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SUMMARY:  24 
OrganoCat is a method for the pretreatment and fractionation of lignocellulose under mild 25 
conditions into lignin, fermentable sugars, and cellulose pulp. In a biogenic, biphasic solvent 26 
system of water and 2-methyltetrahydrofuran with 2,5-furancarboxylic acid as catalyst, the 27 
OrganoCat products are separated in situ for straightforward product recovery. 28 
 29 
ABSTRACT:  30 
The shift from a petroleum-based to a more sustainable and bio-based economy requires the 31 
development of new refinery concepts to maintain the supply of raw materials and energy. For 32 
these novel and sustainable biorefinery concepts, it is important to use catalysts and solvents 33 
that are aligned with the principles of Green Chemistry. Therefore, the implementation of 34 
biogenic alternatives can be a promising solution. The lignocellulose pretreatment and 35 
fractionation process presented herein—OrganoCat—is an integrated fractionation of 36 
lignocellulose into its main components using biogenic acids such as 2,5-furandicarboxylic acid as 37 
catalyst. Hemicelluloses and other non-cellulosic polysaccharides are selectively depolymerized 38 
by the diluted acid and dissolved, while the crystalline cellulose remains in the solid pulp. In the 39 
presence of a second organic phase consisting of biogenic 2-methyltetrahydrofuran, 40 
disentangled lignin is extracted in situ. The process allows for the efficient fractionation of the 41 
three main components—lignin, cellulose, and non-cellulosic sugars. This helps to focus on the 42 
quality of the lignin, the improvement of enzymatic hydrolysis of the cellulose-enriched pulp, and 43 
the mild non-cellulosic sugar extraction with low degradation. 44 
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 45 
INTRODUCTION:   46 
The use of fossil resources has brought great technological advances as they form the basis for 47 
numerous products that are essential for everyday life. However, the limitation of resources such 48 
as oil and gas on earth and the environmental damages connected with their exploitation create 49 
an urgent need for alternatives. Lignocellulosic biomass is a promising source for carbon-based 50 
chemicals, as it is renewable, versatile, and carbon neutral1. Lignocellulose basically consists of 51 
three main fractions to make use of: hemicelluloses, cellulose, and lignin. Its industrial processing 52 
has a long history. However, established and widespread processes, such as the sulfite and Kraft 53 
processes from paper industry, mainly focus on cellulose for utilization in the pulp and paper 54 
industry2. A full valorization of all three lignocellulosic fractions is needed to make lignocellulose 55 
processing towards chemicals more profitable from economic and environmental perspectives. 56 
 57 
In many lignocellulose valorization strategies, lignin is a mere byproduct that is often burned for 58 
energy recovery. Currently, only 1–2% of the industrially produced lignin is used to produce 59 
value-added products such as concrete additives, surfactants, and vanillin3. Nevertheless, it is the 60 
largest renewable source of aromatics and therefore has promising properties for application as 61 
a basis for polymers4, carbon fibers5, and fuel2. The challenges in the valorization of lignin lie in 62 
its complex structure and diversity, depending on the source material and extraction conditions. 63 
Moreover, due to their process conditions, the most prevalent lignocellulose fractionation 64 
processes deliver sulfonated lignin with a high number of C-C linkages between the monomer 65 
units. Therefore, commercially available lignin is challenging to depolymerize. 66 
 67 
A range of different approaches, which focus on the holistic utilization of all three fractions, have 68 
been developed for lignocellulose fractionation. Most processes rely on the hydrolysis of 69 
hemicellulose, either with diluted acids and bases or by utilizing the autoprotolysis of water at 70 
elevated temperatures. As one of the most explored options, organosolv processes use low-71 
boiling organic solvents, usually in combination with water. Well-known variants of this process 72 
include the Alcell process, which utilizes 50% ethanol, and the Organocell process, which uses 73 
methanol in the first step and adds NaOH in the second step. Acid organosolv processes that use 74 
formic or acetic acid are also described2. Owing to the recent focus on the valorization of lignin 75 
as a major biorefinery product, new approaches have been developed, which combine lignin 76 
extraction with subsequent or integrated conversion steps to yield smaller lignin compounds and 77 
more stable and valuable products6–8.  78 
 79 
The OrganoCat lignocellulose fractionation process (OrganoCat) is based on a two-phase system 80 
of water and 2-methyltetrahydrofuran (2-MTHF)9. Additionally, a recyclable organic acid is used 81 
as catalyst, which selectively hydrolyzes hemicelluloses at mild temperatures. All process 82 
chemicals can be produced in a relatively inexpensive and biogenic manner, which lowers the 83 
environmental impact of the process in accordance to the principles of Green Chemistry10. The 84 
process delivers three separate product streams with lignin in the organic phase, depolymerized 85 
hemicellulose sugars in the aqueous phase, and cellulose-enriched pulp as a solid residue. As the 86 
product streams can be easily separated, downstream steps, energy demand, and material costs 87 
can be reduced significantly compared to, for example, monophasic approaches. The lignin has a 88 
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relatively low molecular weight and a high number of β-O-4 linkages11. The depolymerized 89 
hemicellulose sugars can be used for fermentation or conversion into fine chemicals12. The 90 
cellulose pulp is highly accessible for enzymatic depolymerization9. 91 
 92 
The original OrganoCat process uses oxalic acid as catalyst to fractionate lignocellulose. Oxalic 93 
acid can then be recovered by crystallization9. However, this increases the process costs for 94 
cooling the reaction and the partial evaporation of water. The partial decomposition of oxalic 95 
acid would diminish the revenues further13. For this reason, the OrganoCat process was improved 96 
by introducing 2,5-furandicarboxylic acid (FDCA) as catalyst11. FDCA is not only sufficiently acidic 97 
to catalyze the reaction, but can also be derived from glucose via dehydration to 5-98 
hydromethylfurfural and subsequent oxidation with metal-based catalysts or biocatalysts14–17. 99 
Although the acidity of FDCA is slightly lower, it has a higher thermal stability than oxalic acid. 100 
FDCA has a low solubility in water at room temperature, which allows its straightforward 101 
recovery from the aqueous phase after the reaction. 102 
 103 
A scale-up of the OrganoCat process was successfully developed to a 3 L reactor18. Additional 104 
studies on OrganoCat lignin found that antisolvent precipitation with n-hexane or n-pentane 105 
allow an energy efficient lignin recovery19. It was possible to get lignin fractions with different 106 
molecular weights20. This paper presents the full preparative method for a scalable, one-step 107 
fractionation process of lignocellulosic biomass using FDCA as catalyst. This process yields 108 
extracted lignin, depolymerized hemicelluloses, and cellulose pulp in three easily separable 109 
product streams.  110 
 111 
PROTOCOL:  112 
 113 
NOTE: The process may be paused at any point by leaving the samples at room temperature (for 114 
a few days) or in the refrigerator (for longer periods). See the Table of Materials for details on 115 
the materials used in this protocol.  116 
 117 
1. Beech wood particles 118 
 119 
1.1. Generate the desired particle size of beech wood (Fagus sp.) using a cutting mill with a 10 120 
mm sieve, and dry the particles at 50 °C to constant mass (~24 h), leaving a residual moisture 121 
content of ~10% water.  122 
 123 
2. Lignocellulosic fractionation and workup 124 
 125 
2.1. Lignocellulose pretreatment and fractionation 126 
 127 
2.1.1. Suspend 500 mg of beech wood (Fagus sp.) particles and 78.0 mg (0.5 mmol, 0.1 M) of 128 
FDCA in 5 mL of ultrapure water at room temperature in a 25 mL stainless steel high-pressure 129 
reactor. Add 5 mL of 2-MTHF and a stirring bar to the suspension, and close the reactor. Heat the 130 
reactor to 160 °C on a heating plate at a stirring speed of 1500 rpm for 1 h. 131 
 132 
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2.1.2. Let the reaction cool down to room temperature in ice-water over a period of ~10 min. 133 
Open the reactor, add 52.5 µL of NaOH solution (50 wt% NaOH in distilled water), and stir for 15 134 
min at room temperature and 500 rpm on a stirring plate. 135 
 136 
2.2. Isolation of organic phase and lignin quantification 137 
 138 
2.2.1. Centrifuge the mixture (room temperature, 5 min, 1880 × g). Use a pipette to transfer the 139 
organic phase (2-MTHF) to a 50 mL round-bottom flask. 140 
 141 
2.2.2. Evaporate the organic phase in a rotary evaporator (40 °C, 200 rpm) with automatic 142 
pressure adjustment until a solid and dry lignin fraction is obtained. Determine the lignin yield by 143 
weighing with an analytical balance. Store the solid lignin at room temperature for further 144 
analysis. 145 
 146 
2.3. Separation of solid cellulose-enriched pulp and aqueous phase 147 
 148 
2.3.1. Filter the aqueous phase using a cellulose filter paper (17–30 µm pore size) in a funnel to 149 
isolate the cellulose-enriched pulp, and transfer the aqueous phase to a 5 mL vial. Wash the pulp 150 
until neutral pH with 3 x 25 mL water, and store the washing solution separately in a 100 mL 151 
beaker. Dry the pulp at 80 °C to constant mass (~24 h). 152 
 153 
2.3.2. Determine the dried pulp yield by weighing with an analytical balance. 154 
 155 
2.4. FDCA recovery and isolation of aqueous phase 156 
 157 
2.4.1. Adjust the pH of the aqueous phase and the washing solution from step 2.3 separately 158 
under constant stirring to pH 1 using concentrated HCl while cooling the solution in an ice bath. 159 
Control the pH using universal indicator paper. 160 
 161 
2.4.2.  Filter the precipitated solid (FDCA) from both solutions, combine the residues, and dry at 162 
80 °C to constant mass (~24 h). Discard the washes. Determine the FDCA yield by weighing with 163 
an analytical balance. 164 
 165 
2.4.3. Transfer the aqueous phase to a 25 mL flask, and store it at 4 °C for analysis. 166 
 167 
2.5. Sample preparation for furfural quantification 168 
 169 
2.5.1. Perform a separate experiment to determine the quantity of furfural. Repeat steps 2.1.1–170 
2.2.1. 171 
 172 
2.5.2. Add 40 mg of n-decane as an internal standard to the collected organic solvent fraction, 173 
and store for analysis. 174 
 175 
3. Analysis 176 
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 177 
3.1. Analysis of sugar in the aqueous phase by high-performance anion-exchange 178 
chromatography with pulsed amperometric detection (HPAEC-PAD) 179 
 180 
3.1.1. Dilute 10 µL of the aqueous phase collected in step 2.4.3 with 190 µL of distilled water. 181 
Add 10 µL of 2 mM 2-deoxy-D-glucose to the diluted sample. 182 
 183 
3.1.2. Perform the separation of monosaccharides on a monosaccharide separator column with 184 
a flow rate of 0.5 mL∙min-1, and inject the sample after equilibration with 2 mM NaOH for 10 min. 185 
Separate the neutral sugars with 2 mM NaOH over 18 min. Afterwards, use 550 mM NaOH for 10 186 
min to separate the uronic acids. Rinse the column with 800 mM NaOH for 10 min.  187 
 188 
NOTE: The software normalizes the amounts of monosaccharides to the amount of the internal 189 
standard and quantifies them by using standard calibration curves of the different 190 
monosaccharides. 191 
 192 
3.2. Lignin analysis via 1H-13C heteronuclear single quantum correlation nuclear magnetic 193 
resonance (1H-13C-HSQC NMR) 194 
  195 
3.2.1. Dissolve ~50 mg of lignin in 0.5 mL of deuterated dimethylsulfoxide ([d6] DMSO), and 196 
transfer the mixture to an NMR tube. Conduct 1H-13C HSQC (measurement time 220 min) NMR 197 
measurements using a 400 MHz spectrometer. 198 
 199 
3.2.2. Determine the types of linkages present in the lignin using the spectrum. 200 
 201 
3.2.2.1. Reference the chemical shift of the spectrum to the DMSO signal (δ(1H) = 2.500 ppm; 202 
δ(13C) = 39.52 ppm).  203 
 204 
3.2.2.2. Perform a manual phase correction on both axes until all the signals are positive, then 205 
perform a baseline correction.  206 
 207 
3.2.2.3. Integrate the signals of the aromatic units and the linkages of the lignin; see Table 1 for 208 
the chemical shifts.  209 
 210 
3.2.3. Calculate the sum of the aromatic units (arom.) using the following formula: 211 
 212 
Σ(arom.) = (S2,6 / 2) + ((G2 + G5) / 2) + (H2,6 / 2)    (1) 213 
 214 
With Si being the integral over the signal corresponding to the 2 and 6 syringyl protons, Gi being 215 
the integrals over the signals corresponding to the 2 and 5 guaiacyl protons, and Hi being the 216 
integral over the signal corresponding to the 2 and 6 p-hydroxyphenyl protons.  217 
 218 
3.2.4. Calculate the percentage of each unit using the following formulas: 219 
 220 
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S = (S2,6/ 2) / Σ(arom.) × 100%       (2) 221 
 222 
G = ((G2 + G5) / 2) / Σ(arom.) × 100%      (3) 223 
 224 
H = (H2,6 / 2) / Σ(arom.) × 100%      (4) 225 
 226 
With S, G, and H being the percentages of respective monomers—syringyl- (S), guaiacyl- (G), and 227 
p-hydroxyphenyl (H)-monomer units per 100 monomer units. 228 
 229 
3.2.5. Calculate the number of linkages per 100 units using the following formulas: 230 
 231 
β-O-4 linkages = α β-O-4 / Σ(arom.) × 100%     (5) 232 
 233 
β-β linkages = (α β-β + β β-β + γ β-β) / Σ(arom.) × 100%   (6) 234 
 235 
β-5 linkages = (α β-5 + β β-5 + γ β-5) / Σ(arom.) × 100%   (7) 236 
 237 
With α, β, and γ being the integral over the signal corresponding to the α-, β- and γ-proton signals 238 
of the corresponding β-O-4-, β-β- and β-5 linkages. 239 
 240 
NOTE: Linkages are given as linkage per 100 monomer units. Due to overlapping of peaks, β-O-4 241 
is calculated using only the α proton signal. β-β and β-5 linkages are calculated using all signals 242 
of the corresponding linkage.  243 
 244 
3.3. Gel permeation chromatography (GPC) analysis 245 
  246 
3.3.1. Dissolve 10 mg of dried lignin and 1 mg of glucose (as internal standard) in 1 mL of a 0.1 247 
M NaOH and 0.01 wt% NaN3 aqueous solution in a 1.5 mL gas chromatography (GC)-vial. Close 248 
the GC-vial using a cap with septum. 249 
 250 
3.3.2. Inject 100 µL of the sample into a high-performance liquid chromatography (HPLC) system 251 
equipped with an ultraviolet detector and monitoring a wavelength of λ = 280 nm. Use a system 252 
consisting of a precolumn programmed-temperature split/splitless injector system with polar 253 
silica (8 mm x 50 mm) and three gel columns (8 mm x 300 mm, particle diameter: 5 μm, nominal 254 
pore width: 1000 Å) at a flow rate of 1 mL/min. Reference the obtained data to the signal of the 255 
internal standard (glucose). Calculate the mass distribution using the software, referenced to an 256 
external calibration with poly(styrene sulfonate) in a range from 266 to 65000 Da. 257 
 258 
3.4. Furfural quantification via GC 259 
  260 
3.4.1. Add 20 mg n-decane as internal standard to the organic phase of the OrganoCat 261 
pretreatment. Transfer 1 mL of the organic phase into a 1.5 mL GC-vial. 262 
 263 
3.4.2 Inject 1 µL of this solution into a gas chromatograph using a 30 m column with a polar 264 
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polyurethane glycol stationary phase and helium as the carrier gas with a flow rate of 1.5 mL 265 
min-1 and a flame-ionization detector. Set the initial temperature to 50 °C, then raise by 8 °C min-1 266 
to 250 °C and maintain at 250 °C for 5 min.  267 
 268 
3.4.3. Quantify furfural using the integrals (Int) given by the software and an externally calculated 269 
correction factor (cf). 270 
 271 
3.4.3.1. Prepare a sample of 1 mg of furfural and 5 mg of n-decane in 1 mL of 2-MTHF, and inject 272 
it into the GC using the aforementioned procedure. Calculate the correction factor as follows: 273 
 274 
cf = (Int(n-decane) / m(n-decane)) / (Int(furfural) / Int(furfural))  (8) 275 
 276 
3.4.3.2. Use the correction factor to calculate the amount of furfural in the unknown sample with 277 
the following formula: 278 
 279 
m(furfural) = m(n-decane) / Int(n-decane) × cf × Int(furfural)  (9) 280 
 281 
3.5. Cellulose-enriched pulp hydrolysis 282 
  283 
3.5.1. Carry out pulp hydrolysis of cellulose-enriched residue obtained from OrganoCat 284 
pretreatment in a heating block with mixing (see the Table of Materials) using 1.5 mL vials. 285 
 286 
3.5.2. Add 20 mg of cellulose-enriched pulp and 10 μL of cellulase (60 filter paper units (FPU) mL-1 287 
and 82 cellobiase units (CBU) mL-1) to 1 mL of citrate buffer (pH = 4.5) in a 1.5 mL vial, and shake 288 
at 50 °C for 0 h, 1 h, or 72 h. Afterwards, heat the samples to 99 °C for 10 min to denature the 289 
enzymes. 290 
 291 
3.5.3. Determine the glucose concentration using a glucose (hexokinase) assay kit. 292 
 293 
REPRESENTATIVE RESULTS: 294 
A typical set of conditions for the lignocellulose pretreatment and fractionation process 295 
OrganoCat (OrganoCat) uses 0.1 M FDCA as a catalyst, a biomass loading of 100 g L-1 (beech wood, 296 
compared to the aqueous phase), 1 h of reaction time and 160 °C as the reaction temperature. 297 
The composition of beech wood has been published elsewhere21 (~48% cellulose, 27% 298 
hemicellulose, 26% lignin). Figure 1 shows the extracted hemicellulose hydrolysate with this set 299 
of conditions as well as longer reaction time (3 h) and lower temperature (140 °C). 300 
 301 
Using harsher conditions, e.g., higher temperature and longer reaction time, might lead to higher 302 
extraction yields, but also leads to more degradation of the products—furfural is a degradation 303 
product of xylose, whereas 5-(hydroxymethyl)furfural (5-HMF) is the corresponding degradation 304 
product of glucose. A higher amount of furfural was noted in the products (distributed between 305 
the aqueous and the organic phases) with a reaction time of 3 h at 160 °C. As the sugar 306 
degradation products are highly reactive and tend to form humins—oligomers of furans and 307 
sugars—the shorter reaction time at higher temperature might be considered a good 308 
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compromise between high extraction efficiency and low sugar degradation. 309 
 310 
The amount of extracted lignin is directly related to the reaction temperature and time as well. 311 
Figure 2 displays the amount of lignin extracted, the β-O-4-linkage content, and the mass-average 312 
molar masses of the extracted lignins. While the extracted lignin yield rises with longer reaction 313 
time, the number of intact β-O-4-linkages diminishes by approximately half when reacting for 3 314 
h instead of 1 h. Lowering the reaction temperature from 160 °C to 140 °C has a much lower 315 
impact on lignin, resulting in slightly less yield, smaller mass-average molar mass, and higher β-316 
O-4-content. 317 
 318 
As enzymatic hydrolysis of (lingo-)cellulose is a common indicator for pulping efficiency, a 319 
commercial cellulose cocktail was applied to the different OrganoCat pulps resulting from the 320 
above mentioned OrganoCat reaction condition sets (Figure 3). As the cellulase is not optimized 321 
for the substrates, the overall cellulose conversion is not comparable to state-of-the-art 322 
performance; however, it allows the comparison of the different pulps to each other. The longer 323 
reaction time exhibits a significant impact on the initial reaction time and the glucose yield after 324 
72 h, improving by a factor of ~2.5. Lowering the temperature appears to show a much smaller 325 
impact, implying that the main factor causing the differences in enzymatic digestibility within this 326 
treatment is the degree of delignification. 327 
 328 
FIGURE AND TABLE LEGENDS:  329 
Figure 1: Sugar extraction and furfural production in OrganoCat process with 0.1 M 2,5-330 
furandicarboxylic acid as catalyst and 100 g L-1 beech wood (compared to the aqueous phase) at 331 
different reaction temperatures and times as indicated on the x-axis11. All experiments have been 332 
performed in triplicate. The average is shown with the standard deviation.  333 
 334 
Figure 2: Amount and analysis of lignin extracted by OrganoCat process with 0.1 M 2,5-335 
furandicarboxylic acid as catalyst and 100 g L-1 beech wood (compared to the aqueous phase) at 336 
different reaction temperatures and times as indicated on the x-axis11. Lignin yields have been 337 
calculated in triplicate. The average is shown with the standard deviation. Molecular mass and 338 
linkages were derived from representative single experiments. 339 
 340 
Figure 3: Enzymatic hydrolysis of pulps. Glucose yields after 72 h (blue bars) and reaction rates 341 
within the first hour (gray bars) from the hydrolysis of untreated beech wood and cellulose-342 
enriched pulps obtained from OrganoCat with 0.1 M 2,5-furandicarboxylic acid as catalyst and 343 
100 g L-1 beech wood (compared to the aqueous phase) at different reaction temperatures and 344 
times as indicated on the x-axis. Cellulase was applied to the different substrates at 50 °C for up 345 
to 72 h in contrite buffer (pH 4.5)11. All experiments have been performed in triplicate. The 346 
average is shown with the standard deviation. 347 
 348 
Table 1: Chemical shifts determined by 1H-13C heteronuclear single quantum correlation nuclear 349 
magnetic resonance (1H-13C-HSQC NMR) for different linkages in lignin. Abbreviations: S = 350 
syringyl unit, G = guaiacyl unit, H = p-hydroxyphenyl unit. 351 
 352 
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DISCUSSION:  353 
The described fractionation of lignocellulose shows a tradeoff between hemicellulose hydrolysis 354 
efficiency and selectivity to avoid sugar degradation to furans, depending on reaction time and 355 
temperature (Figure 1). Lignin extraction was similarly affected by the harsher conditions. 356 
Especially the reduction of β-O-4-linkages and enhancement of mass average molecular weight 357 
due to recondensation at higher temperature and reaction time underlines this compromise that 358 
must be made. The selection of reaction time and temperature is therefore a critical step in this 359 
lignocellulose fractionation process. As the efficiency of enzymatic hydrolysis appears to be 360 
mostly determined by delignification in the FDCA-catalyzed OrganoCat process, the harshest 361 
processing conditions afford the most accessible pulp. Other variations of the process9,11,18,22, 362 
e.g., using different catalysts, show that the strength of the catalyst and the final pH in the 363 
reactive solution have the strongest effect on process efficiency. Modifications of the procedure, 364 
e.g., preswelling with phosphoric acid, have been shown to have a beneficial effect as well22. Due 365 
to the variety in composition, however, the process needs optimization, depending on the 366 
different feedstocks21. Considering the overall process performance, downstream purification of 367 
the separated fractions must be considered, which is why selectivity plays a major role. 368 
Compared to other organosolv-like processes, OrganoCat uses a biphasic water/2-MTHF system, 369 
which affords the major components in three relatively straightforward, separate streams. This 370 
way, further downstream and resulting energy and equipment costs can be reduced13,18. 371 
 372 
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Table 1

Unit Shift δ (1H)(13C) Linkage Shift δ (1H)(13C)

[ppm] [ppm]

S2,6 (6.95–6.46)(106.8–101.9) α β-O -4 (5.08–4.69)( 75.8–69.9)

G2 (7.12–6.72)(113.4–108.7) α β-β (4.72–4.58)(87.46–84.0)

G5 (7.04–6.51)(117.8–113.4) β β-β (3.35–3.11)(62.0–57.9)

H2,6 (7.01–6.8)(129.1–123.2) γ β-β 1 (4.26–4.09)(73.0–70.0)

γ β-β 2 (3.87–3.71)(73.0–70.0)

α β-5 (5.51–5.41)(88.8–86.6)

β β-5 (3.52–3.42)(54.0–52.1)

γ β-5 (3.80–3.67)(64.1–62.1)
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Name of Material/ Equipment Company Catalog Number

1200 HPLC system Agilent n.a.

2,5-furandicarboxylic acid TCI Deutschland GmbH F0710

2-methyltetrahydrofuran Carl Roth GmbH 6845.4

Accellerase 1500 

Provided by Genencor (60 FPU mL
‑1

 and 82 CBU mL
‑1

; 

2300 AE Leiden, Netherlands) n.a.

beech wood (Fagus  sp.) local supplier n.a.

BioTek Power Wave HT UV-Vis Spectrometer BioTek Germany, 74177 Bad Friedrichshall, Germany BT-RPRWI

Bruker AS400 (400 MHz) Spectrometer Bruker, Billerica, MA 01821, USA n.a.

CarboPac PA20 column Dionex 302747

centrifuge 5430 R Eppendorf 5428000610

Focus GC Thermo Fischer n.a.

Glucose (hexokinase) assay kit Sigma-Aldrich GAHK20-1KT

GPC- precolumn PSS PolarSil in DMAc PSS Polymer Strandards Service GmbH PSA080505

HP-INNOwax column 30 m Agilent J & W 19091N-213IE

PSS MCX PSS Polymer Strandards Service GmbH  MCA0830051E3

ThermoMixer Eppendorf n.a.

tinyclave steel Typ 3 / 25 mL Büchi 49,334,510,000
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Comments/Description

was used for size exclusion chomatogaphy 

Purity: >98.0%(T)(HPLC)

SOLVAGREEN ≥99 %, extra pure

cellulase for pulp hydrolysis 

HSQC-NMR analysis 

monosaccharide separator column for high-performance anion-exchange 

chromatography 

gas chromatograph

precolumn with polar silica (8 x 50 mm)

GC column with a polar polyethylene glycol stationary phase
gel columns (8 x 300 mm, particle diameter: 5 µm, nominal pore width: 

1000 Å

mixing and heating block

100 bar, 200 °C



Answer to the reviewers: 

Editorial comments: 

A: We thank the Editor for his/her corrections and suggestions. The manuscript was restructured and 

expanded accordingly. 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling 

or grammar issues. 

A: The manuscript has been checked carefully. 

2. Please define all abbreviations during the first-time use. e.g., VCR, etc. 

A: The abbreviations were defined at their first appearance. 

3. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 

(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 

commercial language from your manuscript and use generic terms instead. All commercial products 

should be sufficiently referenced in the Table of Materials: TCI Deutschland GmbH, Carl Roth GmbH, 

Büchi tinyclave steel Typ 3, Eppendorf, Accellerase, Thermo, Sigma-Aldrich, CarboPac PA20, etc. 

A: We modified the relevant sections. 

4. Additionally, please note that Organocat can also refer to the biotech company 

(http://www.organocat.com/). Please ensure that your usage of the term does not refer to this commercial 

company. We must maintain our scientific integrity and prevent the subsequent video from becoming a 

commercial advertisement. 

A: We are aware of this issue, again we state that ORGANOCAT, LLC is an US based company on SOIL 

REMEDIATION. In here we describe a technology to pretreat and fractionate lignocellulose (patented 

under the name OrganoCat). 

5. Line 39-44: Please rephrase the lines so that it does not overlap with previously published works. 

A: has been modified to “The herein presented lignocellulose pretreatment and fractionation process – 

OrganoCat - is an integrated fractionation of lignocellulose into its main components using biogenic 

acids like 2,5-furandicarboxylic acid as catalyst. The hemicelluloses are selectively depolymerized and 

dissolved, while the cellulose remains in the solid pulp. In the presence of a second organic phase 

consisting of biogenic 2-methyltetrahydrofuran, disentangled lignin is extracted in situ. The process 

allows for the efficient fractionation of the three main components – lignin, cellulose and non-cellulosic 

sugars –, especially focusing on the lignin quality, the effect on enzymatic hydrolysis of the cellulosic 

residue and the non-cellulosic sugar extraction.” 

6. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions and 

maximum of 4 sentences per step. 
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A: The revised manuscript has been modified according to the comment. 

7. Please ensure you answer the “how” question, i.e., how is the step performed? 

A: The revised manuscript has been checked and modified were appropriate. 

8. Line 140: What is “organic phase” in this case. 

A: The term was specified to “…organic phase (2-MTHF)…”  

9. Line 142: Please specify the conditions for centrifugation (speed and time) 

A: The term was specified to “Centrifuge the mixture (room temperature, 5 min, 4000 rpm)”  

10. Line 145: Please mention the parameters to be maintained for rotary evaporator (temperature, 

rotations per min and time) 

A: The term was specified to “Evaporate the organic phase in a rotary evaporator (40 °C, 200 rpm) 

with automatic pressure adjust, until a solid and dry lignin fraction is obtained.” 

11. Line 149: Please mention the pore size of the cellulose filter paper, if any. 

A: The term was specified to “…a cellulose filter paper (17 - 30 µm pore size)…” 

12. Line 155: Please mention if there is any specific method to quantify gravimetrically. A citation 

would suffice. 

A: The term was specified to “Determine dried pulp yield by weighing, using an analytical balance.”  

13. Line 161: Please mention if there is any specific method for precipitation. 

A: No additional method for precipitation was performed. FDCA precipitates, following the described 

procedure. 

14. Line 166: Please mention how is the aqueous phase collected. 

A: The revised manuscript has been modified according to the comment. 

15. Line 186: Please elaborate on how the monosaccharide amounts were normalized. A: The revised 

manuscript has been modified according to the comment 

16. Line 192-195: Please elaborate on the NMR measurements and quantification. 

A: The revised manuscript has been modified according to the comment. 

17. Line 204: Please explain the quantification methodology. 

A: The revised manuscript has been modified according to the comment. 

18. There is a 10-page limit for the Protocol, but there is a 3-page limit for filmable content. Please 

highlight 3 pages or less of the Protocol (including headings and spacing) that identifies the essential 

steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story 

of the Protocol. 



A: Relevant steps for the video have been highlighted . 

19. Please remove the embedded figure(s) from the manuscript. All figures should be uploaded 

separately to your Editorial Manager account. Each figure must be accompanied by a title and a 

description after the Representative Results of the manuscript text. 

A: Figures were removed from the manuscript body. 

20. Please do not use abbreviations for the journal titles. The journal titles should be complete. 

A: The revised manuscript has been modified according to the comment. 

21. Please ensure that each Figure Legend includes a title and a short description of the data presented 

in the Figure and relevant symbols and is placed after the representative results section. 

A: The revised manuscript has been checked and modified where appropriate. 

22. As we are a methods journal, please revise the Discussion to explicitly cover the following in detail 

in 3-6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique. 

A: The revised manuscript has been checked and modified where appropriate. 

23. Figure 1: Please clarify the label on the X-axis. 

A: The revised manuscript has been modified according to the comment. 

24. Figure 2: Please clarify whether the data shown is from one sample of 100 g.L-1. If not, please insert 

the error bars. 

A: The revised manuscript has been modified according to the comment. 

25. Figure 3: Please mention in the figure legend if the error bars indicate standard deviation or standard 

error mean. 

A: The revised manuscript has been modified according to the comment. 

Reviewers' comments: 

Reviewer #1:  

This work investigated the OrganoCat processing of lignocellulose in water/ 2-methyltetrahydrofuran 

using 2,5-furandicarboxylic acid as the catalyst. The highlight of this work is to replace oxalic acid by 



glucose derived 2,5-furandicarboxylic acid owing to the catalyst recovery issue. The results are 

interesting and the manuscript is well written. Some comments are presented as following: 

1) The compositions of untreated biomass should be provided. 

A: We thank the reviewer for his/her suggestion. The compositional information of untreated biomass 

was added and referenced accordingly. (Page 8, lines 253-254) 

2) Y axe in Figure 1, is the weight percentage is based on the dry weight of untreated biomass? It should 

be indicated. 

A: We thank the reviewer for his/her suggestion. The Y axis in figure 1 shows yield compared to the 

dried biomass. Figure 1 was changed to clarify this. 

3) The determination of lignin molecular weight should be provided and the calculation of β-O-4 amount 

should be clarified. 

A: We thank the reviewer for his/her suggestion. In the procedure, determination of molecular weight 

was added and HSQC-NMR calculation was elaborated for clarification (pages 6-7, lines 185-221). 

4) Y axe in Figure 2, is the weight percentage of yield is based on the dry weight of untreated biomass 

or the original lignin in the untreated biomass? Similar for the Y axe in Figure 3. 

A: We thank the reviewer for his/her suggestion. The Y axis in figure 2 shows lignin yield compared to 

the dried biomass. Figure 3 shows glucose yield compared to the dry pulp. Figures 2 and 3 were changed 

to clarify this. 

5) Are there water-soluble oligosaccharides in the water phase after fractionation? 

A: We thank the reviewer for his/her question. Due to former (not published) findings, at the applied 

conditions we found that all oligosaccharides are immediately hydrolyzed, once in solution. Hence, 

there are no measurable amounts of oligosaccharides in the water phase after fractionation. 

6) I don't think the enzymatic hydrolysis of cellulose-enriched pulps is efficient as the highest glucose 

yield is less than 50% after 72 h reaction. Please provide reasonable explanations for the enzymatic 

hydrolysis results. 

A: We thank the reviewer for his/her suggestion. The applied cellulase is not optimized for the substrate. 

Since we do not aim at optimizing enzymatic hydrolysis within this work, we only use it as a benchmark 

to compare the different pulps. To clarify this, we added an explanation in the revised manuscript. (page 

9, lines 277-279) 

 

Reviewer #2: 

Manuscript Summary: 



this manuscript descried the method of organocata process, which can separat the lignocellulose into 

lignin in the organic phase, depolymerized hemicellulose in water phase, and solid cellulose phase. The 

authors described most of the methods. But I think some details are missed. 

 

Major Concerns: 

The methods of composition analysis for lignocellulose should be described. 

A: We thank the reviewer for his/her suggestion. Since compositional analysis of the biomass is not part 

of the protocol described here, we decided to reference the composition in the revised manuscript with 

a citation. (page 8, lines 253-255). 

Is any there pretreatment such as extraction for the lignocellulose before organocata process? if yes, the 

details should be mentioned. 

A: We thank the reviewer for his/her suggestion. In the introduction, some lignocellulose pretreatments, 

comparable to OrganoCat are mentioned. This part has been changed and described in more detail. 

(page 3, lines 71-81) 

The error of analysis should be described. The methods to calculate the yield should be provide. 

A: We thank the reviewer for his/her suggestion. The standard deviation was added in Figures 1-3 where 

available and indicated in the figure capture. In the analytical protocols, equations for calculation have 

been added. (pages 7-9, lines 199-201, 206-208, 237) 

The author mentioned that in the abstract that the quality of lignin is very important. Therefore, I think 

other techniques besides NMR should be used to characterize lignin, such as GPC. Those methods can 

also be described. 

A: We thank the reviewer for his/her suggestion. In the protocol, the procedure for GPC measurements 

to further characterize lignin was added and HSQC-NMR analysis was described in more detail. (pages 

7-8, lines 185-221) 

Minor Concerns: 

In the introduction, 'A full valorization of all three lignocellulosic fractions is needed to make 

lignocellulose processing towards chemicals more profitable on economic and environmental terms.' 

some references are required such as https://doi.org/10.1073/pnas.1410657111 and DOI: 

10.1126/science.aau1567. 

The recent developed lignin-first strategy such as reductive catalytic fractionation, which can create high 

value for lignin by extraction and depolymerization of lignin into monomers and oligomers with high 

yield. Meanwhile, the hemicellulose and cellulose remain their value.this strategy should be discussed 

in the abstract. 



A: We thank the reviewer for his/her suggestion. In the introduction, more strategies for lignin-first 

approaches were discussed to give a more comprehensive overview. (page 3, lines 68-78) 


