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An automated flow platform based on a tube-in-tube contactor and micro-packed bed reactor is
developed to measure the kinetics of gas-liquid-solid hydrogenation reactions. The liquid flowing in the
inner tube of the tube-in-tube contactor is rapidly saturated to ensure a constant H, concentration before
entering the micro-packed bed, which transforms the gas-liquid-solid system into a liquid-solid system. A
ramping strategy is adopted in which the continuously varied residence time and the corresponding
conversion data are obtained in a single experiment. Two reactions including hydrogenation of
a-methylstyrene and nitrobenzene are chosen to demonstrate the accuracy and efficiency of this
automated platform. Varying the flow rate ramping shows that accurate kinetic determination requires a
specific range of flow rate ramps. A kinetic curve of conversion versus residence time (more than ten
thousand data points) can be obtained in a single experiment within 50 min. The kinetic parameters
obtained with this strategy agree well with literature values. The automated flow platform with flow rate
ramping enables accurate determination of gas-liquid-solid reaction kinetics with higher efficiency and
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Introduction

Gas-liquid-solid reactions, such as hydrogenation, oxidation
and carbonylation, are widely used in the petroleum,"* fine
chemical,®*®  agrochemical,”’® and  pharmaceutical
industries.>>*!" Accurate determination of gas-liquid-solid
reaction kinetics is required for reactor design and process
optimization,’? and has the benefit of significantly increasing
the selectivity to the product and improving process safety.
Traditional methods for the determination of gas-liquid-solid
reaction kinetics can be categorized as either sampling under
steady-state conditions in flow or generating time-series data
in batch.”® Continuous flow experiments, especially in
microreactors, have advantages of faster mixing time, lower
catalyst cost, and intensification of heat and mass
transfer.'>**® However, the sampling is performed only
when the flow system reaches a steady state (at least three
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lower reagent cost compared with other methods.

times the reaction time). As a result, the kinetics
determination in continuous flow experiments can be slow
and labor-intensive. Batch experiments are beneficial to
generate kinetic data since many data points can be obtained
in a single experiment and the shape of the conversion versus
time curve often provides insight into the kinetic
mechanism.'®>' However, kinetic experiments in batch can
be limited by mass and heat transfer leading to falsification
of kinetics."”” As a result, both of these techniques have
limitations: continuous flow experiments are hindered by the
need to take steady state measurements,> > and batch
experiments face potential heat and mass transfer limitations
obstructing precise determination of kinetic parameters.'* As
a result, it is desired to develop an efficient approach for
accurate determination of kinetic parameters for gas-liquid-
solid reactions.

In a previous study, Moore™ proposed a ramping method
that allowed more experimental data to be obtained in less
time than traditional steady state measurements by ramping
the flow rate. The approach has been applied to several
studies of homogeneous reactions.>**' Herein we considered
its extension to a gas-liquid-solid system with the complex
hydrodynamics and transport of multiphase flows."'?*™°
Whenever the gas and liquid flow rates are changed, the
hydrodynamics especially for the liquid holdup®® and mass
transfer’” change accordingly, which is often difficult to
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describe with an accurate mathematical model. Thus, there
are challenges in applying ramping of the liquid flow rate to
determine the kinetics of gas-liquid-solid systems.

Tube-in-tube contactors that promote rapid interphase
mixing and improve mass transfer with small channel
diameters have attracted attention.*®*** They are typically
composed of an inner membrane tube (Teflon AF-2400) and
an outer impermeable PTFE or steel tube. Teflon AF-2400
tubing is highly permeable to gas but non-permeable to
liquid. In previous studies, tube-in-tube contactors combined
with bubble-counting,** inline flow FTIR,***® inline
colorimetric titrations*®*” and a mass flow meter***® have
been developed to determine gas solubility/dissolution in a
gas-liquid system. Compared with conventional methods
that take 4-5 h to obtain single gas solubility data, the
strategy using a tube-in-tube contactor enables single gas
solubility data point measurement within 2-5 min due to the
rapid gas-liquid mass transfer. As mentioned in the
literature,*®** with the utilization of a tube-in-tube contactor,
the solvent could be saturated with hydrogen in less than 20
s. With the liquid flow pressure larger than the gas flow
pressure, there is no gas phase in the saturated liquid. The
gas-liquid-solid reaction can be simplified to a liquid-solid
reaction when the hydrogen saturated reactants enter a
micro-packed bed reactor. The latter effect reduces the
complexity of experiments notably and enables the
application of the ramping method in gas-liquid-solid
reactions. In addition, the liquid flow in the micro-packed
bed reactor could be treated as plug flow since the ratio of
reactor length to catalyst diameter (210) is larger than 200,*
leading to negligible residence time dispersion which is
essential for the application of the ramping method."
Conducting kinetic studies in micro-packed bed reactors with
the simplified liquid-solid reaction system offers several
advantages such as small amounts of catalysts, uniform
temperature distribution, intensified mass transfer, and
accurate estimation of kinetic parameters.>®>*

The aim of this work is to develop an automated flow
platform for implementing the flow ramping method for
gas-liquid-solid hydrogenation reactions in micro-packed

methanol
+H —
NO, NH,
methanol
+ 3H, —F + 2H,0

Scheme 1 Hydrogenation of a-methylstyrene (AMS) and nitrobenzene
(NB) in methanol.
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bed reactors. Hydrogenations of o-methylstyrene (AMS) and
nitrobenzene (NB) were employed as model reactions and
reaction equations are shown in Scheme 1. These reactions
were chosen due to their wide applications in the chemical
industry.”>>® The effect of flow rate ramping on the kinetic
results was investigated and a kinetic curve with the
conversion versus residence time was successfully obtained.
Then the kinetic parameters for hydrogenation of AMS and
NB were extracted to demonstrate the efficiency and
accuracy of the method.

Materials and methods

Chemicals

The reactants of AMS (CoHjp, 99.9%) and NB (CeHsNO,,
99.9%) were purchased from Aladdin-Holdings Group
without any purification. The solvent methanol (CH3;OH,
99.9%) was also obtained from Aladdin-Holdings Group.
Hydrogen (H,, 99.9%) was supplied by Beijing Beiwen Gas
Manufacturing Plant and the palladium/alumina particle
catalyst (Pd/Al,O3, 5 wt%) with an average size of 480 um was
acquired from Dalian Institute of Chemical Physics.

Experimental setup

The experimental setup (Fig. 1) is composed of a thermal
mass flow controller (Beijing Sevenstar Electronics Co. Ltd.),
a high pressure constant flow pump (Beijing Ou Shi Sheng
Technology Co. Ltd.), a micro-packed bed reactor, a tube-in-
tube contactor, a backpressure regulator (Beijing Xiongchuan
Technology Co. Ltd.) and an online ultraviolet spectrometer
(UV-vis JP43826913, Agilent 1100). The reaction mechanisms
of hydrogenation of AMS and NB are simple®>>* and there
are almost no side products, which have also been verified by
GC in our experiments. The characteristic wavelengths for
AMS and NB are 291 and 390 nm, respectively, based on the
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Fig. 1 Schematic of the automated flow system based on the tube-in-
tube contactor and micro-packed bed reactor for the accurate
determination of gas-liquid-solid hydrogenation kinetics.
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UV-vis spectra (Fig. S271), since the hydrogenation products
have no absorbance at these two wavelengths. However, other
online analytical instruments such as online IR and Raman
spectrometers could also be utilized based on the actual need
of experiments. The micro-packed bed reactor was 10 cm
long with an inner diameter of 3 mm. The fixed catalytic bed
was packed with Al,O; spheres, resulting in a void fraction of
37%. The tube-in-tube contactor had a length of 2 m with an
inner Teflon AF-2400 tube (inner diameter is 0.610 mm and
outer diameter is 0.813 mm) and an outer PTFE tube (inner
diameter is 1.570 mm and outer diameter is 3.175 mm).

During the experiments, the solution was pumped into
the inner Teflon AF-2400 tube and hydrogen from the
regulated cylinder was fed into the outer PTFE tube through
a thermal mass flow controller, which could be used as a flow
meter when it was completely open. The saturated liquid
obtained in the tube-in-tube contactor flowed into a stainless
loop immersed in a water bath to achieve the required
temperature before entering the micro-packed reactor. The
outlet of liquid from the packed bed reactor was connected
to an online UV-vis spectrometer for monitoring the product
concentration and a back-pressure regulator to control the
liquid pressure. The pressure of gas flow in the tube-in-tube
contactor was determined by the reducing valve of the
hydrogen cylinder. Two inline pressure transducers (CYT11,
Beijing Tianyuhengchuang Technology Co. Ltd) were placed
in the gas and liquid inlets of the tube-in-tube contactor to
measure the pressure. Note that the liquid pressure was
controlled at 0.1 MPa higher than the gas pressure to avoid
out-gassing of the dissolved H, in the flow stream, which
would bring large absorbance fluctuations in online UV-vis
results. Besides, the pressure difference between the inner
tube and outer tube should be less than 0.8 MPa to avoid the
fracture of the Teflon-AF2400 membrane. The entire tube-in-
tube contactor and micro-packed bed reactor were immersed
in the water bath to control the system temperature.

The concentrations of AMS and NB were determined by
online UV-vis spectroscopy at wavelengths of 291 nm and 390
nm, respectively. The standard curves for the two reactants
are given in the ESI (Fig. S17). The conversions were obtained
using the following equations:

C —C

Xnnas = AMS,0 ~ CAMS (1)
CAMS,0
c -

Xnp = NB,0 ~ CNB 2)
CNB.0

Methodology

Calculation of residence time under flow rate ramping.
Methods for generating a continuous residence time profile
can be categorized as residence time ramping and flow rate
ramping.'>?®?73>%  For residence time ramping, the
residence time is gradually increased at a constant rate by
the adjustment of the flow rate, whereas flow rate ramping
means that the flow rate is changed at a certain rate to
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acquire the corresponding residence time. Here, flow rate
ramping was utilized in the experiments.

Hone®® presented a method to calculate the residence
time under flow rate ramping, but ignored the time of fluid
flowing through the volume between the reactor exit and
HPLC detector, leading to deviations from the actual
residence time. To improve the accuracy of residence time
calculation, all the dead volumes in the system have to be
considered. Details about calculation of residence time 7 in
the system and pictorial representation of the ramping
method are given in the ESIT (section 4).

Results and discussion
Typical kinetics results with this strategy

To show the process of obtaining kinetic parameters under
flow rate ramping from raw experimental data, the
hydrogenation kinetics of AMS at 31 °C was first measured as
shown in Fig. 2. Fig. 2a shows that the liquid flow rate
decreases continuously at a certain rate from 1.2 mL min~" to
0.37 mL min, indicating that the residence time in the
packed bed is changed from 12 s to 42 s. As shown in Fig. 2b,
the absorbances of AMS from online UV-vis spectroscopy
decrease continuously with the decrease of the liquid flow
rate. With the obtained relationship between absorbance and
reactant concentration, the AMS concentration versus
measurement time can be easily obtained. Calculating the
corresponding residence times according to the last section,
the conversion of AMS at different residence times can be
determined, as shown in Fig. 2c.

The effect of the ramping rate on conversion

For the application of the ramping method, it is assumed
that the system is always at a pseudo-steady state. However, a
fast ramping rate may have adverse effects on the steady state
assumption that would affect the accuracy of experiments.
Hence, it is necessary to determine the suitable ramping rate
to eliminate its influence on the results.

In the experiments, several ramping rates (0.01 mL min™"
min, 0.015 mL min* min™*, 0.02 mL min~* min%, 0.03 mL
min~" min~', 0.05 mL min~' min™", and 0.1 mL min"" min™")
were adopted to investigate the effect of the ramping rate on
the conversion at the same temperature and pressure.

As presented in Fig. 3, the measured curves of conversion
versus residence time agree well when flow rate ramping is
lower than 0.03 mL min™' min™". For flow rate ramping
higher than 0.03 mL min™" min™", obvious deviations appear
owing to the system no longer being at a pseudo-steady state.
The results suggest that ramping rates lower than 0.03 mL
min~" min™" should be adopted for studies of kinetics.

Kinetics of hydrogenation

In the three-phase catalytic reaction system, potential
limitations in gas-liquid mass transfer, liquid-solid mass
transfer and internal diffusion could falsify kinetics and thus,

React. Chem. Eng., 2020, 5,1751-1758 | 1753
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Fig. 2 Data processing for hydrogenation of AMS under flow rate ramping. (a) Flow rate ramping from 1.2 mL min™ to 0.37 mL min™; (b)
absorbance of AMS at various measurement times; (c) conversion of AMS at various residence times. Reaction conditions: temperature: 31 °C, gas
pressure: 1.0 MPa, concentration: 0.06 mol L™, catalyst loading: 5 wt%, and ramping rate: 0.02 mL min™* min™.

need to be eliminated for the precise determination of intrinsic
kinetics. For this system, any limitations in liquid-solid mass
transfer and internal diffusion in the micro-packed beds need
to be evaluated and gas-liquid mass transfer resistance must
be analysed for the tube-in-tube contactor.

The analysis of gas-liquid mass transfer in the tube-in-tube
contactor

In the tube-in-tube contactor, hydrogen transfers from the
shell of the reactor into the liquid in the inner tubing. In our
previous study, we have demonstrated that the liquids in the
inner tubing can be fully saturated within 12 seconds at 23
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Fig. 3 Conversion of (a) AMS and (b) NB at different residence times
and flow rate rampings. Reaction conditions: (a) temperature: 26 °C,
gas pressure: 1.0 MPa, and AMS concentration: 0.06 mol L% (b)
temperature: 36 °C, gas pressure: 1.3 MPa, NB concentration: 0.02 mol
L™, and catalyst loading: 5 wt%.
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°C with the assumption that diffusion resistance is in the gas
phase rather than in the membrane.*® The residence time of
the liquid in the inner tubing is calculated as follows:

Vtube
= 3
¢ F ( )

When the residence time is 12 s, the corresponding liquid
flow rate is 1.68 mL min™", which indicates that the liquid is
fully saturated when the liquid flow rate is lower than 1.68
mL min™" at 23 °C. The maximum liquid flow rate to achieve
saturated liquid will increase with temperature as the gas
diffusivity in liquids increases with temperature.

The elimination of liquid-solid mass transfer limitations

For the judgement of liquid-solid mass transfer limitations,
four puPBRs with the same volume (3 mL) and various
internal diameters were utilized in the experiments. These
reactors were filled with the same amounts of catalysts and
used at the same liquid flow rate. Different liquid superficial
velocities with the same residence time were achieved with
this method. Table 1 shows the details of the micro-packed
bed reactors utilized in the experiments.

Fig. 4 shows the effect of liquid superficial velocity on the
average reaction rate. When the liquid superficial velocities
exceed 5 cm min~" for the hydrogenation of both AMS and NB,
the average reaction rate no longer increases significantly as the
liquid superficial velocity increases. This result indicates that the
reaction kinetics is independent of liquid-solid mass transfer
when the liquid superficial velocity is greater than 5 cm min™".

The analysis of the internal diffusion effect

Internal diffusion within the porous media was evaluated by
calculating the Thiele modulus and efficiency factor, which

Table 1 Details of micro-packed bed reactors

Micro-packed bed reactors Length/cm Inner diameter/mm
1 25.27 3.87
2 20.00 4.35
3 18.12 4.57
4 13.22 5.35

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effect of liquid superficial velocity on the average
hydrogenation reaction rate: (a) AMS and (b) NB. Reaction conditions:
(a) AMS concentration: 0.06 mol L™, temperature: 26 °C, and reaction
pressure: 1.0 MPa; (b) NB concentration: 0.02 mol L™, temperature: 31
°C, reaction pressure: 1.3 MPa and catalyst loading: 5 wt%.

reflects the diffusion effectiveness of reactants within
catalysts. The Thiele modulus and efficiency factors of the
substrates and hydrogen were calculated as shown in the
ESIT (section 3). The values of efficiency factors for hydrogen
and AMS were determined to be 0.994 and 0.978, and the
values for hydrogen and NB were both 0.999, indicating that
the effect of internal diffusion could be ignored.

The reaction kinetics at various temperatures

Experiments at various temperatures were conducted for the
determination of intrinsic kinetics. With the ramping
method, about ten thousand data points for each
temperature were collected in approximately 45 minutes. In
contrast, traditional steady-state reactions required several
minutes for one data point because a steady-state was usually
obtained after three times the residence time.”” Fig. 5 shows
the measured curve of conversion versus residence time for
the hydrogenation of AMS and NB. The results show the
typical kinetics curves where the conversions of AMS and NB
gradually increase with the increase of temperature and
residence time. The original data of conversion versus
measurement time is shown in the ESI (section 5).

The calculation of kinetic parameters

The activation energy related to the temperature and
catalyst is critical to studying the kinetics for gas-liquid-

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

0.6
26'C
31C

Conversion
o
N

o
»

41C

o
_QO
o

02 04 06
Residence time (min)

b
0.6
4 31C
s 36C
s oa41C
S04} » asC
>
(0]
>
=
302

9002 02 os
Residence time (min)

Fig. 5 The plot of conversion versus residence time at different
temperatures: (a) AMS and (b) NB. Reaction conditions: (a) gas
pressure: 1.0 MPa and AMS concentration: 0.06 mol L% (b) gas
pressure: 1.3 MPa, NB concentration: 0.02 mol L™, ramping rate: 0.02
mL min™* min™, and catalyst loading: 5 wt%.

solid reactions in micro-packed bed reactors. To determine
the activation energies of AMS and NB, the experiments
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Fig. 6 Curve fitting of reaction rate constants for (a) AMS and (b) NB
at different temperatures.
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Fig. 7 Arrhenius plotting of the rate constants for (a) AMS and (b) NB.

were conducted in the flow rate range of 0.37-1.2 mL min "
with a flow ramping rate of 0.02 mL min™' min™". The
initial concentrations of AMS and NB were 0.06 mol L™ and
0.02 mol L™, respectively. The concentrations of H, at
different temperatures were acquired using Henry's
constants of H, in methanol reported in our previous
study.’® The catalyst loading amount in the experiments
was both 86 mg. The temperatures for AMS hydrogenation
were 26 °C, 31 °C, 36 °C, and 41 °C, and the temperatures
for NB were 31 °C, 36 °C, 41 °C, and 46 °C. For the
hydrogenation of AMS, the reaction order of hydrogen is 1
and the reaction order of AMS is 1 for a mass fraction
below 5.26%.>® For hydrogenation of NB, the reaction order
of hydrogen is 1 and the reaction order of NB is 1 at 0.02
mol L% Reaction rate equations for AMS and NB
hydrogenation can be expressed as:

_ deams

dt

= kamsCamsCh, (4)

Table 2 The measured kinetic parameters compared with literature values
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dCNB

dt

= knpCngCH, (5)

Through integration of the two equations, the equations
were transformed into:

1 1-Mx,
ln( AMS) = kamstams (6)
(CHZ 0~ CAMs,o) 1-Xams
1 1-3Nx;
In NB = kNBtNB (7)
(cr,.0 — 3¢nmo) 1-xng

where xavs and xyp are the conversions of AMS and NB, M
= CAMS,O/CH2,07 N = CNB,O/CHZ,O-

Fig. 6 shows the linear fitting results according to eqn (6)
and (7) to obtain the reaction rate constants at different
temperatures. The experimental data points agree well (R*> >
0.99) with the linear fitting results, indicating the
effectiveness and accuracy of this strategy for the kinetics
study of heterogeneous hydrogenation. Details of the
calculations are given in the ESI} (section 6).

The activation energy and pre-exponential factor could be
obtained with the fitting of reaction rate constants at different
temperatures according to the Arrhenius equation. Fig. 7 shows
the linear fitting results of Ink versus 1/T to obtain the
activation energy. The results illustrate that the pre-exponential
factors are 4.183 x 10° L mol ™" min™" for AMS and 1.636 x 10° L
mol™ min™" for NB. The activation energies are 23.4 k] mol™
for AMS and 40.9 k] mol ™ for NB which are consistent with the
studies for AMS (20.9-31.8 kJ mol ')>*** and for NB (35.1-47.7
kJ mol™),°"* respectively, as shown in Table 2.

The efficiency of this new method was demonstrated by
the hydrogenation of AMS and NB. Ten thousand data points
were obtained in less than one hour and the ramping
method was extended to gas-liquid-solid reactions. With this
method, the precision and accuracy of kinetics parameters
could be improved remarkably. However, considering that
the glass transition temperature of Teflon AF2400 is 240 °C
(ref. 64) and its tensile strength is 24.5 MPa at 22 °C which
decreases at higher temperature, it's better to operate below
10 MPa and 240 °C to avoid the fracture of the membrane. In
this experiment, the solution concentration is as low as 0.06
mol L™ for AMS and 0.02 mol L' for NB due to the low
saturation concentration of H, in solvents. This issue can be
partly solved by increasing the system pressure. With the

Reagent  Temperature (°C)  Pressure (bar)  Operation mode  Catalyst Catalyst loading (g)  Activation energy (k] mol™)
AMS 26-41 10 Continuous 5 wt% Pd/Al,O5 0.043 23,4 This study

AMS 32-50 1 Continuous 0.5 wt% Pd/Al,O3 2 20.9 (ref. 59)

AMS 70-100 1 Batch 0.5 wt% Pd/AL,O, 2 31.8 (ref. 60)

NB 31-46 13 Continuous 5 wt% Pd/Al,0; 0.043 40.9This study

NB 50-250 5-50 Batch Ni/SiO, 6.7 35.1 (ref. 61)

NB 30-70 20-40 Batch 3 wt% Pd/C 2.2 35 (ref. 62)

NB 26-44 1 Batch 1.38 wt% Pd/HEMA 0.01 47.7 (ref. 63)

1756 | React. Chem. Eng., 2020, 5, 1751-1758
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pressure limitation of the tube-in-tube contactor, this strategy
is not suitable for high concentration solutions (>1 mol L™).

Conclusions

We have developed an automated flow system for the
determination of gas-liquid-solid reaction kinetics by taking
advantage of flow rate ramping and a tube-in-tube contactor.
The use of the latter simplifies the gas-liquid-solid reaction
to a liquid-solid reaction, enabling the application of the flow
ramping method. Liquid-solid mass transfer was eliminated
by changing the liquid superficial velocity while keeping the
same catalyst volume and residence time. It was observed that
using the ramping method, the flow rate ramping is required
to be lower than 0.03 mL min~" min™" to ensure the accuracy
of results. This strategy allows collection of ten thousand data
points within one hour compared with less than one hundred
data points by conventional methods. The high accuracy of
this approach is validated by the hydrogenation of AMS and
NB as examples of typical gas-liquid-solid systems.

Nomenclature

tm Measurement time (min)

te Time for approaching the outlet of the reactor (min)

¢ Time for approaching the inlet of the reactor (min)

F Flow rate (mL min™")

€ Bed porosity

V; Reactor volume (cm?®)

Va Tube volume from the reactor to UV spectrometer
(em?)

Qo Initial flow rate (mL min™")

a Flow rate ramping (mL min~" min™")

T Residence time (min)

Fnax Maximum flow rate to obtain saturated liquid
(mL min™)

Vibe Volume of the inner tube in the tube-in-tube
contactor (cm?)

tmin  Minimum residence time to obtain saturated liquid
(min)

cams,o Initial concentration of AMS (mol L)

cams  Concentration of AMS (mol L)

cnpo  Initial concentration of NB (mol L™)

cxg Concentration of NB (mol L)

¢u,o Initial concentration of hydrogen (mol L)

cu,  Concentration of hydrogen (mol L™")

kams Reaction constant of AMS (min™")
kng  Reaction constant of NB (L mol™ min™)
tams Residence time of AMS (min)

tne Residence time of NB (min)

Xams Conversion of AMS
XNB Conversion of NB
T Temperature (K)
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