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Conventional routes for the production of formaldehyde rely on the use of methanol and air, with the presence of catalysts
such as silver or mixed-metal oxides. These processes are highly energy intensive and therefore raise concerns in terms of
cost-effectiveness and environmental impact. In that respect, sodium or sodium compounds are more favorable as catalysts
for the direct dehydrogenation of methanol to water-free formaldehyde. A method is presented for the coproduction of
hydrogen and anhydrous formaldehyde – both valuable products – on the laboratory scale, with a particular focus on the
design and testing of a sodium vapor catalyst dosing unit that enables the process to be performed continuously.
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1 Introduction

Formaldehyde is an important organic compound with
a vital role in a wide range of industrial sectors. It is used
as a precursor in the synthesis of many products, such as
resins, plastics, fertilizers, and textiles [1–3]. Its wide range of
applications makes formaldehyde an essential part of today’s
chemical industry. Several methods have been developed
on the industrial scale for the production of formalde-
hyde, such as the water ballast process (BASF Process), the
methanol ballast process, and the Formox process. All of
these approaches generally require energy-intensive steps
for the workup of the crude liquid product. For the water
ballast process, this implies the removal of water, and in the
methanol ballast process, separation of methanol [4]. In the
case of the Formox route, the short life of the iron molyb-
date catalyst is indeed a major concern, affecting both the
economic and the operational efficiency of the production
[5]. Moreover, a common difficulty is also the achievement
of highly concentrated formaldehyde. Knowing the draw-
backs of the mentioned industrial processes, researchers
have been trying to develop a more efficient way to produce
formaldehyde for more than three decades now. Further-
more, the development of the target reaction converting
methanol (MeOH) to formaldehyde (HCHO) and hydrogen

(H2) offers significant advantages. Anhydrous formaldehyde
can be processed into various chemical products without
the interference of water as the main by-product from
conventional, oxidative processes. In addition, hydrogen is
co-generated in this reaction as a very valuable by-product
that can be used in a multitude of hydrogenation processes –
towards many different chemicals or fuels.

Compounds of transition metals such as zinc, silver,
and copper have been identified as promising catalysts [6].
These metals, either in their elemental state or in various
modified forms, have shown some degree of activity in the
dehydrogenation reaction. Yet, sodium compounds have
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been identified as the most promising ones. According
to the theory derived from the work of Sauer and Emig
[7], sodium aluminate would release a catalytically active
component into the gas phase, which has been found
to catalyze methanol dehydrogenation homogenously
(Eq. (1)).

CH3OH � H2 + HCHO�H = 84
kJ
mol

(1)

To confirm this statement, Ruf and Emig [8] and Mau-
rer and Renken [9] conducted a series of experiments using
elemental sodium as a catalyst in the methanol dehydro-
genation process. Ruf [10] proposed several approaches to
the sodium dosing method for this reaction. One of them
involved placing metallic sodium in a ceramic boat and
heating it in a methanol stream. The experiments showed
that sodium homogeneously catalyzed the dehydrogenation
of methanol. When the ceramic boat was removed, it was
found that most of the sodium had been consumed, leaving
mainly residues of sodium oxide or sodium hydroxide. Ruf
and Emig [8] estimated the amount of evaporated sodium
by weighing the ceramic boat before and after the reaction.
The use of a ceramic boat raised practical issues in achiev-
ing a continuous and controlled flow of evaporated sodium.
These challenges were recognized as hindering the experi-
mental accuracy and reproducibility. To overcome this issue,
Ruf et al. introduced a bubble column concept, which is
described in detail in [11]. In general, the bubble column
concept involves feeding sodium vapor and inert gas into
a reaction system. This technique provided a dosage of
small amounts of sodium, ensuring a feed of catalyst to the
reaction.
An important issue when using sodium in a stainless-

steel reactor system is corrosion. Therefore, there has
been extensive research into the problem of corrosion in
stainless-steel systems, particularly when sodium is used
as a coolant in fast reactors [12–14]. A number of methods
are considered to mitigate the corrosive effects of sodium
on stainless-steel systems. Research is underway to develop
advanced steel alloys that are more resistant to corrosion
caused by sodium [15–17]. There is also interest in coating
materials to inhibit corrosion induced by liquid metals
[18–21]. In addition, purification systems are used to reduce
impurities that contribute to metal decay [22]. In this study,
the choice of the materials and the purification technique
was made based on previous research, in particular, the use
of zirconium foil as a sodium purifier agent [22]. Within
this work, the sodium evaporation and condensation exper-
iments were conducted in order to quantify the amount
of sodium evaporated, using the concept of a bubble col-
umn as the basis of the experimental design. This approach
allowed a controlled and constant dosage of sodium, thereby
enabling the continuous production of formaldehyde and
hydrogen on the mini-plant scale, which has not been done,
so far.

Figure 1. Technical ilustration of the sodium evaporator (left)
and the condenser (right).

2 Materials and Experimental Setup

2.1 Sodium Evaporation and Condensation

In order to determine the optimum parameters of the
catalyst dosing system for the methanol dehydrogenation
tests, a setup for sodium evaporation and condensation was
designed and built. Fig. 1 shows a technical ilustration of the
sodium evaporation and condensation system. The process
flow diagram is presented in Fig. 2.
The system operates by means of a 1.3-L bubble column

in which sodium is heated by a 700-W heating jacket. Two
independent flow regulators (F-201CV-2K0-PGD-33-K;
Bronkhorst) control the argon flow: one for a shortened
pipe (FC.1) and the other for the primary bubble pipe
(FC.2). After the evaporation phase, the sodium is con-
densed in a dedicated container kept at about−20 °C, which
is placed in a cooling bath filled with silicone oil. At the end
of each experiment, the condenser was inspected, and the
sodium was usually found at the bottom of the condenser
or adhering to the inner wall, or a combination of the two
(Fig. 3). The gathered amount of evaporated sodium was
weighed.
The temperatures inside the pipes and at the entrance and

exit of the containers were measured with thermocouples
(Type K, class 1 in accordance with IEC 60584, Inconel
600, insulation MgO, outer diameter (OD) 3 mm). The
pipelines were heated up using heating tapes (Horst). The
pressure in the system was measured using a Rosemount
2051 in-line pressure transmitter from Emerson. There is
also a backpressure controller (P-502C-1K1R-PGD-39-K
+ F-001AV-LFU-33-K) provided by Bronkhorst, which
allows the pressure to be controlled in the experimental
setup.

www.cit-journal.com © 2024 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. , , No. 0, 1–11

 15222640, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202400007 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [02/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.cit-journal.com


Research Article 3

Figure 2. Process flow diagram of the entire sodium evaporation and condensation setup.

The sodium bubble column operated in this work was
based on the concept of Ruf et al. [11]. However, a num-
ber of modifications were made to the setup of Ruf et al.
to improve the process stability and to meet specific oper-
ational requirements (Tab. 1). In order to provide the
increased capacity of the mini-plant, a scale-up of the setup
was performed.
A secondary flow controller was integrated to pro-

vide full management of the gas flow through the bubble
pipe, i.e., allowing for a consistent flow regime, limiting
potential thermal disturbances, and thus consolidating the
operational stability of the system. To complement this,
a backpressure controller was added to provide pressure

Figure 3. Picture of evaporated sodium in the condenser after
an experiment.

modulation capabilities, ensuring that the operating param-
eters were consistently maintained within the specified
optimum and safety thresholds. Sodium of two purities
was tested, i.e., 99.8 % manufactured by Sigma-Aldrich and
ExcelAR reagent (ER)-grade 99.98 % from Métaux Spéci-
aux. The chemical compositions of the tested sodium are
presented in Tab. 2.

Table 1. Comparison between the previously tested column and
own work.

Sodium bubble column This work Ruf [10]

Volume [L] 1.3 0.1

Height [mm] 248 120

Inner diameter [mm] 82.5 34

Inert gas dosing 2 flow controllers 1 flow controller

Purification system Zr foil none

Sodium loading up to 800 g up to 60 g

Table 2. Chemical composition of the tested sodium.

Trial 1 Trial 2

S+ grade ER grade

Na [%] 99.80 99.98

Ca [ppm] <400 <10

K [ppm] <300 <10

Cl + Br [ppm] <20 <20

Chem. Ing. Tech. , , No. 0, 1–11 © 2024 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
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4 Research Article

Figure 4. MEDENA setup.

2.2 Methanol Dehydrogenation Mini-Plant
(MEDENA)

The experimental tests of methanol dehydrogenation were
conducted in a self-constructed laboratory setup (Fig. 4).
A process flow diagram of the given system is presented

in Fig. 5. First, methanol and argon (stream 1) as well
as the sodium and argon (stream 2) were preheated and
fed into the reactor. The dehydrogenation reaction took
place in a tubular reactor (inner diameter (ID) = 10 cm,
L = 45 cm) made of Alloy 625 (2.4856) at T = 500–
900 °C and p = 1.2 bar. The reactor was heated by means of
a 3000-W electric oven with three heating zones. The
methanol concentration was varied between 2.5 and 20 wt %
for the set of experiments presented. The methanol flow rate
was set at 10 and 20 g h−1 with the appropriate amount
of argon flow. Different amounts of catalyst were tested,
with values ranging from 0.05 to 0.3 g h−1. The temper-
atures inside the pipes and reactor were measured with
thermocouples (as in Sect. 2.1). The pressure in the system
was measured using the same equipment as mentioned in
Sect. 2.1. There is also a backpressure controller (identical to
the one used in Sect. 2.1) that allows partial control over the
pressure in the plant.
The product stream was analyzed using a gas chromato-

graph (GC; ARNEL 6453, Perkin Elmer) equipped with
a main column (Molesieve 5A), which is protected by a pre-
column (Plot U) that efficiently removes contaminants
from the gas stream by a backflush-to-vent system

using a two-valve-switch in an exter-
nal, heated GC equipped with a ther-
mal conductivity detector, a metha-
nizer, and a flame ionization detector.
Argon (99.9999 %; Air Liquide),
used as the carrier gas, was passed
through an oxygen, a moisture, and
a hydrocarbon trap (Restek) for addi-
tional purification. A flow controller
(F-201CV-050-PGD-33-K) provided
by Bronkhorst was installed in order
to provide a constant flow through
the GC valves.

The experimental uncertainty of
the results obtained during trials is
estimated to be 15 % (up to 20 %
for higher flows of >2 L min−1)
due to the varying pressure in the
system. Methanol (99.9 %, extra dry;
AcroSeal) was supplied using a mass
flow controller (FC.4; ML120V00-
PGD-33-0-S-DA-000; Bronkhorst)
and an evaporator (W-202A-330-K;
Bronkhorst), in which methanol
and argon were heated to 120 °C.
Stainless-steel (316) pipes for the
methanol stream were coated with

Silcolloy 1000, which is a hydrogenated amorphous sil-
icon coating manufactured by SilcoTek R© GmbH. Argon
(99.9999 %; Air Liquide) was dosed by a F-201CV-2K0-
PGD-33-K (Bronkhorst) and it was used as a dilutant gas.
Moreover, it was passed through a 0.5-micron pore size
particulate filter provided by Swagelok. The non-analyzed
product stream was absorbed in water solution in a gas
scrubber.
Due to the corrosive nature of sodium and the experience

gained from the previous sodium experiments, the reactor
and other key parts of the system were coated with a protec-
tive layer of aluminum oxide. Aluminum oxide, commonly
referred to as alumina, is recognized for its protective prop-
erties, particularly in environments with corrosive agents
such as sodium. Alumina is an inert material, making it an
effective barrier against sodium and preventing corrosion
of the underlying material [23]. Additionally, the hardness
of alumina makes it resistant to abrasion and wear, ensur-
ing its longevity even in the demanding conditions found
in a reactor. Equally important is alumina’s excellent ther-
mal stability, which is crucial in applications exposed to high
temperatures or significant temperature changes [24]. Fur-
thermore, silicon carbide (SiC) was also considered due to
its superior heat resistance and enhanced durability in the
presence of alkali catalysts. However, given our extensive
and successful operational experience with the Al2O3 coat-
ing while using other liquid metals and the unavailability of
SiC coating in a timely manner, it was decided to proceed
with aluminum oxide.
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Figure 5. Process flow diagram of the MEDENA setup.

In order to evaluate the efficiency of the MEDENA
(Methanol Dehydrogenation to formaldehyde using sodium
(Na)) mini-plant, the conversion of methanol (Eq. (2)), the
selectivity towards formaldehyde (Eq. (3)), and its yield
(Eq. (4)) were determined. The above parameters were
calculated as follows:

XA = NA,0 − NA

NA,0
(2)

where XA is the conversion of methanol, NA,0 is the ini-
tial amount of methanol (mol), and NA is the amount of
methanol converted (mol).

SP = NP

NA,0 − NA
(3)

where SP is the selectivity towards formaldehyde, NP is the
amount of a product after reaction (mol), NA,0 is the ini-
tial amount of methanol (mol), and NA is the amount of
methanol converted (mol).

YP,A = NP

NA,0
(4)

where YP,A is the yield of a product, NP is the amount of
a product after reaction (mol), andNA,0 is the initial amount
of methanol (mol).

2.3 Methodology for the Theoretical
Determination of the Amount of Evaporated
Sodium

The amount of evaporated sodium is estimated by means
of the Raoult-Dalton equation, which describes the phase
equilibrium between the liquid sodium phase and the molar
fraction of sodium in the gas phase. The equation for ideal
gases and liquid phases, with x̃i,Ph being the mole fraction
of component i in the liquid phase, p∗

i being the equilib-
rium vapor pressure of the pure component, ỹi,Ph being
the partial pressure of component i in the gas phase, and
p being the total vapor pressure of the solution, is shown as
Eq. (5).

x̃i,Ph · p∗
i = ỹi,Ph · p (5)

In the case of the bubble column, the liquid phase is
composed of just one component; therefore, x̃i,Ph = 1. Since
ỹi,Ph � 1, one can assume: ỹi,Ph ≈ Ỹi,Ph. The Raoult-Dalton
equation is therefore:

Ỹi,Ph = p∗
i,

p
(6)

The vapor pressure of a substance is a function of the
temperature. With increasing temperature, the vapor pres-
sure generally grows exponentially. This is described by the
Antoine equation (Eq. (7)). In the case of sodium, it can
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6 Research Article

be observed that a relatively small change in temperature
can lead to a significant change in vapor pressure. The equi-
librium vapor pressure is calculated by using the following
Antoine equation [25]:

logp = 10.182516 −
(
5693.8766

T

)

− (
1.0948logT

) + 8.5874946 × 10−5T (7)

The equation gives a value of the vapor pressure in kPa
for the temperature between 300 and 2500 K. The molar
flow of argon can be calculated from the volumetric flow by
Eq. (8), with pNorm being 101 325 Pa, TNorm = 273.15 K, and
R̃ = 8.312 J mol−1K−1.

ṄAr = pNorm · V̇Ar

R̃ · TNorm
(8)

The molar balance in the bubble column is given by
Eq. (9), in which Ṅ is the molar flow of sodium or argon.

dṄNa

dt
= 0 = ṄAr · (

ỸNa,in − ỸNa,out
) + ṄNa (9)

We assume that the processes in the column have
reached a steady state. Since there is no sodium in the argon
stream entering the bubble column, Ỹi,in = 0. This leads to
Eq. (10).

ṄNa = ṄAr · ỸNa,out (10)

If we further assume that ỸNa,out = ỸNa,Ph, because the
loading of sodium in the gas phase at the interface is equal
to the loading of sodium in the gaseous bulk phase, the mass
flow of sodium (ṁNa) can be calculated with Eq. (11).

ṁNa = ṄNa · M̃Na (11)

The description of the temperature dynamics of the argon
outlet, in particular its temperature rise, is of crucial impor-
tance in the study of an argon-fed sodium bubble column.
In the absence of an in situ temperature measurement
inside the bubble column, there is an inevitable uncertainty
concerning the accurate temperature of the sodium. In par-
ticular, since the argon outlet temperature reaches only
250 °C, it is concluded that the mass transfer likely does not
occur at the expected 500 °C. This observation holds even
if the heating power is adequate and the theoretical energy
ratio for both sodium and argon heating is met. Hence, the
considerations are as follows:

dh= cpdT → for a constant cp value : h− h0 = cp (T −T0)

(12)

Assuming a constant isobaric heat capacity within the
considered temperature range, the specific enthalpy can be
evaluated by Eq. (13), which leads to Eqs. (14) and (15).

h
(
p,T

) = h0
(
p,T0

) + cp · (T − T0) (13)

Ḣ
(
p,T

) = h
(
p,T

)
ṁ (14)

dHBubble column

dt
= Q̇in − Q̇out + Ḣin − Ḣout (15)

The sodium bubble column is constantly heated at 700W;
the assumed efficiency is 80 %, and therefore:

Q̇in = Pelη (16)

The enthalpy flow that enters the bubble column can be
calculated by Eq. (17).

Ḣin = ṁAr · (
hAr,0

(
p,T0

) + cp,Ar
(
Tin
Ar

) · [
Tin
Ar − T0

])
+ ṁNa

(
hNa,0

(
p,T0

) + cp,Na
(
TLV
Na

)
· [
TLV
Na − T0

] + �hLVNa
)

(17)

The enthalpy flow that leaves the bubble column con-
sists of argon and evaporated sodium having the same
temperature (Eq. (18)).

Ḣout = ṁAr · (
hAr,0

(
p,T0

) + cp,Ar
(
Tout
Ar−Na

) · [
Tout
Ar−Na − T0

])
+ ṁNa

(
hNa,0

(
p,T0

) + ·cp,Na
(
Tout
Ar−Na

)
· [
Tout
Ar−Na − T0

]) + ṁAr−Na�hMix
Ar−Na (18)

Once argon and sodium mix, due to molecular interac-
tions, the summed enthalpy flow of the individual streams
differs from that of the mixed stream. However, due to the
negligible amount of sodium in the stream, the enthalpy of
mixing is set to zero.
The heat flow that leaves the system is equal to the heat

loss of the column and the pipes (Eq. 19).

Q̇out =
∑
losses

Q̇ (19)

The calculations resulted in a highly positive change in
enthalpy of the bubble column, which implies that there
is no further release of heat to decrease the enthalpy, such
as the cooling of sodium, occurring within the column. To
further justify the temperature assumption, considering the
energy requirements for argon heating, at a flow rate of
3 L min−1, heating argon from an inlet temperature of 150 °C
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to an assumed temperature of 500 °C
requires an energy input of approx-
imately 25 J s−1. The difference
between the calculated and the actual
exit temperature of the argon under-
lines the many complexities of the
system and the possible deviations
from the theoretical predictions. In
the process of evaluating the system
dynamics, it became apparent that
the argon outlet temperature consis-
tently deviated from the originally
predicted values. This observation led to an expansion of
the applied model. To address this issue, mass transfer
calculations were specifically performed using an adjusted
benchmark temperature of 400 °C. This revised value is not
only in line with the obtained data but is also supported
by several sets of experimental results, making it a highly
probable and representative scenario for further analysis.
Considering the mass transfer of sodium into the argon
bubbles, the evaporation rate is expressed by

ṄNa = ABβ
(
cPh − cB,∞

)
(20)

To calculate the mass transfer coefficient, the Sherwood
number (Sh) was used:

Sh = β · dB
D

(21)

The diffusion coefficient D was calculated from Eq. (22)
derived by Aref’yev [26].

D = 1.05 · 10−4
(

T
723

)1.65
(22)

3 Results and Discussion

3.1 Sodium Evaporation and Condensation
Experiments

Handling sodium is not only challenging in practical terms,
it also requires stringent safety measures. Sodium is very
reactive and carries significant risks, requiring careful pre-
cautions to prevent accidents and ensure the safety of the
experimental environment. Due to the corrosive nature of
sodium, several pipelines had to be exchanged during the
experimental campaigns to avoid any contamination and to
preserve the integrity of the facility. There were a number
of operational challenges that required careful handling and
maintenance during the sodium evaporation and conden-
sation experiments. Certain components, e.g., ball valves,
proved to be impractical and often clogged up within the
first few minutes of testing. This slowed the progress of the
trials and required constant adjustments and improvements
to the apparatus. The requirement for an ultra-pure envi-
ronment was essential as even the most minuscule amounts

Figure 6. Sodium bubble column after the experiments.

of undesired oxygen and moisture reacted with the sodium.
This interaction led to the formation of an oxide layer (its
melting temperature was >1000 °C) on the surface of the
sodium, which acted as a barrier preventing effective evap-
oration of the sodium. In addition, the reactivity of sodium
with some components of the system, e.g., the sealing,
resulted in corrosion of the bubble column. These findings
highlighted the importance of careful control of the oxygen
and water levels to ensure not only the success of the evapo-
ration process but also the preservation of the experimental
setup from corrosion. In order to identify the problematic
elements, inductively coupled plasma (ICP) analyses of dif-
ferent sodium layers were conducted (Fig. 6). Elements such
as Zn, Cu, Fe, and K were present in the bubble column after
the experiments.

The use of highly pure sodium with minimal levels of cal-
cium and potassium was indispensable. Even small traces
of these impurities significantly affected the behavior of the
sodium in the experimental setup. Water and oxygen may
react to form calcium oxide (CaO) and calcium hydroxide
(Ca(OH)2). Similarly, potassium oxide (K2O) and potassium
hydroxide (KOH) can be formed when impurities react with
potassium. Iron (Fe) and Zinc (Zn) compounds originate
from stainless-steel elements and the sealing decomposition
induced by sodium. The technical complexities of working
with sodium highlighted the need for robust solutions to
achieve reliable results. Therefore, at the end of each series
of experiments, the solid residues were rinsed out to ensure
an utterly uncontaminated test space.

In the high-purity sodium evaporation and condensa-
tion trials, the initial parameters were set to a flow rate of
1.9 L min−1, an evaporation temperature of 450 °C, and
a pressure of 1.1 bar. Under these conditions, the sodium
evaporation rate was approximately 0.065 g h−1 (Fig. 7).
In subsequent experiments, the temperature was raised to
500 °C and tests were carried out at four different flow rates:
0.8, 1.2, 1.5, and 3 L min−1, all at a pressure of 1.2 bar. A clear
trend was visible: As the argon flow increased, so did the
amount of evaporated sodium. The results obtained at the
flow rate of 0.8 L min−1 are of particular interest. They are
relevant to the direct methanol dehydrogenation tests, as it
is desirable to minimize the argon use at the industrial scale.
Of the tests at this flow rate, two were run for 3 h each
and a third for 6 h. The evaporation rates of sodium were

Chem. Ing. Tech. , , No. 0, 1–11 © 2024 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
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[g
 h

–1
]

 [L min–1]

Figure 7. Experimentally deter-
mined amounts of sodium in the
sodium evaporation and conden-
sation tests (temperature of the
bubble column set at 450 and
500 °C).

determined as 0.11, 0.115, and 0.118 g h−1, respectively. These
results indicate a consistent sodium distribution over time,
confirming the reproducibility of the method.
In Fig. 8, the data from experimental trials is presented,

alongside the quantity of sodium determined through mass
balance evaluations.The efficiency of a bubble column is
inextricably linked to its design and operating parameters.
This study sets out to delineate and determine the specific
parameters governing the performance of a sodium bubble
column into which argon is fed. Key variables were identi-
fied and quantified through systematic experimentation and
analysis, providing a basis for an improved process under-
standing and future scalability. In this study, the observed
discrepancy between the averaged experimental results at
3 L min−1 and the theoretical calculations can largely be
attributed to a combination of experimental inaccuracies
and specific operating conditions. A unique aspect of the
experiments was the possible displacement of liquid sodium
from the bubble column, caused by a high argon flow. This
was not considered in the mass balance approach. This
is likely to have significantly contributed to the divergent

results. The findings highlight the need for further anal-
ysis in larger systems to improve the understanding and
accuracy of such experimental setups.

Table 3. Parameters for the sodium bubble column.

Argon flow [L min−1]

0.8 1.2 1.5 3

Reynolds number of the orifice [–] 173 260 325 650

Reynolds number of the bubble [–] 26 077 30 349 33 345 46 333

Bubble diameter [mm] 11.9 13.5 14.6 18.9

Ascent velocity Mendelson [m s−1] 0.30 0.31 0.31 0.34

Froude number [–] 0.78 0.72 0.69 0.61

Weber number [–] 6 7 7 11

Morton number [–] 4.69E-16

Eötvös number [–] 7 9 11 18

Regime constant frequency regime

Shape nonspherical

g 
h–1

L min–1

Figure 8. Comparison of the
experimental values with the
calculated amount of sodium
using mass transfer.
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Table 4. Results of the catalytic tests.

Reaction
temperature
[°C]

Methanol
flow
[g h−1]

Argon
flow
[g h−1]

Methanol mole
fraction in the
stream [–]

Sodium
flow
[g h−1]

XCH3OH
[%]

SHCHO
[%]

YHCHO
[%]

Gaseous products

700 10 237 0.05 – 2 × × H2, CO, HCOOH

550 10 237 0.05 0.114 50 45 22 H2, CO, HCOOH, MeFo

700 10 237 0.05 0.032 95 72 68 H2, CO, HCOOH, MeFo

800 10 237 0.05 0.012 95 63 60 H2, CO, HCHO, MeFo, HCOOH

800 20 143 0.15 0.018 84 70 58 H2, CO, HCHO, HCOOH

800 10 153 0.075 0.018 99 70 70 H2, CO, HCHO

X, conversion; S, selectivity; Y, yield; MeFo, methyl formate.

The primary parameters for the sodium bubble column
are given in Tab. 3 (Supporting Information). The presented
values were calculated based on the equations listed in [27].

3.2 Catalytic Tests

Following the successfully completed sodium evaporation
experiments, catalytic trials were carried out. The results of
the experiments are listed in Tab. 4.
This research confirms that very low levels of sodium

catalyze the reaction, as reported in [11]. Catalytic tests
were conducted at various reaction temperatures, methanol
concentrations, and sodium contents in the feed stream
(Fig. 9).
At a temperature of 700 °C for 10 mol % methanol

flow, the conversion reached 2 % without any catalyst. The
observed conversion rate in the blank measurements can
be attributed to the thermal decomposition of methanol.
Methanol is known to undergo thermal decomposition
into formaldehyde and hydrogen when exposed to high

temperatures, even in the absence of a catalyst [7, 10].
However, with the presence of the catalyst, the conver-
sion noticeably increased to 95 %, yielding a production
of 68 % of formaldehyde. At 800 °C, using sodium as
a catalyst, methanol underwent nearly complete conver-
sion, producing formaldehyde with a yield of 70 % and
hydrogen as the dominant by-product, with its selectivity
being >50 %. Nonetheless, it is significant to note that,
as the concentration of methanol in the flow increased,
the selectivity decreased (Fig. 10). Optimizing the setup
to achieve higher methanol concentrations without com-
promising conversion and selectivity is crucial. However,
increased concentrations of methanol can promote sec-
ondary or side reactions that compete with the desired
formaldehyde production. At the same time, the kinetics of
these side reactions may differ in relation to the methanol
concentration, so that their rates may accelerate faster than
the rate of the desired reaction, leading to reduced selectiv-
ity. Addionally, sodium was found in metallic form at the
gas scrubber inlet, meaning that it can be partially or fully
recovered.

Figure 9. Experimental results
showing the temperature depe-
ndence on conversion and yield
for the molar MeOH concentra-
tion of 0.05.
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Figure 10. Experimental results
showing the influence of
the molar concentration of
methanol on the conversion and
yield.

4 Conclusions

An experimental setup to investigate catalytic dehydrogena-
tion of methanol to formaldehyde has been developed, with
sodium vapor as catalyst. The setup includes a newly devel-
oped sodium vapor dosing system as one of the main
components, which generates a mixture of sodium vapor
and inert carrier gas. By varying the flow rates of the inert
gas and the temperature of the sodium bubble column, it
was demonstrated that accurate and constant catalyst dos-
ing could be achieved over an extended period of time (for
several weeks, the sodium in the bubble column did not
need to be replaced). To conclude, in this study an almost
complete methanol conversion at 800 °C was achieved,
with a formaldehyde yield of 70 % and with hydrogen as
the major by-product. In addition, the experimental results
are consistent with established literature data and confirm
observations from similar experiments in which sodium
metal was used as catalyst. Namely, as the methanol con-
tent in the stream increased, the yield of formaldehyde
decreased. However, the use of sodium as catalyst resulted
in high yields of both hydrogen and formaldehyde.
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Symbols used

c [mol m−3] molar concentration
d [m] diameter
D [m2s−1] diffusion coefficient
Ḣ [J s−1] enthalpy flow rate
ṁ [g h−1] mass flow
N [mol] amount of a substance
Ṅ [mol h−1] mole flow
Q̇ [W] heat flow rate
p [Pa, bar] pressure
P [W] power
R [J mol−1K−1] universal gas constatnt
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Re [–] Reynolds number
S [%] selectivity towards a product
Sh [–] Sherwood number
t [h] time
T [°C, K] temperature
x [–] mole fraction of the component in

the liquid phase
X [%] conversion of a substrate
y [–] mole fraction of the component in

the gas phase
Y [%] yield of a product
V̇ [m3h−1] volumetric flow rate (normal

conditions)

Greek symbols

β [m s−1] mass transfer coefficient
ρ [g L−1] density
σ [N m−1] surface tension

Sub-/superscripts

0 initial conditions
A substrate
B bubble
Cat catalyst
el electrical power
i component index
In inlet
Mix mixture
N standard conditions (273.15 K, 1 atm)
O orifice
Out outlet
P product
PA all products and unreacted components
Ph phase
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