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ABSTRACT: Liquid-phase selective oxidation of o-chlorotoluene (OCT) to o-chlorobenzaldehyde (OCBD) with oxygen as the
oxidant catalyzed by a cobalt acetate/manganese acetate/potassium bromide (Co(OAc),/Mn(OAc),/KBr) system was studied in a
microchannel reactor using acetic acid doped with a small amount of water as the reaction medium. The reaction parameters were
easily controlled by performing the reaction in a microchannel reactor. A selectivity as high as 71.8% for OCBD was achieved by
maintaining the conversion of OCT at 10.3% under the optimal reaction conditions.
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1. INTRODUCTION In recent years, considerable achievements have been made in
microchannel reactor technology in the chemical field because
of the advancement of science and technology.'®™*° Compared
with traditional batch reactors, continuous flow microchannel
reactors show the inherent characteristics of a large specific
surface area and high heat and mass transfer efliciencies, which
allow fine control of the reaction conditions, good operability,
high safety, less degradation and side products, and an easier
path to scale-up."®*'>* To date, microchannel reactors have
been successfully applied in various organic reactions, such as
aldol condensation,”**® Michael addition,>*“*° nucleophilic
addition with organometallic reagents,26 the Wittig reaction,”’
Suzuki—Miyaura coupling,28 Diels—Alder addition,” Wolff—
Kishner reduction of carbonyls,® and especially aerobic
oxidation of various substrates.”’ ~*' For the applications of
flow microchannel reactor technology to aerobic oxidations,
Stahl,*"** Gavriilidis,”®> and Va\noye34 conducted aerobic
oxidation reactions on alcohols and aldehydes through micro-
channel reactor technology and achieved good results. In
addition, Gemoets,> Willms,>® and Kappe37_41 also reported
many successful results on the use of continuous flow
microchannel reactor technology for aerobic oxidations.

In this paper, we report the selective aerobic oxidation of
OCT in acetic acid doped with a small amount of water
catalyzed by an MC catalyst system in a chip-based micro-
channel reactor. Generally, chip-based reactors offer good heat
transfer capacity due to their exceedingly high surface-to-volume
ratios. Thermal reactions such as aerobic oxidations can be
regulated with otherwise unreachable accuracy, which makes
this kind of reactor an ideal tool for scale-up of the process.””

o-Chlorobenzaldehyde (OCBD) is an important intermediate
for the synthesis of drugs, dyes, and pesticides.' ™ There are
several methods to synthesize OCBD, which include hydrolysis
of o-chlorobenzal chloride,* electrochemical oxidation,’ and
direct oxidation of o-chlorotoluene (OCT) with hydrogen
peroxide or molecular oxygen.z"?”s’6 Very recently, it was
reported that OCBD could also be synthesized by iron-catalyzed
oxidation of OCT with K,S,0y as the oxidant in the presence of
excess polymethylhydrosiloxane or molecular oxygen over a
CdS—ZnS$ photocatalyst.”® Until now, however, OCBD has
mainly been produced in industry through side-chain chlorina-
tion of OCT to form o-chlorobenzal chloride followed by
hydrolysis, which suffers from the disadvantages of a
complicated process and serious environmental pollution. It is
better to synthesize OCBD via aerobic oxidation of OCT
because of the low cost, ready availability, environmental
friendliness, and atom economy of molecular oxygen as an
oxidant. In the past decades, the direct aerobic oxidation of
substituted toluenes to their benzaldehydes and benzoic acids
over various catalysts has received much attention.””~'” Among
the catalytic systems, the MC catalysts (combinations of Co,
Mn, and Br compounds that were discovered by Mid-Century
Corporation) have been successfully applied to the production
of both benzoic acids and benzaldehydes in batch reactors in
industry.”'® However, there is an explosion risk when aerobic
oxidations are performed in batch reactors with MC catalysts.
Meanwhile, the selective catalytic oxidation of chlorotoluenes to
chlorobenzaldehydes with high selectivity remains a big
challenge because of the further oxidation of chlorobenzalde-
hydes to acids.'”'® Many of the safety and process challenges

involved in performing gas—liquid aerobic oxidations in batch Special _Issue: Flow Chemistry Enabling Efficient
reactors can be overcome by employing continuous flow Synthesis

microchannel reactor technology, which provides the possibility Received: March 29, 2020

of minimizing safety hazards while allowing the use of high- Published: August 26, 2020

temperature and -pressure conditions to obtain an efficient

oxidation process.
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Figure 1. Effect of the bromide content on the oxidation of OCT. Reaction conditions: 0.158 mol of OCT; 0.15 mol % Co(OAc),-4H,0; 0.15 mol %
Mn(OAc),-4H,0; 47.3 mL of acetic acid; 1.65 wt % water; liquid flow rate = 0.5 mL/min; oxygen flux = 58 mL/min; residence time = 9.4 s; reaction

pressure = 0.8 MPa; reaction temperature = 423 K.

Various reaction conditions were investigated, including the
composition of the catalyst system, the oxygen/OCT molar
ratio, the reaction temperature and pressure, and the residence
time, to get an optimal process for the aerobic oxidation of OCT
to give OCBD.

2. EXPERIMENTAL SECTION

2.1. Instruments and Reagents. Analytical grade o-
chlorotoluene, cobalt(II) acetate tetrahydrate (Co(OAc),-
4H,0), manganese(II) acetate tetrahydrate (Mn(OAc),:
4H,0), potassium bromide (KBr), glacial acetic acid, and
industrial-grade pure oxygen were obtained from commercial
sources and used as received. Distilled water was prepared in our
laboratory.

The oxidation was performed in a Protrix-type continuous
flow microchannel reactor from Chemtrix B.V. (Echt, The
Netherlands) with a LOW-AP-FLOW gas mass flow meter and
controller from Bronkhorst (Ruurlo, The Netherlands). An
Agilent 1260 Infinity high-performance liquid chromatograph
equipped with a Shim-pack VP-ODS C,g column was used to
analyze the reaction mixture.

2.2. Oxidation of OCT with Molecular Oxygen.
Predetermined amounts of Co(OAc),4H,0, Mn(OAc),
4H,0, and KBr were added successively to a conical flask, and
the mixture was dissolved with a mixture of glacial acetic acid
and water with a predetermined weight ratio. A certain amount
of OCT was added to this solution to form a clear and
transparent homogeneous solution under stirring. The solution
was fed into the microreactor at a given temperature and
pressure by a 10 mL liquid feed pump, where it was mixed with
the oxygen flux controlled by a LOW-AP-FLOW-type gas mass
flow controller.

The amount of oxygen used can be obtained from the ideal gas

law (eq 1),""
PV
n=—
RT (1)
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in which P is the reaction pressure (in Pa), T is the room
temperature (in K), Vis the gas volume (in m*) obtained from
the gas mass flow controller, and R is the universal gas constant
(8.314 J-mol™.K™1).

After the reaction, the process stream was analyzed by HPLC,
and quantification was achieved using the external standard
method. The conversion of OCT and the selectivities for OCBD
and o-chlorobenzoic acid (OCBA) (in mol %) were calculated
according to the following equations:

nOCT, converted

OCT conversion = X 100%

NOCT, initial (2)
n
OCBD selectivity = ——2P2 % 100%
NOCT, converted (3)
n
OCBA selectivity = —=PA__ % 100%
NOCT, converted (4)

where 16T nitial a0d 10T converted ar€ the initial and converted
amounts (moles) of OCT, respectively, and nocpp and npcp, are
the amounts of OCBD and OCBA formed, respectively.

3. RESULTS AND DISCUSSION

3.1. Effect of the Br Dosage. In general, the catalytic
activity and selectivity varied with the Br/(Co + Mn) molar ratio
in the MC catalyst.10 Bromide helps to reduce the induction
time and increases the oxidation rate because of its role as both
an electron transfer initiator and a free radical initiator.'%'®*
Therefore, the bromide content is a crucial factor affecting the
reaction and was evaluated first. In order to form a
homogeneous solution, 1.65 wt % water was added to the
reaction mixture. Figure 1 shows the effect of the bromide
dosage on the oxidation of OCT. When the bromide content
was increased from 0.05 mol % to 0.35 mol % with regard to the
substrate, the conversion of OCT increased from 1.9% to 9.5%,
and the selectivity for OCBA increased from 8.9% to 28.6%.
However, the selectivity for OCBD decreased from 84.2% to

https://dx.doi.org/10.1021/acs.oprd.0c00135
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Figure 2. Effect of the the amount of catalyst on the oxidation of OCT. Reaction conditions: 0.158 mol of OCT; 47.3 mL of acetic acid; 1.65 wt %
water; Co/Mn/Br molar ratio = 0.3/0.3/1; liquid flow rate = 0.5 mL/min; oxygen flux = 58 mL/min; residence time = 9.4 s; reaction pressure = 0.8

MPa; reaction temperature = 423 K.
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Figure 3. Effect of the oxygen/substrate molar ratio on the oxidation of OCT. Reaction conditions: 0.158 mol of OCT; 0.88 mol % catalyst; Co/Mn/
Br molar ratio = 0.3/0.3/1; 47.3 mL of acetic acid; 1.65 wt % water; oxygen flux = 58 mL/min; residence time = 9.4 s; reaction pressure =0.8 MPa;

reaction temperature = 423 K.

67.4%. When bromide was employed in the range of 0.35—0.5
mol %, the rate of conversion of OCT decreased, and the
selectivities for both OCBD and OCBA changed only slightly.
The conversion of OCT reached a maximum of 11.6% when 0.5
mol % bromide was employed, with OCBD and OCBA
selectivities of 65.5% and 30.1%, respectively, and the highest
yield (7.6%) of OCBD was achieved. On the basis of this result,
further experiments utilized 0.5 mol % bromide. In this case, the
Co/Mn/Br molar ratio was 0.3/0.3/1.

3.2, Effect of the Amount of Catalyst. First, several blank
experiments were performed, including catalysis by neat
Co(0AC),-4H,0 or Mn(OAc),4H,0, by Co(OAc),4H,0

2036

and KBr without Mn(OAc),-4H,0, or by Mn(OAc),-4H,0 and
KBr without Co(OAc),-4H,0. As shown in Tables S1—S4 in
the Supporting Information (SI), very low conversion of OCT
was observed in all of these cases, which indicated the necessity
of each component in the catalyst system.

The effect of the total amount of catalyst on the oxidation of
OCT was subsequently investigated in the range of 0.64—0.96
mol % with respect to the substrate, retaining a Co/Mn/Br
molar ratio 0£ 0.3/0.3/1. As shown in Figure 2, the conversion of
OCT increased from 10.7% to 14.4% when the catalyst loading
was increased from 0.64 mol % to 0.96 mol %. Meanwhile, the
selectivity for OCBD decreased as a result of further oxidation of

https://dx.doi.org/10.1021/acs.oprd.0c00135
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Figure 4. Effect of the reaction temperature on the oxidation of OCT. Reaction conditions: 0.158 mol of OCT; 0.88 mol % catalyst; Co/Mn/Br molar
ratio = 0.3/0.3/1; 47.3 mL of acetic acid; 1.65 wt % water; liquid flow rate = 1 mL/min; oxygen flux = 58 mL/min; residence time = 9.4 s; reaction

pressure = 0.8 MPa.
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Figure S. Effect of the reaction pressure on the oxidation of OCT. Reaction conditions: 0.158 mol of OCT; 0.88 mol % catalyst; Co/Mn/Br molar ratio
=0.3/0.3/1; 47.3 mL of acetic acid; 1.65 wt % water; oxygen (or air) flux = 58 mL/min; oxygen/OCT molar ratio = 5.5; residence time = 9.4 s; reaction

temperature = 423 K.

OCBD to OCBA, resulting in an increase in the selectivity for
OCBA. In order to increase the selectivity for OCBD, a catalyst
loading of 0.88 mol % was selected. In this case, the conversion
of OCT was 12.9% with OCBD and OCBA selectivities of 64.3%
and 31.8%, respectively.

3.3. Effect of the Oxygen/Substrate Molar Ratio. The
effect of the oxygen/substrate molar ratio (O/S) was
investigated next. In this experiment, the oxygen flux per unit
time and the concentration of the substrate in the reaction
solution remained constant. Changing the feeding ratio changed
the amount of substrate fed per unit time, thereby changing O/S.
As shown in Figure 3, both the conversion of OCT and the
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selectivity for OCBA increased with increasing O/S, but as
expected, the selectivity for OCBD decreased. When O/S was
1:1, the conversion of OCT was only 3.9%, while the selectivity
for OCBD was as high as 82.7%. When O/S increased to 13.8:1,
the conversion of OCT and the selectivity for OCBA reached
15.8% and 39.9%, respectively, but the selectivity for OCBD
decreased to 57.0%. With the aim of obtaining an increased
amount of OCBD per unit time, the optimal O/S was
determined to be 5.5:1. In this case, the conversion of OCT
was 10.5%, and OCBD and OCBA were obtained with
selectivities of 72.4% and 23.8%, respectively.

https://dx.doi.org/10.1021/acs.oprd.0c00135
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Figure 6. Effect of the residence time on the oxidation of OCT. Reaction conditions: 0.158 mol of OCT; 0.88 mol % catalyst; Co/Mn/Br molar ratio =
0.3/0.3/1; 47.3 mL of acetic acid; 1.65 wt % water; oxygen/OCT molar ratio = 5.5; reaction pressure = 0.5 MPa; reaction temperature = 423 K.

3.4. Effect of the Reaction Temperature. Since the
aerobic oxidation of OCT is an autocatalytic exothermic
reaction, the effect of the reaction temperature is an important
parameter to be investigated. Figure 4 shows the effect of the
temperature on the reaction in the range of 393—433 K. The
conversion of OCT and the selectivity for OCBA increased with
increasing reaction temperature, but the selectivity for OCBD
decreased. At a reaction temperature of 393 K, the conversion of
OCT was only 1.7%, but the selectivity for OCBD was as high as
88.2%. When the reaction temperature was increased to 433 K,
the conversion of OCT increased to 13.3%, but the selectivity for
OCBD decreased to 66.2%. After comprehensive consideration,
the optimal reaction temperature was determined to be 423 K.
In this case, the yield of OCBD reached 7.6%.

3.5. Effect of the Oxygen Pressure. The oxidation of
OCT is a gas—liquid-phase reaction, and increasing the oxygen
pressure can enhance the dissolution of oxygen in the liquid
phase. In a microchannel reactor, the application of pressure can
change the flow regime and influence the reaction yield and
selectivity. To evaluate this, the effect of the oxygen pressure on
the reaction was investigated in the range of 0.3—1.0 MPa. At all
of the investigated pressures, the amount of oxygen was kept in
excess with regard to OCT. As shown in Figure 5, the conversion
of OCT almost remained constant at about 10%, but the
selectivities of OCBD and OCBA changed in the low oxygen
pressure range of 0.3—0.6 MPa. The highest selectivity for
OCBD and the lowest selectivity for OCBA were obtained at the
oxygen pressure of 0.6 MPa and remained constant with further
increases in the oxygen pressure. We concluded that this
catalytic system prefers a low oxygen pressure to conduct the
reaction while the liquid phase of OCT is maintained at the
reaction temperature; the optimal reaction pressure was
determined to be 0.5 MPa. In this case, the selectivity for
OCBD reached 71.8%, corresponding to a yield of 7.4%.

The reaction was also carried out using air instead of oxygen as
the oxidant at a pressure of 0.3 MPa. As shown in Figure 5, the
conversion of OCT was only 0.2%, which is much smaller than
the value of 10% with oxygen as the oxidant under the same
reaction conditions. This can be ascribed to the low
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concentration of oxygen in the liquid phase due to dilution by
the nitrogen in the air.

3.6. Effect of the Residence Time. For a continuous
reaction conducted in a microchannel reactor, the residence
time of reactants is a key factor to influence the reaction.
Therefore, the effect of residence time on the reaction was finally
investigated. As shown in Figure 6, the conversion of OCT
increased with extension of the residence time, so did the
selectivity of OCBA. However, the selectivity of OCBD
decreased with the increase of the residence time. When the
residence time was greater than 9.4 s, the selectivity of OCBD
was less than 70%. For the aim to obtain OCBD as much as
possible, the residence time is selected to be 9.4 s. In this case,
the conversion of OCT reached 10.3%, and the selectivities
toward OCBD and OCBA were 71.8% and 25.2%, respectively.

3.7. Optimized Conditions. On the basis of the
experimental investigation, the optimum reaction conditions
for the aerobic oxidation of OCT to synthesize OCBD in a
microchannel reactor were concluded to be the following: acetic
acid/H,O as the solvent (aq, 1.65 wt %), 0.88 mol % catalyst
with a Co/Mn/Br molar ratio of 0.3:0.3:1, an oxygen/OCT
molar ratio of 5.5:1, a residence time of 9.4 s, a reaction
temperature of 423 K, and an oxygen pressure of 0.5 MPa. Under
these conditions, the conversion of OCT was 10.3% with a
selectivity for OCBD of 71.8%, corresponding to an OCBD yield

of 7.4%, which is higher than that in the literature.>*%7

4. ORTHOGONAL EXPERIMENTS

To confirm the reliability of the single-factor-optimization
experimental results, orthogonal experiments were carried out. A
four-factor, three-level (3*) orthogonal experiment table was
established (Table 1), retaining the Co/Mn/Br molar ratio of
0.3:0.3:1 and the reaction pressure of 0.5 MPa. The conversion
of OCT and the selectivity for OCBD were used as criteria. The
orthogonal test data and analysis are given in Tables SS and S6.

Figure 7 shows the relationships of the conversion and
selectivity with the four factors and levels, according to the
average diameters m; of the T; values in Tables S5 and S6. It is
obvious that the four factors monotonically increase or decrease

https://dx.doi.org/10.1021/acs.oprd.0c00135
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Table 1. Factors of Orthogonal Experiment L, (3*)”

level A (mol %) B C (K) D (s)
0.8 3.75 413 7.0

2 0.88 5.5 423 9.4
3 0.96 8.25 433 14.1

“The four factors are defined as follows: A is the total amount of
catalyst; B is the oxygen/OCT molar ratio; C is the reaction
temperature; and D is the residence time.

with the increase in level and share a similar tendency.
Moreover, when it comes to factors B and C, their range of
variation is relatively large with the increase in level. However, it
is noteworthy that the conversion and selectivity of factor C
increased or decreased much more drastically with the growth in
the reaction temperature, leading to the highest R values in
Table 2. Hence, the factor with the greatest effect on the
conversion and selectivity is the reaction temperature, which is
consistent with the results of range R.

The results of the comprehensive balance analysis from
Tables S5 and S6 are listed in Table 2. For factor A, the highest
conversion of OCT and selectivity for OCBD were obtained at
the A; and A levels, respectively. To the end of obtaining as
much OCBD as possible, it is better to select A, as the preferred
level. Similarly, B,, C,, and D, are the preferred levels for factors
B, C, and D.

On the basis of the above analysis, the optimum process for
the reaction in the microchannel reactor is A,B,C,D,, in which
the Co/Mn/Br molar ratio is 0.3:0.3:1, the total amount of
catalyst is 0.88 mol %, the reaction temperature is 423 K, the
oxygen/OCT molar ratio is 5.5, the reaction pressure is 0.5 MPa,
and the residence time is 9.4 s. The orthogonal test results are
consistent with the results of single-factor-optimization experi-
ments.

5. PRACTICALITY EXPERIMENTS

To confirm the practice of this process, about 1000 mL of
reaction solution under the optimal reaction conditions was
collected, and OCBD was separated as follows. First, the
collected reaction solution was distilled at 50 °C under —0.1
MPa to distill off acetic acid and water, and then the temperature

Table 2. Comprehensive Balance Analysis

criterion parameter A B C D
conversion of OCT R 1.61 3.00 5.85 1.25
optimal level ~ A; B, C, D,
selectivity for OCBD R 2.96 4.33 16.52 427
optimal level A, B, C, D,

was increased to 80 °C under the same pressure to remove OCT.
The residue was then distilled at 90 °C under —0.1 MPa to
collect OCBD. The crude product was transferred into a small
flask and distilled again to give OCBD with a purity of 98.5% and
a yield of 70% compared with the amount determined by GC.

As shown in Table 3, the results in this work were compared
with those in literature. Compared with the reaction over the
solid catalyst (Co,Mn),0, in combination with KBr in a batch
reactor,” a slightly lower yield of OCBD was obtained. However,
the aerobic oxidation in a batch reactor suffers from the
disadvantage of potential safety hazards, which were resolved by
performing the reaction in a microchannel reactor in this work.
To our delight, the results are better than those over other
catalyst systems in view of the comprehensive results of the
conversion of OCT and the selectivity for OCBD. For instance,
although the selectivity for OCBD was as high as 99%, the
conversion was smaller than 1.7% over a CdS—ZnS photo-
catalyst.®

Finally, the catalytic system and optimal conditions were
applied to the aerobic oxidation of other methyl aromatics,
including 2-methylpyridine, to the corresponding aldehydes.
The results are presented in Table 4. Compared with those for
OCT, higher conversions but lower aldehyde selectivities were
obtained in the oxidations of toluene and 4-tert-butyltoluene,
which are more electronegative than OCT (Table 4, entries 1
and 2). Similar results were obtained in the cases of OCT, p-
chlorotoluene, and m-chlorotoluene as substrates, with aldehyde
selectivities in the range of 70—72% (Table 4, entries 3—5). Both
the conversion and the aldehyde selectivity were lower in the
oxidation of 2-methylpyridine than in that of OCT, indicating
that this catalytic system and optimal conditions were not
compatible with the methyl heteroaromatics (Table 4, entry 6).
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Figure 7. Relationship between conversion (a) and selectivity (b) with the four factors and levels.
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Table 3. Comparison with Literature Results for the Aerobic Oxidation of OCT to OCBD

entry catalyst solvent
1 (Co,Mn),0,/KBr CH,CO,H
2 NHPI/NaNO, TFA/H,0
3 CdS—ZnS -
4 NHPI/T(2-CH;0)PPCo -
S Co(OAc),/Mn(OAc),/KBr CH,;CO,H/H,0

reaction conditions conv. (%) sel. (%) ref
120 °C, 4 h 20.0 48.0 3
45°C,3h 46.0 18.0 44
rt, hy,3h <1.7 99.0 8
0, (1 MPa), 120 °C, 8 h 8.4 213 45
0, (0.5 MPa), 150 °C, 9.4 s 10.3 71.8 this work

Table 4. Aerobic Oxidation of Various Substrates Catalyzed by the Co/Mn/Br Catalytic System in Acetic Acid/Water”

X X CHO X COOH
= = =
1 2 3
1O
Entry 1 2 Conv. (%) Sel. (%)
2 3
CHO
1 © @ 15.0 49.0 38.6
CHO
2 /©/ /©/ 16.1 55.8 17.8
-Bu -Bu
CHO
Cl cl
3 ﬁj ©/ 10.3 718 252
CHO
4 /©/ /O/ 113 723 12.0
Cl Cl
CHO
5 ©/ ©/ 8.6 702 11.0
Cl Cl
N\ N\ CHO
6 U U 6.79 31666
= =

“Reaction conditions: 0.158 mol of substrate; 0.88 mol % catalyst; Co/Mn/Br molar ratio = 0.3/0.3/1; substrate concentration = 2.39 mol/L; 1.65
wt % water; oxygen/substrate molar ratio = 5.5; reaction pressure = 0.5 MPa; reaction temperature = 423 K. The conversion and selectivity were

determined by GC.

6. CONCLUSIONS

The selective aerobic oxidation of OCT to OCBD catalyzed by a
Co(OAC),/Mn(OAc),/KBr catalyst system in acetic acid doped
with water as the solvent was performed in a microchannel
reactor. The effects of the catalyst loading, catalyst composition,
oxygen/OCT molar ratio, reaction temperature, reaction
pressure, and residence time were thoroughly investigated.
Optimal reaction conditions were obtained for the selected
catalytic system. The results revealed that maintaining a low
conversion of OCT was essential to target OCBD with high
selectivity. Under the optimal reaction conditions, the selectivity
for OCBD reached 71.8% when the conversion of OCT was
controlled at 10.3%. The parameters were easily controlled by
performing the oxidation in the microchannel reactor, allowing a
thorough evaluation of the various reaction parameters. Further
work will focus on the identification of catalytic systems with
increased selectivity toward OCBD with higher OCT
conversion rates.
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