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Abstract: A packed-bed plug-flow reactor, denoted as the lab-scale liquid-solid (LS)2 reactor, has been
developed for the assessment of heterogeneous catalyst deactivation in liquid-phase reactions.
The possibility to measure intrinsic kinetics was first verified with the model transesterification of
ethyl acetate with methanol, catalyzed by the stable commercial resin Lewatit K2629, for which a
turnover frequency (TOF) of 6.2 ± 0.4 × 10−3 s−1 was obtained. The absence of temperature and
concentration gradients was verified with correlations and experimental tests. The potential for
assessing the deactivation of a catalyst was demonstrated by a second intrinsic kinetics evaluation
where a methylaminopropyl (MAP)-functionalized mesoporous silica catalyst was used for the aldol
reaction of acetone with 4-nitrobenzaldehyde in different solvents. The cooperative MAP catalyst
deactivated as a function of time on stream when using hexane as solvent. Yet, the monofunctional
MAP catalyst exhibited stable activity for at least 4 h on stream, which resulted in a TOF of
1.2 ± 0.1 × 10−3 s−1. It did, however, deactivate with dry acetone or DMSO as solvent due to the
formation of site-blocking species. This deactivation was mitigated by co-feeding 2 wt % of water to
DMSO, resulting in stable catalyst activity.

Keywords: continuous-flow reactor; catalyst deactivation; aldol reaction; transesterification

1. Introduction

The activity of heterogeneous catalysts in liquid-phase reactions is often evaluated using a batch
type reactor [1–5]. However, not only the activity of the catalyst, but also its stability is an important
factor in the assessment for a potential application [6]. This means that the catalyst should exhibit
a stable activity throughout its lifetime, or be easily regenerated to a similar activity level. It is thus
important to unambiguously characterize the stability of new heterogeneous catalysts. However,
due to the nature of a batch reactor, catalyst deactivation phenomena cannot be observed separately
from the normal time evolution of a single experiment [7]. Hence, to evaluate heterogeneous catalyst
stability in a batch reactor, the spent catalyst should be recycled in a subsequent experiment. Yet,
all too often, catalyst stability is concluded from repeated high yields that are either at full reactant
conversion or at the thermodynamic equilibrium [8–19]. As a result, such experimental information
does not provide any indication of the catalyst stability. Deactivation is a kinetic phenomenon for
which initial rates, far from thermodynamically controlled conversion levels, should be measured in
consecutive batch experiments [20–22].

This concept is visualized in Figure 1, where hypothetical catalyst activity curves are drawn for
a first run and two consecutive runs of a deactivating catalyst for the reaction A→ B with only one
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sample after a time tsample in a batch reactor. Even though in a second run the reaction also reaches
a 100% conversion, reaching this level of conversion takes a much longer time. Yet, this kinetic
phenomenon is not visible when a single sample is taken at tsample. Moreover, when a third run of
the same catalyst is evaluated, a slightly lower than 100% conversion level is reached which can,
mistakenly, be interpreted as minor catalyst deactivation. However, when the turnover frequency
(TOF) of the different runs is measured from the slope of the time versus conversion graph in the initial
conversion region, a clear drop in catalytic activity can be noted and the extent of deactivation can be
quantified by their respective ratios.
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Figure 1. Hypothetical catalyst activity (turnover frequency—TOF) in a first and two recycle batch
experiments for the reaction A→ B. Only one sample is taken for each run after a time tsample, and is
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Moreover, investigation of catalyst reusability in a batch reactor typically requires many consecutive
manual interventions by the operator, almost unavoidably including catalyst exposure to (often poorly
controlled) atmospheric conditions, rendering reproducible operation very challenging. Hence, to avoid
having to filter the catalyst from the reactor, a continuous-flow reactor would preferentially be used.
As opposed to a batch-type reactor, this type of reactor provides a direct way to observe deactivation
phenomena of a heterogeneous catalyst during a single experiment by measuring its performance as a
function of the time on stream [23].

1.1. Continuous-Flow Reactor for the Assessment of Catalyst Deactivation

When steady state operation is achieved in terms of hydrodynamics, a stable catalyst in a fixed
bed under continuous-flow conditions will exhibit constant activity as a function of the time on stream.
A decreasing activity as a function of time on stream at constant operating conditions is then caused
by catalyst deactivation. The specific evolution in the catalyst activity can then be used to gain more
insight into the mechanism responsible for this deactivation [24]. Hence, the assessment of catalyst
stability is preferably done in a continuous-flow reactor as opposed to a batch reactor. Deactivation of
a heterogeneous catalyst can occur in various manners such as the loss of surface area due to strong
adsorption of components in the feed or produced during reaction, thermal degradation, etc. [25].
Kinetically, this leads to a rate which not only depends on the operating conditions, but also depends on
the historical evolution of operating conditions the catalyst has been subjected to. A common approach
to deactivation kinetics results in a “separable” rate expression [24,26], written as a time-on-stream
independent kinetics term, and a time-on-stream dependent deactivation term. Hence, to determine
the catalyst activity free of any deactivation phenomena, a function representative for the deactivation
kinetics should be found [24,27,28].

While time-on-stream measurements in continuous-flow reactors are sometimes used to assess
the stability of heterogeneous catalysts, often conditions are chosen such that the behavior is
thermodynamically controlled, i.e., that complete or equilibrium reactant conversion is obtained [29–32].
Yet, similarly to batch experiments, it is important to not operate at these high, or equilibrium,
conversion levels, because it does not provide the required kinetic information to adequately assess
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deactivation [21]. This is visualized in Figure 2, where hypothetical catalyst activity curves are drawn
as a function of space time (W/F0

feed) and time on stream (TOS) for the reaction A→ B. The deactivation
is, in this example, assumed to be caused by an undesired side-reaction of a reactive intermediate
on the catalyst surface, which results in the deactivation moving as a front through the catalyst
bed. Nonetheless, the conclusions drawn from this example are generally applicable to any catalyst
deactivation behavior in a plug-flow reactor.
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Figure 2. Hypothetical example of catalyst deactivation by off-cycle species poisoning in a plug-flow
reactor for the reaction A→ B, operated at full reagent conversion level.

The conversion versus space time (W/ F0
feed) curve in Figure 2 indicates that, in the absence of

any catalyst deactivation, complete reactant conversion is already reached in the middle of the catalyst
bed. When the deactivation is progressing through the catalyst bed as a function of time on stream,
the reactant conversion will, at the end of the reactor where samples are drawn, remain at 100%.
This causes a constant (100%) level of conversion to be observed as a function of the time on stream for
a certain amount of time from which, mistakenly, stable catalyst operation could be concluded.

Even though real catalyst deactivation will inevitably be much more complex, and can present
itself in a variety of different ways besides a drop in conversion, such as a shift in selectivity, it remains
paramount that also in a continuous-flow reactor the catalyst performance is always measured at
intermediate reactant conversion levels.

1.2. Intrinsic Kinetics Assessment

When catalyst performance is evaluated in a continuous-flow setup, typically a packed-bed
tubular reactor is used due to its simple design and ease of operation. However, in this kind of setup,
as opposed to a batch reactor, it is more challenging to guarantee the “intrinsic” character of the
acquired kinetic data, i.e., ensuring that the kinetics that are not affected by mass or heat transport
limitations [7,33,34]. Several types of concentration and temperature gradients can occur in such
reactors, as illustrated in Figure 3: axial and radial reactor-scale gradients, interphase gradients between
the bulk of the liquid phase and the external catalyst pellet surface, and intrapellet gradients within
the porous catalyst [7,35]. In batch operation, the reactor-scale axial, radial, and interphase gradients
can easily be overcome by employing an adequate mixing rod and a high stirring speed. This ensures
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that the reactor is homogeneous in both temperature and concentration. Intrapellet gradients can be
prevented by employing a sufficiently smaller catalyst particle diameter.
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reactor under plug-flow conditions on the pellet scale (left) and reactor scale (right).

In a packed bed tubular reactor, however, a trade-off needs to be inherently pursued with respect
to the pellet size. It should be sufficiently small to obtain ideal plug-flow hydrodynamics as well as for
discarding intrapellet gradients [36], while it should not be too small to avoid an increased pressure
drop over the catalyst bed. External concentration gradients can be avoided by operating under a
sufficiently high linear velocity of the feed over the catalyst bed. However, this will negatively impact
the conversion over the catalyst bed. It is thus clear that designing the reactor and determining the
reaction conditions for measuring “intrinsic” kinetics of heterogeneous catalysts in the absence of any
transport limitations is considerably more challenging in a tubular reactor than in a batch reactor [7].

To aid in the assessment of whether intrinsic kinetics can be attained for a specified liquid-phase
reaction in a packed-bed tubular reactor, correlations can be used. To ensure plug-flow conditions
with a uniform velocity profile (u) over the catalyst bed such as displayed in Figure 3, ideal mixing
in the radial direction and no mixing in the axial direction is required. Both these criteria can be
evaluated with correlations from Mears et al. [37,38] which depend on the reactor tube diameter (dt),
the catalyst pellet size (dp) and the bed length (LB). The pressure drop (∆p) over the catalyst bed is
evaluated with the Ergun equation [39] and should not exceed 20% of the total operating pressure
for first order reactions. Radial isothermicity is verified by a criterion derived by Mears et al. [40],
and axial temperature gradients can be reduced by diluting the bed with inert particles [40]. This bed
dilution, however, should also be limited to avoid an improper catalyst distribution which can affect the
conversion [41]. The absence of both radial and axial temperature gradients can also be experimentally
evaluated with internal thermocouples in the catalyst bed.

On the catalyst pellet scale, the external mass transfer limitation around the pellet can be expressed
with Carberry’s number (Ca) [42], using Wilke and Chang’s correlation for the liquid-phase molecular
diffusion coefficient [43]. The intrapellet mass transfer limitation is evaluated by the Weisz-Prater
criterion (ϕ) [44]. Both the external and intrapellet mass transfer limitations can also be experimentally
assessed by, respectively, varying the linear velocity of the feed (u) for a fixed space time, or varying the
catalyst particle diameter (dp) [45]. The occurrence of external temperature gradients is assessed by an
energy balance over the film around the catalyst pellet [7], with the heat transfer coefficient obtained
from the Chilton-Colburn j-factor [46]. Similarly, intrapellet temperature gradients are assessed by an
energy balance over the complete particle [7].
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1.3. Aim of this Work

In this work, a lab-scale liquid-solid (LS)2 plug-flow reactor with a fixed catalyst bed is designed
aiming at assessing deactivation phenomena of heterogeneous catalysts in liquid-phase reactions.
The performance of the (LS)2 reactor is demonstrated for two frequently used liquid-phase reactions,
i.e., a transesterification reaction and an aldol reaction. The intrinsic character of the measurements is
verified both with correlations as well as experimental tests. The difference between a stable catalyst
and a deactivating catalyst is then straightforwardly observed by evaluation of their performance as a
function of time on stream. If stable catalyst operation is obtained, different space time conditions are
employed in order to determine the turnover frequency of the catalyst.

2. Results and Discussion

The possibility of acquiring intrinsic kinetics in the (LS)2 plug-flow reactor is evaluated for a
model transesterification of ethyl acetate and methanol, catalyzed by a stable commercial sulfonic
acid functionalized resin catalyst. Next, catalyst deactivation phenomena are assessed with a model
aldol reaction between acetone and 4-nitrobenzaldehyde, catalyzed by an aminated mesoporous
silica catalyst. Both types of reactions have a potential application in the bio-based industry and are
traditionally catalyzed by homogeneous acid or base catalysts, but can be heterogeneously catalyzed in
a fixed-bed plug-flow reactor. Aldol reactions can, for example, be used for the production of biofuels
from lignocellulosic biomass, by upgrading smaller organic molecules to heavier hydrocarbons in
the range desired for internal combustion engines [47]. Transesterification reactions, on the other
hand, are already employed in the production of biodiesel [48], but are currently homogeneously
catalyzed. The evaluation of new heterogeneous catalysts for this type of reaction is thus currently
widely investigated [49–51].

2.1. Case Study: Transesterification Reaction

Acidic ion exchange resins are a promising class of heterogeneous acid catalyst for the
transesterification reaction because they are ecofriendly, noncorrosive, and reusable [52,53]. The most
frequently commercially employed resins are based on polystyrene, cross-linked with a well-chosen
amount of divinylbenzene [53,54]. Many of these commercial catalysts have been evaluated in a
transesterification or an esterification reaction [1,50,51,55–60]. However, these reactions are often
performed batch wise. Hence, as an example case study, the Lewatit K2629 catalyst is evaluated in the
(LS)2 plug-flow reactor for the transesterification of ethyl acetate and methanol towards methyl acetate
and ethanol (see also Scheme 1). This catalyst is a strongly acidic macroporous resin with 4.8 mol kg−1

sulfonic acid groups as active sites and is known to be fully recyclable in a batch reactor [61].
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Scheme 1. Model transesterification of ethyl acetate and methanol towards methyl acetate and ethanol.

2.1.1. Intrinsic Kinetics Verification

Using the experimental TOF determined further in Section 2.1.2, the correlations for the assessment
of intrinsic kinetics were evaluated at the lowest employed feed flow rate, where it is expected that
attaining intrinsic kinetics is the most challenging. As displayed in Table 1, all correlations are satisfied,
which indicates that intrinsic kinetics can indeed be measured for the transesterification reaction under
the employed conditions in the (LS)2 reactor.
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Table 1. Criteria for intrinsic kinetics of the transesterification between methanol and ethyl acetate in
the (LS)2 reactor, catalyzed by Lewatit K2629 at 60 ◦C.

Criterion Value Limit

Ca 3.2 × 10−3 <5 × 10−2

∅ 1.3 × 10−2 <8 × 10−2

∆Text (K) 2.6 × 10−3 <0.95
∆Trad (K) 1.1 × 10−2 <0.95
∆Tint (K) 6.7 × 10−4 <0.95
∆Tax (K) 2.0 × 10−2 <0.95

dt/dp 14 >8
Lr/dp 273 >2.2

∆P 42.6 <36,000 Pa
Vdil/Vtot 0 <0.995

Comparison of the temperature measured by the internal thermocouple and external thermocouple,
at the height of the catalyst bed, allowed the absence of a radial temperature gradient throughout all
the experiments to be verified. Temperature gradients on the pellet scale, however, are not directly
measurable with an experimental observable.

An additional experimental test is performed to ensure the absence of external concentration
gradients. As can be seen in Table 2, changing the feed flowrate at a constant site time results in the
same conversion, which confirms the absence of external concentration gradients at the lower range of
flow rates used for this case study.

Table 2. Conversion and flow rate for two transesterification experiments with an identical site time.

Site Time (molsite s molethyl acetate
−1) 15.8 15.8

Flow rate (mL min−1) 1.0 1.5
Conversion (%) 13 ± 1 12 ± 1

2.1.2. Catalyst Stability and Activity

The ethyl acetate conversion as a function of time on stream is displayed in Figure 4. The steady
conversion from 1 h on stream up to 4 h on stream, indicates that the Lewatit K2629 catalyst is,
effectively, stable in this timeframe.
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Figure 4. Conversion in function of time on stream for the transesterification between methanol and
ethyl acetate using n-octane as a solvent. Lewatit K 2629 catalyst, T = 60 ◦C, Ptot = 180 kPa, site time =

15.75 molsite s mol−1, 19.8 wt % ethyl acetate, 71.4 wt % methanol, 8.8 wt % octane (internal standard).
Fixed error of 1.4%.
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Determining the TOF of a stable catalyst in a plug-flow reactor can straightforwardly be performed
by measuring the slope of the initial linear part of the conversion graph at different catalyst site times
(see Figure 5). This way, the TOF for the transesterification between methanol and ethyl acetate using
octane as a solvent over the Lewatit K2629 catalyst is determined at 6.2 ± 0.4 × 10−3 s−1. This value is
in the expected range for this type of transesterification reaction catalyzed by an acidic resin [61–64].
Only the slope of the first three sample points in Figure 5 is used for the linear fit of the TOF, because the
sample at a site time of 31.5 molsite s molethyl acetate

−1 is in the so-called integral reactor regime, where the
decrease in reactant concentration causes a decrease in the reaction rate [7].
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Figure 5. Conversion in function of site time of the Lewatit K2629 for the transesterification between
methanol and ethyl acetate. T = 60 ◦C, Ptot = 180 kPa, site time = 7.9–31.5 molsite s mol−1, 19.8 wt %
ethyl acetate, 71.4 wt % methanol, 8.8 wt % octane (internal standard). Fixed error of 1.4%.

2.2. Case study: Aldol Reaction

The aldol reaction between acetone and 4-nitrobenzaldehyde (see Scheme 2) has often been
investigated as a model reaction in batch reactors with heterogeneous catalysts such as amines
supported on mesoporous silica [65–67]. Methylaminopropyl (MAP) grafted on mesoporous silica is
reported in literature as the best performing secondary amine catalyst due to its limited steric hindrance,
and reported TOF in the batch reactor amounted up to a maximum of 3.3 ± 0.2 × 10−3 s−1 [68–70] for
the best performing catalyst. When the amine site is promoted by the residual silanol groups on the
surface of the silica support, the catalyst is denoted as “cooperative acid-base”. When the residual
silanol groups have been endcapped with trimethylsilyl groups, and are thus no longer available for
promotion, the catalyst is called “monofunctional base”. Both types of catalysts are evaluated for their
stability in this work, under the same conditions as previously employed in the batch reactor [5,68].

Catalysts 2019, 9, x FOR PEER REVIEW 7 of 16 

 

acidic resin [61–64]. Only the slope of the first three sample points in Figure 5 is used for the linear fit 
of the TOF, because the sample at a site time of 31.5 molsite s molethyl acetate−1 is in the so-called integral 
reactor regime, where the decrease in reactant concentration causes a decrease in the reaction rate [7].  

 

Figure 5. Conversion in function of site time of the Lewatit K2629 for the transesterification between 
methanol and ethyl acetate. T = 60 °C, Ptot = 180 kPa, site time = 7.9–31.5 molsite s mol−1, 19.8 wt % ethyl 
acetate, 71.4 wt % methanol, 8.8 wt % octane (internal standard). Fixed error of 1.4%. 

2.2. Case study: Aldol Reaction 

The aldol reaction between acetone and 4-nitrobenzaldehyde (see Scheme 2) has often been 
investigated as a model reaction in batch reactors with heterogeneous catalysts such as amines 
supported on mesoporous silica [65–67]. Methylaminopropyl (MAP) grafted on mesoporous silica is 
reported in literature as the best performing secondary amine catalyst due to its limited steric 
hindrance, and reported TOF in the batch reactor amounted up to a maximum of 3.3 ± 0.2 × 10−3 s−1 
[68–70] for the best performing catalyst. When the amine site is promoted by the residual silanol 
groups on the surface of the silica support, the catalyst is denoted as “cooperative acid-base”. When 
the residual silanol groups have been endcapped with trimethylsilyl groups, and are thus no longer 
available for promotion, the catalyst is called “monofunctional base”. Both types of catalysts are 
evaluated for their stability in this work, under the same conditions as previously employed in the 
batch reactor [5,68]. 

 
Scheme 2. Model aldol reaction of acetone with 4-nitrobenzaldehyde, towards the aldol product 
4-hydroxy-4-(4-nitrophenyl)butan-2-one, and subsequent dehydration to the enone product 4-(4-
nitrophenyl)-3-buten-2-one. 

2.2.1. Intrinsic Kinetics Verification  

Using the reported TOF from evaluation of the cooperative MAP catalyst in a batch reactor [68], 
the correlations for the assessment of intrinsic kinetics in the (LS)² reactor were evaluated for either 
hexane or DMSO as solvent in 50 vol % acetone as excess reagent. Solvent-free operation, i.e., 100 vol 
% acetone, is also evaluated. In the assessment, the most severe operation possible is analyzed, i.e. 
the most active catalyst with the lowest feed flow rate, for which it is expected that attaining intrinsic 
kinetics will be the most challenging. The values reported in Table 3 indicate that intrinsic kinetics 
can indeed be measured for all the solvents under the given conditions. All obtained values deviate 

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35

Et
hy

l a
ce

ta
te

 c
on

ve
rs

io
n

[%
]

Site time [molsite.s molethyl acetate
-1]

Scheme 2. Model aldol reaction of acetone with 4-nitrobenzaldehyde, towards the aldol
product 4-hydroxy-4-(4-nitrophenyl)butan-2-one, and subsequent dehydration to the enone product
4-(4-nitrophenyl)-3-buten-2-one.

2.2.1. Intrinsic Kinetics Verification

Using the reported TOF from evaluation of the cooperative MAP catalyst in a batch reactor [68],
the correlations for the assessment of intrinsic kinetics in the (LS)2 reactor were evaluated for either
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hexane or DMSO as solvent in 50 vol % acetone as excess reagent. Solvent-free operation, i.e., 100 vol %
acetone, is also evaluated. In the assessment, the most severe operation possible is analyzed, i.e., the most
active catalyst with the lowest feed flow rate, for which it is expected that attaining intrinsic kinetics
will be the most challenging. The values reported in Table 3 indicate that intrinsic kinetics can indeed be
measured for all the solvents under the given conditions. All obtained values deviate at least an order
of magnitude from the critical value, except the Weisz-Prater number (φ) for internal mass diffusion.
Because this value is close to the limit value of 8 × 10−2, an additional experimental validation is
performed with a catalyst of a different pellet size.

Table 3. Criteria for measuring intrinsic kinetics using a secondary methylaminopropyl (MAP)-
functionalized mesoporous silica catalyst in the aldol reaction between acetone and 4-nitrobenzaldehyde
with a 50/50 vol % solvent/acetone liquid mixture or solvent-free in 100 vol % acetone.

Hexane DMSO Solvent-Free Limit

Ca 6.2 × 10−3 4.9 × 10−3 2.7 × 10−3 <5 × 10−2

φ 6.8 × 10−2 6.2 × 10−2 2.6 × 10−2 <8 × 10−2

∆Text (K) 1.6 × 10−3 6.0 × 10−4 5.3 × 10−4 <1.32
∆Trad (K) 7.5 × 10−2 2.0 × 10−2 2.3 × 10−2 <1.32
∆Tint (K) 2.4 × 10−4 7.7 × 10−5 7.0 × 10−5 <1.32
∆Tax (K) 7.4 × 10−2 1.9 × 10−2 3.7 × 10−2 <1.32

dt/dp 20 20 20 >8
LB/dp 400 400 400 >1.6

∆P (Pa) 106.4 177.8 78.9 <36,000
Vdil/Vtot 0 0 0 <0.995

To experimentally assess the occurrence of internal concentration gradients, a MAP catalyst with
a pellet size of 137 µm is synthesized. The performance of this catalyst using hexane as solvent is
compared to that of the catalyst with a pellet diameter of 375 µm in Table 4, and confirms the absence
of internal concentration gradients.

Table 4. Conversion of two aldol reaction experiments with hexane as solvent for different catalyst
pellet sizes.

Average Pellet Diameter (µm) 137 375

Conversion (%) 16 ± 2 19 ± 2

External concentration gradients are evaluated by performing experiments using hexane as
solvent with identical site times at two different feed flow rates in the lower range of the flow rates
used for this case study. This correlates to a different liquid velocity (u). The absence of external
concentration gradients is confirmed when the conversion is identical, which is indeed the case within
the experimental error, as can be seen in Table 5.

Table 5. Conversion of two different aldol reaction experiments using hexane as solvent with an
identical site time but different feed flow rates.

Site Time (molsite s mol−1) 165.1 165.1

Flow rate (ml min−1) 1.5 2.0
Conversion (%) 22 ± 2 21 ± 2

2.2.2. Catalyst Stability and Activity

Figure 6 shows the 4-nitrobenzaldehyde conversion as a function of time on stream for both
the cooperative acid-base and the monofunctional base catalyst evaluated with hexane as solvent.
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The cooperative acid-base catalyst appears to continuously deactivate from 85.5% conversion at 30 min
on stream, which is below the equilibrium conversion of 99.5%, to 70.6% conversion after 3.5 h on
stream. In contrast, the decrease in activity for the monofunctional base catalyst remains limited to
3.0% in a 3.5 h timespan. This indicates that the deactivation of the cooperative acid-base catalyst is
mainly caused by the presence of the promoting silanol groups.Catalysts 2019, 9, x FOR PEER REVIEW 9 of 16 
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Figure 6. Conversion as function of time on stream for the aldol reaction between acetone and
4-nitrobenzaldehyde using hexane as a solvent. �: cooperative acid-base catalyst, N: monofunctional
base catalyst. (T = 55 ◦C, Ptot = 180 kPa, site time = 165.1 molsite s mol−1, 0.6 wt % 4-nitrobenzaldehyde,
55.6 wt % acetone, 43.5 wt % hexane, 0.25 wt % methyl-4-nitrobenzoate (internal standard). Fixed error
of 1.8%, not visible on the scale). Line is a guide for the eye.

As previously reported [5], when DMSO is used as solvent, the amine sites themselves can be
subject to deactivation when the concentration of water is too low. In Figure 7, the stability of the
monofunctional base catalyst is evaluated for DMSO as solvent with respectively 0 wt % and 2 wt % of
water added. As expected from literature, the catalyst activity is lower when using DMSO as solvent as
compared to hexane, due to the increased stabilization of ionic intermediates [5,68,69]. Regarding the
stability, the same trend as a function of the added water amount in DMSO is noted as previously
reported for repeat batch experiments [5]: without water addition, the catalyst deactivates as a function
of time on stream. With 2 wt % of water added, the conversion profile as a function of time on stream is
stable for at least 5 h on stream. This can directly be related to an increased hydrolysis of the iminium
ion intermediate which would otherwise, under low water concentrations, lead to site-blocking [5].

Figure 8 indicates the 4-nitrobenzaldehyde conversion as a function of the time on stream for the
monofunctional base catalyst, evaluated without solvent, i.e., in 100 vol % dry acetone. The initial
catalytic activity is higher than in the case of DMSO as solvent, but still lower than with hexane.
This can be attributed to the polarity of acetone, which is in-between that of DMSO and hexane [69].
Moreover, its activity does not appear to stabilize, even after 8 h on stream and indicates a steady
catalyst deactivation. This can be attributed to the stabilization of the iminium ion intermediate which,
coupled with a low water concentration, will lead to a similar catalyst deactivation as in the case of
DMSO as solvent [5].
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Figure 7. Conversion as a function of time on stream for the aldol reaction between acetone and
4-nitrobenzaldehyde, catalyzed by the monofunctional base catalyst, using DMSO as a solvent with
varying amounts of water. Left: no added water, Right: 2 wt % water added. (T = 55 ◦C, Ptot = 180 kPa,
site time = 165.1 molsite s mol−1, 0.45 wt % 4-nitrobenzaldehyde, 44.6 wt % acetone, 52.5–55.0 wt %
DMSO, 0.25 wt % IS). Fixed error of 1.8%. Line is a guide for the eye.
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Figure 8. Conversion as function of time on stream for the aldol reaction between acetone
and 4-nitrobenzaldehyde employing the monofunctional base catalyst, solvent-free. (T = 55 ◦C,
Ptot = 180 kPa, site time = 165.1 molsite s mol−1, 0.45 wt % 4-nitrobenzaldehyde, 99.3 wt % dry acetone,
0.25 wt % methyl-4-benzoate (internal standard)). Fixed error of 1.8%.

To determine the TOF of a deactivating catalyst, extrapolation to “time on stream equal to zero”
should be performed to ensure that the catalytic performance free of any deactivation is measured.
However, the nature of this extrapolation will strongly depend on a model for the kinetics of the
deactivation phenomenon and, hence, requires a more detailed investigation. Therefore, in this section
only the catalytic activity of the stable monofunctional base catalyst in hexane is evaluated as an
example. From the linear fit in Figure 9, a TOF of 1.2 ± 0.1 × 10−3 s−1 is obtained, which is close to the
literature reported TOF of 1.0 ± 0.1 × 10−3 s−1 for the monofunctional MAP catalyst in a batch reactor
under the same reaction conditions [68].
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Figure 9. Conversion as function of site time of a monofunctional base catalyst for the aldol reaction
between acetone and 4-nitrobenzaldehyde using hexane as solvent. (T = 55 ◦C, Ptot = 180 kPa, site time
= 81.75–330.3 molsite s mol−1, 0.45 wt % 4-nitrobenzaldehyde, 55.8 wt % acetone, 43.5 wt % hexane,
0.25 wt % IS. Fixed error of 1.8 %).

3. Materials and Methods

3.1. Reactor Design

The developed lab-scale liquid-solid (LS)2 plug-flow reactor is schematically represented
in Figure 10.
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Figure 10. Schematic of the (LS)2 reactor with the feed vessel (1), the positive displacement pump
(2) with pulsation damper and pressure readout (3), the pre-heating (4), the reactor heating (5) and
insulation (6), the outlet pressure gauge (7), and the check valve (8) and three-way valve (9) for
drawing samples.

The feed section essentially comprises a flask with the reactant mixture (1 in Figure 10) connected
to an Eldex 2SMP plunger pump (2 in Figure 10). The flask is gently stirred to avoid the development
of concentration gradients within the reactant mixture. The positive displacement pump can deliver
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flow rates between 0.01 and 10 mL/min with discharge pressures up to 400 bar. To reduce flow
fluctuations, a pulsation damper is installed on the pump. A manometer (3 in Figure 10) is coupled to
this damper, which measures the pump discharge pressure and is able to impose a high-pressure limit
above which the pump operation is stopped. The piston is made from sapphire, and the inlet and
outlet valves incorporate sapphire seats with ruby balls. The piston seal material is made from graphite
fiber reinforced polytetrafluoroethylene (PTFE) and all the tubing is made of type 316 stainless steel.
Seals are either a chlorotrifluoroethylene (CTFE) or Kal-Rez®type. All these internal parts are checked
for their chemical compatibility with the employed reagents in this work.

To ensure that the reactant mixture is fed at the right temperature upon reaching the catalyst
bed for a variety of flow rates, the option for additional pre-heating before the reactor inlet is
available. The preheater is an insulated box around the feed tube with a radiation heater of 125 W
(4 in Figure 10). The box itself is made of thermally insulating material ‘FACT01 PROMASIL 1100
super’. A thermocouple is placed inside the box in order to measure and control the temperature with
a PID controller (Omron e5ck).

The actual reactor is a stainless steel 316 tube with an inner diameter of 0.75 cm and a length of
30 cm. At 10 cm from the bottom of the reactor, a mesh is welded to the reactor wall to prevent the
packing and catalyst from leaving the reactor. The reactor tube is surrounded by a heating coat to
bring the reactor to the desired reaction temperature, controlled with an Omron e5ck PID controller.
The entire reactor and heating wire are insulated in order to keep the reactor isothermal (6 in Figure 10).
The external thermocouple is attached to the reactor tube, between the heating wire and the outside of
the tube. An internal thermocouple is inserted via the bottom of the reactor tube and is located in the
middle of the catalyst bed.

The heated sections of the reactor are at a constant pressure, which is maintained slightly above
ambient pressure to avoid vaporization of the liquid phase. The outlet pressure can be monitored on
the pressure gauge which is installed immediately after the reactor outlet (7 in Figure 10). To create
a back-pressure, a check valve (8 in Figure 10) is installed with a spring that, in this work, is set to
compress at 1.8 barg. Higher pressure check valves can be installed for other applications, up to
the pressure limit of the feed pump. The difference between this backpressure and the pump outlet
pressure gives an indication of the pressure drop over the entire setup.

Samples of the reactor outlet can be drawn by switching the three-way valve (9 in Figure 10).
This allows samples to be taken in an easy and safe way. When no sample is being taken, the reactor
effluent is collected in a waste vessel that is placed on a balance. This balance is used to verify the mass
balance over the set-up.

The catalyst activity is determined from the slope of a conversion versus site time plot. Site time
is defined as the space time W Freagent,0

−1, multiplied with the active site concentration Csite. With W
the catalyst mass (kgcat) and Freagent

0 the molar feed flow rate of the limiting reagent (molreagent s−1)
and Csite (molsite kgcat

−1) the concentration of active sites, site time has units (molsite s molreagent
−1).

3.2. Case Study: Transesterification

Lewatit K2629, a commercially available resin, was used as transesterification catalyst. It is a
strongly acidic, macroporous, polymer-based resin in spherical bead form with an average pellet
size of 550 µm, with 4.8 mol/kg sulfonic acid groups. Before loading the catalyst in the reactor, it is
freeze-dried using Alpha 1-2 LDplus apparatus operated at 0.12 mbar, in order to remove all the water
from the active sites.

For the transesterification kinetics, a feed mixture comprising 19.8 wt % ethyl acetate, 71.4 wt %
methanol, and 8.8 wt % octane (internal standard) was employed similar to literature reported
conditions [1]. All transesterification experiments were performed at 60 ◦C. Sample analysis was
performed with gas chromatograph from Agilent Technologies equipped with a FID (flame ionization
detector) and a PONA column. The injector temperature was set at 270 ◦C and the detector temperature
was set at 300 ◦C. The following temperature program was used in the oven: it started at 40 ◦C for
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5 min, then increased at a rate of 10.0 ◦C s−1 to 150 ◦C. A split flow of 50:1 was used. The helium flow
over the column was 155.4 10−3 Nl min−1. Quantification of the components in the reaction mixture
was performed by relating the corresponding peak surface areas to the amount of internal standard
that was added in the reaction.

3.3. Case Study: Aldol Reaction

Two types of catalysts were prepared by grafting N-methylaminopropyltrimethoxysilane
(MAPTMS, ABCR, 99%) on silicagel 60 with different support pellet sizes (grade 7734, Sigma-Aldrich,
average pellet size 375 µm and 137 µm), using the same procedure as previously reported [5,71].
Endcapping of the surface silanol groups was performed similarly as previously reported [5,71] using
1,1,1,3,3,3-hexamethyldisilazane (99%, HMDS, ABCR).

The loading of the amine sites was determined with elemental (CHN) analysis. These measurements
were performed on a Thermo Flash 2000 elemental analyzer using V2O5 as an oxidation. The mass
percent of nitrogen in the sample was then obtained by referring the peak surface area of nitrogen to a
calibration curve that was obtained with methionine (USP, 99%).

The feed mixture when using hexane as solvent consisted of 0.45 wt % 4-nitrobenzaldehyde,
55.8 wt % acetone, 43.5 wt % hexane, and 0.25 wt % methyl 4-nitrobenzoate (internal standard).
When using DMSO as solvent, this changed to 0.45 wt % 4-nitrobenzaldehyde, 44.6 wt % acetone,
52.5 wt % or 54.7 wt % DMSO, 0.25 wt % methyl 4-nitrobenzoate, and 0 wt % or 2.19 wt % deionized
water. All aldol reactions were performed at 55 ◦C. The reaction samples were analyzed using a
reversed-phase high-performance liquid chromatograph (RP-HPLC), from Agilent (1100 series) on
a XDB-C18 column, using the same procedure as reported before [5]. Quantification of the different
components in the reaction mixture was performed by relating the surface areas of the corresponding
components to the amount of internal standard added in the reaction.

4. Conclusions

A lab-scale continuous-flow reactor was built for assessing heterogeneous catalyst stability in
liquid-phase reactions, and is referred to as the (LS)2 reactor, i.e., the lab-scale liquid-solid reactor.
The reactor, and its possibility to measure intrinsic kinetics and deactivation phenomena, was evaluated
in two case studies.

The possibility to measure intrinsic kinetics was verified in a first case study for the
transesterification between ethyl acetate and methanol, catalyzed by the stable commercial Lewatit
K2629 resin at 60 ◦C. The related correlations were evaluated, and experimentally, the absence of
external concentration gradients and radial temperature gradients were verified. The catalyst indeed
exhibited a stable activity, which resulted in a turnover frequency (TOF) of 6.2 ± 0.4 × 10−3 s−1.

In the second case study, the stability of methylaminopropyl (MAP)-functionalized mesoporous
silica was evaluated for the aldol reaction of acetone with 4-nitrobenzaldehyde in a variety of solvents.
For all the reaction conditions, it was verified with correlations that measurement of intrinsic kinetics
was possible. When the amine group was promoted by surface silanol groups, no stable activity as a
function of the time on stream was found when using hexane as solvent. However, the unpromoted
monofunctional MAP catalyst did exhibit a stable activity for at least 4 h on stream in hexane,
but deactivation could not be avoided with dry acetone or DMSO as solvent. Adding 2 wt % of water
to DMSO significantly reduced the extent of deactivation and resulted in a stable conversion profile
during 4 h on stream. The TOF of the stable monofunctional MAP catalyst in hexane was determined
at 1.2 ± 0.1 × 10−3 s−1, which is closely related to the TOF found in a batch reactor under identical
conditions [68]. To ensure intrinsic kinetics were measured, two additional experimental tests for the
absence of internal and external concentration gradients were successfully performed and the absence
of a radial temperature gradient was experimentally confirmed.
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This work shows that the developed (LS)2 reactor can successfully be used for the intrinsic
kinetics assessment of heterogeneous catalysts in liquid-phase reactions and can adequately determine
deactivation phenomena of these catalysts.
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