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Abstract

A unique Taylor-vortex membrane reactor (TVMR) design for continuous gas–liquid

reactions is presented in this work. The reactor consists of a cylindrical rotor inside a

stationary concentric cylindrical vessel, and a flexible system of equispaced baffle

rings surrounding the rotor. This restricts the annular cross section to a small gap

between the baffles and the rotor, and divides the annulus into 18 mixing zones.

The baffles support a 6 m long PFA tubular membrane that is woven around the

rotor. At 4 mL/min inlet flow rate, the TVMR showed a plug-flow behavior and out-

performed the unbaffled reactor, having 5–12 times lower axial dispersion. The con-

tinuous aerobic oxidation of benzyl alcohol was performed for 7 h using the

Pd(OAc)2/pyridine catalyst in toluene at 100 �C and 1.1 MPa oxygen pressure.

A stable conversion of 30% was achieved with 85% benzaldehyde selectivity, and no

pervaporation of organics into the gas phase.

K E YWORD S
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1 | INTRODUCTION

Multiphase reactions are omnipresent in industry and reactor design

plays an important role in managing interphase mixing, reactant mass

transfer, heat transfer and residence time distribution.1,2 Continuous

flow reactors can provide enhanced control over mixing, improved ther-

mal management and safer access to hazardous chemistries with respect

to conventional batch reactors.3 However, flow patterns and transport

phenomena vary as a function of the scale, and need to be thoroughly

assessed in order to preserve process safety and product quality.4–6

Taylor-vortex reactors are characterized by having high mass and

heat transfer coefficients and can minimize macroscopic backmixing,

while intensifying mixing at the smaller scales (meso and micromixing).7

A Taylor-vortex system generally consists of a cylindrical rotor inside a

stationary concentric cylindrical vessel. The fluid in the annulus

undergoes different fluid dynamic regimes depending on the rotor

speed, as well as the geometry and the configuration of the annulus

between the rotor and the vessel.8–10 At low rotor angular speeds, the

fluid in the annulus of a Taylor-vortex system is characterized by a lam-

inar Couette flow, which is a purely azimuthal laminar flow around the

rotor. However, above a critical value of the rotor angular speed, and

depending on the annulus aspect ratio and inner-to-outer annulus

radius ratio, the hydrodynamic instability of the centrifugal flow gener-

ates laminar counter-rotating toroidal vortices around the rotor,

stacked on one another. This regime is characterized by a low intervor-

tex (macromixing) and high intravortex mixing (mesomixing) and is

widely known as Taylor-vortex flow. Taylor vortices can be beneficial in

reaction engineering, as they can enlarge the contact surface area

between reacting phases and narrow the residence time distribution,

by approaching the behavior of CSTRs in series. These features have
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made the Taylor-vortex reactor popular across different scales and

applications such as in polymerizations,11,12 electrochemistry,13–15

biochemistry,16,17 crystallization,18 graphene production,19,20 and in

photo-,21–23 homogeneous24 and heterogeneous catalysis.22,23

Taylor-vortex devices have also been used in gas–liquid applica-

tions, such as in the crystallization of calcium carbonate,25–28 algal

growth by bubbling carbon dioxide in the annulus29,30 and in photo-

oxidations using molecular oxygen.31,32 Studies on the flow

patterns,33–35 and on mixing and mass transfer30,36–40 of gas bubbles

inside the Taylor-vortex annulus demonstrated that the gas–liquid

mass transport is a complex function of the bubble size and spatial

distribution, the azimuthal Reynolds number and the horizontal or ver-

tical orientation of the device. To ensure that gas delivery is discon-

nected from the liquid fluid dynamics in the annulus, membranes can

be adopted. The use of membranes in flow reactors have gained pop-

ularity owing to their ability to provide control of exothermic gas–

liquid reactions, by distributing and dosing gaseous reactants while

physically separating the two reacting phases.41–44

Wro�nski et al. demonstrated a Taylor-vortex membrane device

that consisted of a cylindrical rotor inside a stationary tubular ceramic

membrane.45 Gas was pressurized outside the membrane and,

depending on its pressure with respect to the liquid, diffusion or bub-

bling could be achieved. Other works report the use of a membrane

as a rotor in a Taylor-vortex device for various applications such as

blood component separation,46–50 reverse osmosis,51–54 and filtration

of emulsions,55,56 suspensions57–60 and proteins.61 In all these studies,

the high-speed rotating filter membrane created an intense shear rate,

which, together with the effect from the Taylor vortices, reduced con-

centration polarization and increased filtration rate.51,52 However,

both the inner-rotating and the outer-static membrane designs offer a

surface area for gas delivery that is fixed and strictly dependent on

the reactor configuration. Furthermore, in certain applications, for

example, gas–liquid aerobic oxidations, the use of dense gas-

permeable membranes that can easily be sealed and connected to the

gas line, are desirable to avoid breakthrough of gas into the liquid.

In this work, the first example of a Taylor-vortex reactor with a tubu-

lar membrane inside the reactor annulus, for continuous gas–liquid reac-

tions is demonstrated. The reactor consists of a cylindrical rotor inside a

stationary concentric cylindrical vessel, with a tubular membrane wound

in the annulus around the rotor and supported by a flexible and replace-

able system of baffles, that almost completely fill the annular gap and

divide the annulus into 18 axially-segregated compartments.

2 | MATERIALS AND METHODS

2.1 | Reactor design

The Taylor-vortex membrane reactor (TVMR) is based on a cylindrical

rotor that rotates around its axis inside a concentric cylindrical vessel

F IGURE 1 (A) Axial section of the Taylor-vortex membrane reactor. (B) Inlet side of the reactor with sections of the liquid inlet ports.
(C) PTFE baffle rings with circular holes and (D) slots, that can be used to support the tubular membrane in the Taylor-vortex membrane reactor
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(see Figure 1). The vessel has an internal diameter of 97.6 mm, a

length of 202 mm, and is sealed on two flanges using a 400 high-

pressure tri-clamp (Advanced Couplings Limited) and a PTFE envelope

gasket for each side. Inside the vessel, a 196 mm long carbon-filled

poly ether ketone (PEEK) cylindrical rotor with a diameter of 87.6 mm

is fitted in the inlet flange via a Kefloy rotary seal (MupuSeal). This

creates an annulus with the stationary vessel that has a rotor-to-inner

vessel radius ratio, η, of 0.898 and an aspect ratio, Γ, of 40, defined as

the ratio between the vessel length and the annulus gap. The inlet

flange has four ports, two of which are designed for the gas inlet and

outlet. The gas ports are 33.5 mm long with an inner diameter of

9.5 mm, and a PEEK 1/4–28 UNF nut is hosted in each port to seal

the tubular membrane (see Figure 1A). These nuts are screwed inside

two outer clamp ferrules, that host the gas for reaction and that are

sealed to the two gas ports using 1/200 high pressure tri-clamps

(Advanced Couplings Limited) and PTFE envelope gaskets. The other

two ports on the inlet flange are 1/400 Swagelok connections and are

used for introducing the liquid reactants (Figure 1B). Similarly and

symmetrically to the inlet flange, the outlet side of the reactor has

two ports for the liquid outlet.

Surrounding the rotor, six equispaced stainless steel threaded

studs (M2.5 � 196 mm) are screwed on the liquid side of the inlet

flange. They support a system of 17 baffles that divide the annulus

into 18 axially-segregated sections. The baffles are rings made of

PTFE with a thickness of 1.3 mm, and an inner and outer diameter of

88.6 and 97.5 mm. These dimensions allow them to span the whole

annular cross section, leaving a gap of approximately 0.5 mm from the

rotor. Each baffle is separated by a 10 mm gap using stainless steel

hollow cylinder spacers (2.5 mm ID, 3 mm OD, 10 mm long), inserted

into each threaded stud and between adjacent baffles. Table 1 sum-

marizes the characteristic dimensions of the Taylor-vortex membrane

reactor.

To demonstrate the use of a membrane in a gas–liquid reaction,

a 6 m long polyfluoro alkoxy (PFA, 1/1600 OD � 0.04000 ID, Idex)

tube was inserted inside the structure of baffles around the rotor.

The type of baffle used to support the PFA membrane is shown in

Figure 1C. This has 36 equidistributed holes, 6 with a diameter of

2.7 mm and the remaining 30 with a 1.5 mm wide hole. The

threaded studs were inserted in the larger holes, while the tubular

membrane was woven through the smaller ones inside the annulus

and around the rotor.

PFA has been successfully used in a previous study as a tubular

membrane for oxygen delivery in gas–liquid aerobic oxidation of alco-

hols.62 For this reason and for ease of installation, the PFA tubular

membrane was selected to be tested in the TVMR. The reactor also

offers the possibility to install any flexible tubular membrane by using

baffles with different hole sizes and shapes, including slots for less

flexible membranes (see Figure 1D). To seal the membrane, the two

sides of the PFA tube were connected to the two PEEK 1/4–28 UNF

nuts in each gas port (Figure 1A). The tri-clamps were then used to

complete the sealing. Figure 2 shows a picture of the reactor with and

without the outer vessel, and the PFA tubular membrane inserted

through the baffles along the axial direction, bending in U-shapes at

each end of the baffle system. Once the membrane spanned the

whole azimuthal coordinate around the rotor, it was connected to the

outlet gas port.

2.2 | Setup description and operation

The schematic of the setup is shown in Figure 3, and a picture of the

equipment is reported in the Supplementary Material. The rotor was

connected via a flexible coupling to a drive (Masterflex L/S 7524–55,

Cole Parmer) with adjustable speed. The substrate and catalyst solu-

tions were delivered separately using high pressure dual piston pumps

TABLE 1 Taylor-vortex membrane reactor dimensions

Property Value

Rotor radius (ri), mm 43.8

Vessel inner radius (ro), mm 48.8

Baffle inner radius (rb,i), mm 44.3

Baffle outer radius (rb,o), mm 48.8

Radius ratio (η), � 0.898

Vessel length (L), mm 202

Interbaffle distance (hb), mm 10

Vessel annulus aspect ratio (Γ), � 40

Interbaffle annulus aspect ratio (Γb), � 2

F IGURE 2 Taylor-vortex membrane reactor without the outer
vessel showing the tubular membrane around the rotor (top), and with
the outer vessel and the two external heaters (bottom)
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for the catalyst (Azura P2.1S Knauer) and for the substrate solution

(Vapourtec R2 pump). The pumps were connected to the two liquid

inlet ports on the reactor flange. On the outlet flange, one of the two

liquid outlet ports was connected to a back-pressure regulator (BPR,

Zaiput), while the second one was used for inserting a process ther-

mocouple (T type, RS Components). The BPR maintained the desired

liquid pressure upstream using a gas pressure regulator (KPR, Swage-

lok) on the nitrogen line connected to the BPR. Liquid products were

collected in a 250 mL glass vessel (Schott), which was occasionally

emptied to avoid overfilling. The liquid pressure was constantly moni-

tored using a pressure sensor (PX309, Omega) connected to the sub-

strate inlet line, which was kept 0.1 MPa higher than the gas pressure,

to avoid breakthrough of the gas into the organic solution inside the

reactor. Gas was fed into the membrane inlet port after reducing its

pressure with a gas pressure regulator (KPR, Swagelok) and adjusting

its flow rate with a mass flow controller (4850, Brooks). The gas outlet

port on the reactor inlet flange was connected to a gas back-pressure

regulator (KBP, Swagelok) to maintain a constant gas pressure

upstream.

High temperature was attained using two Mica band heaters

(500 W, Elmatic) that surrounded the outer vessel of the reactor.

Their power was controlled by a supervisory control box to which the

process thermocouple was connected. As the two heaters could reach

a maximum temperature of 300 �C, two additional thermocouples

were embedded under the two heaters to measure their temperature

and allow control of their output power. Along with the target process

temperature, the supervisory box required to specify the maximum

differential temperature between the jacket, measured by the two

heater thermocouples, and the process temperature, measured by the

process thermocouple. This avoided exposing the reactor to exces-

sively high wall temperatures. Between the Mica band heaters and

the reactor vessel a 2 mm silicone thermal interface pad (4.5 W/m/K,

RS components) was used to fill the gap and increase heat transfer to

the reactor walls. Furthermore, to provide external insulation, a

6.35 mm thick silicone sponge sheet (Silex Silicones) was wrapped

around the reactor.

2.3 | Macromixing study

Macromixing was evaluated by studying the residence time distri-

bution (RTD) of a tracer in the Taylor-vortex membrane reactor.

Experiments were conducted by performing a pulse-input injection

of the tracer (Basic Blue 3, Sigma Aldrich) in the reactor filled with

deionized water, at atmospheric pressure and room temperature

(21 �C). A volume of 3 mL of the tracer at a concentration of

7.5 g/L in deionized water was filled in a PFA capillary tube (1/1600

OD � 0.04000 ID, Idex). This was connected to the liquid inlet port

of the reactor and to a milliGAT LF pump (VICI Valco) that supplied

water at a constant flow rate. The Taylor-vortex membrane reactor

was run at an agitation speed of 1.0–8.4 rad/s and the RTD was

studied at a pump flow rate of 4 and 6 mL/min. Furthermore, for

comparison and to understand the effect of the baffles and the

membrane on mixing, the RTD was studied in the reactor with nei-

ther the baffles nor the membrane in place, at a flow rate of

4 mL/min.

The tracer concentration was monitored at the reactor outlet

using ultraviolet–visible (UV–vis) spectroscopy. The UV–vis flowcell

was directly installed at the outlet of the reactor, and via optical

fibers to a light source (DH-2000-BAL, Ocean Optics). The light

beam was shone through the flow cell containing the outlet tube

and transmitted to a spectrophotometer (USB2000+ UV–VIS-ES,

F IGURE 3 Schematic diagram of the Taylor-vortex membrane reactor setup. BPR: back-pressure regulator, M: drive, MFC: mass flow
controller, NIC: angular speed indicator-controller, PI: pressure indicator, PP: piston pump, PRV: pressure reducing valve, T: collection vessel, TIC:

temperature indicator-controller, V: shut-off valve.
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Ocean Optics). The DI water background was subtracted before the

experiment and the intensity of the transmitted light was averaged

between 645 and 660 nm, which corresponds to the wavelength

range of the blue dye UV–vis absorption peak. The integration time

was set to 30 ms and scans were taken approximately every 6 s for

the experiments at 6 mL/min inlet flow rate, and 12 s for those at

4 mL/min. Data analysis was performed using the software Ocean

Optics Spectra Suite.

A calibration of the spectrophotometer was carried out to ensure

that the tracer outlet concentration lay within the range of linear

response with the UV–vis absorbance. As a consequence, the resi-

dence time distribution, E(t), was derived according to Equation (1),

where A(t) is the UV–vis absorbance. The mean residence time, τ, and

the variance, σ2, were determined by integrating the first and the sec-

ond moment of E(t), respectively, as shown in Equations (2) and (3).

Using the closed–closed vessel boundary conditions, and assuming a

perfect pulse at the liquid inlet, the dispersion number, Dax/uL, which

describes the extent of axial mixing, can be calculated by solving

Equation (4), which is valid for large deviations from plug-flow

(Dax/uL > 0.01).63 The dispersion number is a dimensionless number

defined as the ratio between the dispersion coefficient, Dax, and the

product between u, the average axial velocity, and L, the distance

between the inlet and the outlet.

E tð Þ¼ A tð Þð∞
0
A tð Þdt

, ð1Þ

τ¼
ð∞
0
t E tð Þdt, ð2Þ

σ2 ¼
ð∞
0

t� τð Þ2 E tð Þdt, ð3Þ

σ2

τ2
¼2

Dax

uL

� �
�2

Dax

uL

� �2

1�e�
uL
Dax

� �
: ð4Þ

In order to describe the fluid dynamic regime occurring in the

Taylor-vortex system, dimensionless numbers can be used. The Taylor

number, Ta, defined in Equation (5) describes the ratio between the

governing rotational inertial forces and the viscous forces.64 In this

equation, Ω is the rotational speed (rad/s), ri the rotor radius, ro the

internal radius of the vessel and v the kinematic viscosity of the fluid.

The ratio between the axial inertial forces and the viscous forces is

characterized by the axial Reynolds number, Re, defined in Equation (6).

Ta¼Ωri ro� rið Þ
ν

, ð5Þ

Re ¼ u ro� rið Þ
ν

: ð6Þ

The Schmidt number is also reported in this study, allowing

the comparison of macromixing between reactors, where different

liquids were used. This number is defined in Equation (7), where the

molecular diffusivity of the tracer in water, Dm, is approximately

6.4� 10�10m2/s,65 and the kinematic viscosity of water, ν, is 10�6m2/s.

Sc¼ ν

Dm
: ð7Þ

2.4 | Continuous aerobic oxidation

The reactor was tested by performing the aerobic oxidation of benzyl

alcohol using the Pd(OAc)2 homogeneous catalyst with pyridine.66–68

As elucidated in the work of Steinhoff et al., this base is responsible for

the stabilization and prevention of Pd0 aggregation, which is generated

from the reduction of Pd(OAc)2, as the alcohol is oxidized to alde-

hyde.67 Furthermore, pyridine is responsible for the increased reaction

rate of Pd0 with O2, which re-oxidizes Pd back to its acetate form.

The reaction was conducted in toluene at 100 �C and 1.1 MPa

oxygen pressure for 7 h, 2 h of which were required for start-up and

1 h for shut-down. Prior to the reaction, the reactor was placed verti-

cally and loaded with a toluene solution of 0.15 mol/L benzyl alcohol

(99.8%, Sigma-Aldrich) and 0.1 mol/L mesitylene (98%, Sigma-Aldrich),

used as internal standard. After connecting the reactor to the gas and

liquid lines, the drive was switched on and the angular speed was set to

3.1 rad/s. Two solutions were pumped into the reactor, one containing

the substrate and the other the homogeneous catalyst solution. The

substrate solution was made of 0.3 mol/L benzyl alcohol, 0.12 mol/L

pyridine (>99.5%, Alfa Aesar) and 0.1 mol/L mesitylene, dissolved in tol-

uene (HPLC grade, Fisher Scientific). The second solution was made of

0.03 mol/L Pd(OAc)2 (47.5% Pd, ACROS Organics) and 0.1 mol/L mesi-

tylene in toluene. The two solutions were each pumped at 2 mL/min,

generating a total flow rate of 4 mL/min. The Zaiput back-pressure reg-

ulator was set to 1.2 MPa, while oxygen (N5.5, BOC) was fed at a con-

stant flow rate of 30 NmL/min and at a pressure of 1.1 MPa into the

F IGURE 4 Residence time distribution, E(θ), in the Taylor-vortex
membrane reactor (TMVR) and in the unbaffled Taylor-vortex reactor
(u-TVR). Inlet flow rate: 4 mL/min (Re = 0.23), rotor angular speed:
1.0 rad/s (Ta = 229)
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6 m long PFA tubular membrane (1/1600 OD � 0.04000 ID, Idex). The

gas back-pressure regulator was venting the outlet oxygen gas into a

GC vial immersed in an ice bath, in order to condense any volatile

organics pervaporating through the membrane during reaction. The

heaters were switched on and the process temperature setpoint was

set to 100 �C, with a maximum temperature difference of 40 �C

between the heaters and the process temperature. Gas chromatogra-

phy (7820A, Agilent Technologies) was used to analyze the liquid prod-

ucts, with an automatic liquid sampler, a HP-INNOWAX (19091-133)

capillary column and a flame ionization detector.

3 | RESULTS AND DISCUSSION

3.1 | Macromixing study

The residence time distribution of the tracer in the TVMR was charac-

terized at different angular speeds and compared to that of the

unbaffled Taylor-vortex reactor (u-TVR) at 4 mL/min inlet flow rate.

Figure 4 shows two examples of normalized RTDs, E(θ), one for the

TVMR and the other for the u-TVR, plotted against the normalized

residence time, θ, both defined in Equation (8).

E θð Þ¼ τ E tð Þ; θ¼ t=τ: ð8Þ

For each inlet flow rate, the residence time in the TVMR was

determined for different agitation speeds and averaged (e.g., 71 min

at 4 mL/min), and a liquid volume of approx. 280 mL was estimated.

On the other hand, the tracer in the u-TVR had an average residence

time of 83 min at 4 mL/min, which corresponded to a volume occu-

pied by the liquid of ca. 330 mL. This is 50 mL higher than the TVMR,

due to the absence of the baffles and the membrane. The average res-

idence times resulting from this RTD study varied by ±6.1% across

the various agitation speeds.

Figure 5 shows the dispersion number of the TVMR and the

u-TVR for a range of Taylor numbers and axial Reynolds numbers. For

reference, the dispersion numbers of 10 and 20 CSTRs in series are

shown. The equivalent number of CSTRs in series, N, can be corre-

lated to the dimensionless variance, σ2/τ2, using Equation (9).63

σ2

τ2
¼ 1
N
: ð9Þ

For comparison, the results from Richter et al. of the axial disper-

sion number obtained under a similar Re as in this work, are also

reported in Figure 5.64 In their work, the authors demonstrated how a

modified rotor, segmented by horizontal ribs, inside a Taylor-vortex

system could narrow the liquid residence time distribution by immobi-

lizing the toroidal vortices and increasing vortex segregation, com-

pared to a cylindrical rotor.

Concerning the unbaffled Taylor-vortex system (u-TVR) at

Re = 0.23, the dispersion number increased from 0.140 (N = 4.2) to

0.609 (N = 1.6) for a Taylor number increasing from 229 to 1835. As

mentioned in the introduction, mixing in a Taylor-vortex reactor is

closely bound to the fluid dynamic regime in the annulus.69,70 Reck-

tenwald et al. derived the critical Taylor numbers, Tac, above which

the first flow instability between a laminar Couette and a laminar

Taylor-vortex flow occurs.71 The Tac is a function of the axial Reyn-

olds number and the radius ratio, η. Given a η = 0.898 and

Re = 0.23, for the u-TVR the Tac = 130, corresponding to a rotor

speed of 0.6 rad/s. At increasing agitation speeds of the rotor, the

flow regime transitions from a laminar Taylor vortex flow (TVF) to a

time-dependent wavy vortex flow (WVF) with stacked Taylor vortices

becoming azimuthal waves. At even higher rotor speeds, the flow

becomes a modulated wavy vortex flow (MWVF) and finally, turbulent

with multiple distinct turbulent regimes.10,70,72,73 However, for high

η the MWVF may not occur.74 Nevertheless, while increasing the

rotor speed, the degree of mixing grows at all scales until full back-

mixing is achieved. Using the fluid dynamic intervals reported by

Nemri et al. for η = 0.85, the u-TVR would experience a WVF regime

for 172 < Ta < 707.70 However, for Ta values up to 1192 the flow

regime would lie within the MWVF, while above this value the flow

would be turbulent. Therefore, it is reasonable to assume that the

dispersion numbers for the u-TVR were obtained in three different

flow regimes: a wavy vortex flow regime at Ta = 229 (Dax/

uL = 0.134), a modulated wavy vortex flow regime at Ta = 1147

(Dax/uL = 0.537) and a turbulent Taylor-vortex flow at a Ta = 1835

(Dax/uL = 0.609).

Concerning the TVMR, axial dispersion increased almost linearly

in a log–log plot at increasing angular speeds for both axial flow rates.

For a Re = 0.23 (4 mL/min), the dispersion number increased from

0.030 (N = 16.9) at Ta = 229 (1.0 rad/s) to 0.051 (N = 10.3) at

Ta = 1835 (8.4 rad/s), and this range of axial dispersion is one order

of magnitude lower than that achieved by the unbaffled reactor

(u-TVR). Furthermore, it is interesting to observe that the highest

equivalent number of CSTRs realized by the TVMR was 17 (16.9) at

F IGURE 5 Dispersion number, Dax/uL, in the unbaffled Taylor-
vortex reactor (u-TVR) and in the Taylor-vortex membrane reactor
(TMVR) at Sc = 1563. The dispersion numbers for 10 CSTRs and
20 CSTRs in series are shown for reference, along with results from
the ribbed rotor Taylor-vortex reactor by Richter et al. (Sc = 3276)64
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1.0 rad/s, which is close to the number of interbaffle sections (18) that

axially divide the reactor.

These differences can be ascribed to the different annulus config-

uration of the u-TVR and the TVMR. In fact, while the u-TVR has a

cylindrical annulus with an aspect ratio of 40, the TVMR can be seen

as made of a series of 18 Taylor-vortex units, each with an aspect

ratio of 2, separated via baffle rings and intersected by 6 support rods

and 30 times by the tubular membrane.

Inside an annulus with a small aspect ratio, the effect of the annu-

lus boundaries becomes non-negligible and the flow pattern that

develops differs from the axisymmetric spiraling motion previously

mentioned in the introduction.75 Multiple vortices can be present in a

small annulus and their number and configuration depend on the rotor

speed trajectory. Benjamin reported the fluid pattern inside an

annulus with varying heights and with a constant annulus gap

between a rotating cylinder and a stationary wall.76,77 The author

identified a primary Taylor-vortex flow that develops by a gradual

increase in the Taylor number, featuring an even number of Taylor

vortices when Ta is sufficiently high. However, other multiple

steady and time-independent flow patterns, termed secondary

modes, are formed when the rotor is suddenly accelerated from

rest to above a certain value and disappear when Ta is reduced

below this threshold. These secondary modes can be classified as

normal or anomalous. The former are characterized by the presence

of an even number of vortices, while the latter can either have an

odd or an even number of Taylor vortices with at least one cell

rotating outward near the annulus stationary boundary, contrary to

what occurs in the primary mode.75,78 Benjamin and Mullin mapped

the anomalous modes for different Taylor numbers and aspect

ratios ranging from 1.70 to 5.42 and they identified between 2 and

7 anomalous cells in the annulus. The authors used a 50 wt% glyc-

erol mixture in water in an annulus with η = 0.615. For Γ = 2.18, a

stable anomalous three-vortex mode was found at Ta > 300.75

However, when decreasing the Taylor number below this value, the

3-cell abnormal mode collapsed into a normal spiraling two-vortex

mode.75

Nakamura et al. also reported the anomalous 3-cell mode in a

symmetrically closed annulus with η = 0.669 for 2.21 < Γ < 4.98. At a

lower aspect ratio, the flow bifurcates to either the normal 2-cell or

the 4-cell mode.78,79 For aspect ratios just below 2, a single anoma-

lous vortex was also observed. This can occur in the presence of other

smaller vortices. In particular, at Ta = 566 inside an annulus with

Γ = 1.71 and η = 0.669, a one-cell vortex was observed coexisting

with two smaller vortices at the corner between the upper plate and

the outer cylinder (outer vortex) and between the upper plate and the

rotor (inner vortex). However, as the aspect ratio approached 2 from

1, the inner smaller vortex became larger, merged with the outer vor-

tex and the flow pattern bifurcated into a mode with two normal

spiraling vortices.79

The presence of multiple vortices in each annular section of the

TVMR may be responsible for the enhanced mesomixing that is

observed, with respect to the u-TVR. Furthermore, the tubular mem-

brane and the support rods that cross the interbaffle zones can cause

disruption of the azimuthal flow, creating wake azimuthal vortices that

can further enhance mesomixing.

The local mixing intensity alone cannot explain the axial disper-

sion difference between the TVMR and the unbaffled reactor. Mixing

in a Taylor-vortex reactor under a continuous axial flow has been the

subject of many works.69,80–85 Axial dispersion in the unbaffled

Taylor-vortex reactor is a function of inter- and intravortex mass

transport phenomena,85 as well as the convective transport across the

vortex boundaries due to the axial flow rate.69 Furthermore, under

moderate axial flow rates, toroidal vortices move downstream, with

the vortex shape and drift velocity being a function of the superficial

axial velocity and the rotational speed.71,86,87 On the other hand, the

0.5 mm gap between the rotor and the baffle rings in the TVMR rep-

resents the only cross sectional area in the 5 mm wide annulus gap

for mass transport between the interbaffle zones. Moreover, the baf-

fle rings physically hinder the downstream drifting of the vortices,

decreasing axial dispersion with respect to the unbaffled reactor.

For Re = 0.34, corresponding to a flow rate of 6 mL/min, the dis-

persion number in the TVMR increased linearly from 0.047 (N = 11.2)

at Ta = 229 to 0.080 (N = 6.7) at Ta = 1835, deviating from the

equivalent number of 10 CSTRs in series for Ta > 459 (see Figure 5).

While Moore and Cooney predicted a �0.83 exponent for the Re for

the calculation of Dax/uL,
69 axial dispersion in the TVMR increased as

Re increased from 0.23 to 0.34. In particular, as Re increased 1.48

times from 0.23 to 0.34, the dispersion number increased on average

by 1.52 for the various Taylor numbers. This almost linear dependency

of the dispersion number on the axial flow rate is also found in laminar

liquid flows with high Schmidt numbers,63 suggesting that axial disper-

sion in the TVMR may be ascribed to the convective mass transport

occurring in the gap region between the baffles and the rotor where

the flow regime is laminar.

Vortex immobilization and a positive correlation between Re and

Dax/uL were also observed by Richter et al. in their Taylor-vortex reac-

tor with a ribbed rotor.64 The authors investigated the flow patterns

in the gap between the rotor and the vessel at increasing Taylor num-

bers, and they discovered that the ribs around the rotor promoted

vortex segregation and shifted the onset of turbulence to higher rotor

speeds compared to the unribbed reactor. However, unlike in this

study, axial dispersion in the Taylor-vortex reactor of Richter et al. did

not show a monotonic increase for the explored range of Taylor num-

bers, but at 600 < Ta < 1800 a minimum in the dispersion number

was observed (see Figure 5), corresponding to Dax/uL = 0.042

(N = 12.4). This occurred at the transition between the laminar Cou-

ette flow and the turbulent vortex flow (Ta > 1200) in the gap created

between the rib and the vessel.

However, at Ta > 1270, the referenced reactor showed a steep

increase in the dispersion number which exceeded 0.05 for Ta > 1600

and reached 0.12 at Ta = 2500. Under these conditions, a fully turbu-

lent vortex flow regime characterized the fluid gap between the rotor

and the vessel, which increased backmixing. On the other hand, the

TVMR was able to maintain a lower dispersion number for Ta < 620

and a lower rate of increase of the dispersion number for Ta > 1270

than that of the ribbed Taylor-vortex reactor. This could be attributed
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to the absence of a significantly wide gap between the stationary baf-

fles and the rotor in the TVMR, which might have hindered the turbu-

lent transition that Richter et al. observed between the rotating

baffles and the outer stationary wall.

3.2 | Continuous aerobic oxidation reaction

The oxidation of benzyl alcohol was performed in the TVMR and

results are shown in Figure 6. The reaction proceeded with 30%

benzyl alcohol conversion and 85% selectivity to benzaldehyde, corre-

sponding to a production of 5 g of benzaldehyde after 7 h of continu-

ous operation. Steady-state in conversion and product selectivity was

reached after 3 h from the start of the experiment, which is reason-

able considering that the residence time was 70 min and the process

temperature took some time to stabilize.

Ye et al. used the same Pd(OAc)2/pyridine catalyst system in tolu-

ene for the aerobic oxidation of various alcohols.68 Reactions were

carried out in flow in a stainless-steel tube which could have an exter-

nal jacket or be placed in a convection oven for temperature control.

The catalyst solution containing 0.03 mol/L Pd(OAc)2 was pre-mixed

with 8% O2/N2 and then mixed with the substrate solution of

0.6 mol/L alcohol and 0.12 mol/L pyridine in toluene. Benzyl alcohol

was oxidized at 100 �C and 500 psig (3.4 MPa) using an equal flow

rate of 0.9 mmol/min for benzyl alcohol, the palladium catalyst and

the oxygen gas, and a residence time of 2.5 h. The use of diluted oxy-

gen ensured a safe operation outside the flammability region, and a

yield of 87% to benzaldehyde was achieved, equivalent to 0.41 g/min

of benzaldehyde produced per 1 g/min of flowing Pd(OAc)2. At the

end of the oxidation reaction, an amount of 8 g of benzaldehyde was

isolated.

In contrast, the TVMR operated with a shorter liquid residence

time (ca. 70 min) and with a substrate and catalyst flow rate of 2 mL/

min. This corresponded to an inlet flow rate of 0.6 mmol/min of ben-

zyl alcohol and 0.06 mmol/min of palladium, reacting to produce

1.26 g/min of benzaldehyde per 1 g/min of Pd(OAc)2 catalyst. Fur-

thermore, the use of a membrane controlled the mass transfer of oxy-

gen from the gas phase to the palladium catalyst in the bulk liquid.

After 7 h operation, fouling by palladium metal was observed in the

inlet section of the reactor, which might have been caused by

the incomplete re-oxidation of the palladium catalyst, possibly due to

the excess of benzyl alcohol as compared to oxygen.68 Nevertheless,

the TVMR achieved a stable conversion and selectivity for 7 h under

safe conditions due to the presence of a membrane that physically

separated the oxidant from the organic phase. During reaction, no

condensed organics were detected in the vial at the gas outlet, indi-

cating that the reaction was conducted safely without the risk of

forming a flammable gas mixture. This could be ascribed to the PFA

membrane hindering the pervaporation of the organics from the hot

liquid in the reactor to the gas phase.

4 | SUMMARY AND CONCLUSIONS

The Taylor-vortex membrane reactor (TVMR) is a continuous reac-

tor that combines the mixing benefits deriving from toroidal Taylor

vortices segregated by baffles in the annulus of a Taylor-vortex

system, and the presence of a gas permeable tubular membrane

for gas–liquid reactions. The reactor was manufactured using off-

the-shelf, industrially tried and tested components, with only the

rotor and baffles being bespoke designs. For this reason, the

TVMR benefits from established and cost effective manufacturing

methods and offers a viable route to larger scale. Residence time

distributions showed a plug-flow behavior for an inlet flow rate of

4 mL/min and with rotor speeds ranging between 1.0 and 8.4 rad/s

(Ta = 229–1835). Under these conditions, the equivalent number

of CSTRs in series ranged from a maximum of 17 (Ta = 229) to

10 (Ta = 1835). However, when using 6 mL/min inlet flow rate,

the equivalent number of CSTRs in series dropped below 10 for

Ta > 459. Nevertheless, the TVMR outperformed the same reactor

but without the baffles and membrane, showing a 4–6 times

higher number of equivalent CSTRs in series. It also showed

improved axial dispersion compared to a reported Taylor-vortex

reactor with ribs on the rotor for Ta > 1140. This was possible

owing to the baffle rings that supported the membrane and

divided the annulus into segregated annular compartments. To

demonstrate the application of this reactor to continuous gas–

liquid reactions, the aerobic oxidation of benzyl alcohol was per-

formed using the Pd(OAc)2/pyridine catalyst system in toluene at

1.1 MPa oxygen pressure and 100 �C. Conversion and selectivity

remained constant at 30% and 85% respectively, and

5 g benzaldehyde was produced after 7 h continuous operation.

Furthermore, the risks associated with oxygen reacting with the

organic substrate at a high temperature were overcome by using a

perfluoro alkoxy membrane that separated the gas from the liquid

phase.

F IGURE 6 Benzyl alcohol conversion and benzaldehyde
selectivity. Substrate solution: 0.3 mol/L benzyl alcohol, 0.12 mol/L
pyridine and 0.1 mol/L mesitylene at 2 mL/min. Catalyst solution:
0.03 mol/L Pd(OAc)2 and 0.1 mol/L mesitylene at 2 mL/min. Solvent:
toluene, temperature: 100 �C, oxygen pressure: 1.1 MPa
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NOMENCLATURE

Latin letters

A UV–vis absorption, a.u.

Dax axial dispersion coefficient, m2/s

Dm molecular diffusivity, m2/s

E residence time distribution

hb interbaffle distance, mm

L reactor vessel length, mm

N number of CSTRs in series, �
Re Reynolds number, �
rb,i baffle inner radius, mm

rb,o baffle outer radius, mm

ri rotor radius, mm

ro vessel inner radius, mm

Sc Schmidt number, �
t time, s

Ta Taylor number, �
u average velocity, m/s

Greek letters

Γ vessel annulus aspect ratio (ro-ri)/L, �
Γb interbaffle annulus aspect ratio (ro-ri)/hb, �
η radius ratio ri/ro, �
θ dimensionless time, �
ν kinematic viscosity, m2/s

σ standard deviation of the residence time distribution, s

τ average residence time, s

Ω rotor angular speed, rad/s
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