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A B S T R A C T   

Flow cell reactors used for catalyst development and applications are upcoming due to their small environmental 
and economic footprint. Online microflow reactor coupling with mass spectrometry (MS) opens new possibilities 
for monitoring catalyst performance and identifying reaction products in real time. This is demonstrated for the 
metabolic relevant dealkylation of lidocaine on catalytic gold micro-particles using regular liquid chromatog
raphy modules. Yields of up to 90% norlidocaine were realized under mild continuous flow conditions for up to 
10 h (pH 7, 30 ◦C and 20 μL/min). Dissolved oxygen was shown to be a rate-limiting factor, since an inline 
oxygen generator allowed to increase the reactor capacity by one order of magnitude. Monitoring product time- 
response curve slopes after starting and ending a substrate feed, provided insights into the adsorption/desorption 
and conversion kinetics at the catalyst surface indicating the presence of strong adsorption sites that do not 
contribute substantially to substrate conversion.   

1. Introduction 

Continuous-flow reactors are increasingly used for the synthesis of 
fine chemicals and active pharmaceutical ingredients in an effort to 
minimize waste, enhance (energy) efficiency and improve safety. When 
applied as a microreactor and combined with plug-flow injections, they 
also offer excellent high-throughput screening possibilities of reaction 
conditions [1,2]. Direct coupling of a microreactor to an analytical de
tector accelerates the optimization as well as the product identification 
and the catalyst characterization process by enabling online signal 
monitoring [3]. Coupling microreactors to MS is particularly advanta
geous as it allows the reliable identification and quantification of a wide 
range of organic compounds [4,5] opening the door to investigate re
actions on heterogeneous and supported homogeneous (bio)-catalysts. 
Microreactors in microfluidic systems are often used to control the 
synthesis and characterization of nanoparticle catalysts [6], although 
clean room facilities are needed for their production. Packed-bed 
microreactors using regular capillaries provide the possibility to inves
tigate heterogeneous catalysts in a more straightforward way due to 
their ease of implementation and fabrication using, for example, regular 
high performance liquid chromatography (HPLC) systems. Continuous 
flow reactors are available for regular [7], electro-chemical [8] as well 

as catalytic [9] reactions. In the following, we will focus on catalysis 
using gold particles as an example. Traditionally, gold is considered to 
be rather inert but its application in the form of homogeneous Au(I)- or 
Au(III)-catalytic complexes is ever growing, covering a wide range of 
reactions [10]. Heterogeneous gold catalysts are mainly used for in
dustrial scale, gas-phase reactions such as the oxidation of CO to CO2 in 
exhaust fumes using (supported) nanoparticles [11]. Application of 
larger diameter particles to more complex substrate molecules in the 
liquid phase is less common. We have previously shown that certain 
drugs can be dealkylated in the liquid phase using nanoporous gold in a 
batch cell set-up [12]. Dealkylation is one of a number of Phase-I 
metabolic oxidation reactions catalyzed by members of the Cyto
chrome P450 enzyme family. It is assumed that the critical step of this 
reaction is the formation of a perferryl intermediate (FeO3

+) during the 
uptake of molecular oxygen by the enzyme [13]. The perferryl inter
mediate is thought to generate reactive oxygen species (ROS) by serving 
as an electron sink and as a binding site for molecular oxygen facilitating 
oxygen activation by electron transfer reactions [14,15]. 

In the current work we describe a modular online Au-catalyst-MS 
system to study the deethylation of lidocaine performing plug-flow in
jection as well as continuous-flow experiments. The modular system 
allowed us to study and optimize the reaction by including an ‘oxygen 
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generator’ based on a MnO2-reactor and by performing post-reactor 
derivatizations to study the reaction mechanism, for example for the 
detection of acetaldehyde (Scheme 1). Our online microflow catalyst-MS 
system can be adapted to study other heterogeneous catalysts as well as 
other chemical reactions with a minimal consumption of chemicals. 

2. Materials and methods 

2.1. Chemicals and materials 

Free base lidocaine and caffeine standards (Merck, Amsterdam, The 
Netherlands) were prepared in Milli-Q water and stored at 4 ◦C. 
Acetonitrile, methanol and isopropanol (Biosolve, Valkenswaard, The 
Netherlands) were used as organic solvents. Ammonium bicarbonate, 
formic acid, ammonium sulphite, hydrogen peroxide and 18O-water 
(98%) (Merck, Amsterdam, The Netherlands) were used as additives or 
additional reagents. 

2.2. Equipment 

For the instrumental set-up given in Fig. 1, several Agilent series 
1100 capillary HPLC components (Waldbronn, Germany) were used 
comprising two binary microflow pumps with stream splitter and flow 
controller (20 μL/min), one isocratic pump, a thermostatic autosampler 
(10 ◦C) and a thermostatic column/reactor compartment (10–80 ◦C) 
equipped with a 6-port switching valve. The Au- and MnO2-reactors 
were homemade from peek tubing (Merck, Amsterdam, The 
Netherlands). The Au-reactor was 0.76 mm × 68 mm filled with 387 mg 
of 15–37 μm 18 K white gold particles (BO1947714, Cookson Drijfhout, 
Amsterdam, The Netherlands) and the MnO2-reactor was 0.76 mm × 55 
mm filled with 47 mg of 1 μm MnO2 particles (Merck, Amsterdam, The 
Netherlands). Both reactors were sealed with 0.5 μm frits (IDEX Health 
and Science, Oak Harbor, USA). Reaction products were detected by 
mass spectrometry using a TSQ Quantum Discovery Max triple quad
rupole mass spectrometer (ThermoFisher Scientific, Breda, The 
Netherlands) equipped with an electrospray source operated in positive 
ionization mode. Data were acquired between m/z 70–350 with a spray 
voltage of 3000 V, a capillary temperature of 315 ◦C and sheath and aux 
gas pressures of, respectively, 21 and 4. Selected reaction monitoring 
(SRM) was used operating in negative mode to analyze sulfonated 
acetaldehyde at the m/z transition 125/81 with a collision energy of 7 
eV using the same ion-source settings at a spray voltage of − 4000 V. 
Xcalibur 4.1 software was used for data acquisition and processing. 

2.3. Plug flow injection optimization 

Operational parameters were optimized with plug-flow injections of 
lidocaine and the Au-reactor configured as shown in Fig. 1 without the 
MnO2-reactor. Initial and final parameter settings and ranges are given 
in Table 1. Plug-flow injections start with water (solvent A) from pump 
1. After 10 min, the reactor is cleaned with 0.1% formic acid in aceto
nitrile (solvent B) from pump 2. After an additional 5 min, the reactor is 
reconditioned with water (solvent A from pump 1) for 15 min, which 
concludes the run. For injection plugs of more than 20 μL, the initial 
isocratic period was extended by 5 min for each additional 20 μL up to 
the maximum loop volume of 40 μL. Pump 3 delivered 0.1% formic acid 

in 50% acetonitrile at 50 μL/min as a make-up flow to stabilize the 
electrospray. 

To evaluate the influence of pH, solvents A and B from pump 1 were 
respectively filled with 0.01% formic acid and water, covering a pH 
range from 3 to 7 by mixing both solvents at 0, 1, 10, 20, 25, 30, 50 and 
100% B. Experiments at pH 8 were performed using 5 mM ammonium 
bicarbonate in water. 

2.4. Continuous flow optimization 

Additional optimization experiments were performed in continuous- 
flow mode by changing the temperature (10–80 ◦C) and the solvent 
composition (0–90% acetonitrile in water) at 10 μM lidocaine. Different 
Au-reactor cleaning and/or regeneration conditions were evaluated by 
filling bottles A and B from pump 2 with water (A), acetonitrile, meth
anol or isopropanol (B) with and without 0.1% formic acid. The influ
ence of substrate concentration was evaluated for 16 min under 
continuous-flow conditions at 20 μL/min (320 μL) using 100 or 1000 μM 
lidocaine in bottle A from pump 1 and water from bottle B across a range 
of 1–1000 μM by mixing both solvents accordingly. 

2.5. Quantitation 

Quantitative measurements were performed by analyzing 100 μL 
fractions from continuous flow feeds through the reactor under optimal 
conditions (Table 1) by performing reverse phase chromatography over 
a 2 × 150 mm 3 μm XBridge C18 column at 300 μL/min using full scan 
mass spectrometry (m/z 70–350). The gradient started 2 min after the 
injection from 2% acetonitrile reaching 25% 4 min later, increased 
further to 80% during in 1 min, staying at 80% for another minute and 
going back to 2% in 1 min finishing the run after 12 min in total. The 
system was calibrated with a calibration line in the range of 1–200 μM 

Scheme 1. Catalytic deethylation of lidocaine on gold particles in the presence 
of molecular oxygen. Lidocaine (1) is deethylated to norlidocaine (2) with 
production of acetaldehyde (3). 

Fig. 1. Instrumental set-up for continuous- or plug-flow injections over the 
catalytic Au-reactor online coupled to a mass spectrometer. The elements in 
brackets are optional and used depending on the respective experiment. 
Operational parameters are given in Table 1. 

Table 1 
Initial, optimal and parameter ranges for evaluating the Au-reactor.  

Parameter Initial Range Optimal 

Volume(μL) 1 1–40a 

20–7200b 
1200b 

Flow (μL/min) 20 1–20 20 
Temperature (◦C) 25 10–80 30 
pH 8 3–8 7-8 
Lidocaine (μL) 100 1–1000 10 
Solvent H2O H2O/ACN H2O  

a Plug flow. 
b Continuous flow. 
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for lidocaine and norlidocaine using caffeine at 50 μM for normalization. 

2.6. Mechanism confirmation 

2.6.1. Involvement of molecular oxygen 
Addition of 5 mM (NH4)2SO3 to solvent A from pump 1 was used to 

completely remove dissolved molecular oxygen by oxidizing sulfite to 
sulfate, (Eq (1)). 

2SO2−
3 +O2→2SO2−

4 (1)  

2.6.2. Oxygen enrichment conditions 
Oxygen-enriched conditions were created by sandwiching 1–16 μL 

100–1000 μM lidocaine plugs between two 8 μL10 mM hydrogen 
peroxide plugs and running them over a MnO2-reactor in series with the 
Au-reactor (Fig. 1), (Eq (2)). The generated molecular oxygen remains in 
solution due to the closed system having an overall pressure of about 40 
bar. Continuous oxygen enrichment was realized by the introduction of 
a fourth pump leading 100 mM hydrogen peroxide over a MnO2-reactor 
at a flow of 4 μL/min to the main liquid stream of 20 μL/min as depicted 
in Figure S1 

2H2O2 →
MnO2 2H2O + O2 (2)  

2.6.3. Involvement of water 
Acetaldehyde, one of the proposed reaction products (see Scheme 1), 

was identified according to Hu et al. [16] using plug flow injections and 
negative electrospray ionization MS with online, post-reactor derivati
zation using 5 mM ammonium sulfite (Eq 3) in 50% acetonitrile added 
from pump 3 at 50 μL/min (Fig. 1). The dealkylation reaction was 
performed with lidocaine in 18O-water to assess the involvement of 
water monitoring the production of 18O-acetaldehyde(sulfonate). 

2.7. Adsorption/desorption profile 

Continuous flow experiments were performed with the set-up shown 
in Fig. 1 without both components in brackets. Runs at 20 μL/min start 
with water from pump 1, followed after 5 min by a valve switch for 0, 1, 
2, 4, 8, 16 or 32 min to effectuate a 10 μM lidocaine/caffeine mixture 
plug injection in water (solvent A) from pump 2. Caffeine is used as a 
reference compound that is not adsorbed to nor converted by the Au- 
catalyst. Hereafter, the valve is switched back eluting the reactor with 
water from pump 1 for 20 min followed by a 5 min cleaning step with 
0.1% formic acid in acetonitrile from pump 2 (solvent B). The run is 
completed by switching back to pump 1 and reconditioning the reactor 
with water for 16 min. 

3. Results and discussion 

3.1. Plug-flow optimization 

The optimization process started with plug-flow injections with the 
goal to find conditions giving the highest deethylation yield with a 
minimum of byproducts as summarized in Table 1. A time-response plot 
of all detectable extracted [M+H] + ion signals of lidocaine and its 
conversion products is represented in Fig. 2a for 16 μL plug-flow in
jections. Fractions representing the breakthrough with water, cleaning 
with 0.1% formic acid in acetonitrile and reconditioning with water are 
indicated as ‘break’, ‘clean’ and ‘condition’ in Fig. 2b and c. The plots 
illustrate the absence of lidocaine (1) (m/z 235) in the breakthrough 
fraction, which is dominated by the deethylated product norlidocaine 
(2) (m/z 207). This fraction also contains a byproduct at m/z 233, which 

Fig. 2. (a) Extracted ion chromatograms of all observed conversion products upon 16 μL 100 μM lidocaine (1) plug-flow injections over the Au-reactor showing that 
norlidocaine (2) is the main product under optimal conditions (intensity scales are equal). Influence of (b) flow-rate and (c) reactor temperature on product dis
tribution as depicted in relative peak areas showing that elevated temperatures lead to more di-deethylation (2′) while flow-rates down to 5 μL/min do not affect 
product distribution significantly. 
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was identified as a cyclized form of lidocaine (4) [12]. Increasing the 
percentage of organic solvents like methanol or acetonitrile in water led 
to reduced conversion, with no conversion at all in the absence of water. 
The reaction did not proceed either at pH values below 3.5 (Figure S2). 
Most subsequent experiments were thus performed in water between pH 
7 and 8. 

Although hardly detected under optimized conditions, the byproduct 
di-deethylated lidocaine (2′) is produced at increased reactor contact 
time (decreasing flow-rate) and temperature as illustrated by the green 
bars in Fig. 2b and c. The production of norlidocaine (2) was slightly 
reduced in favor of di-deethylated lidocaine (2′) at the lowest flow-rate, 
corresponding to a contact time of 2 min. The rather stable product 
ratios at higher flow-rates indicate that conversion is fast. Considering 
an estimated Au-reactor void volume of 2 μL, the contact time of in
jection plugs is between 0.1 and 2 min for flow-rates of 20 to 1 μL/min. 
This translates into a conversion rate of more than 2 nmol/min at the 
maximum flow-rate of 20 μL/min infusing 100 μM lidocaine. Experi
ments were continued at this flow-rate to limit the analysis time, 
although lower flow-rates may allow for plug injections at higher con
centrations. The optimum reactor temperature for producing norlido
caine (2) was between 20 and 40 ◦C (Fig. 2c). At 10 ◦C lidocaine (1) 
starts to break through due to a reduced reaction rate while at higher 
temperatures the reaction proceeds further producing mainly di- 
deethylated lidocaine (2’) at 80 ◦C. 

The estimated relative conversion of lidocaine in the plug flow ex
periments under optimized conditions was close to 100%. This was 
confirmed by the quantitative measurements described at section 2.5 
which also showed that norlidocaine has an almost two times lower 
response factor in ESI-MS than lidocaine (Figures S3 & S4). 

3.2. Continuous flow catalysis 

The effect of increasing plug volumes was investigated in preparation 
for continuous-flow experiments. Lidocaine plugs from 1 to 40 μL at 100 
μM showed stable conversions producing 80–100% norlidocaine at 20 
μL/min and 25 ◦C (Figure S4). Higher plug volumes of up to 0.6 mL (30 
min at 20 μL/min) at 100 μM required elevated temperatures up to 80 ◦C 
to prevent a decline in conversion without inducing extensive di- 
deethylation as observed with small plugs (Figure S5). Continuous- 
flow experiments over several hours at 25–40 ◦C were performed at 
10 μM lidocaine. Changing the operational parameters under these 
conditions allowed us to monitor product and by-product formation in 
real-time (Fig. 3). Lowering the temperature from 25 to 10 ◦C led to a 
reduction in lidocaine conversion by more than 50%. The optimal 
temperature lies in the range of 30–40 ◦C. Continuous monitoring of 
extracted ion chromatograms was also helpful in optimizing cleaning of 

the catalyst. This showed for example, that 0.1% formic acid in aceto
nitrile is superior to isopropanol (Figure S6). Changing parameters 
under continuous-flow conditions, while monitoring the extracted ion 
chromatograms of key products and potential by-products, is an efficient 
way of following their effect on the outcome of the chemical reaction in 
real-time. The capacity of the system to convert lidocaine to norlido
caine was further evaluated under continuous-flow conditions at 
increasing lidocaine concentrations up to 1 mM. The upper concentra
tion limit appeared to lie between 200 and 300 μM after which lidocaine 
started to break through resulting in a declining conversion (Figure S7). 
We hypothesized that this could be related to the limited availability of 
molecular oxygen, which has a solubility in water at ambient pressure 
and room temperature of about 250 μM, rather than the reactor capacity 
itself. This led us to study the effect of oxygen enrichment considering 
that gas solubility in liquids increases linearly with pressure to about 10 
mM at the 40 bar pressure in the current system. 

3.3. Reaction mechanism 

The reaction mechanism depicted in Scheme 2, which is based on the 
reaction mechanism of Cytochrome P450-catalyzed dealkylations as 
postulated by Ren et al. [13], requires activation of molecular oxygen on 
the gold surface as the initial reaction step. 

Molecular oxygen has also been implicated in reactions catalyzed by 
gold nanoparticles [17–19]. We therefore studied the role of molecular 
oxygen in the dealkylation reaction by removing dissolved molecular 
oxygen from the eluent using sulfite as pump 1 additive (Fig. 1), which 
oxidizes readily to sulfate (Equation (1)). The fact that there was no 
conversion under these conditions supports the critical role of dissolved 
molecular oxygen for the dealkylation reaction. Since gold is, however, 
known to bind a wide range of sulfur-containing compounds including 
sulfite and sulfate [20], sulfite may have poisoned the catalyst pre
venting the conversion of lidocaine to norlidocaine. We therefore also 
established a system to enrich the eluent with molecular oxygen 
generated from H2O2-sandwiched plug flow injections with a MnO2- and 
the Au-reactor in series (Fig. 1, Equation (2)). Since this adjusted 
configuration increased the conversion capacity of the Au-reactor by 
more than one order of magnitude using up to 1 mM lidocaine 
(Figure S8, blue versus gray line) this demonstrates that the level of 
dissolved molecular oxygen is a limiting factor. No conversion was 
observed when omitting the Au-reactor and running sandwiched in
jections over the MnO2-reactor alone. Direct sandwich injections over 
the Au-reactor initially showed also a slightly enhanced conversion, 
which decreased rapidly at plug flow volumes above 2 μL (Figure S8, 
orange line) indicating a transient, less efficient molecular oxygen pro
duction from H2O2 decomposition by this reactor alone. These results 

Fig. 3. Evaluation of the effect of reactor temperature (black trace) on the deethylation of lidocaine in real-time using an online MS-coupled continuous-microflow 
reactor monitoring the extracted ion signals of lidocaine (1), norlidocaine (2), cyclized lidocaine (4) and di-deethylated lidocaine (2′) during a 10 μM lidocaine feed at 
20 μL/min (between 5 and 92 min) followed by cleaning with 0.1% formic acid in acetonitrile. 
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illustrate that molecular oxygen is indispensable for conversion. 
Remarkably, generating oxygen continuously by leading H2O2 over the 
MnO2-reactor using a fourth pump and mixing it afterwards into the 
sample feed ahead of the Au-reactor with a T-connector, as depicted in 
Figure S1, did not lead to an increased conversion capacity. The lag time 
before mixing with the main stream at the T-union is between 0.25 and 
1 min based on a void volume of 1 μL and flow-rates between 1 and 4 
μL/min. This indicates that short-lived, reactive oxygen species (ROS) 
play a role in the Au-catalyzed dealkylation reaction as postulated by 
others for oxidation reactions on heterogeneous catalysts [21–23]. He 
et al. [24] used electron spin resonance spectroscopy to show hydroxyl 
radical formation on catalytic gold nanoparticles due to H2O2 decom
position under acidic conditions, while molecular oxygen was generated 
under basic conditions, as used in our experiments (pH 8). Yan et al. [25] 
reported that the presence of radicals as well as water improves the 
adsorption and dissociation of molecular oxygen dramatically, espe
cially on gold surfaces. This effect may also occur in our case when the 
substrate is sandwiched between the H2O2 plugs and thus intensely 
mixed during transport through both reactors (Fig. 1). We hypothesize 
that molecular oxygen, activated on the gold surface, is indispensable as 
electron acceptor to initiate the dealkylation reaction leading to for
mation of the iminium ion intermediate (Scheme 2), which is then hy
drolyzed by water with concomitant incorporation of one oxygen atom 
into acetaldehyde. 

Fig. 2 illustrates that, depending on the conditions, two by-products 
were detected by MS, supporting the reaction mechanism depicted in 
Scheme 2. The mechanism proposes two reactive intermediates (1a) and 
(1b) that were not detected by MS, most likely due to their short life- 
times. The reaction starts with the abstraction of H+ from the α-car
bon of the ethyl group resulting in the formation of an iminium ion (1a) 
while releasing two electrons. The iminium ion intermediate reacts with 
water via α-carbon hydroxylation (1b), a well-known reaction for 

enzymatic secondary and tertiary amine oxidations [26], followed by 
elimination of acetaldehyde (3) producing norlidocaine (2). This 
mechanism has also been described for electrochemical oxidation re
actions, potentially producing additional hydroxylated by-products 
[27–29] that were not detected in our set-up. 

Since acetaldehyde formation is postulated based on this reaction 
mechanism, we developed a post-catalyst online reactor based on the 
reaction between aldehydes and sulfite (2.6.3) resulting in a sulfonated 
product (Eq (3) that can be detected by negative ionization electrospray 
mass spectrometry (Figure S9, upper trace). When performing the dee
thylation reaction in 18O-labelled water, 18O was incorporated into the 
newly formed acetaldehyde confirming the role of water in the hydro
lysis of the iminium ion intermediate (see Scheme 2). A small percentage 
of the iminium ion intermediate reacts intramolecularly to compound 
(4), as confirmed by MS (see Fig. 2). This substance has also been 
observed upon catalytic deethylation of lidocaine on nanoporous gold in 
a batch cell set-up, as confirmed by MS and NMR [12]. 

Taken together, our results provide strong evidence for the essential 
role of molecular oxygen and demonstrate the suitability of the experi
mental set-up to study mechanistic aspects of the dealkylation reaction. 

3.4. Adsorption/desorption 

Another advantage of an on-line coupled catalyst-MS system is that 
adsorption and desorption profiles can be recorded in real-time for a 
variety of chemical species. Adsorption of the substrate on the catalyst 
surface is considered an essential step for catalysis to occur [19,30]. 
Studying adsorption by frontal analysis to determine adsorption iso
therms is widely used in chromatography [31–33]. While frontal anal
ysis is not directly applicable to heterogeneous catalysts due the fact that 
adsorbed molecules are converted resulting in changing concentration 
profiles of substrate and products during their transport through the 

Scheme 2. Proposed reaction mechanism for the catalytic deethylation of lidocaine (1) on gold particles mainly forming norlidocaine (2) and acetaldehyde (3) via 
hydrolysis of a reactive iminium ion intermediate (1a) (based on Ren et al. [11]) next to a cyclized variant (4). The alkyl chains are shown in red and green, 
respectively, while the bracketed structures indicate side products 4′ and 2′ in case the reaction proceeds further. 

J. Hermans et al.                                                                                                                                                                                                                                



Talanta 266 (2024) 124928

6

reactor, peak shapes and slopes of the extracted ion signals provide 
qualitative indicators of adsorption and desorption kinetics, the strength 
of the interaction and possibly the existence of multiple bind
ing/catalytic sites. 

The presence of lidocaine in the cleaning fraction after a run indi
cated that part of it is strongly adsorbed on the gold surface without 
being converted (see Fig. 2b, blue bars and Figure S6, black trace). 
Continuous flow experiments showed that the strongly adsorbed frac
tion increased proportionally to the amount of lidocaine that was 
injected (Figure S10). A tailing norlidocaine signal after ending the 
substrate feed and continuing elution with water (Fig. 4, black trace) 
points to the existence of strong adsorption sites slowly releasing lido
caine, which is subsequently, but less efficiently, converted to norlido
caine at reactive sites along its flow path through the reactor. This 
suggests that an adsorptive site may not be reactive by definition. 
Caffeine, a compound that is neither adsorbed nor converted by the 
catalyst, was used as a control of the flow system showing steeply 
ascending and descending profiles as depicted in Fig. 4, supporting the 
idea that the observed peak shapes for norlidocaine are related to 
interaction with the catalyst surface as well as the conversion kinetics. 
Prolonged continuous flow experiments with the same reactor for up to 
10 h showed steeper norlidocaine tails (Fig. 4, green trace), which are 
almost comparable to caffeine. Simultaneously, the amount of lidocaine 
in the cleaning fraction decreased by one order of magnitude 
(Figure S10, blue versus orange line), indicating saturation of the strong 
adsorption sites. Apparently, the catalyst surface changes with time 
during continuous usage. While this often diminishes the efficacy of a 
catalyst due to effects known as aging, fouling or poisoning as a result of 
multilayer formation [34], it had a positive but transient, effect in our 
case due to less strong adsorption leading to stable conversion. Catalyst 
performance deteriorated upon long-term usage (»10 h) as illustrated by 
a reduced norlidocaine production (blue trace in Fig. 4), making it 
necessary to reactivate it. 

Changing surface properties are commonly observed with hetero
geneous catalysts mostly due to the use of harsh preparation or regen
eration conditions like annealing at high temperatures or regeneration 
with strong acids [34]. For example, (supported) nanoporous gold par
ticles are subject to restructuring even during storage [35], which results 
in deactivation. Ultimately, the conversion efficiency of the gold parti
cles was stable over at least 10 h producing 90% norlidocaine at a feed 
concentration of 10 μM lidocaine at 20 μL/min and 30 ◦C. It is likely that 
higher concentrations can be converted with oxygen enrichment and 
larger reactor dimensions. 

4. Conclusion 

We describe a modular, online microflow Au-reactor-MS system for 
studying the catalytic deethylation of lidocaine. This set-up allows rapid 
evaluation of operational parameters by following the extracted ion 
signals of products and by-products online, demonstrating its potential 
for mechanistic studies. The main limitation of the online system is the 
requirement to use MS-compatible solvents, reagents and additives un
less a sample preparation step is included. 

The instrumental configuration proved to be a flexible concept not 
only with respect to changing parameters such as solvents, flow-rates 
and temperatures but also with respect to performing pre- or post- 
reactor reactions. The mass spectrometric results provided direct evi
dence of the main conversion product as well as of by-products in sup
port of the reaction mechanism. The presence of dissolved molecular 
oxygen was essential for the deethylation of lidocaine. The production of 
acetaldehyde and the incorporation of 18O from water supported the 
reaction mechanism shown in Scheme 2, in which hydrolysis of the 
iminium ion intermediate is a necessary step. The Au-reactor showed a 
stable conversion efficiency of about 90% for several hours. The 
ascending and descending slopes of the norlidocaine signal gave quali
tative insights in the surface properties of the catalyst with respect to the 

adsorption and desorption kinetics, as well as with respect to differences 
between adsorptive and reactive sites. The optimal reaction conditions 
for the deethylation of lidocaine are mild, using only water and mo
lecular oxygen at or close to ambient temperature. Concentrations of up 
to 1 mM lidocaine were converted efficiently at 20 nmol/min when 
enriching the solvent with molecular oxygen by placing a MnO2-reactor 
in series with the Au-catalyst and performing H2O2 plug-flow injections 
(Fig. 1). The described instrumental set-up is suitable for the study of 
other heterogeneous, supported homogeneous or bio-catalysts in the 
flow-through reactor format by screening for potential substrates and 
optimizing conditional parameters with a low consumption of chem
icals. The simple and straightforward format using a capillary tube as 
reactor container is an alternative to microfluidic systems making this 
approach accessible to a wider range of users. 
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Fig. 4. Typical elution profiles of norlidocaine (2, m/z 207) and caffeine (m/z 
195, brown trace), a control compound that is neither adsorbed nor converted, 
showing different reactivity stages of the reactor; at initial (A, black trace), 10 
h (B, green trace) and »10 h usage (C, blue trace) without reactivation of the 
Au-reactor as assessed by a 10 μM lidocaine/caffeine feed between 5 and 37 
min at 20 μL/min and 25 ◦C followed by 20 min water, 5 min cleaning with 
0.1% formic acid in acetonitrile and 15 min reconditioning with water. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.talanta.2023.124928. 
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