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Abstract 
Carbon supported phosphoric acid  (H3PO4/C) was found to be a more productive catalyst for the gas-phase synthesis of the 
diesel fuel additive/substitute oxymethylene ethers (OME) as compared to benchmark zeolite catalysts. In this contribution, 
the performance of catalysts  H3PO4/C and related  H2PO4

−/C and  HPO4
2−/C materials in OME synthesis from methanol and 

formaldehyde is described.

Graphic Abstract

1 Introduction

Many efforts in research and politics are currently directed 
towards finding solutions for more sustainable mobility, as 
the transportation sector constitutes one of the main factors 
contributing to global greenhouse gas emission [1]. In the 
last decades, governments in Europe and North America 

have implemented increasingly strict legislation concerning 
levels of pollutant exhaust gases [2]. In addition to a further 
improvement of engines, the development of superior fuels 
is a viable approach in order to mitigate the emission of  CO2 
and other pollutants [3].

In the context of sustainability, not only the reduction of 
greenhouse gases, but also a shift away from fossil energy 
resources is desired. Both requirements can be satisfied 
when vehicles are fuelled with synthetic fuels on the basis 
of sustainably generated carbon dioxide  (CO2) and hydrogen 
 (H2). The use of  CO2 sourced from industrial exhaust gases, 
biomass or via direct air capture allows reducing the overall 
life-cycle  CO2 emissions via  CO2 consumption during fuel 
production [4]. Hydrogen is preferably produced via water 
electrolysis using electricity from renewable sources.

Various  CO2-based fuels are known to date, namely meth-
ane, methanol, dimethyl ether (DME), or Fischer–Tropsch 
(FT) fuels. Recently, the group of homologuous oxymethyl-
ene ethers (OME,  CH3O(CH2O)nCH3, see Fig. 1), which can 
be produced from methanol and is therefore also considered 
as a  CO2-based fuel, has gained attention due to the promis-
ing combustion characteristics as well as favourable physico-
chemical properties, with n = 3–5 being the most favourable 
range. Combustion of neat OME or of blends with diesel 
fuel in conventional compression ignition engines results 
in a significant decrease in particulate matter emissions as 
compared to common diesel fuel [5–8]. Due to the absence 
of the common soot-NOx trade-off, which only allows 
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minimizing one component, the emission of harmful nitrous 
oxides  (NOx) can be decreased simultaneously.

The homologous OME with a chain length of n = 3–5 are 
similar to diesel fuel with respect to relevant properties, such 
as cetane number, flash point, boiling point, surface tension, 
and they comply largely with the specifications from norm 
EN 590 [9, 10]. Neat  OME3–5 or OME/diesel fuel blends can 
be handled with the established fuel infrastructure and can 
be used as drop-in fuels in conventional motors [11]. The 
non-toxic character of OME is a further advantage of OME.

While the mentioned characteristics suggest a low mar-
ket introduction barrier for OME, its widespread use could 
to date not be established due to the remaining challenge 
to develop a cost- and energy-efficient production process. 
For this reason, the investigation of novel OME synthesis 
procedures is a highly interesting as well as relevant topic.

In literature, various studies focussing on OME liquid-
phase syntheses are described. Typically, methanol or  OME1 
[alternative nomenclature: dimethoxymethane (DMM) 
or methylal] is reacted with formaldehyde in batch mode. 
The latter reactant is typically introduced in the form of the 
trimer trioxane [11–21] or the polymer paraformaldehyde 
[22–26], which undergo acid catalysed decomposition to 
formaldehyde under the reaction conditions.

Also the current industrial process is based on liquid-
phase OME formation with trioxane as a formaldehyde 
source [27]. A disadvantage of this route is that it is highly 
energy-intensive, mainly due to the isolation of the interme-
diate product trioxane via distillation.

The isolation of intermediates can be circumvented by 
using methanol (MeOH) and formaldehyde (FA) directly 
in OME formation (see Fig. 2). Even though the co-forma-
tion of water in the course of the reaction leads to lower 

yields of OME as opposed to the current industrial route, 
there is potential to overcome this drawback by separation 
of water and the recycling of unwanted products.

OME syntheses from MeOH and FA in batch mode was 
reported using catalysts such as zeolties [28] or exchange 
resins [27–31]. Furthermore, continuous-flow OME syn-
thesis over Zr-modified γ-Al2O3 [32, 33], using methanolic 
or mixed aqueous methanolic solutions of formaldehyde, 
has been described.

In a previous study, we highlighted the gas-phase OME 
synthesis from MeOH and FA over zeolite catalysts [34]. 
 OME1–3 could be produced at selectivities as high as 95%. 
However, the zeolitic catalysts suffered from limited sta-
bility. Deactivation was discussed to occur as a conse-
quence of pore blocking.

In this work, phosphoric acid supported on carbon 
was investigated as an alternative to zeolite catalysts for 
gas-phase OME synthesis. In general, supported phos-
phoric acid catalysts can be considered to belong to the 
family of supported liquid phase catalysts when the reac-
tion temperature is above the melting point of the active 
phase  (H3PO4: 42 °C) [35]. Historically, phosphoric acid 
impregnated on kieselguhr or other silica supports—also 
called solid phosphoric acid (SPA)—was used in solid acid 
catalysis [36]. SPA is highly active in reactions such as 
gas-phase oligomerisation of low molecular weight olefins 
and benzene alkylation to ethylbenzene or cumene.

In SPA catalysts, the presence of various phosphorus 
containing species [37], including silicon phosphates, 
makes a correlation of structure or loading with activity 
difficult. When phosphoric acid is supported on a porous 
carbon  (H3PO4/C) and used without further treatment at 
elevated temperatures, no mixed phases or phosphoryl-
ation of the support is expected to occur. This renders 
analysis, e.g. via 31P MAS NMR analysis, significantly 
more simple. Furthermore, the  H3PO4/C catalysts can be 
synthesised from cheap and readily available materials 
via simple synthesis protocols. To date, only few reports 
of carbon supported phosphoric acid catalysts have been 
published [38].

In this work, the activity of  H3PO4/C catalysts in the 
formation of oxymethylene ethers from methanol and for-
maldehyde and the activity of related hydrogen phosphates 
 H2PO4

− and  HPO42− was evaluated. Furthermore, a superior 
deactivation resistance of  H3PO4/C was demonstrated. As 
zeolites constitute a common alternative to phosphoric acid 
based systems in industrial processes [39], the performance 

O O
n

Fig. 1  Chemical structure of oxymethylene ethers, n denoting the number of repeating units

Fig. 2  Reaction equations for the synthesis of OME from methanol 
and formaldehyde
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of  H3PO4/C was additionally compared to a benchmark zeo-
lite catalyst.

2  Results and Discussion

2.1  Catalyst Characterisation

For the preparation of supported catalysts, it is of interest 
to firstly study the textural properties of the chosen support. 
The nitrogen physisorption isotherm of the pristine granu-
lar carbon (denoted as C-granule) shows typical features of 
a micro- and mesoporous material (see Fig. 3). While the 
steep increase at low  N2 pressure indicates the presence of 
micropores, the occurrence of a hysteresis loop is typical for 
mesoporous materials. Accordingly, the shape of the hys-
teresis loop, corresponding to an H4-type hysteresis loop 
according to IUPAC classification, is characteristic for mate-
rials containing micro- and mesopores [40]. Furthermore, a 
total pore volume of 1.1 cm3/g was determined from phys-
isorption data. According to thermogravimetric analysis (see 
Fig. S1), the granular carbon activated as described in the 
experimental section has a water content of 6.2% and an ash 
content of 2.1%.

The impact of phosphoric acid impregnation on the 
sorption properties of the materials was exemplarily stud-
ied using catalyst 0.9_H3PO4/C. The filling of a large share 
of pores upon impregnation is reflected by a pronounced 
decrease of total pore volume from 1.1 to 0.3  cm3/g. 
Accordingly, the BET surface area decreased from 1573 to 
203 m2/g. As BET surface area has a limited physical valid-
ity for microporous materials, it is only specified as a means 
for comparison of the materials.

For the interpretation of  N2-physisorption of supported 
phosphoric acid, it should be kept in mind that  H3PO4 is 
solid at measurement temperature (− 196 °C), but will be 
liquid under reaction conditions (130 °C, melting point 
 H3PO4: 42  °C) [35]. The decrease of pore volume evi-
denced in physisorption analysis hence is not regarded as a 
pore blocking, but rather gives information about the filling 
degree of the pores.

In 31P MAS NMR spectra of the as synthesised catalysts, 
two lines are present (see Fig. 4). The line at about 0 ppm 
can readily be assigned to ortho-phosphoric acid  (H3PO4) as 
the spectra are referenced to 85% H3PO4. The second signal 
at about − 13 ppm is related to a condensed phosphoric acid 
species, supposedly pyrophosphoric acid. As the chemical 
shifts of condensed phosphates are dependent on the local 
environment [41], it is not surprising that different chemi-
cal shifts have been reported for supported pyrophosphoric 
acid  (H4P2O7), depending on the support material. While 
spectra of phosphated zeolites feature lines at both − 5 ppm 
and − 13 ppm [42], in spectra of the SPA catalyst  (H3PO4/
SiO2) the line at − 5 ppm is not observed [37]. It may be 
supposed that SPA is a valid reference to  H3PO4/C. Hence, 
the observed line at − 13 ppm indicates the presence of 
pyrophosphoric acid. The absence of further signals suggests 
that no polyphosphates are present.

As the integrals of the lines can be assumed to be propor-
tional to the amount of phosphorus (with 1 P per  H3PO4 and 
2P per  H4P2O7), the major share of phosphorus is present in 
the form of phosphoric acid.

Under reaction conditions, the catalyst is exposed to gas-
eous polar components, including water, at elevated tem-
peratures (130 °C). Both ortho- and pyrophosphoric acid 

Fig. 3  N2 physisorption isotherm of the granular carbon support and 
the impregnated sample 0.9_H3PO4/C

Fig. 4  Stacked 31P MAS NMR spectra of  H3PO4/C catalysts with var-
ying loading. Positions of spinning side bands are marked with aster-
isks. The numbers denote loading in [g  H3PO4/g C]
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have melting points below the reaction temperature  (H3PO4: 
42.3 °C,  H4P2O7: 71.5 °C) and are hygroscopic. It is there-
fore expected that firstly, the active components melt upon 
preheating the catalyst, and secondly, a concentrated solu-
tion is formed on the catalyst in the presence of water. As 
the condensation of phosphoric acid to pyrophosphoric acid 
is a reversible reaction, pyrophosphoric acid can undergo 
hydrolysis to release ortho-phosphoric acid [35]. This may 
be expected to also occur under reaction conditions.

A linear correlation was found when the amount of phos-
phorus detected via 31P MAS NMR, expressed by the inte-
gral over the range of [80 ppm, − 80 ppm], was related to 
the expected amount, as calculated from incipient wetness 
impregnation, for a range of different samples (see Fig. S3). 
This indicates that the complete amount of phosphorus is 
detected via 31P MAS NMR.

2.2  Catalytic Tests

2.2.1  Preliminary Studies of Exemplary  H3PO4/C Catalyst

Prior to catalytic tests of the impregnated catalysts, the 
inertness of the support was confirmed. In a blank test run 
under reaction conditions, no conversion over the granular 
carbon was detected. However, it was observed that the car-
bon material strongly interacts with the reagents methanol 
and formaldehyde (see Fig. S2). In the first data point after 
the start of the reaction, it is normal to see a drop in reac-
tant concentration due to the flushing out of the inert gas 
from the reactor. However, the detected reagent concentra-
tions increase only slowly thereafter, reflecting the ongoing 
adsorption of reagents inside the porous material. It should 
be noted that the carbon balance was calculated analogously 
for all test runs and the behaviour described above was only 
observed to a marginal extent when a reaction occurred.

As a standard  H3PO4/C catalyst, a material with a load-
ing of 0.9 g  H3PO4/g C was prepared. It was used to test 
the general suitability of  H3PO4/C catalysts in the gas-phase 
synthesis of OME from MeOH and FA. Conversion levels 
of 47% and OME selectivity of 95% were measured at mod-
erate  WHSVFA (1.1 h−1, see Fig. S4, left).  OME1,  OME2 
and the side product methyl formate was formed. While the 
initial conversion is lower as compared to benchmark zeo-
lites investigated in a previous study, the initial selectivity is 
improved, leading to a comparable initial OME yield [34].

The moderate acid strength of phosphoric acid 
 (pKa1 = 2.1) appears to be sufficient to reach the benchmark 
performance. In analogy to the previously studied series 
of zeolite catalysts, the absence of strongly acidic groups 
prevents the excessive formation of the by-product methyl 
formate and the occurrence of dimethyl ether.

In order to evaluate the robustness of the  H3PO4/C sys-
tem and the sensitivity of the reaction towards decreased 

residence times, the exemplary catalyst 0.9_H3PO4/C was 
also tested at the maximal  WHSVFA that can be realised 
in the test set-up without raising the reactant concentration 
 (WHSVFA = 42.7 h−1). The catalyst in its granular form 
showed a drop in conversion to 31%, and the side reaction 
towards methyl formate was supressed (see Fig. S4). At so 
strongly decreased residence time, one would expect a much 
higher drop in conversion. Obviously, at long residence time 
the reaction reaches already equilibrium after a short bed-
length, so that even at very high flow rates a substantial 
conversion level can be maintained.

At such high flow rates, the granular support suffers from 
some mass transfer limitation: When the catalyst was ground 
to a fine powder prior to testing, the conversion was appre-
ciably higher at the same residence time, and a comparable 
performance to the moderate  WHSVFA recurred.

As a comparable catalyst performance is observed at 
moderate as well as increased  WHSVFA, it may be concluded 
that the reaction is so fast as to not allow realising lowered 
conversion levels within the limits of the catalytic testing 
set-up. All further tests were therefore carried out at moder-
ate  WHSVFA (1.1 h−1) in order to avoid interference with 
mass transfer limitations of the granular catalyst.

2.3  Impact of  H3PO4 Loading

In order to test the influence of phosphoric acid loading on 
the catalyst performance, two further catalysts with varying 
phosphoric acid loading were prepared, representing a range 
of 0.9–0.04 g H3PO4/g C.

In contrast to zeolites, a significant change in acid strength 
upon variation of acid concentration is not expected for sup-
ported phosphoric acid catalysts. This can be rationalised 
by the assumption that unlike protons in zeolites, the phos-
phoric acid is mobile and therefore the individual molecules 
are not significantly influenced by the local environment.

The catalysts showed similar performance over the whole 
range of phosphoric acid loading (see Fig. 5). For all test 
runs, the conversion and selectivity reached a constant level 
after 30 min of reaction time and showed no change until 
the end of measurement after 1.5 h reaction time. It can be 
regarded as an (initial) steady-state conversion/selectivity. 
The independence of performance with respect to the active 
phase loading may be an indication that the reaction is run-
ning close to equilibrium. As described above, it was not 
feasible for the  H3PO4/C system to perform catalytic tests at 
lower conversion levels.

2.4  Sodium Phosphates

As phosphoric acid is a polyprotic acid, it is of interest to 
also study the contributions of the related proton donat-
ing species, namely dihydrogen phosphate  (H2PO4

−) and 
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hydrogen phosphate  (HPO4
2−). Their varying deprotonation 

barriers are reflected in the different dissociation constants of 
phosphoric acid of  pKa1 = 2.16,  pKa2 = 7.21 and  pKa3 = 12.32 
(at 25 °C) [35]. Monosodium phosphate and disodium phos-
phate were used as representative salts. A series of catalysts 
containing equimolar amounts (700 μmol/g C) of  H3PO4, 
 NaH2PO4 or  Na2HPO4, respectively, was prepared by incipi-
ent wetness impregnation of the respective components.

Out of the series of catalysts,  H3PO4 shows the highest 
activity in OME formation. In comparison to the  H3PO4/C 
catalysts, activity of the sodium phosphate based catalysts 
is significantly reduced (see Fig. 6, left). Conversion drops 
successively from  H3PO4 to  Na2HPO4. For  NaH2PO4/C, the 
conversion is decreased by 77% to a level of 10%. The mate-
rial  Na2HPO4/C is inactive in the studied reaction.

The sodium exchange also influences the catalyst selec-
tivity. In case of  NaH2PO4/C, the irreversible formation of 
methyl formate from formaldehyde is more pronounced 

which leads to a decrease in overall OME selectivity. Inter-
estingly, a larger share of  OME2 is formed as compared to 
the  H3PO4/C system. Presumably, this is due to the lower 
level of conversion which favours the chain growth reaction. 
The product distribution of  Na2HPO4/C is not meaningful as 
the overall conversion was below 1%, not allowing reliable 
quantification of reaction products. In analogy to the test 
runs using  H3PO4/C, conversion and selectivity reached an 
(initial) steady-state after 30 min of reaction time.

As the conversion over  NaH2PO4/C is lower than over the 
 H3PO4/C system, it may be argued that the reaction does not 
reach equilibrium in this case. The conversion should hence 
be sensitive to reaction conditions such as residence time 
and catalyst loading. Indeed, the increase of  NaH2PO4/C 
loading from 0.08 to 0.3 g/g C yielded a doubling of conver-
sion and an increase in OME selectivity (see Fig. 6, right).

2.5  Comparison with Benchmark Zeolite

In our previous study on gas-phase OME synthesis from 
methanol and formaldehyde, we described the correlation 
between acid properties and catalyst activity for a range of 
zeolites. The best performing zeolites were H-MOR-40 and 
Silicalite-1 [34].

In order to evaluate the general performance of the 
 H3PO4/C system with respect to the well-established group 
of zeolite catalyst, the performance of the phosphoric acid 
based catalysts was compared with that of H-MOR-40. 
H-MOR-40 was chosen as it shows a superior stability as 
compared to Silicalite-1. Furthermore, H-MOR-40 is a clas-
sic Brønsted acidic zeolite and is hence more easily com-
pared to the Brønsted acidic phosphoric acid catalyst. The 
catalyst stability and deactivation behaviour were chosen as 
parameters to be compared.

For a fair comparison, a similar amount of Brønsted 
acidic sites should be present in the reactor. The total amount 
of acid sites of H-MOR-40 was determined via  NH3-TPD to 

Fig. 5  Initial conversion and selectivity after 1  h reaction time of 
 H3PO4/C catalysts with varying phosphoric acid loading. Reaction 
conditions: 500 mg catalyst, 10 bar, 130 °C,  WHSVFA = 1.1

Fig. 6  Initial conversion and 
selectivity of granular carbon 
loaded with 700 μmol/g C of 
phorphoric acid,  NaH2PO4, or 
 Na2HPO4 (left) and  Na2HPO4/C 
catalysts with different loading 
(right) after 1 h reaction time. 
Reaction conditions: 500 mg 
catalyst, 10 bar, 130 °C, 
 WHSVFA = 1.1
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be 385 μmol acid sites/g zeolite [34]. An analogous char-
acterisation of  H3PO4/C catalysts with  NH3-TPD is difficult 
due to expected changes in the catalyst state upon thermal 
activation. Presumably, a change in acid site concentration 
and strength as compared to the as synthesised catalyst 
will occur due to condensation of  H3PO4  (pKa1 of 2.16) to 
 H4P2O7  (pKa1 of 0.91) [35]. As reasoned above, phosphoric 
acid may be assumed to be the predominant active species 
under reaction conditions. Therefore, the acid site concentra-
tion was directly related to the phosphoric acid loading. It 
should be acknowledged that this comparison is based on the 
before mentioned assumptions and will therefore not yield 
exact numbers, but acid site concentrations in the same range 
for both catalysts.

A representative sample of  H3PO4/C with 385 μmol acid 
sites/g sample was prepared by dilution of the 0.3_H3PO4/C 
with the carbon support material. In order to achieve a 
satisfactory mixing and to yield a particle size similar to 
H-MOR-40, the  H3PO4/C sample was ground in a mortar 
prior to catalytic testing.

In the deactivation study presented in Fig. 7, the stability 
of the  H3PO4/C catalyst was identified to be superior to the 
benchmark zeolite H-MOR-40. The activity of the zeolitic 
catalyst decreased to 50% of its steady-state conversion 
after 36 h reaction time. In contrast, the  H3PO4/C catalyst 
kept 87% of its steady-state conversion up to the end of the 
measurement at 95 h reaction time. The selectivity is hardly 
affected by the deactivation.

In the previous study, pore blocking was argued to 
likely be a main cause for deactivation of zeolitic cata-
lysts [34]. The tested zeolites were purely microporous and 

therefore susceptible to deactivation via pore blocking. In 
contrast, the  H3PO4/C catalysts used in this study have a 
micro- and mesoporous carbon matrix, which facilitates 
the access to the active species. Furthermore, phosphoric 
acid as the active phase is in the liquid state under reac-
tion conditions and is mobile, presumably leading to a 
good dispersion of the active phase. Additionally, reagents 
may diffuse into the active phase. In this respect, it is not 
surprising to observe deviating deactivation behaviour 
of the two fundamentally different solid acid catalysts. 
Potentially, a combination of the described properties of 
supported phosphoric acid is the basis for the deactivation 
resistance of the catalyst.

3  Conclusions

Carbon supported phosphoric acid catalysts are easily syn-
thesised from cheap and readily available materials. Due to 
the presence of a limited number of phosphor containing 
species, the catalysts can readily be analysed using 31P MAS 
NMR.

In this study, the activity of  H3PO4/C catalyst in the gas-
phase synthesis of OMEs from methanol and formaldehyde 
was studied in detail.  H3PO4/C catalysts have a comparable 
initial OME yield and overall steady-state performance as 
benchmark zeolites.

As the acid loading of  H3PO4/C catalysts can be changed 
independently of acid strength, it could be demonstrated 
that the catalyst initial activity is not correlated with the 
acid loading under the studied reaction conditions. This 
indicates that the reaction is running close to equilibrium. 
This was supported by the investigation of sodium phosphate 
catalysts. The acid strength of the monosodium phosphate 
 (pKa = 7.21) was demonstrated to be too low to reach reac-
tion equilibrium. Accordingly, no reaction occurred over the 
disodium phosphate catalysts  (pKa = 12.32).

Two representative materials of the  H3PO4/C and the 
zeolite catalyst families were compared in a deactivation 
study. At a comparable acid site concentration, the  H3PO4/C 
catalyst showed superior stability over H-MOR-40 zeolite. 
It was argued that various factors including the presence of 
mesopores in the matrix and the liquid state of the active 
phase may facilitate the deactivation resistance of the 
 H3PO4/C catalyst.

In this study, we highlight the benefits of the long-known 
catalyst system of supported phosphoric acid catalysts using 
activated carbon as a support. Although supported phos-
phoric acid, typically supported on silica, has in many cases 
been replaced by zeolite catalysts in acid catalysis, this work 
demonstrates a reaction in which the use of  H3PO4 based 
catalyst is advantageous.

Fig. 7  Conversion and overall OME selectivity as a function of time 
for  H3PO4/C and H-MOR-40 catalysts with the same concentration 
of acid sites. Reaction conditions: 500  mg catalyst, 10  bar, 130  °C, 
 WHSVFA = 1.1
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4  Experimental

4.1  Materials

The granular activated carbon TC303 was kindly supplied 
by Silcarbon. The grain size is 1–2 mm. It was activated by 
repeatedly adding hot distilled water (90 °C), vigorously shak-
ing and decanting the supernatant until the supernatant was 
clear. Subsequently, the granules were dried at 80 °C until 
no change in mass was observed. The zeolite H-MOR with a 
 SiO2/Al2O3-ratio of 40 (named H-MOR-40) was kindly sup-
plied by Südchemie (now Clariant). 85% aqueous phosphoric 
acid solution was purchased from Alfa Aesar, Monosodium 
phosphate (> 99.0%) and disodium phosphate (99 + %) were 
purchased from Sigma Aldrich and used as supplied.

4.2  Preparation of  H3PO4/C Catalysts via Incipient 
Wetness Impregnation

1 g of activated carbon granules was impregnated with 
1.67 ml of aqueous solution, corresponding to the fill-
ing of the support pore volume. The solution contained 
the active component,  H3PO4,  NaH2PO4 or  Na2HPO4, in 
varying concentrations depending on the targeted loading. 
The carbon granules were supplied in a centrifuge tube 
and the solution was added dropwise with repeated shak-
ing of the tube allowing homogeneous impregnation. The 
impregnated samples are denoted  x_H3PO4/C, the prefix x 
indicating the  H3PO4 loading in [g  H3PO4/g C]. Analogous 
nomenclature was used for  NaH2PO4 and  Na2HPO4 based 
sample. All samples were dried at 130 °C overnight.

4.3  Characterisation of Samples

31P MAS NMR spectra were recorded on a Bruker Avance 
III HD 500WB spectrometer using a double-bearing MAS 
probe (DVT BL4) at a resonance frequency of 202.5 MHz. 
The spectra were measured by applying single π/2-pulses 
(3.0 μs) with a recycle delay of 10 s (32 scans) at a spin-
ning rate of 10 kHz. High-power proton decoupling (spi-
nal64) was applied. Prior to the measurements the samples 
were dried at 130 °C for 12 h. The spectra were referenced 
with respect to 85% aqueous  H3PO4 using solid  NH4H2PO4 
as secondary reference (δ = 0.81 ppm).

Nitrogen physisorption was studied using a Micromer-
itics 3 Flex device. Samples were activated at 250 °C for 
8 h in the Smart VacPrep unit. Isotherms were measured at 
77.4 K. Data evaluation was performed using the provided 
Microactive software package. The total pore volume was 
determined at p/p0 = 0.95.

Thermogravimetric analysis (TGA ) was performed using 
a NETZSCH STA 449 F3 Jupiter thermal analysis device. 
Approximately 3 mg of carbon were heated in a stream of 
40 mL/min synthetic air with an additional protective flow of 
20 mL/min of argon and a heating ramp of 10 °C/min. Data 
was collected in the range of 45–1000 °C.

4.4  Catalytic Tests

The  H3PO4/C catalysts were tested in a continuous flow 
fixed-bed reactor under 10 bar pressure (see Fig. S5). The 
reactant solution with a reactant ratio of 1.5 g FA/g MeOH 
was supplied via an HPLC pump and evaporated into a 
stream of carrier gas (5 %  CH4/N2). The reactant mixture 
was previously prepared by refluxing 120 g paraformal-
dehyde (prilled, Sigma) in 100 ml methanol (Honeywell 
Riedel-de-Haën) for 24 h. Its composition of 60 wt.% FA, 
38 wt.% MeOH and 2 wt.% H2O was determined via iodom-
etry and Karl–Fischer titration.

The catalyst bed, containing the sample diluted with inert 
material silicon carbide in a 6:1 SiC:catalyst mass ratio, 
was heated at 130 °C. All connecting tubes and valves were 
kept at 170 °C in order to prevent polymerization of FA and 
condensation of MeOH and reaction products. The weight 
hourly space velocity of formaldehyde  (WHSVFA) is defined 
as  g(formaldehyde) ×  g(cat)

−1 ×  h−1 and is specified in units of 
 h−1. The product stream was analysed by online-gas chro-
matography using an Agilent 6890 N device. Separation was 
performed over a DB-WAX capillary column and products 
were analysed via TCD (for FA and  H2O) and FID (for other 
components) detectors. The calibration and analysis proce-
dure is described in detail elsewhere [34].
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