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This paper reports on the development of a new process for the production of trioxane
(C5HgO3), the cyclic trimer of formaldehyde (CH,O). Trioxane is synthesized from
aqueous formaldehyde solutions using concentrated sulfuric acid as a catalyst and
is mainly used for producing the high performance polymer poly(oxymethylene)
(POM). As the POM market is continuously growing trioxane producers are expand-
ing their facilities. For new plants, it would be highly desirable to replace the existing
complicated trioxane process is by a simpler, more economic one.

During the past two decades, powerful models were developed for describing vapor-
liquid equilibria of aqueous formaldehyde solutions, the educt for trioxane synthesis.
These solutions are complex reacting multicomponent mixtures that are neither exper-
imentally nor theoretically easy to handle. The models give new opportunities for
developing an improved trioxane process. In a first step, they were used in the
present work for elucidating the phase behavior of the system formaldehyde /water/
trioxane. Distillation line diagrams for that system were calculated for the first time.
They show a complex topology, including several pressure dependent azeoptropes
and distillation boundaries. a/a-analysis shows that pure trioxane can be obtained
from by a pressure swing distillation so that the undesired extraction step of the conven-
tional process can be totally avoided. The resulting new process was also simulated rig-
orously. Distillation experiments were carried out to validate the results. They prove
the feasibility of the separations in each column and, hence, of the entire process.

For process design also reliable information on reaction kinetics is needed. Existing
data on the trioxane synthesis is contradictory and unreliable. Therefore, experiments
were carried out, in which the trioxane formation in highly concentrated formaldehyde
solutions containing up to 0.1 g/g sulfuric acid was studied at temperatures up to
115 °C with quantitative "H NMR spectroscopy. Using that method, for the first time
reliable data on the kinetics of the trioxane formation were obtained. They were
used for developing the reaction kinetic model for the process simulation.
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INTRODUCTION

Trioxane, the cyclic trimer of formaldehyde, is mainly used for the production of
poly(oxymethylene) polymers (POM), which have excellent mechanical properties and
high chemical resistance. Therefore POM is used for heavy duty gear, e.g. in valves or
gear boxes. For POM synthesis ultra-clean trioxane is needed as educt [1].

The process presently used for trioxane production goes back to the 1960s and is
shown in Figure 1. Aqueous formaldehyde solution with a formaldehyde mass fraction of
approximately 0,50 g g~ ' is used as feedstock. In a first distillation step, the formaldehyde
is concentrated to reduce the water load of the following steps. The formaldehyde-rich
stream is subsequently fed into the trioxane reactor where the conversion to trioxane is
takes place. As the conversion is low, tedious downstream processing is necessary.
First, trioxane is concentrated in a further distillation. In a following step, trioxane is
extracted into a suitable solvent. Finally, the solvent and trioxane are separated in a sub-
sequent distillation and further purification steps are necessary until in the end pure triox-
ane, containing only ppm-amounts of water, is obtained. The raffinate from the extraction
and other side streams need to be treated in a number of additional units.

The POM market has continuously been growing in the last decade with about 5 %
p-a. [2]. Therefore, trioxane producers are expanding their production facilities in order
to be able to satisfy the growing demand a competitive basis. For new plants, it would be
highly desirable to replace the existing trioxane process is by a simpler, more economic one.

The aim of the present work is the development of such a new trioxane process
which overcomes the intrinsic disadvantages of the existing one. The development of
that new process became possible by the progress in understanding the complex chemical
and physical behaviour of aqueous formaldehyde solutions during the past two decades.
That progress was triggered by the introduction of NMR spectroscopy for analyzing
aqueous formaldehyde solutions. No other analytical technique allows the quantification
of the different formaldehyde species that is necessary for the model development.
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Figure 1. Simplified flow sheet of the state of the art process for trioxane production
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Formaldehyde and water react forming methylene glycol (MG,;) and poly(oxy-
methylene) glycols (MG, ) as shown in equations Ia, b. Therefore aqueous formaldehyde
solutions are complex multicomponent reacting mixtures.

CH20 + HzO — HOCHon (Ia)
HO(CH,0),_H + CH,0 = HO(CH,0),H (Ib)

Trioxane is formed from aqueous formaldehyde solutions using a strong acid as a
catalyst, normally concentrated sulfuric acid with mass fractions over 0.1 g g~ '. The
most probable mechanism by which trioxane is formed is an intramolecular ring formation
of the linear methylene glycol containing three CH,O units (MGs3) according to reaction
(II). In the past the trioxane formation was usually described more formally by reaction
am) [3, 4].

HO(CH,0);H = (CH,0); + H,0 1))
3CH,0 = (CH,0); (I1D)

VLE-MODELING AND PHASE BEHAVIOUR

Much work has been devoted to developing physico-chemical vapor-liquid equilibrium
(VLE) models for aqueous formaldehyde solutions, especially in the group of Maurer,
who, after his pioneering work [5] continuously improved the model [6, 7, 8]. The
VLE-model used in the present work is the latest one of that series and stems from
Kuhnert [9]. As the model is presented in detail in [9], only the basic model assumptions
are briefly presented here (cf. Figure 2).

The gas phase is treated as a reacting mixture of ideal gases, containing formal-
dehyde, water, methylene glycol and trioxane. In the liquid phase the chemical reactions
leading to poly(oxymethylene) glycols (cf. equations Ia and Ib) are taken into account. The
vapor pressure of the poly(oxymethylene) glycols with more than one formaldehyde block
(MG, with n > 1) is negligible, and hence physical equilibria have to be considered only
for formaldehyde, water, methylene glycol and trioxane:

PiXi Y =PYi i=FA, Wa, MG, Tri (H

The activity coefficients are calculated using the UNIFAC group contribution
method. The chemical equilibria are modeled in a thermodynamically consistent
manner using activities. The model allows accurate descriptions of VLE of the studied
system [9].

The first step in conceptual distillation process design is the calculation of the phase
behaviour. For that purpose, the VLE-model of Kuhnert [9] was implemented into ASPEN
PLUS [10]. The distillation lines in the system formaldehyde/water/trioxane were calcu-
lated for the first time in the present work. Some results are shown in Figure 3. Only
overall concentrations are depicted, i.e. those that would be obtained if all formaldehyde
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Gas
CH,0 + H,0 = HOCH,OH

CH,0 (CH,0), H,O HOCH,OH
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CH,O0  (CH0), H,O HOCH,OH

CH,0 + H,0 = HOCH,OH

HO(CH,0),4H + HOCHZOH‘——‘HO(CHzo)nH + H,0
n=2

Figure 2. Vapor-liquid equilibrium model for the system formaldehyde/water /trioxane

species would decompose into formaldehyde and water. It is also overall concentrations
that are determined with conventional analytics like titration. Note, that for the calculation
of the VLE all species were explicitly taken into account and assumed to be in chemical
equilibrium. Hence, the distillation lines shown in Figure 3 are in fact reactive distillation
lines. The shaded area in Figure 3 indicates qualitatively the region at high formaldehyde
concentrations where solid precipitation occurs.

Formaldehyde Formaldehyde

— Distillation Line

=> Distillation Boundary
* Azeotrope

Water 919°C Trioxane Water :
100,0C 112.9°C Trioxane

Figure 3. VLE-topology of formaldehyde/water/trioxane. Left: reactive distillation lines at
p = 1 bar. Right: Pressure dependence of azeotropes and distillation boundaries at p = 1; 2;
and 4 bar. All units in g g~ '. Shaded area: solid precipitation (qualitatively)
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The system formaldehyde/water/trioxane has a complex VLE-topology. At the
pressures shown in Figure 3, there is a low boiling azeotrope in the binary system for-
maldehyde /water, and another in the binary system water/trioxane. Furthermore, there
is a ternary azeotrope, which is the overall low boiling node in the system. The resulting
distillation boundaries separate the system into three distillation areas and cannot
be overcome in a simple distillation process. However, the calculations show a signifi-
cant pressure dependence of the separatrices that can be exploited in a pressure swing
distillation (cf. Figure 3b).

NEW TRIOXANE PROCESS

For the evaluation of process alternatives using the distillation line diagrams presented
above, computer aided infinity/infinity analysis was used. The resulting basic process
concept is shown in Figure 4. It consists of a reactor in which the trioxane synthesis
takes place, followed by a downstream column train with three distillation columns run
at different pressures.

The separations in each column are shown in Figure 5. Aqueous formaldehyde sol-
ution is fed to the reactor. As the conversion is low, the reactor product contains only small
amounts of trioxane (Stream 3). Column K1 produces a trioxane rich overhead product
(Stream 5) with a composition close to the ternary azeotrope. The bottom product of
column K1 (Stream 4), which contains high amounts of formaldehyde is recycled to the
reactor. The separation in column K1 is carried out at low pressures, e.g., 1 bar, which
must be chosen so that the temperature is high enough to avoid solid precipitation. The
top product of column K1 is fed into column K2 which is operated at a higher pressure,
e.g. 4 bar. The pressure in column K2 is limited by formaldehyde decomposition at high

T
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R1
FA/W
l >
2| 3
‘ 9
ﬁ j Water
. I

Trioxane
Figure 4. Flow sheet of the new distillation based trioxane process
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Figure 5. Separations in the three distillations of the new trioxane process: Left: K1, 1 bar;
Middle: K2, 4 bar, and Right: K3, 2 bar. Numbers refer to streams in Figure 4

temperatures. Due to the increased pressure Stream 5 lies now in the distillation area where
trioxane can be reached as a bottom product (Stream 7). The overhead product of column K2
(Stream 8) is separated in a third column K3 that is operated at intermediate pressure into
pure water withdrawn as bottom product (Stream 9) and an overhead product (Stream 10)
with a composition close to the ternary azeotrope that is recycled to K1.

DISTILLATION EXPERIMENTS AND PROCESS SIMULATION

The separations in all columns were studied in laboratory experiments. The experiments
were run under infinite and finite reflux in a 50 mm vacuum column equipped with struc-
tured packing and a 30 mm tray column under elevated pressure. The experimental results
verified the position of azeotropic points, their pressure dependence as well as the feasi-
bility of all separations and, hence, the validity of the conceptual considerations discussed
above and the feasibility of the new process.

The different separations were also simulated based on a stage model using the VLE
model presented above, that allows taking into account the kinetics of the formation of the
poly(oxymethylene) glycols. For a detailed discussion of the influence of reaction kinetics
on such simulations, see Ott [10, 11, 12]. The entire process with all recycle streams was
successfully simulated. For these simulations, CHEMASIM was used.

REACTION KINETIC DATA FOR TRIOXANE FORMATION
For process design also reliable information on reaction kinetics is needed. Existing data
on the trioxane synthesis is contradictory and unreliable [3, 13, 14]. Therefore, exper-
iments were carried out, in which the trioxane formation at reactor conditions was
studied. '"H NMR spectroscopy was used for reaction monitoring [15]. Using that
method, for the first time reliable data on the kinetics of the trioxane formation were
obtained. They were used for developing the reaction kinetic model for the process
simulation.

The experiments are extremely challenging as highly concentrated formaldehyde
solutions with large amounts of sulfuric acid have to be handled at high temperatures.
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Figure 6. Reaction kinetics of the trioxane formation in an aqueous formaldehyde solution
at t=110°C with 0.04g g~ ' sulfuric acid (initial overall formaldehyde composition
A:050g g 1;¥: 030 g g~ 1). Experimental results obtained by 'H NMR spectroscopy and
reaction kinetic model based on equation II (solid lines) and equation III (dotted lines)

Figure 6 shows a typical result. In Figure 6, also results from the reaction kinetic model are
shown. That model is based on equation II, and, hence, on the knowledge of the true com-
position of the formaldehyde containing species. It can also be seen from Figure 6 that the
alternative kinetic description based on equation III using overall concentrations does not
give satisfactory results.

CONCLUSION

A new trioxane process was developed in an industrial — academic cooperation [16]. The
new process is substantially simplified compared to the existing one. Its development was
only possible by combining methods from conceptual process design with reliable models
for the complex physico-chemical behaviour of the system formaldehyde/water/trioxane.
The feasibility of the new process has been proven in laboratory experiments. Pilot plant
studies are under way.
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