,0; + 30, —> 4CO, + H,0 5)

For the exact rate equations and more detailed information on the
derivation of the reaction kinetics, the authors refer the avid reader to
the original publication (Miiller et al., 2021) and to the supporting in-
formation.

3.3. Dynamic activity model

Fig. 4 shows a schematic representation of the dynamic activity
model, as it is developed in this work. Since it is not exactly known
which form the dosed TMP assumes once it has entered the feed stream,
it is assumed, that a not further defined phosphorus-species P, which is
modelled after TMP, ad- and desorbs on the surface of the catalyst. The
adsorption results in a fraction of the catalyst surface being covered
by P.

Assuming that the spatial distribution of the active sites on the cata-
lyst surface is homogeneous, i.e. there are no areas of pronounced high
or low active site density, an equal fraction of each active site is blocked,
and hence unavailable for reaction. The fraction of vacant active sites is
then used to determine the level of activity of the catalyst, and to scale
the reaction rates accordingly.

The rate of adsorption depends on a rate constant k4, the partial
pressure of the hypothetical phosphorus species pp and the fraction of
vacant surfaces sites 1 — ©p. The desorption simply depends on a rate
constant kg4, and the fraction of occupied sites, expressed by the surface
coverage Op. Subtraction of those two terms from each other, yields the

VA Catalyst Surface

. Hypothetical P-Species

alt) - regg, ma a(t)-reco

CsHyo MA  CiHyp,MA CO C4Hy,MA CO;

N
A

O\

a(t) - reo,
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time derivative of the surface coverage with phosphorus, ®p, as formu-
lated in Eq. (6).
00

P
7=kads'PP‘(1—®P)—kdes'®P (6)

E 1 1
"="0'””<‘?A'<?—Tf>>
re

Temperature dependencies for rate constants are accounted for by
using the Arrhenius law, see Eq. (7), and are related to a reference tem-
perature of T, = 693 K. An activity factor a(®p), which essentially rep-
resents the fraction of non-phosphorus-blocked surface sites, is then cal-
culated from the surface coverage via Eq. (8).

)

ads,des

a(@p)=1-06p (€)]

The activity factor is then introduced into the reaction kinetics, by
multiplication with the steady state reaction rate expressions ’?,j' Essen-
tially, a(®p) can be understood as a scaling factor, ranging anywhere
from 0 to 1.

r; j(©@p) = a(®p) - r{; ©

Separate treatment of the reaction kinetics and the phosphorus dy-
namics is permissible, as the time scales at which both processes take
place are separated by several orders of magnitude (Lesser et al., 2017).
While changes affecting the reaction kinetics occur on a time scale of
a few seconds, the phosphorus dynamics take place within hours, tens
of minutes at best (Lesser et al., 2016, 2017; Anderson et al., 2023b). It
is therefore a reasonable assumption that the reaction kinetics reach a
steady state within the time frame of any transient changes caused by the
phosphorus dynamics. This assumption allows to combine a steady state
reactor model, steady state reaction kinetics and a transient dynamic ac-
tivity model into an overall pseudo-transient model formulation.

Further, the hypothetical phosphorus species P must be included in
the conservation equations of the reactor model. Diffusion inside of the
porous catalyst is explicitly not considered, instead, it is assumed that
the catalyst efficiency with regards to species P is equal to one: 7, p = 1.
Justification for this lies once again in the time scales of the processes:
A pore diffusion process is much faster, occurring within seconds rather
than hours (Lesser et al., 2017).

From the description of the model, it follows that:

The changes in catalytic activity are fully reversible - once P has
desorbed, and an active site is thus vacant, it is available for reaction
again.

The changes in catalytic activity are unselective - a homogeneous
distribution of all three active sites along the catalyst surface is assumed,
such that all active sites are subject to the same fraction of surface cov-
erage and thus site blocking.

This formulation of a dynamic activity model bears resemblance with
the model proposed by Lesser et al. (2017). However, Lesser used the
surface coverage to describe a change from an active site to a non-active
site, via specific activity constants. The surface coverage is therefore
not directly correlated to the catalytic activity. In contrast, our model

]
o

Kads
_h,

A

777777

Fig. 4. A site-blocking mechanism is proposed to describe the deactivation of VPO catalyst through addition of tri-methyl phosphate to the feed stream.
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Table 2

Results of the parameter estimation for the proposed site-blocking model.
Parameter Value Unit SD
Kadso 1.85 molkg~! bar!s7! 0.02
Kqeso 1.03E-5 molkg™! 5! 2.12E-7
Ep s 44.78 kJ mol™! 4.74
En os 151.16 kJ mol™! 8.14

The correlation matrix is available in the supporting information.

explicitly assumes that the composition of active sites does not change,
and that the deactivating mechanism is a simply site-blocking adsorp-
tion process, hence the direct correlation of surface coverage and cat-
alytic activity.

Model parameterisation: These parameters were fitted to experi-
mental data, measured in the p-reactor (see Section 2, data available
in the supporting information). Since the model proposes an unselec-
tive deactivation mechanism, only the n-butane conversion was used
for parameter estimation: By definition the selectivities should follow
from the reaction kinetics. Parameter estimation was performed with the
Model Validation tool in Siemens gPROMS Process (Version 2023.2.1)
(Siemens Industry Software Limited, 2024). A Maximum Likelihood for-
mulation is used by gPROMS to optimize the objective function shown
in Eq. (10). The parameter estimation is structured into virtual exper-
iments, that contain the measured data, thereby representing the real-
world experiments. In Eq. (10), N is the total number of data points
given for the estimation, © is the set of parameters to be estimated, N E
is the number of experiments, N'V; is the number of variables on the it
experiment, N M;; is the number of measurements of jt variable in the
ith experiment. aék is the variance of the k! measurement of variable j
in experiment i. Zy and z;; are the measured, and predicted value of
variable j in experiment i, respectively.

N 1. NENV N ) (Zy — Zijk)z
o= 7ln(27r) + 3 mme{z Z Z [ln(aijk) + T] } (10)
i=l j=1 k=1 ijk

The values obtained from the parameter estimation are shown in
Table 2, together with their respective standard deviation (SD).

It was found that the reaction kinetics by Miiller et al. (2021) pre-
dicted a more active catalyst than what was measured in the experi-
ments. Expressed in a more tangible manner: the reaction kinetics sys-
tematically over-predicted the measured n-butane conversion, prior to
adding any phosphorus to the catalyst. To account for this deviation be-
tween the measured catalytic activity and the prediction via the reaction
kinetics, the n-butane conversion was corrected via a parallel shift. This
was done as follows: When the catalyst showed steady state activity (n-
butane conversion, MA and CO, selectivity), the deviation between the
measured and the predicted n-butane conversion was determined. This
was done prior to exposure to phosphorus, thereby making sure that no
surface coverage via phosphorus had taken place. The correction fac-
tor ranged from 0.977 to 0.935, and therefore lies within the range of
accuracy reported by the original publication on the reaction kinetics
(Miiller et al., 2021). This baseline-shift of activity was necessary for
the numerical stability of the estimation routine (compare Eq. (10)), as
otherwise the baseline deviation between measured and predicted val-
ues would have been greater than the activity variations evoked by the
phosphorus dosing, which would have lead to a failure to estimate the
model parameters. For the purpose of clarity, whenever scaled results
are presented in this study, they are clearly marked as such.

4. Results and discussion

In the following paragraphs, the results of the short-term dosing ex-
periments and the subsequent simulations are presented. Where appli-
cable, measured data and predicted values are compared. The measured
data were used to fit the model, in all cases. All experiments (see Table 1)
were simulated with the parameter set shown in Table 2.
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Fig. 5 shows the n-butane conversion over time on stream (TOS) for
all six dosing experiments (a—f). Measured data is plotted with circular
markers, the predicted trajectories are drawn as solid lines. As can be
easily seen from Fig. 5, and as already mentioned in Section 3, there ap-
pears to be a systematic deviation between the measured and predicted
data. For the sake of better comparability, a third trajectory was intro-
duced. The scaled predicted trajectories are shown as a dashed line, and
they are parallel shifted to match the initial measured values. Fig. 5a,d
show trajectories for a salt-bath-temperature Tgg of 430 °C, with a feed
stream water content of 2 mol %. The measured values start at an initial
n-butane conversion of 68.5% and 67.9% at 0 TOS, respectively. After
TMP dosing, at 1 TOS, and a trailing time until approximately 6 TOS, the
n-butane conversion reaches a minimum at 66.6 % and 65.9 %. Hence, at
6 TOS, the conversion begins to rise again. An asymptotic increase be-
gins, and Fig. 5d reaches the original conversion level of 67.9% at a
time of approximately 62 TOS. In Fig. 5a, the measured data stops at
67.3 % at 20 TOS, before the initial steady state conversion is reached
again.

Fig. 5b,e and c,f show trajectories for a salt-bath-temperature Tgpr of
410 °C, with 2 mol %, and 3 mol % water in the feed stream, respectively.
At 2mol % water content, the initial measured conversion is 57.5 % and
58 %, for the A and B run, respectively. Meanwhile it is slightly lower
with 57.8 % and 57.4 % at 3 mol % water content, for the two repetitions,
respectively. One might expect a significantly lower conversion, com-
pared to the values at a salt-bath-temperature of 430 °C, but one needs
to keep in mind that the contact time was modified to maintain conver-
sion as constant as possible. In line with the observations made for the
trajectory of n-butane conversion at Tgg = 430 °C, a drop in conversion,
followed by an asymptotic increase towards the initial level of conver-
sion is visible in all cases. The minimum values of conversion, 56.2 %
and 56 % for 2 mol % water content, and 56.1 % and 56 % for 3 mol % water
content, are reached at approximately 10 TOS, and 7 TOS, respectively.
In all four cases, at 150 TOS, the n-butane conversion has reached the
initial conversion level, again.

The predicted values exceed the timeline of the measured values
in all cases. This is due to time constraints in the experiments, where
the individual dosing runs were not ran until the steady state achieved
over several days of operation, but rather until the conversion reached
its initial level again (Fig. 5a presents an exception, as the run was in-
terrupted at 20 TOS).

Measurements and predicted results match in quality: The time at,
and the amplitude with which the initial deactivation takes place around
the first 10 TOS, as well as the subsequent activation period are well de-
scribed by the model. However, the predicted results are parallel shifted
to higher n-butane conversions than the measured results, within a range
of 1% to 4 %. This parallel shift does not change throughout the ex-
periments, hinting at a systematic error. At a salt-bath-temperature of
Tsgt = 410 °C, the measured data points appear to be superposed with
increased noise, leading to a scattered appearance when compared to
Tsgr = 430 °C. Yet, the predicted trajectories still lie within the slightly
broader range of the measurements.

Fig. 6 shows measured and predicted values for selectivities with re-
spect to the main products MA, CO, and CO, over time for the six dosing
experiments. The repetitive runs are differentiated by color, where the
first experiment (A-Run), is a light grey, and the second experiment (B-
Run), is a dark grey. In all cases shown, selectivity is highest towards
MA, followed by CO and then CO,. For the two experiments at a salt-
bath-temperature of 430 °C, the measured MA selectivity starts at 74.1 %
and 73.9 %, respectively. It then increases by 0.4 % and 0.6 %, respec-
tively, until 6 TOS and subsequently reduces again. For the A-run, the
measured data stops at 20 TOS with a MA selectivity of 74.2 %. The B-run
reaches a MA selectivity of 74.0 % at approximately 60 TOS, which co-
incides with the initial level of selectivity. The selectivities with respect
to CO and CO, show an inverse behaviour: While for the A-run, they
start at 15.4% and 10.5 %, followed by a reduction of 0.1% and 0.2%
until 6 TOS, and they subsequently increase again until the measured
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Fig. 5. Measured (data-points), predicted (solid line), and corrected for the initial intrinsic activity (dashed line) results for n-butane conversion over time-on-stream

for the six phosphorus dosing experiments are shown.

data stops at 20 TOS. For the repetition run, CO and CO, selectivities
start at 15.5% and 10.5 %, drop to 15.2% and 10.3 % at the 6 TOS mark,
and subsequently increase until they reach 15.5% and 10.5 % at 60 TOS,
respectively. Fig. 6b,c,e,f,h,i all show similar behaviour to the previ-
ously described cases, with a parallel shift, as already observed with the
conversion in Fig. 5. In the case of the MA selectivity Sy, , the predicted
values are slightly below the measured values, with all cases being in
the range of 2.6 % to 2.8 %. In case of CO and CO,, the predicted selec-
tivities exceed the measured values, within a range of 0.7 % to 1.2 % and
1.4 % to 1.6 %, respectively.

For the lower salt-bath-temperature of 410 °C, the selectivities ex-
hibit a similar temporal evolution, but their baseline values are slightly
shifted compared to 430°C: The measured MA selectivity is slightly
higher, at approximately 78 %, while CO and CO, are slightly lower at
approximately 13 % and 9 %. For the different water contents, no differ-
ence in selectivity can be interpreted from Fig. 6. The predicted values
show the same behaviour as for Tz = 430 °C.

Fig. 7 shows values for the surface coverage and the resulting activ-
ity factor, along the lengthwise axis (z-axis) of the p-reactor over time,
for two selected experiments (Fig. 7a,b: Tggr = 430 °C and xy,o =2%
- B Run, and Fig. 7c¢,d: Tgpy = 410 °C and xy o = 2% - A Run). As the
surface coverage along the reactor cannot be measured, and the activ-
ity factor a(®p) is a purely mathematical quantity that does not bear
any physical basis, these values are purely predicted, i.e. they are com-
puted from the model. The value of the surface coverage ®p and the
activity factor a(®p) are indicated by the color bar to the left of each
plot. For the purpose of clarity, the time was limited to 100 TOS. Fig. 7a
shows a surface coverage of ®, =0 at 0 TOS, over the entire reactor
length. Correspondingly, the activity factor a(®p) is 1 (see Fig. 7b). At
approximately 6 TOS, 5.1 % of the surface is covered with phosphorus
(®p = 0.051 and a(®p) = 0.949). From there on, the surface coverage de-

creases again. At 18 TOS, the surface coverage has halved to 2.5 %, and
the activity factor is 0.975. At 45TOS, only 0.5% are covered, with an
activity factor of 0.995. A completely vacant surface, corresponding to
®p =0 and a(®p) = 1 is reached at around 75 TOS. At no time is there
any gradient visible over the length of the p-reactor.

Fig. 7c,d show a similar behaviour until the maximum surface cover-
age and minimum activity factor is reached: From ©p = 0 and a(@p) = 1
at 0 TOS, to ®p = 0.06 and a(®p) = 0.94 at 8 TOS, the initially fully va-
cant surface is covered with phosphorus. After 8 TOS and onward, the
phosphorus coverage reduces, and the activity increases: At 42 TOS, the
surface is covered by only 2.5 %, and the activity factor is 0.975. A sur-
face coverage of 0.5 % is reached at 104 TOS, corresponding to an activ-
ity factor of 0.995. A completely free surface, corresponding to ©p = 0
and a(®p) = 1 is reached at around 166 TOS (not shown in Fig. 7c,d).

Fig. 8 shows parity plots for the n-butane conversion values for
each of the six experiments. Measured values are shown on the x-axis,
whereas predicted values are shown on the y-axis. A grey background in-
dicates the +1 % error interval, and the identity line is drawn as a dashed
line. Fig. 8a,d, representing the two experiments at 430 °C, shows al-
most all data points can be found within 1% of the identity line, in-
dicating a remarkably accurate representation of the measured values
by the model. For the experiments conducted at Tz = 410 °C, that is
Fig. 8b,c,e,f, the predicted values by the model coincide less well with
the measured values. Further, a more pronounced scatter of the markers
can be observed, compared to Fig. 8a,d. However, despite the slightly
increased scatter in the data, the majority of points still falls within 1 %
of identity.

The agreement between predicted and measured values is remark-
ably high: Spatio-temporal trajectories are well described, only a few
measured data points do not match the predicted values. However,
these outliers can be attributed to experimental errors, rather than any
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Fig. 6. Measured (data-points), and predicted (solid line) results for the selectivities during the phosphorus dosing experiments. Repetition runs are differentiated

by color.

physical phenomena, and hence are not pertinent to the quality of the
fit. The overall very good agreement between measured and predicted
values is further reflected by the parity plots. An increased data scatter
observed at Tgpr = 410 °C, is easily explained by the contact time modi-
fication. For a lower GH SV, the absolute flow rates must be decreased,
moving closer to the minimum values of all equipment. Thus, the rel-
ative impact of the error of said equipment is much higher, resulting
in the increased data scatter at low flow rates. As mentioned earlier,
the initial n-butane conversion, predicted by the reaction kinetics, had
to be parallel-shifted to match the measured values. The predicted and
measured selectivities also show this parallel shift. Throughout all of the
respective dosing experiments, the deviation between reaction kinetics
and measured values remained constant. In total, the deviation can be
summed up as: The used reaction kinetics overestimate the catalytic ac-

tivity slightly, which leads to overestimated n-butane conversion, thus
favouring the consecutive oxidation of MA, which leads to underesti-
mated selectivity towards MA, and overestimated selectivities towards
CO, and CO,. This systematic deviation can be explained by two factors:
The reaction kinetics by Miiller et al. (2021) do not consider a diluted
catalyst bed, as used in this study, and a different charge of the Syn-
Dane © catalyst was used for preparation of the p-catalyst. Further, the
reaction kinetics itself will have an intrinsic inaccuracy. For their final
model, Miiller et al. (2021) report parity plots for measured and pre-
dicted concentrations, where predicted values lie within +10 % of mea-
surements. At low n-butane concentrations (x WHyp <1 %), deviations
from the identity line are especially pronounced. In this study, mea-
sured n-butane concentrations were consistently below 1 %, mostly even
below 0.5 %, due to the specification of high conversions made earlier.
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With this in mind, the systematic deviation of AX¢,y,, < 4% between
reaction kinetics and measured values can not only be explained, but
also justified.

When comparing the selectivities shown in Fig. 6, it becomes appar-
ent that a higher MA selectivity Sy, and a lower oxidation to CO, CO, is
achieved when lowering the salt-bath-temperature Tggy. It is well known
that the formation of CO and CO, have higher activation energies than
the n-butane activation reaction. Consequentially, a lower temperature
will result in a slightly decreased CO and CO, selectivity and slightly
increased MA selectivity.

From the results described above, the following deductions can be
drawn about the phosphorus dynamics:

The deactivation mechanism is reversible: Fig. 5 clearly shows
how the conversion returns to its initial value post phosphorus dosing,
and no permanent decrease in catalytic activity can be seen. Further,
the proposed model is able to exactly describe the trajectories of the n-
butane conversion. This in and of itself is an indicator that the effect is
reversible, since by definition of the underlying ad-/desorption process
that the model relies upon, is reversible.

The deactivation mechanism is unselective: Coinciding with the
drop in conversion, the selectivities change as well (compare Fig. 6).
Considering the reaction network shown in Fig. 3, it becomes apparent
that MA is consecutively oxidized to CO, CO,. A decrease in n-butane
conversion thus means that the rate of consecutive oxidation is reduced,
too, since the respective reaction rates depend on the partial pressure
of MA (Miiller et al., 2020b; Miiller et al., 2021), thus leading to re-
duced selectivities with respect to CO, CO,, while the MA selectivity
increases. Theoretically, the shift in selectivities could be explained by
a change in temperature, since the consecutive oxidation reactions have
a higher activation energy than the n-butane activation reaction. How-
ever, the measured temperatures along the p-fixed-bed change less than
1K throughout the experiments, and the model does not report any sig-
nificant changes of temperature either. The fact that the model is able
to describe the observed changes in selectivity, despite the measured
selectivities not being used as fit-data, is further evidence that the de-
activation effect is unselective and these changes are merely a product
of consecutive oxidation. Since the model features unselective deacti-
vation by definition, yet is still able to describe the temporal change
of selectivities, the observed deactivation effect must be unselective,
as well.

Catalyst deactivation is faster then re-activation: Comparing the
rate constants for the adsorption of the hypothetical phosphorus species
P on the catalyst surface, which corresponds to the deactivation of
the catalyst, to the rate constant for the desorption (activation/re-
activation) reveals that the deactivation proceeds much faster (compare
Table 2). k,y, o exceeds kg by five orders of magnitude. This reflects in
Fig. 5, where the return to the initial level of n-butane conversion takes
much longer than the drop of conversion in the first few hours. It has to
be noted, that the proposed model is intended to describe macroscopic
effects, such as the measured end-of-pipe quantities (n-butane conver-
sion, product selectivities) that is was fitted to. It is neither intended, nor
able to describe the intricate processes that may take place at the cata-
lyst surface level. Hence, no conclusions on the actual physicochemical
background can be drawn from this work. Instead, designated surface
science studies should be conducted to tackle this question.

Increased temperatures favour the re-activation: The activation
energy for the desorption Ej, 4, of P exceeds E, ,4; more than three-
fold, indicating that the desorption process exhibits a stronger temper-
ature dependency than the adsorption. Comparing the trajectories for
Tsgt =430 °C and Ty = 410 °C in Fig. 5 reveals a less steep increase
in conversion for the lower temperatures, and hence is in line with pre-
vious statements. Similarly, Fig. 7 shows how at lower temperatures, the
surface coverage of the catalyst in the p-fixed-bed reduces more slowly,
compared to the higher temperature.

In summary, the data measured in the short-term dosing experiments
confirms the hypothesized model and the consequential deductions for
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the mechanism of the phosphorus dynamics. It appears as though a
site-blocking mechanism through the addition of phosphorus contain-
ing species, such as TMP or TEP, to the reactor feed exists and plays
a role in the phosphorus dynamics. However, it remains unclear if this
model is exhaustive in describing the phenomenon of the phosphorus
dynamics, or if further processes in the catalyst may play a role.

Considering the little knowledge available to date, several shortcom-
ings of the model come to mind. First and foremost, it is well established
that the VPO catalyst can undergo a permanent increase in catalytic ac-
tivity. In an earlier publication (Anderson et al., 2023b), we showed
that exposure to salt-bath-temperatures Tggr > 450 °C leads to a per-
manent increase of conversion, and decrease of MA selectivity. Other
researchers have found further evidence supporting this observation:
Thli et al. (2021) analyzed spent industrial catalyst taken from the hot-
spot and the center region of an industrial MA reactor. They reported
more changes in composition of VPO species, compared to pristine cat-
alyst, with particles from the hot-spot showing more intense changes
than particles from the center. This observation cannot be described by
site-blocking, as in the model proposed within this work, since in that
case the maximum reachable activity corresponds to an entirely vacant
surface, i.e. ® =0 and a(®p) = 1. Hence, it appears as though at least
one additional mechanism must play a role within the phosphorus dy-
namics.

Further, it has been reported in the patent literature that steam plays
an important role in the distribution of phosphorus along the fixed-bed
(Edwards, 1987, 1989; Burnett et al., 2001). Lesser et al. (2016, 2017)
report an influence of water on the phosphorus dynamics through com-
petitive adsorption with phosphorus. In an earlier study (Anderson et al.,
2023b), we report that addition of water to the reactor feed stream low-
ers the salt-bath-temperature required to invoke a permanent increase
in catalytic activity. However, the measured data presented in this study
do not reveal any influence of water on the phosphorus dynamics. This
could well be a result of the comparably small range of feed steam con-
tent investigated (2 mol % and 3 mol %), which may not be a wide enough
range to invoke measurable differences. Further, the steam content was
varied at the lower of the two investigated salt-bath-temperature, where
we reported increased data scatter due to the low absolute flow rates. In
addition to the rather small difference in investigated steam content, it
may be conceivable that the impact of the steam content falls within the
order of magnitude of experimental error, and thus, despite its existence,
may not be visible in the experiments presented herein.

5. Conclusion

In the present study, experimental results and a parameterised model
have indicated that a site-blocking effect takes place through phos-
phorus as activity mediator on VPO catalysts. This effect has not yet
been described in the literature, and to the best of the authors knowl-
edge, fully reversible sorption of TMP on the VPO catalyst in the con-
text of the phosphorus dynamics has not yet been reported, at all. Ex-
panding on earlier work of our research group, this study presents the
first application of phosphorus dosing under well-defined, limitation-
free conditions in a fixed-bed reactor. The proposed and parameterised
model is able to describe the measured results with remarkable ac-
curacy, utilizing only four parameters and without having to intro-
duce additional, non-physical parameters to improve the quality of
the fit.

It appears as though the proposed site-blocking mechanism defini-
tively plays a role in, but can not exhaustively explain, the phospho-
rus dynamics. There remain known effects that are not captured by the
site-blocking model, such as permanent changes in catalytic activity,
changes in the composition of the surface and thus the product selectiv-
ities, and the influence of water on the phosphorus dynamics. To address
these observations, the authors propose an extension to the model pre-
sented within this study, which is schematically shown in Fig. 9: An
additional quantity ¢ p is introduced, describing the phosphorus content
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Fig. 9. Expanded model scheme, now accounting for a permanent change in catalyst phosphorus content, changes in surface composition and the influence of water.

of the surface-near volume of the catalyst. The phosphorus adsorbed on
the surface can then either desorb, or migrate into the surface-proximal
layers of the catalyst. Further, phosphorus from these surface-proximal
layers can also migrate back toward the surface. This is described by in-
troducing the derivative with respect to time of the phosphorus content
€ p into the sorption Eq. (6), thereby yielding Eq. (11). The time deriva-
tive of the phosphorus content €, is obtained via Eq. (12), where the
migration in- and out of the surface-near volume is described in depen-
dence of two rate constants that follow an Arrhenius approach (compare
Eq. (7)), the surface coverage with phosphorus ©p, and the phosphorus
content &p itself.

The influence of water is described with an equilibrium formulation,
based on the assumption that water adsorption process is much faster
compared to phosphorus (Lesser et al., 2017). This is mathematically
expressed by incorporating the adsorption equilibrium constant K, 11,0
into the formulation of the fraction of vacant sites in Eq. (11).

From the phosphorus content ¢p, and a correlating factor k;, a second
activity factor b is calculated, as shown in Eq. (14). Since the phosphorus
content of the surface-near volume is representative of the composition
of the surface and the surface-proximal layers of the catalyst, a corre-
lating factor k;, exists for each of the three active site of the reaction
kinetics by Miiller et al. (2021), and consequentially three activity fac-
tors b(ep) exist, too. Similar to the original model, the individual reac-
tion rates are then scaled by the activity factor a(®p), which is the same
for all active sites, as it describes the unselective deactivation through
site-blocking. The activity factor b(ep), depending on the active site the
reaction is assigned to, describes the selective deactivation through per-
manent changes of the catalyst composition (see Eq. (15)). It has to be
strictly differentiated between the product selectivity (e.g. Sy5) and the
selective/unselective deactivation of the catalyst. Even during unselec-
tive deactivation, the product selectivities may be affected due to the
consecutive reactions in the reaction network.

00p 1-06p dep
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11
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Arising from this expansion of the proposed model, further research
must be directed at short-term dosing experiments including a broader
range of feed steam contents to shed light on the influence of water on
the adsorption of phosphorus on the catalyst surface. Equally important,
yet more complicated, measurements for the parameterisation of the mi-
gration term in and out of the surface-near volumes of the catalyst are
required. This will be especially challenging, since no recurring base-
line activity will ensue, necessitating well thought-through experimen-
tal approaches. Such experiments will most likely take a not insignif-
icant amount of time, as the phosphorus loss, especially from deeper
volumes of the catalyst bulk, is a comparably slow process taking place
over several days or even weeks, thus adding more difficulties for the ex-
perimentor. Since the proposed expansion adds between eight to eleven
parameters (depending on which constants are considered with temper-
ature dependence) to the model, significantly more measurements are
required for a high quality parameter estimation, and as the involved
processes can not easily be separated experimentally, the risk for corre-
lation of the parameter estimates increases, too. Further, the measure-
ment of additional operating points should be considered, in order to
validate the model with data that has not been used in the parameter
estimation.

Parallel to the advancement of modelling the phosphorus dynamics,
attention should be paid to closing the gap between macro-kinetic stud-
ies such as this one, and the actual physico-chemical processes taking
place on the surface, and in surface-near regions of the catalyst, such
as to combine both into an advanced understanding of the phosphorus
dynamics.
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