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The mechanism of Beckmann rearrangement of cyclohexanone oxime in oleum is investigated with a multiphase
microchemical system, which is designed to give good control of the reaction temperature and residence time. The
influences of SO3 and caprolactam concentrations in oleum on the conversion are investigated. The results indicate that
SO; acts as the catalyst and caprolactam plays a product inhibition role. Based on these results and previous mechanism
analysis, an equilibrium relation between protonated caprolactam and caprolactam hydrogen sulfate is proposed and the
equilibrium constants at 70, 80, and 90°C are gained. According to the equilibrium, the lowest acid/oxime molar-ratio of
0.5 for sufficient conversion (>99%) at 100°C has been provided. This quantitative mechanism analysis gives the reason for
the negative influences of higher caprolactam concentration and lower temperature on the reaction conversion, which is
very useful for the optimization and reliable design of Beckmann rearrangement processes. © 2011 American Institute of

Chemical Engineers AIChE J, 58: 3156-3160, 2012
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Introduction

¢-Caprolactam, the monomer for nylon-6, is mainly syn-
thesized by a classical industrial process including Beck-
mann rearrangement of cyclohexanone oxime (Figure 1),
which was first described more than a century ago.1 This
industrial process of caprolactam synthesis usually uses ben-
zene or phenol as starting material and consists of three
main steps: the synthesis of cyclohexanone, the ammoxima-
tion of cyclohexanone to cyclohexanone oxime, and the
Beckmann rearrangement of the oxime to e-caprolactam. For
the Beckmann rearrangement step, all manufacturers use
fuming sulfuric acid (oleum) as the solvent and catalyst.”?
Because of the application of this strong acid, ammonia has
to be introduced to neutralize sulfuric acid producing ammo-
nium sulfate as byproduct. According to the data from indus-
trial process, nearly 2 tons of ammonium sulfate is produced
for the production of 1 ton of caprolactam.

The ‘“‘rearrangement mixture” is composed of unreacted
cyclohexanone oxime, caprolactam, and oleum. The viscosity
of the mixture is not measurable with a standard viscosime-
ter even at 80°C.* The reaction process is normally con-
trolled by mass and heat transfer resistances. As the rear-
rangement is very rapid and highly exothermic,” it is difficult
to control the temperature of the process. In addition, the
reaction is an oleum-based process in which sampling and
analysis are not convenient. Hence, although some studies
have been devoted to the reaction and a lot of valuable
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results have been obtained,”® more progress need to be made
to understand the mechanism of the Beckmann rearrangement.
Cavalieri d’Oro et al.’ investigated the Beckmann rear-
rangement of cyclohexanone oxime in the solvent of SO, at
low temperature (—29.4 to —19.3°C). Their results suggested
that cyclohexanone oxime and e-caprolactam formed four
complexes in the reaction process, as shown in Figure 2. A
rearrangement mechanism was proposed by Fukumoto'®
based on the fact that cyclohexanone oxime dissolved in sul-
furic acid is quickly protonated. The hydrogen ion is thought
to be the catalyst and the mechanism includes the protona-
tion of cyclohexanone oxime and the dehydration process.
The reaction process is shown in Figure 3. However, the
mechanism cannot explain the accelerating effect of excess
sulfur trioxide in the Beckmann rearrangement. Fabos et al*
investigated the structure of e-caprolactam in 97% sulfuric
acid and 10% oleum by NMR spectroscopy measurements.
Their results suggest that ¢-caprolactam is protonated to form
caprolactamium hydrogen sulfate. They also investigated the
mechanism of the rearrangement in 180 labeled sulfuric acid,
revealing that the migration of oxygen atom is intermolecular.
Multiphase microchemical system11 is an effective tool to
investigate the process of the Beckmann rearrangement.
Two-phase droplet flow'? can be created by adding an inert
solvent carrying cyclohexanone oxime to contact oleum. The
rearrangement reaction is exclusively confined to the acid
phase surrounded by the immiscible inert solvent as the
continuous phase. The micro-sized droplets dispersed by
the immiscible fluid can effectively reduce the transfer
limitations.'? The system can also prevent the viscous rear-
rangement mixture from direct contact with microchannel
walls and thereby eliminate or reduce undesired clogging of
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Figure 1. The Beckmann rearrangement of cyclohexa-
none oxime to ¢-caprolactam.

Caprolactam

microchannels. The inert solvent is also an effective heat
carrier for controlling reaction temperature. Zuidhof et al.'*
designed a microsturctured chemical system including a
micromixer and a microchannel for controlling the residence
time. They dissolved cyclohexanone oxime in cyclooctane
and measured the selectivity of the Beckmann rearrangement
of cyclohexanone oxime with oleum for various conditions.

In our previous study, a microchemical system was
designed to perform the Beckmann rearrangement of cyclo-
hexanone oxime. 100% conversion of cyclohexanone oxime
and higher than 99% selectivity of caprolactam were reached
with the reaction time less than 40 s and molar ratios of
oleum to cyclohexanone oxime as low as 0.8."> However,
the effect of SOz on the reaction has not been disclosed. To
our knowledge, the quantitative interaction between capro-
lactam and SOs; has not been reported, which is very impor-
tant for reducing the acid/oxime molar ratios and optimizing
the parameters of the reaction process. In the study, we set
out to tackle these two fundamental questions about the
mechanism of the Beckmann rearrangement, namely: (1) the
role of SOs; (2) the influence of caprolactam on the reaction
performance. The multiphase microchemical system includ-
ing a micromixer, the delay loops and a microhydrolyzer
was used to control the reaction temperature and the resi-
dence time. The solution of cyclohexanone oxime dissolved
in n-octane and oleum were used as the continuous phase
and the dispersed phase respectively. The influence of SO;
and caprolactam concentration on the reaction performance
has been investigated. An equilibrium relation and a quanti-
tative analysis of molar ratios of oleum to cyclohexanone
oxime have been suggested.

Experimental
Equipment

The microchemical system is the same as the system used
in our previous work."” It consists of a micro-sieve disper-
sion mixer, a delay loop, and a microhydrolyzer. Cyclohexa-
none oxime was dissolved in n-octane as the continuous
phase and oleum as the dispersed phase. The two fluids were
delivered by metering pumps (Beijing Satellite Co.) through
the pipes immersed in a water bath to control the feed-
ing temperature. The feed pipes and the pump head
were warmed by self-regulated electric heating bands (Kete
electric heating Co.) to keep the temperature at 70°C and in-
hibit the precipitation of cyclohexanone oxime due to its low
solubility in n-octane at room temperature. A delay loop
(316 stainless steel) with an inner diameter of 2 mm and an

OHSO \

NOH N N
H | H
+ HO
N .
e CHO
7 | Mo e ’
(CHa)<_ CH)_ *H
N NH+
CHO co
(CH,), CH,) /| + H
TN NH+ ™~ H

Figure 3. The mechanism described by Fukumoto.'®

external diameter of 3 mm was connected directly down-
stream to the micromixer to control the residence time. The
reaction time could be controlled accurately by changing the
length of the delay loop. Three commercial temperature sen-
sors (PT 100, Japan, 2 x 10 mm) integrated in the pipeline
system and a data acquisition system (Beijing Riubohua Co.)
were used to record the temperature online. The samples
were collected at the outlet after the microhydrolyzer.

The micromixer and microhydrolyzer used in the micro-
system are micro-sieve dispersion mixers (316 stainless
steel). The details were described in our previous work'> and
the mixing performance and mass transfer rate have been
described in literatures.'®!” For analysis, the oleum phase
has to be hydrolyzed and neutralized. The hydrolyzation step
is also a fast and highly exothermic process. In addition,
controlling reaction time accurately is difficult in considera-
tion of the fast reaction rate. To achieve the process, a
microhydrolyzer was designed to quench the reaction by
adding water to the reacting system. A large amount of
water was pumped into the microhydrolyzer and oleum would
convert quickly to aqueous H,SO,. Ogata et al.'® described the
kinetics of the rearrangement reaction in the aqueous phase of
H,SO,. The rate was found to be first order with respect to the
oxime concentration and the reaction rate constant k is about
107°-107% s7! at 90°C, which is rather slow. Thus, we can
assume that the reaction is completely stopped in the aqueous
phase of H,SO, at room temperature.

Analysis

The collected samples were separated into two phases, an
organic phase and an aqueous phase. The organic phase was
mainly composed of n-octane and unreacted cyclohexanone
oxime while the aqueous phase of water, caprolactam, cyclo-
hexanone oxime, H,SO,, and some undefined byproducts. In
the analysis, the two phases were weighed by an electronic
analytical balance. Then, the organic phase was diluted and
measured by gas chromatography (GC) (HP 6890). The
aqueous phase was diluted and neutralized with NaOH solu-
tion. Subsequently, the sample was determined by high per-
formance liquid chromatography (HPLC) (Agilent 1100).
The cyclohexanone oxime conversion C and caprolactam se-
lectivity S were calculated by the following equations

C)N H O C=1- Worg—ox X Morg + Waqu—ox X Maqu (1)
M(’X
(1)CPLSOs  (2)CPLH' (3) OXSO3 4) OXH* §— Worg—cap X Morg + Waqu—cap X Maqu @
Figure 2. The four complexes in the reaction system.® C X Mox
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Conversion

Figure 4. The concentration of cyclohexanone oxime in

the organic solutions was 4 wt % and the con-
centrations of initial SOz in oleum were 0, 2, 6,
10, 15, 20 wt %, respectively.
The flow rate of cyclohexanone oxime solution was con-
trolled at 25 mL/min, and the flow rates of oleum were
0.8 mL/min. The molar ratio of acid to cyclohexanone
oxime, calculated as ([H,SO4] + [SOs3])/ [oxime], was
kept about at 2.5~2.7. The residence time was varied by
changing the length of the reaction tube. The tempera-
ture of the water bath was kept at 70 °C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

where Woo ox (%) is the mass fraction of cyclohexanone
oxime in the organic phase, Woqu_ox (%) is the mass fraction of
cyclohexanone oxime in the aqueous phase, Wore_cap (%) is the
mass fraction of caprolactam in the sample organic phase,
Waqu-cap (%) is the mass fraction of caprolactam in the sample
aqueous phase, M, (g) is the mass of the organic phase, M,q,
(g) is the mass of the aqueous phase and M, (g) is the feeding
mass of cyclohexanone oxime calculated with the feeding rate
of cyclohexanone oxime solution and the sampling time. Most
experiments are repeated twice and the average relative errors
of replication in conversion and selectivity are 1.3 and 2.4%,
respectively.

Results and Discussion

The effect of initial SOz concentration in oleum on
Beckmann rearrangement

Figure 4 shows the reaction rates of the Beckmann rear-
rangement in the oleum phase with different initial SO; con-
centrations. The concentration of cyclohexanone oxime in the
organic phase was restricted to 4 wt % to reduce the heat
release in the reaction system and realize a smooth reaction
process. The maximum temperature rise of reaction mixture
was less than 1°C in the experiments. So, the change of reac-
tion temperature could be ignored. As shown in Figure 4,
when the oleum concentration is above 6 wt %, the reaction
can be finished within 20 s in the microchemical system and
the reaction rates are nearly independent with the oleum con-
centration. Also, the caprolactam selectivity is found to be
above 99% because of the greatly reduced heat release and
the good control of temperature. Correspondingly, when the
initial concentration of SO5 is 2 wt % or lower, the reaction
kinetics is rather slow and many byproducts are formed in
our experiments, which is also described by Ogata et al.'®

In the mechanism described by Fukumoto, '° SO; acts as
the dehydration agent. The added sulfur trioxide is able to
bind water and thus forms sulfuric acid, which further cata-
lyzes the ongoing rearrangement. However, this catalytic
mechanism cannot well explain the fact that the reaction rate
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decreases sharply when the oleum concentration decreases
from 6 to 2 wt %. As the acid/oxime molar-ratio (M-ratio) is
about 2.5-2.7, SO; is always enough to bind water in the
system except that it can be consumed by participation in
the reaction process. In 2008, Fabos et al* proposed a new
reaction path concerned with SOj;. The attack of oxygen
atom of cyclohexanone oxime to sulfur atom of SOz may be
the reason for the significant rate increase in the presence of
sulfur trioxide. When the SOj concentration is above 6 wt
%, the reaction path concerned with SOj carries through
quickly and little byproducts are formed. When the SO5; con-
centration is low, the new path slows down and the reaction
is catalyzed by H,SO,. The reaction rate becomes slow and
the selectivity decreases apparently.

As for nearly the same reaction rates with the oleum concen-
tration above 6 wt %, the most likely reason is that the reaction
is a mass transfer controlled process. In the microsystem,
cyclohexanone oxime dissolved in octane is transported to the
oleum and transforms to caprolactam. The reaction medium,
also called the rearrangement mixture, contains the unreacted
cyclohexanone oxime and caprolactam in oleum. The mass
transfer in the mixture is relatively slow as its viscosity is
larger than 500 mPa s even at 80°C.* Accordingly, the reaction
process is a mass transfer controlled process even though the
oleum droplets diameter in the multiphase system can reach
10-25 um."> To get further conclusion, more work of process
intensification has to be done to overcome the mass transfer
limitation. This study will be done in our future work.

The effect of e-Caprolactam addition in oleum on
Beckmann rearrangement

In theory, sulfur trioxide as the catalyst is not consumed.
However, it is proved that caprolactam in the oleum phase is
not in a free state but in the form of two complexes (CPLH*"
and CPLSO3;), as shown in Figure 2. It can be assumed that,
with the reaction ongoing, the accumulation of caprolactam
may bring an adverse effect on the reaction process. To
study the effect of caprolactam, a mixture by dissolving
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Figure 5. The concentration of cyclohexanone oxime in
solutions was 4 wt % and the concentrations of
caprolactam in oleum were 0, 18.3, 25.2 wt %,
respectively.

The flow rate of cyclohexanone oxime solution was con-
trolled at 25 mL/min, and the flow rates of oleum solu-
tion were 0.33, 0.29, 0.21 mL/min. The molar ratio of
acid to cyclohexanone oxime was kept about at 0.70. The
residence time was varied by changing the length of the
reaction tube. The temperature of the water bath was
kept at 70 °C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. The experimental conditions were selected as

18.3 wt % caprolactam in oleum and 4 wt %
cyclohexanone oxime in octane.
The flow rates of cyclohexanone oxime solution and
oleum solution were 25 and 0.29 mL/min, respectively.
The M-ratio was kept at 0.70. The residence time was
varied by changing the length of the reaction tube. The
reaction temperature was controlled by the water bath.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

caprolactam in the oleum was used as the dispersed phase
instead of pure oleum. The M-ratio based on the overall feed
ratio of cyclohexanone oxime to oleum was restricted to 0.7.
The concentration of initial SO5 in oleum was 20 wt %.

The Influence of Caprolactam Concentration on the Reac-
tion Rate. Figure 5 shows the influence of the caprolactam con-
centration on the reaction rate. Obviously, the concentration of
caprolactam could influence the reaction greatly. In all condi-
tions, the reaction rates are fast at first and come into a
“smooth period” in a short time. The smooth period is close to
the process when the SO; concentration is below 2 wt %. The
process means that reaction rates slow down and many byprod-
ucts are formed. With the concentration of caprolactam grow-
ing, the reaction rate decreases quickly and lower conversion is
reached in the same residence time, indicating that caprolactam
has a negative influence on the reaction rate and selectivity.

The Influence of Temperature on the Reaction Rate. Figure 6
shows the influence of temperature on the reaction rate with the
presence of caprolactam in oleum. With the temperature increas-
ing, the reaction rate increases and the conversion can reach
higher value in the same residence time. The high conversion of
above 90% can be achieved at 90°C even with the M-ratio of
0.7. It can be concluded that the higher temperature is advanta-
geous for improving the reaction rate and reaching high conver-
sion at the low M-ratio. The temperature rise can not affect the
dehydration while it improves the reaction rate. The results prove
that the added sulfur trioxide acts as the catalyst and participates
in the reaction process not only as the dehydration agent.

According to the statement earlier, SO5 acts as the catalyst
and has an important influence on the reaction rate. The
sharp decreasing reaction rates in Figures 4—6 results from
low SO; concentrations. The interaction of caprolactam and
SO; may be a key point. It has been proved that ¢-caprolac-
tam is protonated to form caprolactamium hydrogen sulfate
(CPLH™") in sulfuric acid

+

H OH

N o]
@H + HSO, 3)

g + HZSO4

The accumulation of caprolactam brings an adverse effect
on the reaction process. Because of the existence of
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CPLSO;, we conjecture that there is equilibrium between
CPLH" and CPLSO;

oH 0s0;

SO, + NH —= NH +H
NG

The accumulating caprolactam can bind free SO; and
reduce the free SO3 concentration. When the SO5 concentra-
tion reduces to a certain value, the reaction rate may
decrease apparently. That is the reason why caprolactam has
an adverse effect on the reaction process shown in the
Figures 5 and 6. It is assumed that the two reactions are
very fast. The total reaction could be written as

W s
N H,S0, .
Soa ' O O H (5)

The equilibrium constant is defined as

CCPLSO
K=—"7>"2_
Cso; X CCPL

©)

The equilibrium constants are relevant to the oleum con-
centrations. In our experiments, the concentrations of initial
SO; in oleum are 20 wt %, which is adopted in the industry.
Higher SO; concentration means high viscosity and decreas-
ing the protonation whereas lower concentration means
decreasing the catalyst concentration. As shown in the Fig-
ures 5 and 6, the reaction rate decreases apparently at about
7.5 or 12.6 s while the reaction system goes into the
“smooth period.” As the reaction mixture containing oleum
has strong oxidizability and corrosivity, it is really difficult
to directly measure the concentrations of the complexes at
the period. We calculated the equilibrium constants accord-
ing to the experimental data shown in Figures 5 and 6. The
free SO; concentration at the smooth period is a value
between 2 and 6 wt % as shown in Figure 4. It needs more
experiments to determine the value. Here, we assume the
value is 2 wt %. The SO;5 concentration is 20 wt % in the
beginning and the concentration of CPLSOj; can be obtained.
The concentration of caprolactam is calculated according to
the conversion of cyclohexanone oxime. The calculated equi-
librium constant results are listed in Table 1.

Table 1 shows that the calculated equilibrium constants
are nearly the same at 70°C even though the caprolactam
concentrations in oleum are different. With the increasing of
temperature, the equilibrium constants become smaller. It
means that the higher temperature may give out more SO; at

Table 1. The Calculated Results of the Equilibrium
Constants

Equilibrium constants
with caprolactam
concentration of
18.3 wt %(L/mol)

Equilibrium constants
at 70°C (L/mol)

Caprolactam 0wt % 1.663 Temperature 70°C  1.663
concentration 18.3 wt %  1.658 80°C 1.533
252 wt % 1.660 90°C  1.467
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Figure 7. The concentrations of caprolactam in oleum
were 0, 18.3, 25.2 wt %, respectively.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the same composition and be of benefit for the reaction. The
existence of the equilibrium explains the adverse effect of
caprolactam and the positive effect of temperature on the
reaction well.

According to the equilibrium constants at different tempera-
ture, we calculate the reaction heat and the equilibrium con-
stants at other temperatures. The reaction heat is about —6.65
kJ/mol which means the reaction is exothermic. As the SO;
concentration at the equilibrium state is an assumed value, we
make an error analysis in the calculation of the reaction heat.
The reaction heat increases by about 6.4% with the assumed
value of 1 wt % while it decreases by about 5.3% with the
assumed value of 3 wt %. That means change of the assumed
value gives minor impact on the reaction heat. The lowest M-
ratio required to achieve 99% conversion (without smooth pe-
riod) at different temperature and caprolactam concentrations
are also calculated. The results are listed in Figure 7. It can be
concluded that temperature is a key factor to reduce the M-ra-
tio in the caprolactam production. The higher temperature can
decrease the lowest M-ratio at each caprolactam concentration.
The M-ratio can reach about 0.5 at the ideal conditions when
the temperature is 100°C, indicating a large decreasing in
the consumption of oleum and the production of ammonium
sulfate. The results can explain why higher temperature is ben-
eficial at the later rearrangement process. However, the tem-
perature cannot be increased unbounded while the side reac-
tions such as reactant carbonization would arise at high tem-
perature. The quantitative analysis is useful for optimization
and reliable design of Beckmann rearrangement processes.

Conclusions

In this work a multiphase microchemical system has been
successfully applied to investigate the mechanism of Beck-
mann rearrangement of cyclohexanone oxime in oleum. Dif-
ferent reaction rates are measured in several tests with differ-
ent SO; concentrations of oleum, indicating SO3 acts as cata-
lyst for the Beckmann rearrangement process. The influence
of caprolactam concentration in oleum phase on the cyclohex-
anone oxime conversion is studied at low molar ratio of
oleum to cyclohexanone oxime, and it is concluded caprolac-
tam plays an adverse role for this reaction. Based on the
results, an equilibrium between protonated caprolactam and

caprolactam hydrogen sulfate is proposed and the equilibrium
constants are gained at 70, 80, and 90°C. The existence of the
equilibrium explains the fact that high concentration of capro-
lactam and low temperature have a negative influence on the
reaction performance at low acid/oxime molar ratio. Accord-
ing to the analysis, the lowest M-ratio for sufficient conver-
sion (>99%) can reach as low as 0.5 at 100°C indicating a
large decreasing in the production of ammonium sulfate.
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