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ABSTRACT

The selective aerobic oxidation of benzyl alcohol to benzaldehyde has attracted considerable attention
because benzaldehyde is a high value-added product. The rate of this typical gas-liquid reaction is signif-
icantly affected by mass transfer. In this study, CoTPP-mediated (CoTPP: cobalt (II) meso-
tetraphenylporphyrin) selective benzyl alcohol oxidation with oxygen was conducted in a membrane
microchannel (MMC) reactor and a bubble column (BC) reactor, respectively. We observed that 83% ben-
zyl alcohol was converted within 6.5 min in the MMC reactor, but only less than 10% benzyl alcohol was
converted in the BC reactor. Hydrodynamic characteristics and gas-liquid mass transfer performances
were compared for the MMC and BC reactors. The MMC reactor was assumed to be a plug flow reactor,
and the dimensionless variance was 0.29. Compared to the BC reactor, the gas-liquid mass transfer was
intensified significantly in MMC reactor. It could be ascribed to the high gas holdup (2.9 times higher than
that of BC reactor), liquid film mass transfer coefficient (8.2 times higher than that of BC reactor), and
mass transfer coefficient per unit interfacial area (3.8 times higher than that of BC reactor). Moreover,
the Hatta number for the MMC reactor reached up to 0.61, which was about 15 times higher than that
of the BC reactor. The computational fluid dynamics calculations for mass fractions in both liquid and
gas phases were consistent with the experimental data.
© 2022 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights reserved.

1. Introduction

For a typical gas-liquid reaction, most selective aerobic oxida-
tions of benzyl alcohol are conducted in a bubble column (BC) reac-

As benzaldehyde is widely used in organic synthesis, detection
reagents, and fragrances, the selective oxidation of benzyl alcohol
to benzaldehyde is an essential chemical process [1-7]. Some sto-
ichiometric oxidants such as tert-butyl hydroperoxide (TBHP) [8,9],
hydrogen peroxide [10-12], and nitric acid [13-16] have been used
in the selective oxidation of benzyl alcohol to benzaldehyde. From
the perspective of economy and environment, using molecular
oxygen as oxidant is the most desirable oxidant oxidation routine
[17-21]. Hence, various catalytic systems combining cobalt
[22,23], manganese [24,25], ruthenium [26-28], etc. have been
developed for the efficient benzyl alcohol oxidation.

* Corresponding authors.
E-mail addresses: zhouxtai@mail.sysu.edu.cn (X.-T. Zhou), jihb@mail.sysu.edu.cn
(H.-B. Ji).
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tor [29-31]. The disadvantages of the BC reactor are high gas phase
consumption and uneven gas-liquid contacting [32-33]. Therefore,
the enhancement of gas-liquid mass transfer is a significant strat-
egy to improve efficiency for benzyl alcohol oxidation [34].
Recently, microchannel technology has been developed rapidly
and was gained attention in biological and chemical industries. The
permeable membrane microchannel (MMC) reactors were
designed and used in various catalytic reactions [35-37]. Various
reactions such as partial oxidation of methane and oxidative cou-
pling of methane [38-40], nitration [41], epoxidation [42,43], and
peroxidation [44] can be conducted in the MMC reactor with excel-
lent conversion and selectivity. Most recently, we reported the
mechanism and kinetics studies for selective aerobic oxidation of
benzyl alcohol in the MMC reactor [45]. Although the oxidation
of benzyl alcohol could be converted efficiently in the MMC
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reactor, studies on the mass transfer enhancement performance
and hydrodynamic characteristics are still limited.

In this research, the aim was to study the hydrodynamic char-
acteristics and gas-liquid mass transfer performances for both
MMC and BC reactors. For comparison, the mass transfer parame-
ters such as gas holdup, liquid film mass transfer coefficient, and
mass transfer coefficient per unit interfacial area were measured
towards the selective aerobic oxidation of benzyl alcohol catalyzed
by cobalt porphyrin. In addition, the ratio of the reaction rate to the
mass transfer rate (Hatta number) was determined for each reac-
tor. CFD calculations for mass fractions in both liquid and gas
phases were carried out to prove that they were consistent with
the experimental data. This study may provide a much deeper
understanding of the hydrodynamic characteristics and gas-liquid
mass transfer in a microchannel reactor.

2. Experimental
2.1. Catalytic performance

In BC reactor, the liquid phase contained benzyl alcohol, 1,2-
dichloroethane and the catalyst was mixed in the bubble column.
Dioxygen was bubbled from the gas inlet at the bottom of the col-
umn. The products generation and benzyl alcohol consuming were
measured by GC (Shimadzu GC-2010 Plus) equipped with a Rtx-5
capillary column (30 m x 0.25 mm x 0.25 mm).

In MMC reactor, isobutyraldehyde dissolved in 1,2-
dichloroethane was pumped by a plunger pump at 4 ml-min ! flow
rate (Fluid X). Another solution containing benzyl alcohol, 1,2-
dichloroethane and CoTPP catalyst was pumped by a plunger
pump at 4 ml-min~" flow rate (Fluid Y). Fluids X and Y were mixed
in a T-mixer. Then, the liquid phases were delivered into the MMC
reactor to contacted with gas phase. The reaction was carried out
in an isothermal system heating by an air heat exchanger (Fig. 1).
The products generation and benzyl alcohol consuming were mea-
sured by GC equipped with a Rtx-5 capillary column.

2.2. Residence time distribution

Procedures for the aerobic oxidation of benzyl alcohol in MMC
and BC reactor were described in Supporting Information. Resi-
dence time distribution (RTD) measurements were conducted in
the MMC reactor by the tracer method [46]. A solution of naph-
thalene in DCE (1,2-dichloroethane, 0.005 mol-L~') was used as a
tracer, and its concentration was measured by GC. Moreover, the
residence time distribution function, F(t), and the residence time
distribution density function, E(t), were calculated using Eqgs. (1)
and (2), respectively.

t
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2.3. Gas—liquid mass transfer

The gas holdup of oxygen was measured in a thin glass tube
with 1.2 cm diameter. The solution for catalytic oxidation was
introduced in the glass tube and then, oxygen was fed at 65 °C
for 500 s. The liquid levels before (h;) and after (h;¢) bubbling oxy-
gen (Fig. S1 in Supplementary Material) were measured to calcu-
late gas holdup using Eq. (3).

hl+g - hl
£ Iy (3)
The relevant parameters of liquid-film mass transfer were
investigated by conducting experiments and calculated using Eqs.
(4)-(6). The accuracy and derivation process of these formulas
was confirmed (Supplementary Material). The flow velocity of
the solution flowing into and out of the reactor was measured by
a rotameter. The oxygen concentration was measured by dissolved
oxygen meters [47-50].
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All mass transfer parameters were reproducible within an
experimental error of +5%.

2.4. CFD modeling

The simulation of conversion, selectivity and gas holdup were
performed in isothermal steady system by a commercial CFD soft-
ware package ANSYS® Fluent on a Hasee Notebook Z7M (i5 Intel
hexa-core and hexa-thread processors, Pro Win10 Professional®
x64, available RAM 32.0 GB and ROM 1.0 T). The gird meshed
with prismatic and hexahedral elements including a total of
80,210 volume elements. In addition, the grid independence
was demonstrated through the gas holdup simulations. The axial
variations of gas holdup in MMC reactor (liquid flow: 6 ml-min~!)
with different grid number as shown in Fig. S2. It showed that the
grid is independent of grid number when its value was higher
than 80210.

The geometry modeling of the microchannel reactor and the
bubble column reactor was a pipe-in-pipe structure, as shown in
Figs. S3 and S4. We simplified the gas phase in the microchannel
reactor; the gas was introduced as tiny bubbles and allowed to per-
meate radially in the liquid phase from the gas inlet on the
semipermeable membrane (Fig. S3). The microchannel diameter
and range were 2 mm and 0.5 m, respectively. The liquid flow
velocity was 0.02 m-s~!, and the gas flow velocity was 0.02 m-s~".
The diameter of the bubbles in the liquid phase was 0.01 mm. The
bubble column was simulated as a cylinder with a basal diameter
of 60 mm and a height of 140 mm (Fig. S4).

At the bottom of the cylinder, there was a gas inlet with
2.5 mm diameter and at the top, there was a gas outlet. The
gas flow velocity was 0.02 m-s!, and the bubble diameter was
2 mm. The Eulerian—Eulerian multiphase flow model, which is
suitable for a multiphase mixing model and allows interphase
mass transfer, was used in the simulation. Egs. (7)-(10) represent
the mass, species and momentum transport equations, respec-
tively. Gas—liquid mass transfer was defined by Henry’s law.
The chemical reaction model used was based on FEM. The activa-
tion energy of biomimetic aerobic oxidation of benzyl alcohol was
70.3 kJ-mol 1.

Continuity equations:

gas phase : %(cxgpg) +V. (ocgpgug> =0 (7)

liquid phase : %(oqp,) + V- (ypu) =0 (8)

Momentum equations:
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(10)

Since a reaction can change with the reaction time, a transient
solver was used throughout the simulation. In addition, the liquid
flow in the microchannel was laminar flow because the Reynolds
number was less than 1.0. Environmental conditions: no gravity,
atmospheric pressure, and 65 °C temperature. Flow conditions:
benzyl alcohol (10% mass fraction), activation energy (E,,
70.3 kJ-mol™1), liquid flow velocity (0.02 m-s~'), and gas flow
velocity (0.02 m-s~'). The phase coupled simple algorithm and first
order upwind were used to discretize and solve the two-phase
mass transfer equation.

ot

3. Results and Discussion

3.1. Catalytic aerobic oxidation of benzyl alcohol in MMC and BC
reactors

Aerobic oxidation of benzyl alcohol was conducted in MMC and
BC reactors (Fig. 2). In the MMC reactor, the conversion of benzyl
alcohol reached up to 83% within 6.5 min; however, only less than
10% conversion was obtained in the BC reactor at the same reaction
time (Fig. 2(a)). Even when the reaction time was prolonged to
30 min, the conversion of benzyl alcohol was only 64% in the BC
reactor. It showed that the reaction rate of benzyl alcohol oxidation
increased significantly in the MMC reactor.

In addition to catalytic efficiency, the selectivity towards ben-
zaldehyde increased considerably in the MMC reactor (Fig. 2(b)).
In the BC reactor, the selectivity to benzaldehyde and benzoic acid
were almost equal (about 50%). This indicated consecutive oxida-
tion reactions (benzyl alcohol to benzaldehyde and benzaldehyde
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Fig. 1. Schematic diagrams of reactor: (a) the membrane microchannel (A: pump, B: preheater, C: gas pressure gauge, D: mass-flow controller, E: back pressure valve,

F: gas-liquid separator, G: condenser); (b) the bubble column.
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Fig. 2. Aerobic oxidation of benzyl alcohol catalyzed by CoTPP in the presence of isobutyraldehyde in MMC and BC reactors: (a) benzyl alcohol conversion; (b) selectivity
towards benzaldehyde and benzoic acid. Benzyl alcohol (0.23 mol-L~"), isobutyraldehyde (0.92 mol-L~"), CoTPP (1.80 x 10~* mol-L™'), liquid flow (4.0 ml-min~"), air flow

(15 ml-min~'), and 65 °C.
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to benzoic acid). However, the selectivity to the two products were
quite different in the MMC reactor, in which 96% selectivity to ben-
zaldehyde was obtained within 6.5 min. In addition, when the
reaction time was prolonged in the MMC reactor, the oxidation
of benzaldehyde to benzoic acid was observed. From the observed
results, it could be inferred that the reaction rates for consecutive
oxidation reactions tended to be approximately equal. The high
selectivity of benzaldehyde in MMC reactor could be attributed
to the short residence time and excellent concentration distribu-
tion. Hence, the enhancement of gas-liquid mass transfer is favor-
able for the formation of benzaldehyde in a short reaction time.

3.2. Hydrodynamics of reactors

The residence time distribution of the liquid phase in a reactor
is a significant operating parameter for mass transfer, which and it
can affect the efficiency and selectivity of the products. The con-
centration of the tracer in terms of output was used for the estima-
tion of mean residence time and variance.

The residence time distribution function, F(t), and the residence
time distribution density function, E(t), were calculated using Egs.
(1) and (2), respectively. Typical F(t) and E(t) curves for the MMC
reactor under the reaction conditions are shown in Fig. 3. The com-
parison between the experimental curve and the theoretical mod-
els indicated that the experimental data were well represented.
The mean residence time for benzyl alcohol oxidation in the
MMC reactor was 238.32 s; the variance was 16483.78 s2, and
the dimensionless variance was 0.29. This indicated that the
hydrodynamics of the MMC reactor tended to be those of a plug
flow reactor (PFR). For the bubble column reactor, the residence
time of the tracer was the same as that of the reactants under
the reaction conditions. Hence, the hydrodynamics of the BC reac-
tor tended to be those of a continuous stirred-tank reactor (CSTR).

In addition, the material balance of benzyl alcohol in the MMC
reactor was calculated, as shown in Table S1. It was worth noting
that there was only 4.14%-5.22% benzyl alcohol retention. Due
to the plug flow-like characteristics of MMC reactor, the gas and
liquid fluids involved in the reaction were pumped to flow at a
set rate. Therefore, there was no dead volume in the MMC reactor.
The benzyl alcohol retention could be attributed to the dead vol-
ume of the T-mixer.

3.3. Gas—liquid mass transfer

The gas holdup (&) of oxygen is an important parameter to
determine different flow regimes in a gas-liquid reactor. According

(@) 1.0 prrerrererrey
0.9 -
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to the calculations obtained using Eq. (3), the variation trends of
gas holdup with air flow for MMC and BC reactors are shown in
Fig. 4(a). The gas holdup increased with the increase in air flow
in both MMC and BC reactors. However, it was clear that at the
same air flow, the gas holdup in the MMC reactor was considerably
higher than that in the BC reactor. For the MMC reactor, the gas
holdup reached 80% at 30 ml-min~"! air flow, and it could be main-
tained when the air flow increased continuously. For the BC reac-
tor, the maximum gas holdup was only about 28%. This indicated
that the gas could not be easily dispersed into the liquid phase in
the BC reactor.

The liquid film mass transfer coefficient (k.a) is the coefficient
used to calculate the mass transfer rate according to the driving
force and resistance of the liquid film alone in a gas-liquid mass
transfer system [45]. It was calculated using Eq. (4), and the rele-
vant typical parameters are listed in Tables S2 and S3. It was
observed that the kia value increased with the increase in air flow
(Fig. 4(b)), which indicated that there was continuous mass trans-
fer between gas and liquid phase in the whole liquid film. For the
air flow range of 10-30 ml-min~!, the k.a value increased from
318 min~!' to 666 min~' for the MMC reactor. However, the
increase in the kya value in the same range for the BC reactor
was much lower than that observed for the MMC reactor (12-
81 min ). This indicated that oxygen diffused completely in the
liquid film in the MMC reactor.

The calculations of the gas-liquid interfacial area (A), bubble
size (dp), and mass transfer coefficient per unit interfacial area
(Kp) were carried out to compare the rates of gas-liquid mass
transfer between MMC and BC reactors. Bubble diameters were
calculated using Eq. (11) [51], and gas-liquid interfacial areas were
calculated using Eq. (12) [51].

(S

dy =182 x | DT (11)
(pi=py)g
6e
) "

In general, the bubble size in one type of a reactor is almost uni-
form. As shown in Tables S4 and S5, the bubble diameters were
2.1 mm and 5.3 mm in MMC and BC reactors, respectively. The val-
ues of the gas-liquid interfacial area (7000-15000 m~!) obtained
for the MMC reactor were 15-20 times higher than those obtained
for the BC reactor (Fig. 5(a)).
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Fig. 3. (a) Residence time distribution function, F(t), and (b) residence time distribution density function, E(t), for the MMC reactor.
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Fig. 5. Comparisons of (a) gas-liquid interfacial area and (b) mass transfer coefficient per unit interfacial area between MMC and BC reactors. Benzyl alcohol (0.23 mol-L™"),
isobutyraldehyde (0.92 mol-L~!), CoTPP (1.80 x 10~% mol-L™1), liquid flow (8.0 ml-min~'), and 65 °C.

The values for the mass transfer coefficient per unit interfacial
area (Ki) were obtained using Eq. (5) (Fig. 5(b)). For the MMC reac-
tor, it was observed that there were no considerable changes in the
K; values with the increase in air flow. However, for the BC reactor,
the K values decreased gradually from 2.9 x 1072 to 1.3 x 102
m-min~! with the increase in the air flow from 10 to 30 ml-min—.
This indicated that the oxygen utilization in the BC reactor was
much lower than that in the MMC reactor. The increased oxygen
in reactor resulted in the increased gas-liquid interfacial area. In
BC reactor, due to the limit of gas-liquid mass transfer, the
increased mass transfer coefficient was not significant with the
increased air flow. While for MMC reactor, the continuous gas
was dispersed in the liquid phase evenly in presence of semiper-
meable membrane. The mass transfer coefficient in MMC reactor
increased significantly with the improved air flow.

The Hatta number (7) is the ratio of the chemical reaction rate
to the mass transfer rate. The calculations of Hatta number for ben-
zyl alcohol oxidation in MMC and BC reactors were carried out
using Eq. (6). The diffusion coefficient (D) was calculated using
Eq. (13), in which the physical parameters of the liquid phase such
as density, viscosity, and surface tension were calculated by the
liquid distribution principle based on the basic data obtained from
chemical industries (Tables S6 and S7).
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Fig. 6. Comparison of Hatta number (y) between MMC and BC reactors. Benzyl

alcohol (0.23 mol-L™'), isobutyraldehyde (0.92 mol-L~"), CoTPP (1.80 x 10~*

mol-L™"), liquid flow (8.0 ml-min~"'), and 65 °C.
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As shown in Fig. 6, the y value for the MMC reactor is much
higher than that for the BC reactor at the air flow range from 10
to 30 ml-min~. For the MMC reactor, with the increase of air flow,
the y value was increased from 0.49 to 0.61. However, no consider-
able increase in the y value was observed for the BC reactor. The
reaction rate was divided into three types qualitatively according
to the Hatta number (as shown in Table S8). Therefore, based on
the 7y values, we concluded that the aerobic oxidation of benzyl
alcohol in the MMC reactor was a reaction with moderate rate
[52-55].

3.4. CFD simulations

CFD simulations were carried out to distinguish the concentra-
tion distribution of benzyl alcohol and benzaldehyde for MMC and
BC reactors. The corresponding simulations were conducted
according to the same stoichiometric experimental conditions.
Fig. 7(a) and (b) shown the three-dimensional and two-
dimensional models of the mass fraction of benzyl alcohol, respec-
tively, in the MMC reactor. It was observed that there were suffi-

(a)

Benzyl alcohol mass fraction

0 aa1s 003 (m)
1

0.0075 00225

(©

Benzaldehyde mass fraction
[ D |

o® N

(d)

cient reaction areas for benzyl alcohol conversion to
benzaldehyde provided by the long channels in the MMC reactor.
Also, from the simulations of the mass fraction of benzaldehyde,
shown in Fig. 7(c) and (d), it was inferred that benzaldehyde could
be generated steadily with a continuous flow in the MMC reactor.
Molecular oxygen was introduced into the liquid phase continu-
ously through pressure. Hence, the diffused oxygen could be uti-
lized completely, which was helpful to enhance the selectivity of
benzaldehyde.

Fig. 8 shows the two-dimensional models of the mass fraction
of benzyl alcohol and benzaldehyde in the BC reactor. It could be
observed that benzyl alcohol was hardly converted due to the lim-
ited gas-liquid transfer (Fig. 8(a)), which indicated that the utiliza-
tion of oxygen was extremely low. In addition, the concentration
distributions of oxidized products were uneven in the reactor
(Fig. 8(b)). The simulation results were consistent with the exper-
imental results, which indicated that the utilization of oxygen was
low in the BC reactor.

Moreover, the gas volume fraction in the liquid phase was cal-
culated by means of CFD simulations under experimental condi-
tions. As shown in Fig. 9(a), oxygen could pass through the
semipermeable membrane in the MMC reactor. Oxygen was uni-
formly distributed in the liquid phase. Hence, high gas holdup

(b)
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B
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Fig. 7. Mass fractions of benzyl alcohol and benzaldehyde by CFD simulations in the MMC reactor: mass fraction of benzyl alcohol represented as (a) three-dimensional and
(b) two-dimensional models; mass fraction of benzaldehyde represented as (c) three-dimensional and (d) two-dimensional models.
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Fig. 9. Gas volume fractions in the liquid phase by CFD simulations in (a) MMC and (b) BC reactors.

(80%) could be obtained at 30 ml-min~" air flow. For the BC reactor,
limited by the poor gas-liquid contact surface, mixing and mass
transfer proceeded only on the gas-liquid contact surface (Fig. 9
(b)). Therefore, a low gas holdup was obtained as might be
expected in the BC reactor.

4. Conclusions

In summary, the significant difference in reaction rate was
obtained when CoTPP-mediated selective oxidation of benzyl alco-

hol with oxygen was conducted in MMC and BC reactors, respec-
tively. In the MMC reactor, the conversion of benzyl alcohol
reached up to 83% within 6.5 min, and the selectivity of benzalde-
hyde was up to 96%. However, only 64% conversion and 45% selec-
tivity of benzaldehyde were obtained in the BC reactor even when
the reaction time was prolonged to 30 min. For comparison, the
hydrodynamic characteristics and gas-liquid mass transfer perfor-
mances for MMC and BC reactors were investigated. Compared to
the hydrodynamics of the BC reactor, the hydrodynamics of the
MMC reactor tended to be those of a plug flow reactor, and the
dimensionless variance was 0.29. For the MMC reactor, the gas
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holdup, liquid film mass transfer coefficient (k.a), and mass trans-
fer coefficient per unit interfacial area (Ki) reached up to 80%,
666 min~!, and 4.5 x 1072 m-min~! at 30 m-min~" air flow, respec-
tively. The Hatta number for the MMC reactor was 0.61, which was
about 15 times higher than that of the BC reactor. The experimen-
tal data were consistent with the CFD calculations of mass frac-
tions in both liquid and gas phases.
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Nomenclature

A gas-liquid interfacial area, m!

aa amount of substance A, mol

Co* initial oxygen concentration, %

Co dynamic oxygen concentration, %

c concentration, mol-L™!

Da diffusion coefficient, m-s~!

dp bubble diameter, mm

E(t) residence time distribution density function

K(t) residence time distribution function

h liquid level before oxygen bubbled, mm

hieg liquid level after oxygen bubbled, mm

k reaction rate constant, min~—'

ka-g reaction rate constant of A in B, min~'

kia liquid-film mass transfer coefficient, min~"

Ky mass transfer coefficient in per unit interfacial area,
m-min~!

M mean molar mass, g-mol~!

M, phase interaction force, N-m~2

My total mass, mg

No 0, amount cross liquid film, mmol-min~!

p pressure, N-m 2

T temperature, °C or K

t reaction time, s or min

Ug gas velocity, m-s~!

u liquid velocity, m-s~!

174 working volume of MMC, ml

Va gas molecular volume, cm>-mol~!

n inlet liquid flow, ml-min~!

" outlet liquid flow, ml-min~"

P conversion, %

Olg gas volume fraction

o liquid volume fraction

y Hatta number

e gas holdup, %

u surface tension, mPa-s

14, liquid phase density, kg-m—>

Pe gas phase density, kg-m—>
o} liquid phase viscosity, N-m™!
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