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Abstract
The recently developed POM-Ionosolv-Concept offers an interesting strategy to generate two valuable product streams from lignocellulosic biomass, a solid cellulose-rich pulp and short-chain carboxylic acids like formic and acetic acid in a simple and cost-efficient manner. This study aimed to find the optimum parameters for the two steps of the transformation by performing a sensitivity analysis on the initial Ionosolv fractionation step as well as kinetic investigations of the following POM-catalysed oxidation step. The results were transferred to the POM-Ionosolv-Concept to find the overall process optimum. Beech wood was used as an industrially relevant substrate for the Ionosolv fractionation step in the low-cost ionic liquid triethylammonium sulfate, [TEA][HSO4] and the HPA-5 [H8PV5Mo7O40] POM-catalyst for the subsequent oxidation step of the dissolved components in an oxygen atmosphere. As the most seminal finding we defined optimum conditions of 125°C, 1200 rpm, 30 bar oxygen and 24 h reaction time in ionic liquid containing 70% water, achieving 72% xylose extraction from beech wood, which resulted in a 39% formic acid yield. We suggest that the fractionation and catalytic conversion are carried out at different water contents for maximum conversion efficiency for each step.
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Introduction
Lignocellulosic biomass is an attractive renewable raw material for the production of biobased platform chemicals, bio-based materials, biofuels and bioenergy. It is the only renewable resource of carbon that can be provided sustainably in sufficently high quantities to replace petroleum.1-2 Lignocellulosic biomass typically consists of cellulose (40%), hemicellulose (25%), lignin (25%), and other, minor components (10%).3 Cellulose is an attractive product for several material applications such as paper and packaging, while hemicellulose and lignin can be used for generating renewable (process) energy. Examples for the production of bulk chemicals from these fractions are known 4-5, but they are generally underutilised in comparison to the cellulose fraction. This is due to the higher complexity of lignocellulose and hence greater difficulty towards selective processing. One promising approach is the fractionative oxidation of lignocellulosic biomass.6 Hereby, cellulose can be seen as a source of sustainable glucose after enzymatic saccharification, while carboxylic acids such as formic and acetic acid are derived from the hemicellulose and lignin.7-9 The recently demonstrated POM-Ionosolv-Concept enables fractionation of lignocellulosic biomass into a cellulose-rich pulp that is suitable for enzymatic saccharification and into formic/acetic acid which are generated from the dissolved hemicellulose and lignin fraction in a simple combined fractionation/oxidation approach.10 A protic ionic liquid (IL) water mixture consisting of the Ionosolv IL triethylammonium hydrogen sulfate, [TEA][HSO4] mixed with 20-40 wt.% water, a composition known to effectively fractionate woody biomass, 11 was used for extracting the hemicellulose and the lignin from a lignocellulosic feedstock. The ionic liquid solution also contained a polyoxometalate (POM) catalyst that has the ability to catalytically convert soluble components to short-chain carboxylic acids like formic and acetic acid in the presence of molecular oxygen as the oxidant.12 Due to a high structural diversity and tunable properties POMs have attracted much attention regarding valorization of biomass compounds during recent years. Beside the depolymerization and delignification of lignocellulosic biomass,13-14 also the preparation of several biobased products like, for example, levulinic esters and lactic acid was investigated.15-18
Hereby, we found a correlation between carbohydrate solubilisation and carboxylic acid yield, with more hemicellulose extraction resulting in higher formic acid (FA) yields. Additionally, we demonstrated that the solvent system can be used over three consecutive runs without product isolation. Our approach offers a great potential to derive more value from a broad range of lignocellulosic feedstocks, including softwood, hardwood and grass, in a simple process. 
Despite the interesting findings, our proof-of-concept study also showed that the reaction conditions are a compromise between optimal conditions for Ionosolv fractionation and for the POM-catalysed oxidation. The fractionation step requires higher temperatures of 120-170 °C and a lower water content in the ionic liquid aqueous mixture (20-40 wt.%) operating typically at pressures below 5 bar.19 The POM-catalysed oxidation on the other hand is conducted at pressures up to 30 bar oxygen, lower temperatures (<100 °C) and high water contents >50 wt.%. 12, 20
Ionosolv pre-treatment can selectively dissolve hemicellulose and lignin, but deriving stable value from dissolved hemicellulose is challenging, as the sugars cannot be separated from the ionic liquid. Instead, they are converted into furfural and 5-Hydroxymethylfurfural (HMF) and ultimately precipitate with the lignin. POM-catalysed oxidation can selectively convert hemicellulose to FA but faces challenges for converting lignin in aqueous solution, resulting in low FA and high CO2 selectivities.20 Therefore, splitting the process into two unit operations allows for individual optimisation. This can be investigated effectively by using statistical and modelling tools like Design of Experiments (DoE).21
In this study, a sensitivity analysis for different parameters of the Ionosolv fractionation was performed for beech wood as an industrially relevant substrate. A Box-Behnken DoE was used to reveal the relative importance of several reaction parameters on the selective dissolution of the hemicellulose. In the next step, the oxidation of the dissolved compounds was further investigated using xylose as a model to determine the rate-limiting step of the overall conversion pathway. Afterwards, these results were transferred to the POM-Ionosolv-Concept to suggest an optimum operation. 
Experimental Details
Chemicals
All chemicals and feedstocks are commercially available and were used without further purification. Sulfuric acid (5 M) and triethylamine were purchased from Sigma Aldrich. Beech chips were supplied from Mushrooms & Equipment Shop. Elemental analysis of the substrate was performed using a Euro Vector EA 3000. The results are shown in the supporting information (ESI Table S4).
Synthesis of catalyst and ionic liquid
The vanadium-substituted POM-catalyst HPA-5 (H8[PV5Mo7O40] *x H2O) was synthesised according to the literature.22 The characterisation data (ICP-OES for elemental composition as well as FTIR spectroscopy for determination of the Keggin species) can be found in the supporting information (ESI, Table S5 and Figure S1). The ionic liquid triethylammonium hydrogen sulfate [TEA][HSO4] was synthesized by addition of sulfuric acid to triethylamine. Triethylamine (2.5 mol) was cooled with an ice bath in a 500 ml round-bottom flask and 5 M H2SO4 (2.5 mol) was added dropwise while stirring. The water content of [TEA][HSO4] was determined by Karl-Fisher titration (V20 volumetric Titrator, Mettler-Toledo) and adjusted to the desired water content before further use. 
Catalytic conversion experiments
All experiments for the DoE study were carried out in a 450 mL Hastelloy autoclave equipped with a gas entrainment stirrer. Fractionated substrate (x ≤ 630 µm) and 200 g liquid phase, containing [TEA][HSO4] with a defined water content, were loaded into the reactor. The reactor was closed, purged three times with 20 bar of N2 and pre-pressurized with 20 bar N2. The stirrer was adjusted to 300 rpm and the heating was switched on. When the reaction temperature was reached, the pressure was adjusted to 30 bar, the stirrer was set to 1200 rpm and the reaction was started. After the reaction time, the stirrer speed was reduced to 300 rpm again and the reactor was cooled down. A gas sample was taken and the reactor was depressurized. The solid residue was separated via filtration, washed with deionized water and dried for 48 h at 50 °C. The liquid phase was analysed using HPLC.
The kinetic studies of the catalytic oxidation experiments were carried out in a 600 ml Hastelloy C276 autoclave equipped with a gas entrainment stirrer. Within these catalytic oxidation experiments, xylose was used as a substrate (0.2 mol l-1), HPA-5 as catalyst (1 mmol) and 200 g liquid phase, containing 30 wt.% [TEA][HSO4] and 70 wt. % H2O. The experiments were performed in the same way as the DoE studies but with molecular oxygen as reaction gas. Additionally, liquid in-situ samples were taken. After the reaction temperature was reached, a “zero sample” was taken to determine the xylose concentration.
Analysis
The gas phase was analysed by using a Varian GC 450 equipped with a Shin-Carbon-column (2 m x 0.75 mm) and a TCD and a FID detector. The yield of CO2 and CO were determined according to equation (1) and (2):
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The liquid phase was analysed using a Jasco HPLC (uncertainty of 0.86%) equipped with a Shodex column SH1011 (300 mm x 8 mm) and a Jasco JEATSTREAM1-PLUS oven. An exeplarily chromatogram is shown in the supporting information (Figure S1). Prior to injection, the sample was filtered with a one-time Micropur PET filter (Altmann Analytik) with a pore width of 0.2 µm. The yield of FA was determined according to equation (3) and the FA-selectivity was determined using equation (4):
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Hereby, the total yield Ytotal was calculated according to equation (5) with all detected yields in liquid and gaseous phase:
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The relative errors of the HPLC analytics were determined to 0.84 for FA, 0.74 for xylose, 0.92 for furfural and 0.46 for acetic acid, respectively. 
The conversion of the lignocellulosic substrates was determined using equation (6) and represents the amount of all dissolved components into the IL:  
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The acidity measurements of the reaction solutions were conducted using a pH-electrode of the type EC-25 of Phoenix instruments.  

Results and Discussion
Sensitivity analysis of different parameters for the 1st Ionosolv fractionation step
[bookmark: _Hlk89863183][bookmark: _Hlk89863250]The POM-Ionosolv-Concept combines fractionation of lignocellulosic biomass and selective oxidation of the dissolved components to short chain carboxylic acids.10 Hereby, hemicellulose and parts of the lignin are first selectively extracted using the protic ionic liquid-water mixture [TEA][HSO4]/H2O. The dissolved compounds are then selectively oxidised using the HPA-5 POM-catalyst to short-chain carboxylic acids like formic and acetic acid with yields up to 30% each. Besides formic and acetic acid, additionally a cellulose rich pulp is produced within the POM-Ionosolv-Concept, that can be further converted via enzymatic saccharification and fermentation.10 It is a hypothesis that the overall value creation is highly dependent on the initial fractionation step as especially hemicellulose gives high FA yields in the POM-catalysed oxidation step. Hemicellulose mainly consists of C5- and C6-sugars like xylose, mannose, arabinose and glucose, hence the aim of the first step within the POM-Ionosolv-Concept is a successful extraction of these components into the liquid phase while avoiding any thermal-induced consecutive reactions leading to furfural or humin formation. Based on former investigations, [12] this will maximise FA yield and selectivity. Therefore, we initially performed a sensitivity analysis on this first fractionation step which will allow us to gain a deeper understanding of the crucial influences. Consistent with our proof-of-concept study, 10 beech chips were used as the substrate and HPA-5 as the POM-catalyst. Beech was used with a defined particle size (x ≤ 630 µm) and the composition is shown in the ESI in Table S1.
At the beginning, the influence of reaction time, reaction pressure and stirrer speed was investigated. For this purpose, initial parameters were defined and one parameter was varied at a time (OFAT-method), while the other parameters were kept constant. Reaction time was varied between 4 h and 96 h, stirrer speeds between 500-1200 rpm and the reaction pressure from between 10-30 bar nitrogen. Figure 1 shows the yields of xylose, furfural as well as acetic acid in the liquid phase over the different reaction times and otherwise maximised parameters (pressure, stirrer speed). It is of note that gaseous by-products were not detected for all experiments. The yields of xylose and furfural were related to the hemicellulose content in the biomass (Table S1). 

Figure 1: Yields of xylose, furfural and acetic acid generated over time during Ionosolv pre-treatment; reaction conditions: 30 bar N2, 120 °C, 1200 U min-1, [TEA][HSO4] with 40 wt% H2O as solvent, 0.05 g beech chips/g Liquid phase (beech particle size ≤ 630 μm).

A strong influence of reaction time on the obtained yield of xylose and furfural in the ionic liquid solution was observed. The yield of xylose dissolved in the solution increased as the reaction time increased. However, after a maximum of 72 % at 6 h, the yield of dissolved xylose decreased with increasing reaction time. This trend is also described in the literature for the fractionation of Miscanthus biomass.23 The dissolved xylose can be further converted to furfural in the acidic solvent. This is evidenced by an increasing furfural yield with increasing reaction time (up to 40 % at 24 h). A possible explanation for the subsequent decrease in the yield of furfural is further reactions, that lead to the formation of pseudolignin.24-25 Furthermore, it has to be noted that it was already shown in previous work that the pretreatment time has an strong influence on the saccharification yields of the remaining cellulose-rich residue (see reference 11). The decrease of the saccharification yield with increasing reaction time is because cellulose is likely to degrade especially at elevated pretreatment temperatures.11 Therefore, all following experiments were conducted with a reaction time of 6 h. 
The yield of acetic acid liberated from the biomass was independent of reaction time and remained constant at 4 %. This is also analogous to the Ionosolv fractionation studies for Miscanthus biomass and explained by the fact that acetyl groups are present in lignocellulosic biomasses, mainly as a substituent on hemicellulose.23
As expected, a lower stirrer speed of 500 U min-1 had no positive influence on the yield of xylose (see ESI, Table S2). The lower stirrer speed resulted in a lower yield of dissolved xylose of 59 % (compared to 72 % at 1200 U min-1) and also a lower yield of furfural of (21 % compared to 0 % at 1200 U min-1). Although 84 % (compared to 76 % at 1200 U min-1) of the hemicellulose contained in the biomass could be dissolved, a lower yield of xylose was obtained. This could be due to an increased amount of oligomeric xylan being present in ionic liquid solution.
[bookmark: _Hlk95828540]As the Ionosolv fractionation is typically carried out without externally applied pressure, we further investigated the pressure sensitivity of this initial process step. Interestingly, the xylose yield increased with total pressure from 10 bar up to 30 bar nitrogen (with a maximum xylose yield of 72 % at 30 bar, see ESI, Table S3). Hereby, the dominant effect was the complete supression of furfural formation under increased pressure. These observations could be due to the polymerization of furfural and thus the formation of water-insoluble pseudolignin.25
Therefore, a reaction time of 6 h, a stirrer speed of 1200 rpm and a reaction pressure of 30 bar were specified for further sensitivity analysis. 
The sensitivity analysis was performed using the statistical method of Box-Behnken DoE. Hereby, the influence of three factors was tested on three levels. Furthermore, the two-dimensional interactions between the factors was determined.26 For this purpose, the reaction temperature, the substrate loading and the water content of the [TEA][HSO4] solution were varied between 100 - 150 °C, 1 – 9 wt. % and 10 – 40 wt. %, respectively (see Table 1). All other factors were kept constant. 
[bookmark: _Ref82607736]
Table 1: Parameter range of used Box-Behnken DoE for the Ionosolv fractionation step.
	Parameter
	Parameter range
	Further information

	T
	100 – 150 °C
	 

	xH2O
	10 – 40 wt. %
	in 

	cSubstrate
	1 – 9 wt. %
	Beech chips with  particle size ≤ 630 μm


Figure 2 shows the used Box-Behnken DoE. Hereby, the design used is a three-level incomplete factorial design with a central point and middle points at the edges. With a triplicate of the center point and the relation N = k2 + k + Rc, with k = the factor number and RC = the number of replicates, 15 experiments had to be performed in total. The triplicates of the center point were crucial for proving that the results are within the error of the system or statistically relevant. During this design experiment, one factor was kept constant at the middle position (for the temperature, for example, 125 °C) while the other two factors were varied. 

[image: ]
[bookmark: _Ref95124333]Figure 2: Experimental points of the used Box-Behnken DoE.

The performed experiments and the yields of dissolved xylose, furfural and acetic acid are summarized in Table 2. Using the data of the triplicate of the center point (T = 125 °C, cSubstrate = 5 wt. % and xH2O = 25 wt. %), the standard deviations for the production of xylose, furfural and acetic acid as the main products were determined to 1.14 %, 0.48 % and 0.13%, respectively. These standard deviations show a good reproducibility for the performed fractionations. 
[bookmark: _Ref87963906]

Table 2: Results of the sensitivity analysis for Ionosolv fractionation using Box-Behnken DoE. 
	Entry
	T
 / °C
	cSubstrate
 / wt. %
	xWater
 / wt. % 
	YXylose 
/%
	YFurfural 
/%
	YAcetic acid
/%

	1
	100
	1
	25
	0.0
	0.0
	0.0

	2
	100
	9
	25
	5.6
	0.0
	1.9*

	3
	100
	5
	10
	0.0
	0.0
	1.4*

	4
	100
	5
	40
	33.0
	0.0
	3.9*

	5
	125
	1
	10
	15.5
	0.0
	0.0

	6
	125
	9
	10
	6.5
	5.9
	1.3

	7
	125
	1
	40
	0.0
	14.8
	2.7

	8
	125
	9
	40
	56.3
	26.0
	3.1*

	9
	125
	5
	25
	21.8
	14.4
	2.2*

	10
	125
	5
	25
	21.8
	15.4
	2.2

	11
	125
	5
	25
	24.2
	15.4
	2.5*

	12
	150
	1
	25
	3.9
	39.5
	2.7

	13
	150
	9
	25
	2.3
	16.0
	1.8*

	14
	150
	5
	40
	5.6
	56.4
	5.0*

	15
	150
	5
	10
	11.3
	80.1
	6.1*


*Trace quantities of HMF or glucose; reaction conditions: p=30 bar N2, t=6 h, 10 g IL/water solution, 1200 rpm. Yields and selectivities were determined according to the calculations in the experimental section.



The results show a strong influence of the reaction temperature, the substrate concentration and the water content on the production of xylose and furfural, respectively. At the lowest reaction temperature of 100 °C, furfural production was not detected at any parameter combination. In contrast, the yield of furfural increased with increasing temperature and reached 80 % (Table 2, Entry 15) at 150°C. This can be attributed to two temperature-dependent reactions: Firstly, the solubilisation of hemicellulose into the acidic, aqueous medium and, secondly, the subsequent cyclo-dehydration of solubilised xylose to furfural, as shown in Scheme 1.27-28 
[image: ]
[bookmark: _Ref102046775]Scheme 1: Acidic cyclodehydration of xylose to furfural according to 28. 

For all parameter combinations, only traces of the degradation products of cellulose like glucose and HMF were detected. Consequently, it can be concluded that the hemicellulose was selectively dissolved and the xylose to furfural ratio can be optimised by varying extraction conditions. As shown in previous studies, the cellulose recovery was likely high under these conditions.10-11, 29 
As the solubilised hemicellulose can be selectively oxidised in the second step of the POM-Ionosolv-Concept, the main focus of this sensitivity analysis was to optimise the amount of xylose released from the lignocellulosic substrate. The highest xylose yield of 56% was achieved at a temperature of 125 °C, a substrate concentration of 9 wt.% and a water content of 40 wt. % in the liquid phase (Table 2, entry 8). However, this parameter combination was also resulting in a furfural yield of 26%. At first sight, such a high furfural yield might seem a disadvantage, however, it should be noted that furfural can also be oxidised to FA using the HPA-5 catalyst.7 Furthermore, it needs to be considered that the fractionation and oxidation are not locally separated but proceed in the same reaction vessel in the combined POM-Ionosolv-Concept. Therefore, the kinetics of both steps are crucial for overall process optimisation.
Looking at the results for the preferred reaction temperature of 125 °C, it can be deduced that higher substrate loading and higher water content of the liquid phase resulted in higher xylose yields. The positive influence of increasing water content regarding the solubility of hemicellulose was also seen in previous studies of Abouelela et al. within the pre-treatment of Miscanthus.29 
One of the main goals of the performed Box-Behnken-Design was the evaluation of the quadratic interactions of the analysed parameters on the xylose yield. Therefore, Figure 4 shows the contour diagram of the xylose yield within the investigated parameter range. Each of these diagrams shows the interactions of two parameters on the yield of xylose while the third parameter was kept constant at the mean value (125 °C for the reaction temperature, 5 wt. % for the substrate loading and 25 wt. % for the water content, respectively). 
The yield of xylose is plotted as a height profile. Hereby, the dark blue regions correspond to xylose yields < 8 % and the middle green regions to those > 40 %. 
[image: ]
[bookmark: _Ref92292164]Figure 4: Contour diagram for xylose yield within the investigated parameter range. Beech chips were fractionated with [TEA][HSO4] water mixtures at a stirrer speed of 1200 rpm for 6 h. 

The upper left contour diagram represents the relationship between substrate concentration and reaction temperature. At a constant water content of 25 wt. % in the liquid phase, maximum xylose yields between 24 and 32 % were achieved at higher substrate loadings of 6-9 wt. % and at moderate temperature around 120 °C. The contour diagram on the upper right represents the relationship between the water content in the liquid phase and the reaction temperature. It can be deduced that higher xylose yields of > 32 % were achieved with water contents above 35 wt. % and temperatures below 130 °C. In summary, the contour diagrams show that higher substrate concentrations and higher water content lead to higher yields of the desired xylose. Furthermore, it was observed that the selective extraction of hemicellulose is highly temperature sensitive. The described correlations can be visualized through the Pareto diagram in Figure 5. It illustrates the linear and quadradic impacts of the parameters on the yield of xylose. Based on the data from the DoE study, a critical value of the standardized effect of 2.571 was estimated. Therefore, effects showing a higher standardized effect are statistically relevant for the yield of xylose, whereas lower values can be neglected. 
[image: ]
[bookmark: _Ref92971854]Figure 5: Pareto diagram for the performed DoE. 
The following two quadratic influences can be deduced: substrate concentration*water content and the reaction temperature². Additionally, there is a linear influence of the water content. These insights into the effect of the reaction parameters on the selective dissolution of hemicellulose were consequently transferred to the overall POM-Ionosolv-Concept. 

Kinetic investigations on the POM-catalysed 2nd oxidation step
The experiments for the subsequent oxidation step of the dissolved compounds were performed with xylose as model substrate with HPA-5 as POM-catalyst and oxygen as oxidant. The main reaction conditions were adjusted based on the previous optimisation of the first step to allow a future combination of both steps in one single unit operation (p = 30 bar, T = 125 °C, n = 1200 rpm). Moreover, the water content was approximated as a compromise between optimum fractionation (40 wt. % in step 1) and optimum oxidation (100 wt. % in pure oxidation [8] to the average value of 70 wt. %).
For better comparison, the concentration of xylose was chosen based on the maximum solubilised amount found in the previous fractionation experiments. The time-dependent xylose concentration is shown in Figure 6.

[bookmark: _Ref93398973]Figure 6: Concentration of xylose over time for POM-catalysed oxidation; reaction conditions: 1200 rpm, 30 bar O2, 125 °C, 6 h, [TEA][HSO4] with 70 wt. % H2O, 1.0 mmol HPA-5 as catalyst, 0.2 mol l‑1 xylose as substrate.

The used xylose was fully oxidised within the first hour of the reaction. Already after 45 min, there was no more substrate detectable in the liquid phase. In comparison, the depolymerisation and extraction of hemicellulose from the lignocellulosic biomass to produce xylose took several hours under the applied reaction conditions. Therefore, the extraction is the limiting, rate-determining step for the POM-Ionosolv-Concept.
To obtain deeper insights into the oxidation step of the previously dissolved xylose, we determined kinetic parameters based on the power law expression. Therefore, several oxidation reactions with different starting concentrations (0.1 mol l-1 – 0.4 mol l-1 xylose) were performed (Figure 7). Again, it can be deduced that the substrate was fully converted within one hour for all applied substrate concentrations. 

[bookmark: _Ref93408474]Figure 7: Concentration profiles over time for different initial xylose concentrations for the model POM-catalysed oxidation; reaction conditions: 1200 rpm, 30 bar O2, 125 °C, 2 h, [TEA][HSO4] with 70 wt. % H2O, 1.0 mmol H8PV5Mo7O40 as catalyst, 0.1 – 0.4 mol l‑1 xylose as substrate.

Based on these data, the initial reaction rate was determined within the kinetically relevant time of 0.25 h. Figure 8 shows the logarithm of this initial reaction rate (ln r) plotted against the logarithm of the initial xylose concentration (ln c0,xylose). 

[bookmark: _Ref93408772]Figure 8: Logarithmic plot of the reaction rates vs the logarithm of the initial xylose concentration for the model POM-catalysed oxidation step; reaction conditions: 1200 rpm, 30 bar O2, 125 °C, 4 h, [TEA][HSO4] with 70 wt. % H2O, 1.0 mmol H8PV5Mo7O40 as catalyst, 0.1-0.4 mol l‑1, xylose as substrate.
Using equation (7), the effective rate constant k’ as well as the reaction order n can be determined.
					(7)
The reaction order of the xylose conversion with HPA-5 as catalyst in a liquid phase of 70 wt. % H2O and 30 wt. % [TEA][HSO4] was determined as 1.13. This result is well in line with the reaction order of 1.07 of xylose conversion with HPA-5 as catalyst in pure water as solvent.30 Therefore, the reaction rate increased nearly linearly with regard to substrate concentration. The effective rate constant was determined to 2.00 mol l-1 h-1.
For determining the activation energy, we further performed a temperature study, where we varied the reaction temperature between 95 – 140 °C at an initial xylose concentration of 0.2 mol l-1. Hereby, HPA-5 was again used as the redox-active POM-catalyst and the liquid matrix contained 70 wt. % H2O and 30 wt. % [TEA][HSO4]. The time-dependent concentration profiles of xylose for the different reaction temperatures in Figure 9 clearly show a faster reaction rate with increasing temperature. While the substrate was fully converted in less than one hour at 125 and 140 °C, full conversion was not achieved within 4 hours at the lowest investigated temperature (95 °C).

[bookmark: _Ref93494245]Figure 9: Concentration profiles of xylose over time at different reaction temperatures measured for the model POM-catalysed oxidation step; reaction conditions: 1200 rpm, 30 bar O2, 95-140 °C, 4 h, [TEA][HSO4] with 70 wt. % H2O, 1.0 mmol H8PV5Mo7O40 as catalyst, 0.2 mol l‑1, xylose as substrate.
Effective rate constants were calculated using the initial reaction rates for the different temperatures and the previously determined reaction order. Figure 10 shows the logarithms of the effective rate constants plotted against the reciprocal temperature (Arrhenius plot).

[bookmark: _Ref93495624]Figure 10: Arrhenius plot for the temperature variation between 95 and 140 °C for xylose oxidation in POM-Ionosolv solutions; reaction conditions: 1000 rpm, 30 bar O2, 95-140 °C, 4 h, [TEA][HSO4] with 70 wt. % H2O, 1.0 mmol H8PV5Mo7O40 as catalyst, 0.2 mol l‑1, xylose as substrate.

With these data, the activation energy was determined using equation (8):
					(8)
The activation energy of the conversion of xylose in 70 wt. % H2O and 30 % [TEA][HSO4] and in the applied temperature range from 95-140 °C was determined to be 67.37 kJ mol‑1 and is therefore significantly lower than in the IL free system (~150 kJ mol-1).30

Transfer to the POM-Ionosolv-Concept for further optimisation 
Due to the relevance of the water content on the selective fractionation, the water influence on the combined POM-Ionosolv-Concept was further investigated. Hereby, the compounds dissolved during the first Ionosolv fractionation step were selectively oxidised in-situ to short chain carboxylic acids using the redox-active HPA-5 catalyst at a water content of 40 wt.%. For this study, a wider range of water contents between 20-100 wt. % were investigated. The catalyst (1 mmol HPA-5) as well as the other reaction conditions (30 bar O2, 10 g liquid phase, 5 wt. % beech chips as substrate with x ≤ 630 µm) were chosen based on previous studies.10 The achieved FA yields and selectivities are shown in Figure 11. 

[bookmark: _Ref92985586]Figure 11: Formic acid yields over water content in the ionic liquid phase in beech chips conversion; reaction conditions: 1200 rpm, 30 bar O2, 125 °C °C, 24 h, 10 g [TEA][HSO4] with 20-90 wt. % H2O and pure water control, 0.1 mmol HPA-5 as catalyst, 0.5 g beech chips as substrate (x≤ 630 µm), yield calculated based on total carbon content in lignocellulosic substrate.

As expected from the previous sensitivity analysis, the water content in the liquid phase had a significant influence on the yield of FA and its corresponding selectivity. The highest yield of FA of 39 % (SFA = 54 %) was achieved with 70 wt. % water at 30 wt. % [TEA][HSO4]. This FA-yield is even higher than the achieved yield of 32 % (SFA= 55% ) within the regular OxFA-Process although hereby para-toluenesulfonic acid was used as solubiliser and reaction accelerator.20
As described in our previous studies, the reaction conditions and the solvent composition are influencing both steps of the POM-Ionosolv-Concept. The importance of the water content for the effective solubilization of hemicellulose and lignin was demonstrated in investigations of Brandt-Talbot et al.23 and Abouelela et al. 29 and further confirmed within our sensitivity studies. It should be noted that increasing the water content results in a lower viscosity of the reaction matrix (as water has a lower viscosity than the IL), leading to better mixing of the solid substrate in the liquid phase. Both effects result in a more efficient solubilization of hemicellulose, which are then provided for further oxidation, leading to increasing FA yields. 
Further increasing the water content above 70 wt. %, however, resulted in decreasing FA yields. This could be due to the less efficient hemicellulose extraction. This is further indicated by the low FA-yield of 27 % in pure water. 
Overall, a water content of 70 wt. % enables on the one hand a good accessibility of the substrates and a sufficient fractionation.  
Conclusion
The POM-Ionosolv-Concept combines fractionation of lignocellulosic biomass and selective oxidation of the dissolved components to short chain carboxylic acids. Within this study, we used both OFAT as well as a Box-Behnken DoE to optimise the parameters of the initial Ionosolv fractionation step for maximum xylose release. Afterwards, we performed kinetic investigations on the consecutive oxidation step and identified the fractionation step as the rate-determining step of the overall POM-Ionosolv-Concept. Finally, we optimised the water content identified as key performance parameter in the DoE to 70 wt% achieving up to 39% formic acid yield from beech wood as industrially relevant lignocellulosic substrate. This FA-yield is even higher than the archieved yield of 32 % (SFA= 55% )within the regular OxFA-Process although hereby para-toluenesulfonic acid is used as solubiliser and reaction accelerator.20 Based on the data we suggest that the Ionosolv POM concept is carried out at two different water contents, a lower one to achieve maximum fractionation under a nitrogen atmosphere and a higher one, to recover lignin and oxidise the hemicellulose to formic acid in the presence of oxygen.
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This study aimed to find the optimum parameters for the two steps of the POM-Ionosolv-Concept by performing a sensitivity analysis on the Ionosolv fractionation step as well as kinetic investigations of the second POM-catalysed oxidation step.
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