
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Stepping stones in CO2 utilization
Towards process development of oxalic and glycolic acid monomers
Schuler, E.

Publication date
2022

Link to publication

Citation for published version (APA):
Schuler, E. (2022). Stepping stones in CO2 utilization: Towards process development of
oxalic and glycolic acid monomers. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/stepping-stones-in-co2-utilization(f511c5df-e30e-4f69-8778-3c999767c291).html


86 Chapter II

 

III
 Science is a bit like the joke about the drunk who is 
looking under a lamppost for a key that he has lost 
on the other side of the street, because that’s where 

the light is. It has no other choice. 
- Noam Chomsky- 
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 Chapter 3 Optimizing the formate to oxalate coupling 
reaction using response-surface modelling

Abstract One of the crucial steps for the conversion of CO 2 into polymers is the cat-
alytic formate to oxalate coupling reaction (FOCR). Formate can be obtained from 
the (electro)catalytic reduction of CO2, while oxalate can be further processed towards 
building blocks for modern plastics. In its 175-year history, multiple parameters for the 
FOCR have been suggested to be of importance. Yet, no comprehensive understanding 
considering all those parameters is available. Hence, we aim to assess the relative 
impact of all those parameters and deduce the optimal reaction conditions for the 
FOCR. We follow a systematic two-stage approach in which we first evaluate the most 
suitable categorical variables catalyst, potential poisons, and reaction atmospheres. In 
the second stage, we evaluate the impact of continuous variables temperature, reac-
tion time, catalyst loading, and active gas removal within previously proposed ranges, 
using a response surface modelling methodology. We found KOH to be the most suita-
ble catalyst and allows yields of up to 93%. Water was found to be the strongest poison 
and its efficient removal increased oxalate yields by 35%. The most promising reaction 
atmosphere is hydrogen, with the added benefit of being equal to the gas produced 
in the reaction. The temperature has the highest impact on the reaction, followed by 
reaction time and purge rates. We found no significant impact of catalyst loading on 
the reaction within the ranges reported previously. This research provides a clear and 
concise multi-parameter optimization of the FOCR and provides insight into the re-
action cascade involving the formation and decomposition of oxalates from formate. 

Chapter III Optimizing the formate to oxalate 
coupling reaction using 

response-surface modelling
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3.1 Introduction

The formate to oxalate coupling reaction (FOCR) is influenced by many factors and has 
been intensively studied since the 19th century for industrial and scientific interest. From 
the beginning of the 20th century until the 1930s, nine patents were published about 
the reactor and the reaction conditions for industrial use. 1–10 The reaction kinetics and 
the process optimization were studied extensively by Freidlin between 1937 and 1941, 
resulting in at least 14 publications covering this particular reaction. 11-22 The different 
gaseous and solid products from thermal decomposition of formate have been studied by 
Shishido and Górski in the period 1970-90. 23–28 In the last ten years, interest has sparked 
up with new patents and studies on new reactor configurations and novel mechanistic 
studies. 29–36 Most recently, we showed that using superbases as catalysts can dramatically 
reduce the required reaction temperature and time whilst simultaneously increasing the 
oxalate yield. 35 
The desired reaction in the FOCR is the formation of oxalate and hydrogen from two 
formate molecules (Eq.1). Formates are salts of formic acid with metals as counterions, 
such as alkali-, transition- and second-row metals. The formate decomposition 
temperature and resulting products depend on their metal counter ion. All formate salts 
decompose at high temperatures above 450 °C to carbonates, metal oxides, or metals 
but only rarely to the desired oxalate. Only alkali metal formates favour the formation of 
oxalate. Sodium and potassium formates are most commonly used for the FOCR. They 
give higher oxalate yields at lower temperatures in comparison to lithium, rubidium, and 
caesium formates. The main side-product in the FOCR is the formation of carbonate, 
which was suggested to be derived from formate directly (Eq.2) or by the subsequent 
decomposition of oxalate (Eq.3). 

Several different reaction mechanisms have been suggested for the formate coupling 
reactions over the years and are discussed in detail in our recent perspective article. 
22,26,28,34,37–39 The reaction is catalyzed by bases, which increase the likeliness of the 
formation of the carbonite intermediate which is crucial for the coupling reaction to 
occur. 14,15 The stronger the base, the higher its capability to abstract the proton from the 
formate, which initiates the reaction, allowing operation at lower temperature resulting 
in higher selectivity. 34

However, the basicity of the catalyst is not the only parameter that influences the 
reaction. To improve the industrial process of oxalate production, it is essential to 
know and understand the ideal reaction conditions and parameters for the formate 
coupling. During our studies, we have identified several factors. However, the reported 
values for the optimized parameters differ significantly depending on the used reactor 
configuration and often contradicted another, both in optimal values and even in the 
nature of influence: positive or negative. In our recent perspective paper, we provided a 
comprehensive overview and discussion of previously proposed factors influencing the 
formation of oxalates from metal formates as shown in Figure 2.4 of chapter 2. 39 To this 
day, no systematic approach was used to comprehensively investigate these parameters 

Eq. 1

Eq. 2

Eq. 3
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as well as their interdependency. In this research, we aim to provide a complete overview 
of potential factors reported in previous literature and we will estimate their importance 
and interdependency. As this work is part of the OCEAN project, we only tested 
reaction parameters for potassium formate due to its suitability as a counterion in the 
electrochemical conversion process of CO2 to formate. 40 
As we will focus on potassium formate, being the product produced in the electrocatalytic 
CO2 reduction, we explore the remaining five pillars from Figure 2.4 of chapter 2: heating, 
atmosphere, catalysts, poisons, and reaction time. These groups contain categorial 
factors such as atmosphere or choice of catalyst and continuous numerical factors 
such as temperature or reaction time (all represented in Figure 3.1). Previously, several 
parameters were systematically evaluated but in other instances, these were just resulting 
from the reactor designs or the purity of the used reactants. Reaction temperatures and 
times fall in the first category and these have been tested deliberately whilst the flow 
rate of gas, or the absence thereof was mostly a result of the experimental set-up and 
reactor design. Our goal is therefore to create a comprehensive understanding of the 
impact and optimal values of each parameter as well as to uncover interactions between 
them. We focus hereby on factors that were reported to lead to the formation of oxalate 
and are relevant today. This led to the exclusion of poisonous and dangerous catalyst 
systems such as alkali metal amalgams or expensive and scarce platinum as reactor 
material of construction. Whilst we cover the full range of previously reported reaction 
temperatures, catalyst loadings, and a wide range of purge flows, we restricted ourselves 
to reaction times up to 60 minutes. The main reason for this is the undesirability of long 
reaction times for continuous reactor designs.  

3.2 Methods

All experimental methods and calculation details can be found in the supplementary 
information (preparation of reaction mixtures, reaction procedure, IR characterization, 
calculations of conversion, selectivity and carbon balance); Analysis of categorical 
factors (catalyst, poisons, atmosphere); Analysis of numerical factors (Purging and effect 
of Volume exchange); Response Surface Model 1 with nitrogen as the atmosphere (Model 
build parameters, Numerical continuous factors, obtained raw data, model formation 
and ANOVA quality indicators, systematic model reduction, analysis of the influence 
on oxalate yield, formate conversion, carbonate yield and carbon balance); Response 
Surface Model 2 with hydrogen as the atmosphere (Model build parameters, Numerical 
continuous factors, obtained raw data, model formation and ANOVA quality indicators, 
systematic model reduction, analysis of the influence on oxalate yield, formate 
conversion, carbonate yield and carbon balance)
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3.3 Results and discussion

We approach this evaluation in two stages as illustrated in Figure 3.1. First, we identify 
the impact of categorical factors and identify the best catalyst, potential poisons, and 
most suitable atmosphere. In the second stage, we evaluate the impact and ideal range 
of the numerical factors using the Design of Experiments (DoE) and a Response Surface 
Model (RSM). 41 To be able to test all the parameters reported previously, we purposely 
developed a reactor system that allowed for the deliberate variation of all factors within 
the proposed ranges.  

Figure 3.1 Two-stage approach to systematically assess the impact of factors relevant in the FOCR. 
In the first stage, categorial factors such as catalysts, poisons, and atmospheres are tested for their 
suitability and potential impact. The best suitable combinations are then carried over to stage two in 
which response surface models are created to identify the individual impact, interactions, and optimal 
values for each of the factors within the ranges used before in the literature.

3.3.1 Catalyst

In its 175-year history, different catalysts were proposed in the literature and we tested 
them at identical conditions. We did not include superbases and alkali metals as we 
have tested them successfully which was reported in another publication. 35 Each test 
was performed in duplicate and in random order to ensure statistically relevant results. 
For each catalyst, 5 wt.% loading was used to convert potassium formate in a nitrogen 
atmosphere with a flow of 25 mL/min (corresponding to 3.5 reactor volume exchanges 
per minute) at a temperature of 400 ºC for 8 minutes. With Potassium hydroxide, we 
achieved by far the highest oxalate yield as shown in Figure 3.2A. The oxalate yield 
without any catalyst is below 20% due to an overall low conversion at this temperature 
and reaction time. In our previous work, we have shown that in the absence of catalyst 
higher temperatures of up to 420-440 ºC and longer reaction times of 150-200 minutes 
are required, yet only marginal yield gains up to 21% oxalate yield could be achieved 
as carbonate formation is favoured at higher temperatures. 35 The carbon balance, 
conversion, and selectivity are shown in Figure 3.S2. For the other potential catalysts 
(glass, SiO2, iron, nickel, carbon, potassium carbonate, potassium oxalate, and NaCl), 
the conversion of formate is low. The selectivity towards oxalate is below 50% for all of 

Categorial factors Numerical factors
Catalysts

Glass, SiO�, Fe, Ni, Carbon, 
K-Carbonate, K-Oxalate, K- 

Hydroxide, NaCl, Water,

Poisons

Atmosphere

Temperature

Glass, SiO�, Fe, Ni, Carbon, 
K-Carbonate, K-Oxalate, NaCl, 

Water

CO�, CO, N�, Ag, H�, Air, Steam

250 - 550 °C

Reaction time
1 - 60 minutes

Catalyst loading
2 - 10 wt.%

Flowrate purge gas
0 - 25 vol. exchanges / min
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them, leading to oxalate yields below 20% and we, therefore, conclude that they do not 
act as catalysts.  Water also doesn’t act as a catalyst and even entirely stops the FOCR. 
We introduced water in two ways: as liquid added to the reaction mixture before heating 
and as steam added to the nitrogen stream during the reaction. As a result of both 
ways of water introduction, formate is converted mainly to carbonate. The low carbon 
balance indicates further reaction towards gaseous products as no undissolved solids 
were observed. Amongst the proposed catalysts, KOH is the most suitable catalyst for the 
FOCR. KOH as a catalyst favours high conversion with 89% selectivity towards oxalate. 
Hence, we decided to use KOH as a catalyst for the remaining tests. 
Strictly speaking, KOH is not acting as a catalyst itself. We recently proposed that 
hydride is the active species that is formed in-situ in an equilibrium reaction from 
hydroxide. 39,42 We could prove this with high-resolution kinetic studies and molecular 
dynamics calculations. The equilibrium can be shifted towards the formation of hydride 
with the removal of water from the reaction.  The full reaction cycle, as shown in Scheme 
3.1, therefore starts with the in-situ generation of hydride. This then catalyzes the 
formation of the reactive carbonite intermediate from formate during which hydrogen is 
released. This hydride mechanism was first proposed by Lakkaraju et al. and we recently 
confirmed the important role of carbonite with isotopic labelling studies and molecular 
dynamics calculations. 34,35 Carbonite then forms oxalate in a nucleophilic attack on 
another formate. In the last step, the hydride is released and catalyzes a subsequent 
coupling reaction. 

Scheme 3.1 Hydroxide catalyzed formate coupling via (i) in-situ hydride generation, (ii) carbonite and 
hydrogen formation via proton abstraction from formate by hydride, (iii) oxalate and hydride formation 
via nucleophilic attack of carbonite on formate and subsequent hydride elimination.

3.3.2 Poisons 

In the second step, we evaluated the effect of potential poisons on the hydroxide catalyzed 
FOCR. We restrict ourselves to the poisoning effects on the hydroxide catalyzed reaction 
as this reaction shows clear benefits over the uncatalyzed reactions. Poisons were 
reported to affect either the overall formate conversion or the selectivity towards oxalate. 
Especially the effect of metals used for the reactor material of construction is of interest. 
The same conditions were chosen as in the first design and all reactions were performed 
in duplicate and in random order to ensure statistically relevant results. For each reaction, 
KOH was used as a catalyst with a 5 wt.% loading, with respect to the reactant potassium 
format. This was done in a nitrogen atmosphere with a flow of 25 mL/min (corresponding 
to 3.5 reactor volume exchanges per minute) at a temperature of 400 ºC for 8 minutes. 
Each potential poison was added at 5 wt.% loading with respect to the reactant formate 
salt. Water, silica, and carbon significantly influence the oxalate yield as shown in Figure 
3.2B. In Figure 3.S3 we see that the addition of water and dry silica strongly decreases the 
conversion. The addition of carbon decreases the conversion and the selectivity shifts 
towards carbonate instead of the targeted oxalate formation. The morphology of carbon 
and silica could be causing these effects when added as a poison. Both are puffy powders 
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and therefore good insulators. The heat supply is most likely hindered and therefore 
the apparent reaction temperature is decreased, causing a lower conversion. We can’t 
explain yet the increase in carbonate formation with carbon as poison.  Potassium 
carbonate and potassium oxalate have a small negative influence on the FOCR with KOH 
when added as additives before the reaction. The conversion of formate for reactions in 
which these two compounds were added is similar but the selectivity towards oxalate 
decreased slightly. NaCl, glass, iron, or nickel do not influence the selectivity of the FOCR 
with KOH. For NaCl and glass, the conversion of formate is also not influenced. However, 
iron and nickel increase the conversion of formate and therefore lead to a higher oxalate 
yield. The carbon balance is above 93% in all these reactions and only a small amount 
of carbon between 2 and 7% is lost during the reaction. Water, silica, and carbon have a 
poisonous effect on the FOCR. In our view, the strong poisoning effects of water present a 
special challenge due to the hygroscopic nature of both formate and hydroxide. Formate 
gained its new interest today due to new production routes from direct electrochemical 
reduction of CO2. As formate is obtained as an aqueous solution in this process, the need 
for absolute water removal in the FOCR is especially noteworthy.  

3.3.3 Suitable reaction atmospheres for the FOCR. 

The production of equimolar amounts of hydrogen in the process is often neglected, yet 
its harvest might improve the overall process economics. Various atmospheres including 
carbon dioxide, carbon monoxide, nitrogen, argon, hydrogen, air, and steam have 
been proposed as suitable or detrimental to the reaction performance. We tested each 
atmosphere for its suitability in the hydroxide catalyzed FOCR and performed the tests 
in duplicates and random order to ensure statistical relevance. For each reaction, KOH 
was used as a catalyst with a 5 wt.% loading to convert potassium formate. The reaction 
conditions were the same as above (gas flow of 25 mL/min, corresponding to 3.5 reactor 
volume exchanges per minute, at a temperature of 400 ºC for 8 minutes). 
The highest yield is achieved in nitrogen with high values also achieved in hydrogen, 
argon, and air (Figure 3.2C). Conversely, CO2 prevents conversion almost completely and 
only carbonate is formed as shown in Figure 3.S4. In carbon monoxide, the conversion is 
still low at 13% but the selectivity towards oxalate is higher at 83%. This is in line with the 
observations of Górski et al. for carbon monoxide, yet they did observe oxalate formation 
at lower levels using CO2. 

26 Water, in gaseous form, again has a negative influence on 
oxalate yields. We introduced steam by enriching a stream of nitrogen with water vapour. 
Figures S4C and D report this decrease in conversion and a shift towards the formation 
of carbonate compared to using a dry nitrogen atmosphere.  Air and hydrogen behave 
similarly to inert gases, argon, and nitrogen. In contrast to the literature reports, the 
oxygen in the air did not react with the intermediate. Moisture in the air can lead to the 
poisoning effects observed in literature rather than the presence of oxygen. Although 
the cheapest option, dry air is not desirable in this reaction due to the production of 
hydrogen, increasing the explosion risks. The complicated separation of hydrogen from 
gas mixtures for its valorization is another hindering factor.
Nitrogen atmospheres lead to the highest conversions at 84% with high selectivity to 
oxalate of 89%. Formate conversion in hydrogen atmosphere shows high conversion 
as well as highest selectivity towards oxalate and no selectivity to carbonate. During 
the reaction, hydrogen is produced, and if a hydrogen stream is used in the reaction, 
downstream separation is not required for its valorization. Overall, nitrogen and 
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Figure 3.2 Oxalate yields achieved 
in the categorial tests to evaluate 
A best catalyst at 5 wt. % loading, 
B effect of potential poisons at 5 
wt. % in reactions catalyzed with 
5 wt. % hydroxide and C different 
atmospheres in a reaction 
catalyzed with 5 wt. % hydroxide. 
Temperature, gas-flow, and 
reaction times were kept 
constant at 400°C, 10 minutes, 
and 20 volume exchanges per 
minute for all reactions. 
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hydrogen are the most suitable atmospheres and the gases should be dried before use. 
In continuous commercial processes, a hydrogen atmosphere is most desirable, as the 
use of hydrogen allows for direct utilization of the produced hydrogen without gas 
separation. Also, no additional gas is needed as the hydrogen purge gas is supplied as 
a product from the reaction itself. CO2 is the least favourable atmosphere and together 
with carbon monoxide can be added to the list of potent poisons for the reaction. 

3.3.4 Purging and the effect of volume exchange. 

To evaluate the influence of purging and to identify the ideal purging rate a suitable 
test range is required. The purge gas has two potential functions: either the removal of 
reaction products to drive equilibrium reactions or the removal of poisons. Water is a 
reaction product as well as a poison and its removal is crucial for the in-situ generation 
of the active hydride catalyst in FOCR. In our experiments where we analyzed the 
composition of the purge gas from the reactor, we observed a strong increase in reaction 
activity after the water content in the off-gas had dropped significantly. 42 This is most 
likely the main benefit of purging. We only tested nitrogen and hydrogen as purge gases 
due to their suitability as atmospheres in the reaction. We were unable to find conclusive 
information on the effect of purging rates on the reaction in literature. Before designing 
our experiments for the RSM, we therefore first aimed to establish whether the purging 
rate has any effect and if so, which range is most suitable. The selected purging rate limits 
were mainly determined by the available reactor configuration. We kept the remaining 
reaction conditions constant at 400 °C, 30 minutes reaction time, and a catalyst 
loading of 5 wt.%.

Figure 3.3 Influence of purging on oxalate yield in formate coupling reaction in a nitrogen atmosphere 
with 5 wt. % of potassium hydroxides as a catalyst.

Figure 3.3 shows that purging has a positive effect on the oxalate yield which is pronounced 
specially for lower purging rates. This improvement of oxalate yields coincides with the 
increase in conversion and the slight decrease of carbonate production with increasing 
purging. The improvement on oxalate yield levels out in the chosen range which indicates 
its sufficiency to estimate the overall effect and importance of purging in the formate 
coupling reaction. Purging the reaction benefits the oxalate yield with increasing gas 
flow but the incremental improvements level-off above exchange of the reactor volume 
higher than once per minute.
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3.3.5 Impact of temperature, time, purge flow, and catalyst loading. 

In the second stage, we built response surface models for the most suitable systems 
established in stage one. We decided to test two systems that use potassium formate 
as a reactant, potassium hydroxide as a catalyst, avoid the presence of water and use 
either nitrogen or hydrogen as atmosphere. The Response surface model is built to assess 
the impact of temperature, reaction time, catalyst loading, and purge flow speed in two 
separate response surface models in nitrogen and hydrogen atmosphere. The response 
surface methodology allows us to cover a large experimental space while keeping the 
total number of experiments in an acceptable and manageable range. Such modelling 
approaches have the added benefit that they allow the detection of interactions between 
parameters and they provide an estimation of a global maximum for the desired 
responses. We use a central composite design that allows the development of quadratic 
models including linear, quadratic, and two-factor interaction terms. We performed each 
experiment in duplicate and the central point of the design six times.  All experiments 
were performed in totally random order without using reactor blocks or reactor arrays. 
Temperatures (A) were varied from 300 °C to 500 °C, the details for the other parameters 
purging (B), catalyst loading (C), and reaction time (D) are listed in Table 3.1 for the 
nitrogen and the hydrogen model. Due to equipment limitations, we did not include the 
purge flow for the model in the hydrogen atmosphere and kept the purge flow constant.
Table 3.1 Numerical continuous factors used in the RSM with nitrogen as the atmosphere.   

Factor Units Minimum Maximum

Temperature (A) °C 250 550

Purging (B) * Volume exchange mL/min 0.15 3.5

Catalyst loading (C) Weight % 2.0 10.0

Reaction time (D) Minutes 1.0 60.0

* Only used as a variable in nitrogen response surface model

As responses, we consider the conversion of formate, oxalate yield, carbonate yield, 
and the overall carbon balance. We use a coded scale for our regression computations 
allowing us to interpret and compare the influence of each model term similarly as the 
reported coefficient estimates are obtained using the same scale. 43 
For the analysis, we first fitted a model with the full quadratic models including linear, 
two-factor interactions, and quadratic terms. We did not transform the acquired 
data before the model-building. To exclude the presence of higher-order factors and 
non-gaussian data distribution we compare non-transformed model results with a 
square-root pre-processed model. To improve the model and extract the true influential 
model parameters we reduced the model by performing a backward exclusion using the 
p-value as discriminating criterium. Only model parameters with a confidence interval 
higher than 99% or a p-value lower than 0.01 were considered in the reduced model. For 
our models, we observe an improved overall F-value, and better agreement between the 
calculated and adjusted R2

 value whilst expectedly reducing the apparent R2 value due 
to reduced overfitting by the exclusion of non-significant parameters. For the detailed 
descriptions of the response surface design and statistical relevance of the models please 
refer to the supporting information.
Our primary goal is to find ideal conditions for high oxalate yields and the individual 
effects of each tested factor. The obtained oxalate yields for each of the factors in the 
nitrogen atmosphere are shown in Figure 3.4 and for hydrogen atmosphere in Figure 3.5. 



95Chapter III

Due to the nature of the central composite design, the values for the three remaining 
parameters were not kept constant. We see in Figures 4A and 5A, that temperature has 
the clearest trend of all factors. Oxalate yields first increase until a reaction temperature 
of 400 °C is reached, after which they decrease. At 400°C similar oxalate yields are 
obtained in hydrogen and nitrogen. The average oxalate yield at 300 °C is higher when 
using hydrogen compared to a nitrogen atmosphere. However, the yield at temperatures 
above 400 °C is lower in the hydrogen atmosphere. For the reaction time and purging of 
the oxalate, yield appears separated in two regimes of lower and higher yields as seen in 
Figures 4B and 4D. This indicates the presence of interactions between two factors. In 
nitrogen, the average oxalate yields appear to be increasing with long reaction times and 
higher purging rates. In hydrogen, however, the oxalate yield slightly decreases at times 
longer than 30 minutes. In both models, the oxalate yields are equally spread through 
the design space for catalyst loading and no effect on the yield is visible from the raw 
data. The potential presence of interacting factors and non-linear behaviour of oxalate 
yield justifies the use of a quadratic model to identify the interaction and deconvolute 
the linear, two-factor interactions and quadratic terms. After the deconvolution, the 
magnitude of influence of each term can be estimated. Similar trends and analysis for 
the remaining responses of conversion, carbonate yield, and carbon balance were shown 
and are explained in detail in the supporting information. 
Our approach to creating statistically significant models first considers all linear term, 
two-factor interaction terms, and quadratic terms and then eliminate the non-significant 
terms using a strict confidence interval of 99% as a cut-off. For none of the models, 
catalyst loading was found to have any significant influence. In a nitrogen atmosphere, 
the oxalate yield is significantly influenced by linear terms of temperature, purging, and 
reaction times. Interactions between temperature and purging as well as the quadratic 
term of temperature are also significant. The improved reduced model features an R2 
value of 0.907 meaning that 90.7% of the results can be explained by the significant model 
terms. It is therefore unlikely that another crucial factor was missed out or not controlled. 
The close resemblance between the adjusted R2 (0.895) and predicted R2 (0.880) indicates 
a high prediction quality of the model. 
Table 3.2 Estimated model coefficients for significant factors describing the model for obtained oxa-
late yields in a nitrogen atmosphere. The intercept is the overall average of all runs and coefficients are 
adjusted around that average based on the settings chosen for each factor. The coefficient estimate 
explains the change in response per unit change in the factor value at constant values for the remain-
ing factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 1 stands 
for fully orthogonal factors.

Factor
Coefficient 

Estimate
df Standard Error

95% CI 
Low

95% CI 
High

VIF

Intercept 0.79 1 0.015 0.76 0.83

A-Temperature 0.14 1 0.010 0.12 0.17 1.00

B-Purging 0.04 1 0.011 0.02 0.07 1.00

D-Reaction time 0.07 1 0.011 0.04 0.09 1.00

AB -0.04 1 0.012 -0.07 -0.02 1.00

AD -0.10 1 0.012 -0.12 -0.08 1.00

A² -0.16 1 0.015 -0.20 -0.14 1.00
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Figure 3.4 shows the raw data obtained for oxalate yield in nitrogen atmosphere relative to all four 
factors temperature (A), reaction time (B), catalyst loading (C), and purging (D).
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Figure 3.5 shows the raw data obtained 
for oxalate yields in the hydrogen 
atmosphere for all three factors, 
temperature (A), reaction time (B), and 
catalyst loading (C). 
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The coefficient estimates listed in Table 3.2 indicate how much each of the terms 
affects the oxalate yield. The accumulated effect of terms for each factor is graphically 
illustrated in Figure 3.6. Of all significant factors, the linear term of temperature has the 
biggest effect on oxalate yield, but the overall effect of temperature is dampened by its 
quadratic term and interaction with purging and reaction time. Longer reaction times 
and higher purging rates benefit the conversion, too. All two-factor interactions and 
quadratic terms act as dampening terms towards higher values. From a chemical point 
of view, the increase of oxalate yields with the increase of the factor values makes sense 
as higher temperatures, longer reaction times, and better removal of side-products by 
purging drive the reaction. Yet, above a certain temperature and with prolonged reaction 
times the formed oxalate decomposes which explains the decreasing oxalate yields 
for high temperatures and reaction times as can be seen from Figure 3.7B. Our models 
describing carbonate yields and carbon balances both show increasing carbonate 
formation (Figure 3.S29) and carbon losses (Figure 3.S33) primarily with increasing 
temperatures and therefore confirm the strong temperature dependence. The effect of 
purging increases linearly and positively contributes to oxalate yields.  Catalyst loading 
did not influence the oxalate yield, conversion, or carbonate formation in the range we 
tested. This range was based on literature values and the results indicate that even lower 
catalyst loadings can be used. In our small-scale reaction setup, we tested lower catalyst 
loadings, however, they lead to results with error margins too high for response surface 
modelling. In a commercial process, however, lower loadings should be possible. Yet, 
if oxalate is acidified in an electrochemical multicompartment acidification cell, then 
the hydroxide can be fully recovered. 44–50 Therefore an optimization towards very low 
catalyst loadings would be of lower importance. The lack of benefit of high loadings of 
hydroxide, the precursor for the in-situ generated hydride catalyst, is because formate 
coupling is orders of magnitude faster than the hydride generation. 

Figure 3.6 Influence of each factor on the oxalate yield of formate at medium values for the remaining 
factors in the reduced quadratic model. The green bands show the limits of the 95% confidence interval. 
(A) Temperature shows the highest influence and follows a quadratic term. Higher temperatures 
favour the oxalate yield until the inflexion point at 430 °C. (B) Increasing gas flow linearly increases the 
oxalate yield. (C) Catalyst loading is no longer considered a contributing factor and thus a straight line. 
(D) The oxalate yield linearly increases with longer reaction times. 

Overall, the temperature is the main driver for the reactions towards oxalate or carbonate. 
Oxalate is formed in the whole temperature range, yet above 430 °C a competing reaction 
towards carbonate or subsequent decomposition of oxalate occurs. Gorski reported 
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an increased carbonate formation with higher hydroxide loadings. 26 Our findings 
contradict theirs and indicate that high reaction temperatures and long residence times 
are causing oxalate decomposition independent of hydroxide loadings. The decrease in 
oxalate yield with increasing reaction time at high temperatures above 430 °C (Figure 
3.7A) indicates the presence of a subsequent decomposition reaction.  Unfortunately, the 
model doesn’t present us with a local or global maximum for the oxalate yield as Figure 
3.7 shows. A combination of a lower reaction temperature with a longer reaction time 
promises improvements in the achievable oxalate yield in nitrogen atmospheres. 
Conversely, in the hydrogen model, we do obtain a local maximum for oxalate yields 
(Figure 3.8). Even higher oxalate yields are achieved with temperatures and reaction 
times compared to the reaction in the nitrogen atmosphere. Our underlying model for 
oxalate yield in hydrogen atmospheres is significantly influenced by linear terms of 
temperature and reaction time, interactions of the latter two, and their quadratic terms. 
This improved reduced model features an R2 value of 0.908 meaning that 90.8% of the 
results can be explained by the significant model terms. The close resemblance between 
the adjusted R2 (0.8915) and predicted R2 (0.8509) indicates a high prediction quality of 
the model. The coefficient values for oxalate yields in the hydrogen atmosphere (Table 
3.3) show that the quadratic and linear terms of temperature have the biggest effect 
on oxalate yield. Other than in nitrogen a strong interaction between temperature and 
reaction time is apparent and higher temperatures appear to have a stronger negative 
effect on oxalate yields compared to nitrogen. This can be seen by the magnitude of the 
coefficient for the quadratic term and in the influence of the factors in Figure 3.8. The 
reaction time has a lower effect on the oxalate yield, but a maximum is present within the 
design space as visible in Figure 3.S8B. Catalyst loading does not affect the oxalate yield.  

Figure 3.7 Contour plots for oxalate yields depending on (A) Temperature and Gas-flow and (B) 
Temperature and reaction time with reduced quadratic design.

From a chemical point of view, the presence of a maximum oxalate yield makes sense. 
In the regime leading up to the maximum, the conversion of formate to oxalate is 
reigning. After the maximum, higher temperatures and longer reaction times lead to the 
decomposition of the formed oxalate to carbonate. In Figure 3.9, compared to using a 
nitrogen atmosphere, high oxalate yields can be achieved at lower reaction temperatures 
and shorter reaction times. As in a nitrogen atmosphere, the catalyst loading did not 
influence the oxalate yield, conversion, or carbonate formation in the range we tested. 
Therefore, even lower catalyst loadings could be realized in practice. Although we tested 
lower loadings, the results were not consistent enough for RSM. Higher hydroxide 
loadings did not provide a benefit as the in-situ hydride generation is the limiting step 
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for the reaction. The highest oxalate yield was achieved at 355°C and 45 minutes reaction 
time. Furthermore, the term coefficients can be used to find optimal conditions with 
attribution of importance towards each factor in individual reactor designs.  
Table 3.3 Estimated model coefficients for significant factors describing the model for obtained ox-
alate yields in a hydrogen atmosphere. The intercept is the overall average of all runs and coefficients 
are adjustments around that average based on the settings chosen for each factor. The coefficient 
estimate explains the change in response per unit change in the factor value at constant values for the 
remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 
1 stands for fully orthogonal factors.

Factor Coefficient Estimate Standard Error 95% CI Low 95% CI High VIF

Intercept 0.83 0.03 0.76 0.89

A-Temperature -0.15 0.02 -0.19 -0.10 1.00

B-Reaction time 0.06 0.02 0.02 0.10 1.00

AB -0.19 0.03 -0.24 -0.13 1.00

A² -0.32 0.03 -0.37 -0.27 1.02

B² -0.10 0.03 -0.16 -0.05 1.02

Figure 3.8 Influence of each factor on the oxalate yield at median values for the remaining factors in 
the reduced quadratic model. The green bands show the limits of the 95% confidence interval. (A) 
Temperature shows the highest influence and follows a quadratic term with a maximum at 375 °C. 
(B) Reaction time follows a quadratic term with a maximum at 31 minutes. (C) Catalyst loading is no 
longer considered a contributing factor and thus a straight line. 

Overall, in our response surface models temperature, reaction time, and purging have 
a significant influence on oxalate yields. Catalyst loading does not influence the ranges 
we chose, which are based on a broad literature search. This indicates that even lower 
catalyst loading could be used in the future without any significant drawbacks on reaction 
performance. This however requires the absence of water which is challenging due to 
the hygroscopicity of both hydroxide and formate but also the formation of water in the 
in-situ hydride generation from hydroxide and hydrogen.  The positive effect of water 
removal by active purging confirms this further. Purging is beneficial for the formation 
of oxalate but does not prevent the formation of carbonate, and therefore mainly drives 
conversion without affecting selectivity. Whilst temperature is the dominating factor in 
nitrogen atmospheres, reaction time and temperature have more equal effects on oxalate 
yields in hydrogen. The reaction time influences all four responses and therefore requires 
control to reach the optimum oxalate formation without leaving the product exposed to 
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high temperatures and risk its decomposition. The comparatively low effect of reaction 
time on carbonate formation and carbon balance compared to oxalate yield indicates that 
the relative speeds of decomposition reactions are slower. We propose a linear reaction 
cascade starting with the formation of oxalate from formate. The oxalate then slowly 
decomposes to carbonate at high temperatures. At very high temperatures and long 
reaction times, the carbon is lost from the obtained solids as either non-soluble elemental 
carbon or gaseous carbon. There is no more indication of formate decomposition to 
carbonate at temperatures below 350 °C as suggested previously. We observed very low 
carbonate yields at low temperatures and no involvement of hydroxide in carbonate 
formation as the carbonate yield is independent of increasing catalyst loadings. 

Figure 3.9 Contour-plot for oxalate yields development due to the interaction of temperature and 
reaction time in a hydrogen atmosphere with reduced quadratic design. 

3.4 Conclusions

In this study, we systematically evaluate the importance, impact, and interactions of all 
reported parameters for FOCR for the first time in its 175-year long history. We showed 
that hydroxide was the most active catalyst leading to an oxalate yield of up to 93%. The 
addition of water, silica, and carbon has a poisonous effect on the reaction and reduced 
the oxalate yield to 22%, 15% and 29% respectively. In CO2 no oxalate was formed and in 
the CO atmosphere, the reaction was largely suppressed leading to a 35% oxalate yield. 
Conversely, nitrogen, argon, and hydrogen are the most suitable atmospheres which 
allowed oxalate yields of up to 93% and purging of the reaction was increased oxalate 
yield up to 35%.  
In a nitrogen atmosphere, the temperature has the highest influence followed by reaction 
time and purging. In the hydrogen atmosphere reaction, time and temperature have both 
large equal influences. Catalyst loading showed no influence on conversion or selectivity 
in either atmosphere. Therefore, even lower catalyst loadings below the previously 
proposed 2 wt.% KOH could be used in the future. We didn’t find any indication for the 
decomposition of formate to carbonate as suggested for temperatures below 380 °C or 
any involvement of hydroxide in carbonate formation. We conclude that the overall 
behaviour indicates a predominantly linear reaction cascade starting with the formate 
to oxalate reaction. This is followed by oxalate decomposition to carbonate and then 
the loss of carbon from the obtained solids as either non-soluble elemental or gaseous 
carbon. These results help to identify optimal reaction conditions for new FOCR reactors, 
contribute to the ongoing mechanistic discussions, and develop new reactor concepts.  
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Chapter 3: Supporting information

S3.1 Experimental details

S3.1.1 Reagents

All chemicals (potassium formate, potassium oxalate, potassium carbonate, potassium 
hydroxide, silica, carbon (Norit SX Plus 1G), iron powder, nickel powder, NaCl) were 
obtained from commercial suppliers (Sigma-Aldrich®). For the reaction, it is crucial that 
no water is present in the chemicals and they are stored in a dry environment. 

S3.1.2 Preparation reaction mixtures

Potassium formate was dried in a vacuum oven at 135 °C for 24 hours and transferred 
to the glovebox. All other chemicals were pre-heated in an oven at 200 °C to remove the 
water and then transferred to the glovebox with an atmosphere of argon. 

S3.1.3 Batch preparations

S3.1.3.1. Design 1: Catalysts 
For the first design, different catalysts were tested for their influence on the FOCR. 
Reaction mixtures of 1.500 g of dry potassium formate and 5% wt. (0.075 g) catalysts were 
mixed and ground in a mortar to receive a homogeneous mixture. Portions of 300 mg 
were transferred to a glass vial with a plastic septum cap.

S3.1.3.2. Design 2: Poisons 
For the second design, different poisons were tested with one of the most commercially 
used catalysts (KOH). Therefore, reaction mixtures of 1.5000 g of dry potassium formate, 
5% wt. (0.0750 g) KOH and 5% wt. (0.0750 g) possible poisons were mixed and ground in a 
mortar to receive a homogeneous mixture. Portions of 300 mg were transferred to a glass 
vial with a plastic septum cap.

S3.1.3.3. Design 3: Atmosphere 
For the third design, different atmospheres were tested to analyse which is the best 
atmosphere for the FOCR with catalyst KOH. For this, reaction mixtures with 1.5000 g of 
dry potassium formate and 5% wt. (0.0750 g) KOH were mixed and ground in a mortar to 
receive a homogeneous mixture. Portions of 300 mg were transferred to a glass vial with 
a plastic septum cap.

S3.1.3.4. Response Surface Models
For the RSM, large batches with different amounts of catalyst (KOH) were prepared. The 
different amounts of KOH in the sample are 2.25%, 3.5%, 6%, 8.5% and 9.75% wt. Portions 
of 300 mg were transferred to a glass vial with a plastic septum cap.

S3.1.4 Reaction procedure 

Glass vials of 7.0 mL were used for the reaction. These vials were pre-dried overnight 
in an oven at 200 °C and transferred to the glove box. Then the vials were filled with 
300 mg of the batch mixtures. The reaction vials were transferred outside the glove box. 
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During the reaction, the flows were measured by a Brooksmite Purgemeter using the 
tube R-2-15-AA with a glass ball and the heating was regulated with a high-power heating 
element connected controlled via PID. 
For the first three designs, several numerical factors were unchanged, but the categorical 
factors were varied. The numerical factors for these designs were temperature (400°C), 
flowrate (25 mL/min), catalyst loading (5 % wt.), reaction time (8 minutes) and heating 
rate (150°C). The reaction vials for the designs were placed in the heating element for 11 
minutes to allow reaction at 400°C for 8 minutes given the heating rate for the mixture is 
then 150 °C/min.  Afterwards, the reactor was removed from the heating element, the gas 
lines were disconnected, and the vial was cooled rapidly. 
For the RSM models, the numerical factors were varied and the categorical factors 
remained unchanged for all the reactions. The numerical factors that were varied were 
reaction temperature, reaction time, catalyst loading and flow rate (volume exchange per 
minute). All experiments were performed in random order. 

S3.2 Product analysis

S3.2.1 Quantitative and qualitative IR analysis  

The products were analysed using IR spectroscopy. The solid mixtures obtained during 
the reaction were dissolved in 3.0 mL deionized water with the use of a sonicator. We 
used a SmartSeal liquid cell from PIKE technologies with CaF2 windows and a cavity 
thickness of 0.025 mm. The spectra were recorded with a Varian 660-IR spectrometer. 
The cell was flushed with nitrogen gas for 5 - 10 min before measurement. After scanning 
the background of the cell, the water sample was scanned as a reference. Each sample 
was scanned thrice in the 400 – 4000 cm-1 range to ensure reproducibility. After each 
measurement, the cell was flushed with deionized water to remove traces of the previous 
sample. The sample volume for the IR measurement was around 0.5 mL. After each 
measurement, the cell was flushed with deionized water to flush out all the previous 
samples and then the next sample was measured. 

Figure 3.S1 IR spectra of the main components of the FOCR. 

The resulting spectra were analyzed with a self-developed deconvolution program. A set 
of selected spectra was examined in the 1250 – 1400 cm-1 wavenumber range and fitted 
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with a simulated spectrum. In figure S1 an example is presented. The simulation was 
based on a Limited-memory BFGS algorithm. 1,2

S3.2.2 Calculus

The conversion of formate consumed during the reaction is calculated from the formate 
remaining in the obtained solid after the reaction. Oxalate yield is a measure combining 
the conversion of formate and the selectivity towards the production of oxalate in the 
reaction. It is calculated from the molar fraction of oxalate and the remaining format 
in the solid obtained in the reaction. Carbonate yield expresses the same as oxalate 
yield but for the most common side-product carbonate. The carbon balance serves as 
an indication of whether any carbon is lost during the reaction in the form of gaseous or 
non-soluble elemental carbon contained in the solid obtained in the reaction.   
In the IR estimation method, the molarity of the sample for oxalate, carbonate and 
formate were obtained. The conversion was calculated using Eq. S1.  

 
 

 

 

 

Figure 3.S1 IR spectra of the main components of the FOCR. 

S3.2.2 Calculations 

The conversion of formate consumed during the reaction is calculated from the formate 
remaining in the obtained solid after the reaction. Oxalate yield is a measure combining 
the conversion of formate and the selectivity towards the production of oxalate in the 
reaction. It is calculated from the molar fraction of oxalate and the remaining format in the 
solid obtained in the reaction. Carbonate yield expresses the same as oxalate yield but for 
the most common side-product carbonate. The carbon balance serves as an indication of 
whether any carbon is lost during the reaction in the form of gaseous or non-soluble 
elemental carbon contained in the solid obtained in the reaction.    
In the IR estimation method, the molarity of the sample for oxalate, carbonate and formate 
were obtained. The conversion was calculated using Eq. S1.   

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  
𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)

𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
 (Eq. S1) 

The calculations for the selectivity of the conversion on oxalate, carbonate or others are 
described in Eq. S2 to Eq. S.4.  

𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢 =  
𝑁𝑁𝑁𝑁(𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶)

1
2� (𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢)) 

 

 
(Eq. S2) 

𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑆𝑆𝑆𝑆𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢 =  
𝑁𝑁𝑁𝑁(𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶)

𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢) 
 

 
(Eq. S3) 

𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠ℎ𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  
𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢) − 2 × 𝑁𝑁𝑁𝑁(𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶) − 𝑁𝑁𝑁𝑁(𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶)

𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) − 𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢) 
 

 
(Eq. S4) 
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The conversion multiplied times the selectivity will lead to the yield of the product as in Eq. 
S5.  The yield of carbonate was calculated with the same formula. 

𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑌𝑌𝑌𝑌 𝑂𝑂𝑂𝑂𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶 =   𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (Eq. S5) 
 
The carbon balance explains how much of the carbon is lost during the reaction. If carbon 
is lost during the reaction. The calculations for the carbon balance are presented in Eq. S7.  

  

𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜 =  
2𝑀𝑀𝑀𝑀 (𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶) + 𝑁𝑁𝑁𝑁 (𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶 ) +  𝑁𝑁𝑁𝑁 (𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢 )

𝑁𝑁𝑁𝑁 (𝑓𝑓𝑓𝑓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )
 (Eq. S7) 

S3.3 Additional details and figures  

S3.3.1 Categorial design 1 – catalysts 

Oxalate yield, carbon balance, conversion and selectivity for the test of different catalysts 
are shown in figure S2. Each catalyst test was performed in duplicates and random order 
to ensure statistically relevant results. For each catalyst 5, wt.% loading was used to convert 
potassium formate in a nitrogen atmosphere with a flow of 25 mL/min (corresponding to 
3.5 reactor volume exchanges per minute) at a temperature of 400 °C for 8 minutes.  
The oxalate yield without any catalyst is below twenty per cent due to an overall low 
conversion. Water as a catalyst entirely stops the FCR and the conversion into other 
chemicals. Even when the formate is converted with water as a catalyst, the selectivity is 
mainly towards carbonate. The carbon balance is also low for water, meaning that carbon 
atoms are converted into something else that we did not analyse and is considered 
undesirable. For the other catalyst (glass, SiO2, iron, nickel, carbon, potassium carbonate, 
potassium oxalate and NaCl) used in this experiment, the conversion of formate is low. The 
selectivity towards oxalate is below 50% for all of them, leading to low oxalate yields below 
20%. We conclude, that amongst the proposed catalyst, KOH is the most suitable catalyst 
for the FCR. It favours high conversion with good selectivity towards oxalate. Hence, we 
decided to use KOH as a catalyst for the rest of the project.   
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S3.3 Additional details and figures 

S3.3.1 Categorial design 1 – catalysts

Oxalate yield, carbon balance, conversion and selectivity for the test of different catalysts 
are shown in figure S2. Each catalyst test was performed in duplicates and random order to 
ensure statistically relevant results. For each catalyst 5, wt.% loading was used to convert 
potassium formate in a nitrogen atmosphere with a flow of 25 mL/min (corresponding 
to 3.5 reactor volume exchanges per minute) at a temperature of 400 °C for 8 minutes. 
The oxalate yield without any catalyst is below twenty per cent due to an overall low 
conversion. Water as a catalyst entirely stops the FCR and the conversion into other 
chemicals. Even when the formate is converted with water as a catalyst, the selectivity is 
mainly towards carbonate. The carbon balance is also low for water, meaning that carbon 
atoms are converted into something else that we did not analyse and is considered 
undesirable. For the other catalyst (glass, SiO2, iron, nickel, carbon, potassium carbonate, 
potassium oxalate and NaCl) used in this experiment, the conversion of formate is low. 
The selectivity towards oxalate is below 50% for all of them, leading to low oxalate yields 
below 20%. We conclude, that amongst the proposed catalyst, KOH is the most suitable 
catalyst for the FCR. It favours high conversion with good selectivity towards oxalate. 
Hence, we decided to use KOH as a catalyst for the rest of the project.  

Figure 3.S2 Results of design 1 Catalysts, where a) oxalate yield, b) carbon balance, c) conversion, 
and d) selectivity. 
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S3.3.2 Categorial design 2 – poisons

The effect of potential poisons reported in the literature for the formate coupling reaction 
on oxalate yield, carbon balance, conversion and selectivity are shown in figure S3. Each 
poison test was performed in duplicates and random order to ensure statistically relevant 
results. KOH was used as a catalyst with a 5 wt.% loading to convert potassium formate 
in a nitrogen atmosphere with a flow of 25 mL/min (corresponding to 3.5 reactor volume 
exchanges per minute) at a temperature of 400 °C for 8 minutes. Each potential poison 
was added at 5 wt.% loading. 
We observe that water, silica and carbon have a significant influence on the oxalate yield. 
The conversion and selectivity towards oxalate as well as the oxalate yield are decreased. 
The addition of water and silica strongly affects the conversion whilst the addition of 
carbon causes both the decrease in conversion and shift towards carbonate instead of 
oxalate formation. We suggest an influence of the morphology of the material which in 
the case of SiO2 and Carbon is a puffy powder and therefore a good insulator. The supply of 
heat is hindered and therefore the apparent reaction temperature is decreased causing a 
lower conversion. Potassium carbonate and potassium oxalate have a significantly small 
negative influence on the FCR with KOH. The conversion for these two is similar but the 
selectivity towards oxalate decreased slightly. NaCl, glass, iron or nickel do not influence 
the selectivity of the FCR with KOH. For NaCl and glass, the same can be observed for 
the conversion of formate in the reaction. However, iron and nickel do increase the 
conversion of formate and therefore lead to a higher oxalate yield. The carbon balance of 
all the poisons is high and only a minor amount of carbon is lost during the reaction. We 
conclude that water, silica and carbon have a poisonous effect on FCR. 

Figure 3.S3 Results of design 2 Poisons, where a) oxalate yield, b) carbon balance, c) conversion, 
and d) selectivity.
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S3.3.3 Categorial design 3 – Atmosphere

Various atmospheres including carbon dioxide, carbon monoxide, nitrogen, argon, 
hydrogen, air and steam have been proposed as either suitable or detrimental to the 
reaction performance. Each atmosphere test was performed in duplicates and random 
order to ensure statistically relevant results. KOH was used as a catalyst with a 5 wt.% 
loading to convert potassium formate at a gas flow of 25 mL/min (corresponding to 
3.5 reactor volume exchanges per minute) at a temperature of 400 °C for 8 minutes. 
The effects of the tested atmospheres on oxalate yield, carbon balance, conversion and 
selectivity are shown in figure S4. 
We observe that CO2 prevents conversion almost fully and only carbonate is formed.  In 
carbon monoxide, the conversion is still low but the selectivity towards oxalate is higher. 
This is in line with the observations of Górski et al. for carbon monoxide, yet they did 
observe oxalate formation at lower levels using CO2.

3 Air and hydrogen behave similarly 
as the inert gases, argon and nitrogen. Other than suggested in the literature, the oxygen 
in the air did not react with the intermediate. A possible explanation for this effect can 
be that the air which is used is dry and therefore the moisture in the air was the poison in 
previous experiments. Dry air is still not desirable as an atmosphere because there was 
hydrogen produced during the reaction, which is highly valuable but cannot easily be 
subtracted from air and forms explosive mixtures with the oxygen contained in the air. 
Nitrogen atmospheres lead to the highest conversions with high selectivity to oxalate. 
Formate conversion in hydrogen shows high conversion, the highest selectivity towards 
oxalate and no selectivity to carbonate. During the reaction, hydrogen is produced. Hence 
using hydrogen as purge gas allows for a separation free product harvest. We concluded 
that nitrogen and hydrogen are the most suitable atmospheres.

Figure 3.S4 Results of design 3 Atmosphere, where a) oxalate yield, b) carbon balance, c) conversion 
and d) selectivity.
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S3.3.4 Numerical factor – Purging and the effect of Volume exchange

Due to the scarcity of information on purging rates used in literature we first established 
a range in which to test the effect of purging in the response surface models. The chosen 
parameter limits were mainly determined by the available reactor configuration. We 
kept the remaining reaction conditions constant at 400 °C, 30 minutes reaction time 
and a catalyst loading of 6 weight per cent. In figure S5A we can see that purging has 
a positive effect on the oxalate yield which is pronounced specially for lower purging 
rates. This improvement of oxalate yields coincides with the increase in conversion and 
the slight decrease of carbonate production with increasing purging. The levelling out of 
the improvement on oxalate yield in the chosen range indicates that the initially chosen 
range should be sufficient to estimate the overall effect and importance of purging in the 
formate coupling reaction. We conclude that purging the reaction benefits the oxalate 
yield with the increasing gas flow but the incremental improvements level off.  

Figure 3.S5 Test of influence and appropriate purging range for formate coupling in a nitrogen 
atmosphere. The effect of purging is expressed in exchanges of the full reactor volume per minute. 
The figure shows the influence of purging on the four responses oxalate yield (A), carbonate yield (B), 
conversion (C), and selectivity (D).

S3.3.5 Response surface model 1 – Nitrogen as an atmosphere

For our response surface model (RSM), we use a central composite design. This allows the 
development of quadratic models including linear, quadratic and two-factor interaction 
terms. Each datapoint was collected in duplicate and for the central point, six replicates 
were performed. All experiments were performed in totally random order without using 
blocks. Overall, this leads to 53 individual experiments for the whole model. We use an 
alpha of 1.5 to allow for even numbers for each parameter. In total, we included four 
factors (A-D) in the model all of which are numeric continuous types. The design space 
for temperatures (A) was 300 to 500°C, when using a model with a = 1.5 this leads to a 
minimum value of 250 °C and a maximum value of 550 °C. The details for the remaining 
parameters purging (B), catalyst loading (C) and reaction time (D) are listed in Table 3.S2.  
As responses, we consider the conversion of formate, oxalate yield, carbonate yield and 
the overall carbon balance calculated using the formulas described above. All responses 
are measured are reported as a fraction of 1.  The minimum, maximum and mean values 
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are reported in Table 3.S3. 
To analyse the RSM we use Design-Expert software supplied by Stat-Ease Inc. The 
Design-Expert software by default performs regression computations using the coded 
scale where the low setting for each factor is set to -1 and the high set to +1. This allows 
to interpret and compare the influence of each model term similarly as the reported 
coefficient estimates are obtained using the same scale.4 
As a measure of trustworthiness and quality of the model, we present here mainly R2 
value and discuss an agreement between predicted and adjusted R2. Another measure 
we use and discuss is adequate Precision which is a signal-to-noise ratio. It compares 
the range of the predicted values at the design points to the average prediction error. 
During the model-building process, we check cook-distances, DFFITS and DFBETA to 
ensure a high-quality model but decided not to present these results here in sight of 
concision. For detailed explanations of the used terms refer to the textbook ‘Response 
Surface Methodology’. 4

For the analysis, we first fitted a model with the full quadratic models including linear, 
two-factor interactions and quadratic terms. We did not transform the acquired data 
before the model-building. We excluded the presence of higher-order factors and 
non-gaussian data distribution by comparing non-transformed model results with a 
square-root pre-processed model. To improve the model and extract the true influential 
model parameters we reduced the model by performing a backward exclusion using the 
p-value as discriminating criterium. Only model parameters with a p-value lower than 0.01 
were considered in the reduced model. This corresponds to a strict confidence interval of 
99%. For all four models we observe an improved overall F-value, and better agreement 
between the calculated and adjusted R2

 value whilst expectedly reducing the apparent R2 
value due to reduced overfitting by the exclusion of non-significant parameters. 
Table 3.S1 Overview of build information for the response surface model with nitrogen atmosphere

Study Type Randomized Response Surface

Design Type Central Composite

Design Model Quadratic

Runs 53 runs, no blocks

Table 3.S2 Numerical continuous factors used in the RSM with nitrogen as the atmosphere 

Factor Units Minimum Maximum
Coded 

Low
Coded 

High
Mean

Std. 
Dev.

Temperature (A) °C 250.00 550.00
-1 to 

300.00
+1 to 

500.00
400.00 88.80

Purging (B)
mL/min 
(vol. ex. /

min)
1 (0.15) 25 (3.5) -1 to 5.00 +1 to 21.00 13.00 7.10

Catalyst loading 
(C)

wt.% 2.25 9.75 -1 to 3.50 +1 to 8.50 6.00 2.22

Reaction time (D) min 1.00 60.00 -1 to 10.00 +1 to 50.00 30.50 17.46

Table 3.S3 Responses and their obtained values in the RSM in nitrogen atmosphere:

Response Units Observations Minimum Maximum Mean Std. Dev. Ratio
Conversion % 53.00 0.063 1 0.73 0.34 15.75

Oxalate yield % 53.00 0.014 0.847 0.49 0.23 62.65

Carbonate yield % 53.00 0.011 0.380 0.13 0.09 34.17

Carbon balance % 53.00 0.674 1.009 0.89 0.08 1.50
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S3.3.5.1. Analysis: Conversion in nitrogen atmosphere
The results we receive for the conversion of formate in nitrogen atmosphere are 
shown for the range of each factor in figure S6 below. Note, that due to the nature of 
the central composite design the values for the three remaining parameters were not 
kept constant. However, this still allows identifying trends of the influence of each of 
the factors. Temperature, as visible in figure S6A, has the clearest trend of all factors and 
the conversion increases with increasing temperature. For the reaction time ( figure S6B) 
and purging ( figure S6D), expressed as volume exchange, the conversion rate seems 
separated into two lower and higher conversion regimes. This indicates the presence of 
interactions between two factors. Generally, the conversion appears to be increasing with 
long reaction times and higher purging rates. The conversion appears independent of 
catalyst loading as the achieved conversions are equally spread through the design space. 
The potential presence of interacting factors justifies the use of a quadratic model to 
identify the interaction and deconvolute the linear, two-factor interactions and quadratic 
terms. After the deconvolution, the magnitude of each terms influence can be estimated.

Figure 3.S6 Shows the raw data obtained for conversion relative to all four factors temperature (A), 
reaction time (B), catalyst loading (C) and purging (D). 

The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach a 
high R2 value of 0.97 meaning that 97% of the results can be explained with the variables 
offered in our experiments. This indicates that it is unlikely that other factors, not 
considered or controlled in our experiments influence the conversion.  The Predicted R² 
of 0.9370 is in reasonable agreement with the Adjusted R² of 0.9551 and adequate precision 
measures 26.49 indicating that this model can be used to navigate the design space. An 
equal and continuous distribution of the data through the space and close correlation 
between predicted and actual values is achieved as shown in figure S7A. 
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Figure 3.S7 Predicted versus actual values for conversion in the DoE with nitrogen atmosphere. The 
colouring represents the conversion where blue is no conversion and red is full conversion. On the left 
side (A) for the full and on the right side (B) for the reduced model. 

The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for formate conversion in nitrogen atmosphere are shown in Table 3.S4. For 
the full quadratic model, it becomes apparent that catalyst loading has no significant 
influence on the conversion. Only interactions between temperature and purging as well 
as reaction times are significant interacting terms. Quadratic terms of temperature and 
reaction time are significant. All of which exhibit p-values higher than 0.01. Using this 
cut-off, we can realize that A, B, D, AB, AD, A², D² are significant model terms. The results 
of the improved quadratic model including the sum of squares, df and Mean Square for 
the RSM for formate conversion in nitrogen atmosphere are shown in Table 3.S5. The 
overall model F-value of 79.96 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. With the improved model, the 
overall model F-value of 150.48 is greatly improved compared to the full quadratic model 
implies the model is significant. The improved reduced model containing only the most 
significant factors has a lower R2 value and only 95.9% of the results can be explained 
with the variables offered in our experiments. Yet, the closest resemblance between 
R2, Adjusted R2 (0.9527) and Predicted R2 (0.9425) indicate a higher quality prediction 
which is also apparent from the adequate Precision which increased from 26.5 to 33.7. 
Compared to the full quadratic model, the actual vs. predicted values have moved closer 
to the convergence line as shown in figure S7B. 
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Table 3.S4 Full results of full quadratic RSM for formate conversion in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value
Model 5.71 14 0.4077 79.96 < 0.0001

A-Temperature 4.06 1 4.06 796.66 < 0.0001

B-Purging 0.1013 1 0.1013 19.88 < 0.0001

C-Catalyst loading 0.0015 1 0.0015 0.30 0.5861

D-Reaction time 0.4644 1 0.4644 91.09 < 0.0001

A*B 0.0620 1 0.0620 12.15 0.0013

A*C 0.0023 1 0.0023 0.45 0.5061

A*D 0.2673 1 0.2673 52.44 < 0.0001

B*C 0.0065 1 0.0065 1.28 0.2656

B*D 0.0029 1 0.0029 0.57 0.4549

C*D 0.0016 1 0.0016 0.30 0.5813

A² 0.5391 1 0.5391 105.75 < 0.0001

B² 0.0240 1 0.0240 4.72 0.0362

C² 0.0096 1 0.0096 1.88 0.1788

D² 0.1534 1 0.1534 30.10 < 0.0001

Residual 0.1937 38 0.0051

Lack of Fit 0.1425 10 0.0142 7.78 < 0.0001

Pure Error 0.0513 28 0.0018

Cor Total 5.90 52

Table 3.S5 Full results of improved RSM for formate conversion in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value
Model 5.66 7 0.8084 150.48 < 0.0001

A-Temperature 4.06 1 4.06 755.96 < 0.0001

B-Purging 0.1013 1 0.1013 18.86 < 0.0001

D-Reaction time 0.4644 1 0.4644 86.44 < 0.0001

AB 0.0620 1 0.0620 11.53 0.0014

AD 0.2673 1 0.2673 49.76 < 0.0001

A² 0.5404 1 0.5404 100.59 < 0.0001

D² 0.1541 1 0.1541 28.68 < 0.0001

Residual 0.2418 45 0.0054

Lack of Fit 0.1905 17 0.0112 6.12 < 0.0001

Pure Error 0.0513 28 0.0018

Cor Total 5.90 52

The coefficient estimate listed in Table 3.S6 is a measure of how each of the terms 
affects the formate conversion when the value of the term is changed. A positive value 
means the conversion increases with increasing term values vice-versa is the case for 
negative coefficients. As we use coded variables, their impact can be directly compared 
within the design space. The combined effect of each factor including their linear and 
quadratic terms are shown in figure S8. In the case of formate conversion in the nitrogen 
atmosphere can see, that the linear term of temperature has the biggest effect on formate 
conversion, but the overall effect of temperature is dampened by its quadratic term and 
interaction with purging and reaction time. Longer reaction times and higher purging 
rates benefit the conversion too. All two-factor interactions and quadratic terms act as 
dampening terms towards higher values.  From a chemical point of view, the increase of 
conversion with the increase of the factor values makes sense as higher temperatures, 
longer reaction times and better removal of side-products by purging drive the reaction. 
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Temperature is the main driver for the reaction to occur, and we observe a saturation 
of influence of temperature at higher values due to the high overall conversion which 
can only reach a maximum of 1. A longer time at a given temperature increases the 
likeliness of the conversion. This effect is pronounced at lower reaction temperatures 
and the model reflects as can be seen in figure S8D. The effect of purging follows a linear 
development and positively contributes to higher conversions. The lack of benefit from 
higher catalyst loadings is unexpected as the presence of more catalytic species should 
have an impact on conversion especially at lower reaction times and lower temperatures. 
Table 3.S6 Estimated model coefficients for significant factors describing the model for formate con-
version in a nitrogen atmosphere. The intercept is the overall average of all runs and coefficients are 
adjustments around that average based on the settings chosen for each factor. The coefficient esti-
mate explains the change in response per unit change in the factor value at constant values for the 
remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 
1 stands for fully orthogonal factors.

Factor Coefficient 
Estimate

df Standard Error 95% CI 
Low

95% CI 
High

VIF

Intercept 0.9195 1 0.0203 0.8787 0.9603
A-Temperature 0.3147 1 0.0114 0.2917 0.3378 1.0000

B-Purging 0.0497 1 0.0114 0.0267 0.0728 1.0000

D-Reaction time 0.1064 1 0.0114 0.0834 0.1295 1.0000

AB -0.0440 1 0.0130 -0.0701 -0.0179 1.0000

AD -0.0914 1 0.0130 -0.1175 -0.0653 1.0000

A² -0.1623 1 0.0162 -0.1948 -0.1297 1.00

D² -0.0866 1 0.0162 -0.1192 -0.0541 1.00

Figure 3.S8 Influence of (A) Temperature, (B) Purging, (C) Catalyst loading and (D) Reaction time on 
the conversion of formate at medium values for the remaining factors in the reduced quadratic model. 
Note that catalyst loading is no longer considered a contributing factor and thus a straight line. The 
dotted bands show the limits of the 95% confidence interval.
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Figure 3.S9 Contour-plots of conversion development depending on (A) Temperature and Purging and 
(B) Temperature and Reaction time with reduced quadratic design. 

S3.3.5.2. Analysis Oxalate yield in a nitrogen atmosphere
The obtained oxalate yield from formate conversion in a nitrogen atmosphere is shown 
for the full range of each factor in figure S10 below. Note, that due to the nature of the 
central composite design the values for the three remaining parameters were not kept 
constant. However, this still allows identifying trends of the influence of each of the fac-
tors. Temperature, as visible in figure S10A, has the clearest trend of all factors and the 
oxalate yield appears to first increase until a reaction temperature of 400 °C after which 
it decreases again. For the reaction time ( figure S10B) and purging ( figure S10D), ex-
pressed as volume exchange, the conversion rate seems separated into two lower and 
higher oxalate yield regimes. This indicates the presence of interactions between two 
factors. Generally, the average oxalate yields appear to be increasing with long reaction 
times and higher purging rates. For increasing catalyst loading, however, no increase of 

Figure 3.S10 Shows the raw data obtained for oxalate yield relative to all four factors temperature (A), 
reaction time (B), catalyst loading (C) and purging (D). 
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average values is visible in figure S10C as the achieved conversions are equally spread 
through the design space. The potential presence of interacting factors and non-linear 
behaviour of oxalate yield justifies the use of a quadratic model to identify the interac-
tion and deconvolute the linear, two-factor interactions and quadratic terms. After the 
deconvolution, the magnitude of each terms influence can be estimated.

The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach a 
high R2 value of 0.93 meaning that 93% of the results can be explained with the variables 
offered in our experiments. This indicates that it is unlikely that other factors, not 
considered or controlled in our experiments influence the conversion.  The Predicted R² 
of 0.8848 is in reasonable agreement with the Adjusted R² of 0.9123 and adequate precision 
measures 21.03 indicating that this model can be used to navigate the design space. An 
equal and continuous distribution of the data through the space and close correlation 
between predicted and actual values is achieved as shown in figure S11A. 

Figure 3.S11 Predicted versus actual values for oxalate yield in the DoE with nitrogen atmosphere. The 
colouring represents the conversion where blue is no conversion and red is full conversion. On the left 
side (A)for the full and on the right side (B) for the reduced model. 

The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for oxalate yields in nitrogen atmosphere are shown in Table 3.S7. For the full 
quadratic model, it becomes apparent that catalyst loading has no significant influence on 
the oxalate yield. Only interactions between temperature and purging as well as reaction 
times are significant interacting terms. Quadratic terms of temperature and catalyst 
loading are significant. All of which exhibit p-values higher than 0.01. Using this cut-off, 
we can realize that A, B, D, AB, AD, BD, A², C² are significant model terms. The results 
of the improved quadratic model including the sum of squares, df and Mean Square for 
the RSM for oxalate yields in nitrogen atmosphere are shown in Table 3.S8. The overall 
model F-value of 39.64 implies the model is significant. There is only a 0.01% chance that 
an F-value this large could occur due to noise. As the linear terms for catalyst loading 
are not significant, we do not include any other terms involving catalyst loading in the 
improved model. Hence, the quadratic term is not considered. With the improved model, 
the overall model F-value of 75.00 is greatly improved compared to the full quadratic 
model. The improved reduced model containing only the most significant factors has a 
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lower R2 value and only 90.7% of the results can be explained with the variables offered 
in our experiments. Yet, the closest resemblance between R2, Adjusted R2 (0.895) and 
Predicted R2 (0.880) indicate a higher quality prediction which is also apparent from the 
adequate Precision which increased from 21.03 to 28.08. Compared to the full quadratic 
model, the actual vs. predicted values have moved closer to the convergence line as 
shown in figure S11B. 
Table 3.S7 Full results of full quadratic RSM for oxalate yield in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 2.22 14 0.1586 39.64 < 0.0001
A-Temperature 0.8605 1 0.8605 215.12 < 0.0001

B-Purging 0.0991 1 0.0991 24.77 < 0.0001

C-Catalyst loading 0.0065 1 0.0065 1.63 0.2093

D-Reaction time 0.2078 1 0.2078 51.94 < 0.0001

AB 0.0721 1 0.0721 18.03 0.0001

AC 0.0002 1 0.0002 0.0496 0.8250

AD 0.3210 1 0.3210 80.25 < 0.0001

BC 0.0000 1 0.0000 0.0063 0.9369

BD 0.0236 1 0.0236 5.89 0.0201

CD 0.0008 1 0.0008 0.1998 0.6574

A² 0.5942 1 0.5942 148.54 < 0.0001

B² 0.0013 1 0.0013 0.3284 0.5700

C² 0.0319 1 0.0319 7.97 0.0075

D² 0.0038 1 0.0038 0.9535 0.3350

Residual 0.1520 38 0.0040

Lack of Fit 0.0894 10 0.0089 4.00 0.0018

Pure Error 0.0626 28 0.0022

Cor Total 2.37 52

Table 3.S8 Full results of improved RSM for oxalate yield in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 2.15 6 0.3586 75.00 < 0.0001
A-Temperature 0.8605 1 0.8605 179.97 < 0.0001

B-Purging 0.0991 1 0.0991 20.72 < 0.0001

D-Reaction time 0.2078 1 0.2078 43.45 < 0.0001

AB 0.0721 1 0.0721 15.08 0.0003

AD 0.3210 1 0.3210 67.14 < 0.0001

A² 0.5913 1 0.5913 123.65 < 0.0001

Residual 0.2199 46 0.0048

Lack of Fit 0.1573 18 0.0087 3.91 0.0006

Pure Error 0.0626 28 0.0022

Cor Total 2.37 52

The coefficient estimate listed in Table 3.S9 is a measure of how each of the terms affects the 
oxalate yield and the combined effect of each factor including their linear and quadratic 
terms are shown in figure S12. The linear term of temperature has the biggest effect on 
oxalate yield, but the overall effect of temperature is dampened by its quadratic term and 
interaction with purging and reaction time. Longer reaction times and higher purging 
rates benefit the conversion too. All two-factor interactions and quadratic terms act as 
dampening terms towards higher values.  From a chemical point of view, the increase of 
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oxalate yields with the increase of the factor values makes sense as higher temperatures, 
longer reaction times and better removal of side-products by purging drive the reaction. 
Yet, above a certain temperature and with prolonged reaction times the formed oxalate 
decomposes which explains the decreasing oxalate yields for high temperatures and 
reaction times visible in the plot of the two-factor interaction in figure S13B. The effect 
of purging follows a linear development and positively contributes to oxalate yields. 
The lack of benefit from higher catalyst loadings is unexpected as the presence of more 
hydroxide should increase the likeliness of formate and oxalate decomposition towards 
carbonates which was reported to be more favourable compared to the decomposition 
of oxalate itself without the presence of hydroxide by Gorski.3 This finding indicates 
that the dominating decomposition pathway is indeed the decomposition of formed 
oxalate caused by high reaction temperatures and helped by long residence times in the 
latter. Temperature is the main driver for the reaction to occur and different reaction 
pathways are available depending on the temperature region. Through the investigated 
temperature range oxalate is formed, above 430°C a competing reaction or subsequent 
decomposition of formate is present. The decrease in oxalate yield with increasing 
reaction time at high temperature (Figure 3.S12B) indicates at least the presence of a 
subsequent decomposition reaction. Competing side reactions occurring in parallel 
would not require longer reaction times to occur more pronounced. Unfortunately, the 
model does not turn out to present us with a local or global maximum for the oxalate 
yield as figure S13 shows. A combination of a lower reaction temperature with a longer 
reaction time promises improvements in the achievable oxalate yield. 
Table 3.S9 Estimated model coefficients for significant factors describing the model for obtained ox-
alate yields in a nitrogen atmosphere. The intercept is the overall average of all runs and coefficients 
are adjustments around that average based on the settings chosen for each factor. The coefficient 
estimate explains the change in response per unit change in the factor value at constant values for the 
remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 
1 stands for fully orthogonal factors.

Factor
Coefficient 

Estimate
df

Standard 
Error

95% CI 
Low

95% CI 
High

VIF

Intercept 0.7952 1 0.0152 0.7647 0.8257
A-Temperature 0.1449 1 0.0108 0.1231 0.1666 1.0000

B-Purging 0.0492 1 0.0108 0.0274 0.0709 1.0000

D-Reaction time 0.0712 1 0.0108 0.0494 0.0929 1.0000

AB -0.0475 1 0.0122 -0.0721 -0.0229 1.0000

AD -0.1002 1 0.0122 -0.1248 -0.0756 1.0000

A² -0.1697 1 0.0153 -0.2004 -0.1390 1.0000
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Figure 3.S12 Influence of (A) Temperature, (B) Purging, (C) Catalyst loading and (D) Reaction time 
on the oxalate yield of formate at medium values for the remaining factors in the reduced quadratic 
model. Note that catalyst loading is no longer considered a contributing factor and thus a straight line. 
The dotted bands show the limits of the 95% confidence interval.

Figure 3.S13 Contour-plots for oxalate yields development depending on (A) Temperature and Purging 
and (B) Temperature and Reaction time with reduced quadratic design. 
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Figure 3.S14 Shows the raw data obtained for carbonate yield relative to all four factors temperature 
(A), reaction time (B), catalyst loading (C) and purging (D). 

S3.3.5.3. Analysis Carbonate yield in a nitrogen atmosphere
Carbonate yields obtained in the nitrogen atmosphere are shown for the full range of 
each factor in figure S14 below. Note, that due to the nature of the central composite 
design the values for the three remaining parameters were not kept constant. However, 
this still allows identifying trends of the influence of each of the factors. Temperature, as 
visible in figure S15A, has the clearest trend of all factors and the carbonate yield increase 
with increasing temperatures. For reaction times the carbonate yield appears to find its 
maximum at thirty minutes and then decrease again, yet the average distribution does 
not follow a clear trend. For catalyst loading and purge flow, the carbonate yields appear 
to be relatively equally distributed on average. The potential presence of interacting 
factors and non-linear behaviour of carbonate yield especially for the term reaction 
time and temperature justifies the use of a quadratic model to identify the interaction 
and deconvolute the linear, two-factor interactions and quadratic terms. After the 
deconvolution, the magnitude of each terms influence can be estimated.

Figure 3.S15 Predicted versus actual values for carbonate yield in the DoE with nitrogen atmosphere. 
The colouring represents the conversion where blue is no conversion and red is full conversion. On the 
left side (A) for the full and on the right side (B) for the reduced model. 
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The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach a 
high R2 value of 0.92 meaning that 92% of the results can be explained with the variables 
offered in our experiments. This indicates that it is unlikely that other factors, not 
considered or controlled in our experiments influence the carbonate yield.  The Predicted 
R² of 0.8431 is in reasonable agreement with the Adjusted R² of 0.8905 and adequate 
precision measures 18.07 indicating that this model can be used to navigate the design 
space. An equal and continuous distribution of the data through the space and close 
correlation between predicted and actual values is achieved as shown in figure S15A. 
The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for carbonate yield in nitrogen atmosphere are shown in Table 3.S10. For 
the full quadratic model, it becomes apparent that catalyst loading and purging have 
no significant influence on the carbonate yield. No interacting terms are present for 
the formation of carbonate. The Quadratic terms of temperature are significant. All of 
which exhibit p-values higher than 0.01. Using this cut-off, only A, D, D² are significant 
model terms. The results of the improved quadratic model including the sum of squares, 
df and Mean Square for the RSM for carbonate yield in nitrogen atmosphere are shown 
in Table 3.S11. The overall model F-value of 31.20 implies the model is significant. There 
is only a 0.01% chance that an F-value this large could occur due to noise. With the 
improved model, the overall model F-value of 153.26 is greatly improved compared to the 
full quadratic model. The improved reduced model containing only the most significant 
factors has a similar R2 value and 90.7% of the results can be explained with the variables 
offered in our experiments. Yet, the closest resemblance between R2, Adjusted R2 (0.899) 
and Predicted R2 (0.889) indicate a higher quality prediction which is also apparent 
from the adequate Precision which increased from 18.07 to 35.32. Compared to the full 
quadratic model, the actual vs. predicted values have moved closer to the convergence 
line as shown in figure S15B. 
Table 3.S10 Full results of full quadratic RSM for carbonate yield in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 1.04 14 0.0742 31.20 < 0.0001
A-Temperature 0.9313 1 0.9313 391.63 < 0.0001

B-Purging 0.0002 1 0.0002 0.0910 0.7645

C-Catalyst loading 0.0012 1 0.0012 0.5035 0.4823

D-Reaction time 0.0371 1 0.0371 15.61 0.0003

AB 0.0010 1 0.0010 0.4044 0.5286

AC 0.0042 1 0.0042 1.79 0.1893

AD 5.773E-06 1 5.773E-06 0.0024 0.9610

BC 0.0043 1 0.0043 1.81 0.1865

BD 0.0003 1 0.0003 0.1066 0.7458

CD 0.0008 1 0.0008 0.3405 0.5630

A² 0.0038 1 0.0038 1.61 0.2120

B² 0.0026 1 0.0026 1.10 0.3003

C² 1.833E-06 1 1.833E-06 0.0008 0.9780

D² 0.0517 1 0.0517 21.76 < 0.0001

Residual 0.0904 38 0.0024

Lack of Fit 0.0295 10 0.0030 1.36 0.2490

Pure Error 0.0608 28 0.0022

Cor Total 1.13 52
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Table 3.S11 Full results of reduced RSM for carbonate yield in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 1.02 3 0.3401 153.26 < 0.0001
A-Temperature 0.9313 1 0.9313 419.69 < 0.0001

D-Reaction time 0.0371 1 0.0371 16.73 0.0002

D² 0.0519 1 0.0519 23.37 < 0.0001

Residual 0.1087 49 0.0022

Lack of Fit 0.0479 21 0.0023 1.05 0.4450

Pure Error 0.0608 28 0.0022

Cor Total 1.13 52
The coefficient estimate listed in Table 3.S12 is a measure of how each of the terms affects 
the carbonate yield and the combined effect of each factor including their linear and 
quadratic terms are shown in Figure 3.S16. Only three terms have been found significant 
and the linear term of temperature has the biggest effect on carbonate yield. The catalyst 
loading Purge flow has no impact on the carbonate yield in this model. The role of 
reaction times has a linear and quadratic nature. The linear term benefits the formation 
of carbonate, yet the quadratic term, which has a higher coefficient, dampens the effect. 
This leads to a model in which an increased reaction time, the carbonate yield decreases. 
From a chemical point of view, this is counter-intuitive at first. As the formation of 
carbonate is mainly occurring at higher temperatures due to decomposition. A longer 
residence time at these high temperatures should therefore benefit the decomposition 
to carbonate. However, carbonate itself can decompose further to elemental carbon at 
high temperatures. In our design space, this reaction only occurs at relatively low rates 
due to insufficient temperatures but is favoured by relatively long reaction times. Overall, 
our model does not describe the formation of carbonate in detail due to the choice of the 
design space chosen to find optimal conditions for high oxalate yields. Yet, chemically 
the results are sounds and point to the presence of a cascade of decomposition reactions 
of the formed oxalate first to carbonate and later to elemental carbon or gaseous 
carbonous substances do not present in the obtained solid after the reaction. The absence 
of a significant effect of catalyst loading indicates that the main pathway for oxalate or 
formate decomposition does not include a reaction where hydroxide is consumed as a 
reactant as suggested by Gorski.3

Table 3.S12 Estimated model coefficients for significant factors describing the model for obtained 
carbonate yields in a nitrogen atmosphere. The intercept is the overall average of all runs and coeffi-
cients are adjustments around that average based on the settings chosen for each factor. The coeffi-
cient estimate explains the change in response per unit change in the factor value at constant values 
for the remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where 
VIF = 1 stands for fully orthogonal factors.

Factor
Coefficient 

Estimate
df

Standard 
Error

95% CI 
Low

95% CI 
High

VIF

Intercept 0.3647 1 0.0103 0.3439 0.3854
A-Temperature 0.1507 1 0.0074 0.1359 0.1655 1.0000

D-Reaction time 0.0301 1 0.0074 0.0153 0.0449 1.0000

D² -0.0503 1 0.0104 -0.0711 -0.0294 1.0000
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Figure 3.S16 Influence of (A) Temperature, (B) Purging, (C) Catalyst loading and (D) Reaction time on 
the Carbonate yield of formate at medium values for the remaining factors in the reduced quadratic 
model. Note that catalyst loading and purging are no longer considered a contributing factor and thus 
a straight line. The dotted bands show the limits of the 95% confidence interval.

S3.3.5.4. Analysis Carbon balance in a nitrogen atmosphere
The carbon balances obtained in the nitrogen atmosphere are shown for the full range of 
each factor in Figure 3.S17 below. Note, that due to the nature of the central composite 
design the values for the three remaining parameters were not kept constant. However, 
this still allows identifying trends of the influence of each of the factors. Temperature, as 
visible in Figure 3.S17A, has the only clear trend of all factors and the carbon balances 
decreases with increasing temperatures. For the remaining factors, no trend of any 
influence on the carbon balance is visible as the date appears equally distributed. The 
potential presence of non-linear behaviour of carbon balance and small linear factors 
invisible in the raw data especially for the term reaction time and temperature justifies 
the use of a quadratic model to identify the interaction and deconvolute the linear, 
two-factor interactions and quadratic terms. After the deconvolution, the magnitude of 
each terms influence can be estimated.
The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach 
a high R2 value of 0.77 meaning that 77% of the results can be explained with the 
variables offered in our experiments. This indicates that there might be more factors, 
not considered or controlled in our experiments that influence the carbon balance.  The 
Predicted R² of 0.5764 is in reasonable agreement with the Adjusted R² of 0.58332 and 
adequate precision measures 11.72 indicating that this model can be used to navigate the 
design space. Yet, the model for the carbon balance is the worst out of the four models. 
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Figure 3.S18 Predicted versus actual values for carbon balance in the DoE with nitrogen atmosphere. 
The colouring represents the conversion where blue is no conversion and red is full conversion. On the 
left side (A)for the full and on the right side (B) for the reduced model. 

An equal and continuous distribution of the data through the space and close correlation 
between predicted and actual values is achieved as shown in Figure 3.S18A. 
The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for carbon balance in nitrogen atmosphere are shown in Table 3.S13. For 
the full quadratic model, it becomes apparent that catalyst loading and purging have 
no significant influence on the carbon balance. No interacting terms affect the carbon 
balance. The quadratic term of temperature is significant. All of which exhibit p-values 
higher than 0.01. Using this cut-off, only Temperature (A) and reaction time (D) are 
significant model terms. The results of the improved quadratic model including the 
sum of squares, df and Mean Square for the RSM for the carbon balance in nitrogen 
atmosphere are shown in Table 3.S14. The overall model F-value of 9.01 implies the model 
is significant. There is only a 0.01% chance that an F-value this large could occur due to 
noise. With the improved model, the overall model F-value of 36.51 is greatly improved 

Figure 3.S17 Shows the raw data obtained for carbonate yield relative to all four factors temperature 
(A), reaction time (B), catalyst loading (C) and purging (D). 
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compared to the full quadratic model. The improved reduced model containing only the 
most significant factors has a similar R2 value and 59.36% of the results can be explained 
with the variables offered in our experiments. Yet, the closest resemblance between 
R2, Adjusted R2 (0.5773) and Predicted R2 (0.5465) indicate a higher quality prediction 
which is also apparent from the adequate Precision which increased from 11.72 to 
16.10. Compared to the full quadratic model, the actual vs. predicted values have not 
moved closer to the convergence line as shown in Figure 3.S19B due to the simplicity and 
potential missing influences on the carbon balance not considered in our model. 

Table 3.S13 Full results of full quadratic RSM for carbon balance in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 0.2512 14 0.0179 9.01 < 0.0001

A-Temperature 0.1778 1 0.1778 89.29 < 0.0001

B-Purging 0.0001 1 0.0001 0.0502 0.8240

C-Catalyst loading 0.0090 1 0.0090 4.51 0.0402

D-Reaction time 0.0162 1 0.0162 8.14 0.0070

AB 0.0000 1 0.0000 0.0190 0.8912

AC 0.0028 1 0.0028 1.39 0.2456

AD 0.0017 1 0.0017 0.8487 0.3627

BC 0.0020 1 0.0020 0.9845 0.3274

BD 0.0009 1 0.0009 0.4491 0.5068

CD 0.0008 1 0.0008 0.4040 0.5288

A² 0.0013 1 0.0013 0.6327 0.4313

B² 0.0249 1 0.0249 12.48 0.0011

C² 0.0049 1 0.0049 2.44 0.1269

D² 0.0084 1 0.0084 4.21 0.0472

Residual 0.0757 38 0.0020

Lack of Fit 0.0215 10 0.0022 1.11 0.3879

Pure Error 0.0542 28 0.0019

Cor Total 0.3269 52

Table 3.S14 Full results of reduced RSM for carbonate yield in a nitrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 0.1940 2 0.0970 36.51 < 0.0001

A-Temperature 0.1778 1 0.1778 66.92 < 0.0001

D-Reaction time 0.0162 1 0.0162 6.10 0.0170

Residual 0.1329 50 0.0027

Lack of Fit 0.0787 22 0.0036 1.85 0.0626

Pure Error 0.0542 28 0.0019

Cor Total 0.3269 52

The reaction temperature by far has a much large impact on the carbon balance compared 
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to the reaction time visible from the estimated coefficients for the factors shown in 
Table 3.S15. Overall, we can see that the loss of carbon predominantly occurs at high 
temperatures and long reaction times, which indicates a relatively slow decomposition 
of the formed products in these conditions. If the decomposition was faster, we would 
expect a higher influence of reaction time on the carbon balance. The fact that the 
decomposition and alteration of carbon balance only occur in a relatively small part of 
the design space explains the relatively poor model quality. In our case, the goal was to 
study the influences on oxalate yield and not a precise description of the degradation 
of the formed oxalate. If this degradation was to be studied extensively, the design 
space should be expanded towards higher temperatures and reaction times. Yet, as this 
expansion would decrease the prediction strengths of the model for oxalate yields, we 
did not incorporate higher reaction times and temperatures. For our purpose the insight 
into decomposition is sufficient.   
Table 3.S15 Estimated model coefficients for significant factors describing the model for carbon bal-
ance in a nitrogen atmosphere. The intercept is the overall average of all runs and coefficients are 
adjustments around that average based on the settings chosen for each factor. The coefficient es-
timate explains the change in response per unit change in the factor value at constant values for the 
remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 
1 stands for fully orthogonal factors.

Factor
Coefficient 

Estimate
df

Standard 
Error

95% CI 
Low

95% CI 
High

VIF

Intercept 0.8860 1 0.0071 0.8718 0.9002

A-Temperature -0.0659 1 0.0081 -0.0820 -0.0497 1.0000

D-Reaction time -0.0199 1 0.0081 -0.0361 -0.0037 1.0000

Figure 3.S19 Influence of (A) Temperature, (B) Purging, (C) Catalyst loading and (D) Reaction time on 
the carbon balance of formate at medium values for the remaining factors in the reduced quadratic 
model. Note that catalyst loading and purging are no longer considered a contributing factor and thus 
a straight line. The dotted bands show the limits of the 95% confidence interval.
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Table 3.S16 Overview of build information for the response surface model in a hydrogen atmosphere

Study Type Randomized Response Surface

Design Type Central Composite

Design Model Quadratic

Runs 34 runs, no blocks

S3.3.6 Response surface model 2 – Hydrogen as the atmosphere

For the second design with Hydrogen as the atmosphere, we use the same approach as 
described above for the design with Nitrogen as the atmosphere. The only difference 
is the obliteration of purging rate as a variable due to safety issues with high flows of 
hydrogen. We use a central composite design that allows the development of quadratic 
models including linear, quadratic and two-factor interaction terms. Each datapoint was 
collected in duplicate and for the central six replicates were performed, all experiments 
were performed in totally random order without using blocks. Overall, this leads to 34 
individual experiments for the whole model. We use an alpha of 1.5 to allow for even 
numbers for each parameter. In total, we included three factors (A-C) in the model all of 
which are numeric continuous types. Temperatures (A) were varied from 300 to 500°C 
using a model with a = 1.5 this leads to a minimum value of 250 °C and a maximum value 
of 550 °C. The details for the two remainings, reaction time (B) and catalyst loading (C) are 
listed in Table 3.S17. As responses, we consider the conversion of formate, oxalate yield, 
carbonate yield and the overall carbon balance. All responses are measured are reported 
as a fraction of 1.  The minimum, maximum and mean values are reported in Table 3.S18. 
Table 3.S17 Numerical continuous factors used in the RSM in a hydrogen atmosphere 

Factor Units Minimum Maximum
Coded 

Low
Coded 

High
Mean

Std. 
Dev.

Temperature 
(A)

°C 250.00 550.00
-1 to 

300.00
+1 to 

500.00
400 87.0

Reaction time 
(B)

min 1.00 60.00
-1 to 

10.00
+1 to 

50.00
30.5 17.1

Catalyst loading 
(C)

wt.% 2.25 9.75 -1 to 3.50 +1 to 8.50 6.00 2.18

Table 3.S18 Responses and their obtained values in the RSM in a nitrogen atmosphere

Response Units Observations Minimum Maximum Mean
Std. 
Dev.

Ratio

Conversion % 34.00 0.242 1 0.83 0.25 4.13

Oxalate yield % 34.00 0.009 0.919 0.52 0.32 102.11

Carbonate yield % 34.00 0.014 0.550 0.17 0.18 38.08

Carbon balance % 34.00 0.553 1 0.85 0.17 1.81
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S3.3.6.1. Analysis: Conversion in a hydrogen atmosphere

Figure 3.S20 shows the raw data obtained for conversion for all three factors temperature (A), reaction 
time (B) and catalyst loading (C). 

The results we receive for the conversion of formate in hydrogen atmosphere are shown 
for the range of each factor in Figure 3.S20 below. Note, that due to the nature of the 
central composite design the values for the two remaining parameters were not kept 
constant. However, this still allows identifying trends of the influence of each of the 
factors. Temperature, as visible in Figure 3.S20A, has the clearest trend of all factors and 
the conversion increases on average with increasing temperature. For the reaction time 
(Figure 3.S20B) the conversion rate seems separated into two lower and higher conversion 
regimes. This indicates the presence of interactions between two factors. Generally, the 
conversion appears to be increasing with long reaction times. The conversion appears 
independent of catalyst loading as the achieved conversions are equally spread through 
the design space. The potential presence of interacting factors justifies the use of a 
quadratic model to identify the interaction and deconvolute the linear, two-factor 
interactions and quadratic terms. After the deconvolution, the magnitude of each terms 
influence can be estimated.
The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach a 
high R2 value of 0.96 meaning that 96% of the results can be explained with the variables 
offered in our experiments. This indicates that it is unlikely that other factors, not 
considered or controlled in our experiments influence the conversion.  The Predicted R² 
of 0.9122 is in reasonable agreement with the Adjusted R² of 0.9422 and adequate precision 
measures 22.54 indicating that this model can be used to navigate the design space. An 
equal and continuous distribution of the data through the space and close correlation 
between predicted and actual values is achieved as shown in Figure 3.S21A. 
The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for formate conversion in hydrogen atmosphere are shown in Table 3.S19. 
For the full quadratic model, it becomes apparent that catalyst loading has no significant 
influence on the conversion. Only interactions between temperature and reaction times 
are significant interacting terms. Quadratic terms of temperature and reaction time 
are significant.  
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Figure 3.S21 Predicted versus actual values for conversion in the DoE with hydrogen atmosphere. The 
colouring represents the conversion where blue is no conversion and red is full conversion. On the left 
side (A) for the full and on the right side (B) for the reduced model. 

Table 3.S19 Full results of full quadratic RSM for conversion in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 2.02 9 0.2240 60.75 < 0.0001

A-Temperature 0.8092 1 0.8092 219.49 < 0.0001

B-Reaction time 0.5072 1 0.5072 137.56 < 0.0001

C-Catalyst loading 0.0032 1 0.0032 0.8787 0.3579

AB 0.2502 1 0.2502 67.85 < 0.0001

AC 0.0095 1 0.0095 2.58 0.1215

BC 0.0028 1 0.0028 0.7626 0.3912

A² 0.2992 1 0.2992 81.17 < 0.0001

B² 0.1151 1 0.1151 31.23 < 0.0001

C² 0.0186 1 0.0186 5.05 0.0341

Residual 0.0885 24 0.0037

Lack of Fit 0.0811 5 0.0162 41.76 < 0.0001

Pure Error 0.0074 19 0.0004

Cor Total 2.10 33

All of which exhibit p-values higher than 0.01. Using this cut-off, we realize that A, B, 
AB, A², B² are significant model terms. The results of the improved quadratic model 
including the sum of squares, df and Mean Square for the RSM for formate conversion 
in hydrogen atmosphere are shown in Table 3.S20. The overall model F-value of 60.75 
implies the model is significant. There is only a 0.01% chance that an F-value this large 
could occur due to noise. With the improved model, the overall model F-value of 90.46 is 
greatly improved compared to the full quadratic model implies the model is significant. 
The improved reduced model containing only the most significant factors has a lower R2 
value and only 94.17% of the results can be explained with the variables offered in our 
experiments. Yet, the closest resemblance between R2, Adjusted R2 (0.9313) and Predicted 
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R2 (0.9026) indicate a higher quality prediction which is also apparent from the adequate 
Precision which increased from 22.54 to 24.79. Compared to the full quadratic model, the 
actual vs. predicted values have slightly moved closer to the convergence line as shown 
in Figure 3.S21B.
Table 3.S20 Full results of reduced quadratic RSM for conversion in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 1.98 5 0.3963 90.46 < 0.0001

A-Temperature 0.8092 1 0.8092 184.73 < 0.0001

B-Reaction time 0.5072 1 0.5072 115.77 < 0.0001

AB 0.2502 1 0.2502 57.11 < 0.0001

A² 0.3305 1 0.3305 75.44 < 0.0001

B² 0.1330 1 0.1330 30.35 < 0.0001

Residual 0.1227 28 0.0044

Lack of Fit 0.1153 9 0.0128 32.98 < 0.0001

Pure Error 0.0074 19 0.0004

Cor Total 2.10 33

The coefficient estimate listed in Table 3.S21 is a measure of how each of the terms 
affects the oxalate yield and the combined effect of each factor including their linear 
and quadratic terms are shown in Figure 3.S22. In the case of formate conversion in the 
hydrogen atmosphere, the linear term of temperature has the biggest effect on formate 
conversion. Other than in nitrogen, the reaction time has an almost equal influence in 
this case. The overall effect of the linear terms is dampened by its quadratic term and 
interaction with the interaction terms. From a chemical point of view, the increase of 
conversion with the increase of the factor values makes sense as higher temperatures, 
longer reaction times and better removal of side-products by purging drive the reaction. 
Temperature is the main driver for the reaction to occur, and we observe a saturation of 
influence of temperature at higher values due to the high overall conversion which can 
only reach a maximum of 1. A longer time at a given temperature increases the likeliness 
of the conversion. This effect is pronounced at lower reaction temperatures and the 
model reflects as can be seen in Figure 3.S23. The lack of benefit from higher catalyst 
loadings is unexpected as the presence of more catalytic species should have an impact 
on conversion especially at lower reaction times and lower temperatures. 
Table 3.S21 Estimated model coefficients for significant factors describing the model for formate 
conversion in a hydrogen atmosphere. The intercept is the overall average of all runs and coefficients 
are adjustments around that average based on the settings chosen for each factor. The coefficient 
estimate explains the change in response per unit change in the factor value at constant values for the 
remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 
1 stands for fully orthogonal factors.

Factor
Coefficient 

Estimate
df

Standard 
Error

95% CI 
Low

95% CI 
High

VIF

Intercept 0.9964 1 0.0209 0.9537 1.04
A-Temperature 0.1799 1 0.0132 0.1528 0.2070 1.0000

B-Reaction time 0.1424 1 0.0132 0.1153 0.1695 1.0000

AB -0.1250 1 0.0165 -0.1589 -0.0911 1.0000

A² -0.1372 1 0.0158 -0.1696 -0.1049 1.02

B² -0.0870 1 0.0158 -0.1194 -0.0547 1.02
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Figure 3.S22 Influence of (A) Temperature, (B) Reaction time and (C) Catalyst loading on the conver-
sion of formate at median values for the remaining factors in the reduced quadratic model. Note that 
catalyst loading and purging are no longer considered a contributing factor and thus a straight line. The 
dotted bands show the limits of the 95% confidence interval.

Figure 3.S23 Contour-plot for conversion development due to the interaction of temperature and 
reaction time in a hydrogen atmosphere with reduced quadratic design. 

S3.3.6.2. Analysis: Oxalate yield in a hydrogen atmosphere
The results we receive for the conversion of formate in hydrogen atmosphere are shown 
for the range of each factor in Figure 3.S24 below. Note, that due to the nature of the 
central composite design the values for the two remaining parameters were not kept 
constant. However, this still allows identifying trends of the influence of each of the 
factors. Temperature, as visible in Figure 3.S24A, has the clearest trend of all factors 
and the oxalate yield shows a parabolic behaviour with a clear maximum around 400 
°C. At higher temperatures, the achieved yields decrease drastically.  For the reaction 
time (Figure 3.S24B) the conversion rate seems separated into two lower and higher 
conversion regimes. This indicates the presence of interactions between two factors. 
Overall, the oxalate yield appears to be increasing with long reaction times up until 30 
minutes. Catalyst loading appears to not affect oxalate yields as the results are equally 
spread through the design space. The potential presence of interacting factors justifies 
the use of a quadratic model to identify the interaction and deconvolute the linear, 
two-factor interactions and quadratic terms. After the deconvolution, the magnitude of 
each terms influence can be estimated.
The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach a 
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high R2 value of 0.91 meaning that 91% of the results can be explained with the variables 
offered in our experiments. This indicates that it is unlikely that other factors, not 
considered or controlled in our experiments influence the oxalate yield.  The Predicted R² 
of 0.8198 is in reasonable agreement with the Adjusted R² of 0.8783 and adequate precision 
measures 15.62 indicating that this model can be used to navigate the design space. An 
equal and continuous distribution of the data through the space and close correlation 
between predicted and actual values is achieved as shown in Figure 3.S25A.

 Figure 3.S24 shows the raw data obtained for oxalate yields for all three factors temperature (A), 
reaction time (B) and catalyst loading (C).  

Figure 3.S25 Predicted versus actual values for oxalate yields in the DoE with hydrogen atmosphere. 
The colouring represents the conversion where blue is no conversion and red is full conversion. On the 
left side (A) for the full and on the right side (B) for the reduced model. 

The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for oxalate yield in hydrogen atmosphere are shown in Table 3.S22. For 
the full quadratic model, it becomes apparent that catalyst loading has no significant 
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influence on the oxalate yield. Only interactions between temperature and reaction times 
are significant interacting terms. Quadratic terms of temperature and reaction time are 
significant. All of which exhibit p-values higher than 0.01. Using this cut-off, we realize 
that A, B, AB, A², B² are significant model terms. The results of the improved quadratic 
model including the sum of squares, df and Mean Square for the RSM for oxalate yield 
in hydrogen atmosphere are shown in Table 3.S23. The overall model F-value of 27.47 
implies the model is significant. There is only a 0.01% chance that an F-value this large 
could occur due to noise. With the improved model, the overall model F-value of 55.24 is 
greatly improved compared to the full quadratic model implies the model is significant. 
The improved reduced model containing only the most significant factors has a lower R2 
value and only 90.80% of the results can be explained with the variables offered in our 
experiments. Yet, the closest resemblance between R2, Adjusted R2 (0.8915) and Predicted 
R2 (0.8509) indicate a higher quality prediction which is also apparent from the adequate 
Precision which increased from 15.62 to 21.25. Compared to the full quadratic model, the 
actual vs. predicted values have slightly moved closer to the convergence line as shown 
in Figure 3.S25B.
Table 3.S22 Full results of full quadratic RSM for oxalate yields in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 3.10 9 0.3442 27.47 < 0.0001

A-Temperature 0.5453 1 0.5453 43.52 < 0.0001

B-Reaction time 0.0933 1 0.0933 7.45 0.0117

C-Catalyst loading 0.0058 1 0.0058 0.4645 0.5020

AB 0.5698 1 0.5698 45.48 < 0.0001

AC 0.0021 1 0.0021 0.1687 0.6849

BC 0.0010 1 0.0010 0.0823 0.7767

A² 1.79 1 1.79 142.76 < 0.0001

B² 0.1950 1 0.1950 15.56 0.0006

C² 0.0031 1 0.0031 0.2481 0.6230

Residual 0.3007 24 0.0125

Lack of Fit 0.2359 5 0.0472 13.82 < 0.0001

Pure Error 0.0648 19 0.0034

Cor Total 3.40 33

The coefficient estimate listed in Table 3.S24 is a measure of how each of the terms affects 
the oxalate yield and the combined effect of each factor including their linear and quadratic 
terms are shown in Figure 3.S26. In the case of oxalate yields in the hydrogen atmosphere, 
the quadratic and linear term of temperature has the biggest effect on oxalate yield. Due 
to the high intercept value, the interpretation of the coefficients becomes more difficult. 
A strong interaction between temperature and reaction time is apparent and higher 
temperatures appear to have a strong negative effect on oxalate yields, which can be seen 
by the magnitude of the coefficient for the quadratic term and in the factor influence in 
Figure 3.S26A. Reaction times appear to have a lesser effect on the oxalate yield but also 
for this factor a maximum is present within the chosen design space as visible in Figure 
3.S26B. Catalyst loading does not affect the oxalate yield.  From a chemical point of view, 
the presence of a maximum oxalate yield makes sense. In the regime leading up to the 
maximum, the conversion of formate to oxalate is reigning. After the maximum, higher 
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temperatures, longer reaction times lead to the decomposition of the formed oxalate to 
carbonate. In Figure 3.S27 we can see that compared to using a nitrogen atmosphere, 
high oxalate yields can be achieved at lower reaction temperatures and shorter reaction 
times. The lack of benefit from higher catalyst loadings is unexpected as the presence of 
more catalytic species should have an impact on conversion especially at lower reaction 
times and lower temperatures. 

Table 3.S23 Full results of reduced quadratic RSM for oxalate yields in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 3.09 5 0.6171 55.24 < 0.0001

A-Temperature 0.5453 1 0.5453 48.81 < 0.0001

B-Reaction time 0.0933 1 0.0933 8.35 0.0074

AB 0.5698 1 0.5698 51.01 < 0.0001

A² 1.81 1 1.81 161.91 < 0.0001

B² 0.1920 1 0.1920 17.19 0.0003

Residual 0.3128 28 0.0112

Lack of Fit 0.2480 9 0.0276 8.07 < 0.0001

Pure Error 0.0648 19 0.0034

Cor Total 3.40 33

Table 3.S24 Estimated model coefficients for significant factors describing the model for obtained 
oxalate yields in a hydrogen atmosphere. The intercept is the overall average of all runs and coefficients 
are adjustments around that average based on the settings chosen for each factor. The coefficient 
estimate explains the change in response per unit change in the factor value at constant values for the 
remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 
1 stands for fully orthogonal factors.

Factor
Coefficient Esti-

mate
df

Standard 
Error

95% CI Low
95% CI 

High
VIF

Intercept 0.8300 1 0.0333 0.7618 0.8982
A-Temperature -0.1477 1 0.0211 -0.1910 -0.1044 1.00

B-Reaction time 0.0611 1 0.0211 0.0178 0.1044 1.00

AB -0.1887 1 0.0264 -0.2428 -0.1346 1.00

A² -0.3210 1 0.0252 -0.3727 -0.2694 1.02

B² -0.1046 1 0.0252 -0.1563 -0.0529 1.02

Figure 3.S26 Influence of (A) Temperature, (B) Reaction time and (C) Catalyst loading on the oxalate 
yield at median values for the remaining factors in the reduced quadratic model. Note that catalyst 
loading, and purging are no longer considered a contributing factor and thus a straight line. The dotted 
bands show the limits of the 95% confidence interval.
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Figure 3.S27 Contour-plot for oxalate yields development due the interaction of temperature and 
reaction time in hydrogen atmosphere with reduced quadratic design. 

S3.3.6.3. Analysis: Carbonate yield in a hydrogen atmosphere
The results we receive for carbonate yields in the hydrogen atmosphere are shown 
for the range of each factor in Figure 3.S28 below. Note, that due to the nature of the 
central composite design the values for the two remaining parameters were not kept 
constant. However, this still allows identifying trends of the influence of each of the 
factors. Temperature, as visible in Figure 3.S28A, has the clearest trend of all factors 
and the carbonate yields increase with increasing reaction temperatures in a seemingly 
exponential manner.  This is in line with the decreasing oxalate yields observed for higher 
reaction temperatures. The reaction time (Figure 3.S28B) longer reaction times also on 
average increase carbonate yields but the data appears to be separated into two parts 
which indicate the presence of an interaction between factors. Catalyst loading appears 
to not affect carbonate yields as the results are equally spread through the design space. 
The potential presence of interacting factors justifies the use of a quadratic model to 
identify the interaction and deconvolute the linear, two-factor interactions and quadratic 
terms. After the deconvolution, the magnitude of each terms influence can be estimated. 

Figure 3.S29 Predicted versus actual values for carbonate yields in the DoE with hydrogen atmosphere. 
The colouring represents the conversion where blue is no conversion and red is full conversion. On the 
left side (A) for the full and on the right side (B) for the reduced model. 
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The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach a 
high R2 value of 0.96 meaning that 96% of the results can be explained with the variables 
offered in our experiments. This indicates that it is unlikely that other factors, not 
considered or controlled in our experiments influence the oxalate yield.  The Predicted R² 
of 0.9101 is in reasonable agreement with the Adjusted R² of 0.9404 and adequate precision 
measures 22.46 indicating that this model can be used to navigate the design space. An 
equal and continuous distribution of the data through the space and close correlation 
between predicted and actual values is achieved as shown in Figure 3.S29A. 

Figure 3.S28 shows the raw data obtained for carbonate yields for all three factors temperature (A), 
reaction time (B) and catalyst loading (C). 

The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for carbonate yields in hydrogen atmosphere are shown in Table 3.S25. For 
the full quadratic model, it becomes apparent that catalyst loading has no significant 
influence on the carbonate yield. Only interactions between temperature and reaction 
times are significant interacting terms. The quadratic term of temperature is significant. 
All of which exhibit p-values higher than 0.01. Using this cut-off, we realize that A, B, 
AB and A² are significant model terms. The results of the improved quadratic model 
including the sum of squares, df and Mean Square for the RSM for carbonate yields 
in hydrogen atmosphere are shown in Table 3.S26. The overall model F-value of 58.88 
implies the model is significant. There is only a 0.01% chance that an F-value this large 
could occur due to noise. With the improved model, the overall model F-value of 11.48 is 
greatly improved compared to the full quadratic model implies the model is significant. 
The improved reduced model containing only the most significant factors has a lower 
R2 value and only 93.9% of the results can be explained with the variables offered in our 
experiments. Yet, the closest resemblance between R2, Adjusted R2 (0.9305) and Predicted 
R2 (0.9074) indicate a higher quality prediction which is also apparent from the adequate 
Precision which increased from 22.45 to 30.12. Compared to the full quadratic model, the 
actual vs. predicted values have are similarly distributed around the convergence line as 
shown in Figure 3.S29B.
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Table 3.S25 Full results of full quadratic RSM for carbonate yields in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 1.00 9 0.1115 58.88 < 0.0001
A-Temperature 0.7482 1 0.7482 395.21 < 0.0001

B-Reaction time 0.0604 1 0.0604 31.91 < 0.0001

C-Catalyst loading 0.0071 1 0.0071 3.73 0.0653

AB 0.0419 1 0.0419 22.15 < 0.0001

AC 0.0001 1 0.0001 0.0525 0.8208

BC 0.0001 1 0.0001 0.0623 0.8051

A² 0.1433 1 0.1433 75.67 < 0.0001

B² 0.0022 1 0.0022 1.18 0.2875

C² 0.0103 1 0.0103 5.43 0.0285

Residual 0.0454 24 0.0019

Lack of Fit 0.0391 5 0.0078 23.55 < 0.0001

Pure Error 0.0063 19 0.0003

Cor Total 1.05 33

Table 3.S26 Full results of reduced quadratic RSM for carbonate yields in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 0.9847 4 0.2462 111.48 < 0.0001
A-Temperature 0.7482 1 0.7482 338.82 < 0.0001

B-Reaction time 0.0604 1 0.0604 27.36 < 0.0001

AB 0.0419 1 0.0419 18.99 0.0002

A² 0.1341 1 0.1341 60.74 < 0.0001

Residual 0.0640 29 0.0022

Lack of Fit 0.0577 10 0.0058 17.37 < 0.0001

Pure Error 0.0063 19 0.0003

Cor Total 1.05 33

The coefficient estimate listed in Table 3.S27 is a measure of how each of the terms 
affects the oxalate yield and the combined effect of each factor including their linear 
and quadratic terms are shown in Figure 3.S30. The production of carbonate in a 
hydrogen atmosphere is mainly determined by increasing temperature. Both the linear 
and quadratic terms positively contribute to the achieved carbonate yield and the 
exponential behaviour becomes visible in Figure 3.S30A. Increasing reaction times and 
their interaction with temperature also contribute to higher carbonate yields. As all 
terms are positive, we do not see a local maximum of carbonate formation within our 
design space as seen in Figure 3.S31. 
The catalyst loading does not affect the carbonate yield. From a chemical point of view, 
the increase of carbonate yield with temperature and time makes sense as the formed 
oxalate decomposes. Our model and the choice of parameter space was not designed 
to describe carbonate yield but rather to optimize oxalate yield. The model term for 
carbonate yield helps to explain the decrease of oxalate formation, yet if the goal was to 
study the carbonate formation and subsequent decomposition, the design space would 
need to be expanded. We would then expect a maximum for carbonate yield due to the 
decomposition of carbonate at even higher temperatures and reaction times. The lack 
of benefit towards carbonate formation from higher amounts of hydroxide (catalyst) 
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suggests that it is not involved in a bimolecular reaction with oxalate or formate towards 
carbonate as suggested by Gorski.3  

Figure 3.S30 Influence of (A) Temperature, (B) Reaction time and (C) Catalyst loading on the carbonate 
yield at median values for the remaining factors in the reduced quadratic model. Note that catalyst 
loading and purging are no longer considered a contributing factor and thus a straight line. The dotted 
bands show the limits of the 95% confidence interval.

Table 3.S27 Estimated model coefficients for significant factors describing the model for obtained 
carbonate yields in a hydrogen atmosphere. The intercept is the overall average of all runs and coeffi-
cients are adjustments around that average based on the settings chosen for each factor. The coeffi-
cient estimate explains the change in response per unit change in the factor value at constant values 
for the remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where 
VIF = 1 stands for fully orthogonal factors.

Factor
Coefficient 

Estimate
df

Standard 
Error

95% CI 
Low

95% CI 
High

VIF

Intercept 0.1072 1 0.0115 0.0838 0.1307
A-Temperature 0.1730 1 0.0094 0.1538 0.1922 1.0000

B-Reaction time 0.0492 1 0.0094 0.0299 0.0684 1.0000

AB 0.0512 1 0.0117 0.0272 0.0752 1.0000

A² 0.0866 1 0.0111 0.0639 0.1094 1.0000

Figure 3.S31 Contour-plot for carbonate yields development due to the interaction of temperature 
and reaction time in a hydrogen atmosphere with reduced quadratic design

S3.3.6.4. Analysis: Carbon balance in a hydrogen atmosphere
The carbon balances we observe in the hydrogen atmosphere are shown for the range of 
each factor in Figure 3.S32 below. Note, that due to the nature of the central composite 
design the values for the two remaining parameters were not kept constant. However, 
this still allows identifying trends of the influence of each of the factors. Temperature, 
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as visible in Figure 3.S32A, has the clearest trend of all factors and the carbon balance 
shows decreases with increasing temperatures. The carbon balance appears to be equally 
spread through the design space for reaction time and catalyst loading. For reaction time 
separation in two regimes seems to be present, yet no clear effect of interaction is visible 
overall. The potential presence of interacting factors justifies the use of a quadratic 
model to identify the interaction and deconvolute the linear, two-factor interactions 
and quadratic terms. After the deconvolution, the magnitude of each terms influence 
can be estimated.

Figure 3.S32 shows the raw data obtained for carbon balance for all three factors temperature (A), 
reaction time (B) and catalyst loading (C). 

The data was not processed before model formation. We initially use the full quadratic 
model, as initially intended by choice of a central composite design. Overall, we reach a 
high R2 value of 0.87 meaning that 87% of the results can be explained with the variables 
offered in our experiments. This indicates that it is unlikely that other main factors, not 
considered or controlled in our experiments influence the oxalate yield.  The Predicted R² 
of 0.7463 is in reasonable agreement with the Adjusted R² of 0.8198 and adequate precision 
measures 12.80 indicating that this model can be used to navigate the design space. An 
equal and continuous distribution of the data through the space and close correlation 
between predicted and actual values is achieved as shown in Figure 3.S33A. 
The results of the full quadratic model including the sum of squares, df and Mean Square 
for the RSM for carbon balance in hydrogen atmosphere are shown in Table 3.S28. For the 
full quadratic model, it becomes apparent that catalyst loading and reaction time have no 
significant influence on the carbon balance. Hence also no two-factor interaction terms 
are significant. The quadratic term of temperature is significant. All of which exhibit 
p-values higher than 0.01. Using this cut-off, we realize that A and A² are significant 
model terms and used in the reduced model. The results of the improved quadratic 
model including the sum of squares, df and Mean Square for the RSM for carbon balance 
in hydrogen atmosphere are shown in Table 3.S29. The overall model F-value of 17.69 
implies the model is significant. There is only a 0.01% chance that an F-value this large 
could occur due to noise. With the improved model, the overall model F-value of 68.62 is 
greatly improved compared to the full quadratic model implies the model is significant. 
The improved reduced model containing only the most significant factors has a lower R2 
value and only 81.57% of the results can be explained with the variables offered in our 
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experiments. Yet, the closest resemblance between R2, Adjusted R2 (0.8038) and Predicted 
R2 (0.7681) indicate a higher quality prediction which is also apparent from the adequate 
Precision which increased from 12.81 to 22.85. Compared to the full quadratic model, the 
actual vs. predicted values have slightly moved closer to the convergence line as shown 
in Figure 3.S33B.

 Figure 3.S33 Predicted versus actual values for carbon balance in the DoE with hydrogen atmosphere. 
The colouring represents the conversion where blue is no conversion and red is full conversion. On the 
left side (A) for the full and on the right side (B) for the reduced model. 

Table 3.S28 Full results of full quadratic RSM for carbon balance in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 0.7907 9 0.0879 17.69 < 0.0001
A-Temperature 0.5944 1 0.5944 119.65 < 0.0001

B-Reaction time 0.0219 1 0.0219 4.41 0.0465

C-Catalyst loading 0.0079 1 0.0079 1.58 0.2205

AB 0.0028 1 0.0028 0.5556 0.4633

AC 0.0035 1 0.0035 0.6980 0.4117

BC 0.0002 1 0.0002 0.0322 0.8592

A² 0.1583 1 0.1583 31.88 < 0.0001

B² 0.0033 1 0.0033 0.6652 0.4228

C² 0.0105 1 0.0105 2.12 0.1585

Residual 0.1192 24 0.0050

Lack of Fit 0.0632 5 0.0126 4.28 0.0089

Pure Error 0.0561 19 0.0030

Cor Total 0.9099 33

Table 3.S29 Full results of reduced quadratic RSM for conversion in a hydrogen atmosphere

Source Sum of Squares df Mean Square F-value p-value

Model 0.7422 2 0.3711 68.62 < 0.0001
A-Temperature 0.5944 1 0.5944 109.89 < 0.0001

A² 0.1479 1 0.1479 27.34 < 0.0001

Residual 0.1677 31 0.0054

Lack of Fit 0.1116 12 0.0093 3.15 0.0125

Pure Error 0.0561 19 0.0030

Cor Total 0.9099 33

The coefficient estimate listed in Table 3.S30 is a measure of how each of the terms affects 
the carbon balance of each factor including their linear and quadratic terms are shown in 
Figure 3.S34. In a hydrogen atmosphere, the reaction temperature is the only significant 
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factor decreasing the overall carbon balance with increasing values. The presence of the 
quadratic term pronounces the decrease towards higher temperatures as seen in Figure 
3.S34A. From a chemical view, this effect of temperature makes sense as high temperatures 
stimulate the decomposition of the carbonous contents to elemental carbon or gaseous 
carbonous compounds. Yet, we would also expect that longer reaction times contribute 
to the decomposition as they increase the chance for the decomposition to occur, 
especially given the seemingly slower reaction rates of the decomposition observed in the 
nitrogen atmosphere. The fact that the decomposition and alteration of carbon balance 
only occur in a relatively small part of the design space explains the relatively poor 
model quality. In our case, the goal was to study the influences on oxalate yield and not a 
precise description of the degradation of the formed oxalate. If this degradation was to be 
studied extensively, the design space should be expanded towards higher temperatures 
and reaction times. Yet, as this expansion would decrease the prediction strengths of the 
model for oxalate yields, we did not incorporate higher reaction times and temperatures. 
For our purpose the insight into decomposition is sufficient.   
Table 3.S30 Estimated model coefficients for significant factors describing the model for carbon bal-
ance in a hydrogen atmosphere. The intercept is the overall average of all runs and coefficients are 
adjustments around that average based on the settings chosen for each factor. The coefficient es-
timate explains the change in response per unit change in the factor value at constant values for the 
remaining factors. The variance inflation factor (VIF) is a measure of factor orthogonality where VIF = 
1 stands for fully orthogonal factors.

Factor
Coefficient 

Estimate
df

Standard 
Error

95% CI 
Low

95% CI 
High

VIF

Intercept 0.9202 1 0.0180 0.8836 0.9568
A-Temperature -0.1542 1 0.0147 -0.1842 -0.1242 1.0000

A² -0.0910 1 0.0174 -0.1265 -0.0555 1.0000

Figure 3.S34 Influence of (A) Temperature, (B) Reaction time and (C) Catalyst loading on the carbon 
balance at median values for the remaining factors in the reduced quadratic model. Note that catalyst 
loading and reaction time are no longer considered a contributing factor and thus a straight line. The 
dotted bands show the limits of the 95% confidence interval.
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