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SUMMARY: 29 
A protocol for the emission precursor depletion from low quality biomass by low temperature 30 
microwave assisted hydrothermal carbonization treatment is presented. This protocol includes 31 
the microwave parameters and the analysis of the biocoal product and process water. 32 
 33 
ABSTRACT: 34 
Biomass is a sustainable fuel, as its CO2 emissions are reintegrated in biomass growth. However, 35 
the inorganic precursors in the biomass cause a negative environmental impact and slag 36 
formation. The selected short rotation coppice (SRC) willow wood has a high ash content (𝑥̅ = 37 
1.96%) and, therefore, a high content of emission and slag precursors. Therefore, the reduction 38 
of minerals from SRC willow wood by low temperature microwave assisted hydrothermal 39 
carbonization (MAHC) at 150 °C, 170 °C, and 185 °C is investigated. An advantage of MAHC over 40 
conventional reactors is an even temperature conductance in the reaction medium, as 41 
microwaves penetrate the whole reactor volume. This allows a better temperature control and 42 
a faster cooldown. Therefore, a succession of depolymerization, transformation and 43 
repolymerization reactions can be analyzed effectively. In this study, the analysis of the mass 44 
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loss, ash content and composition, heating values and molar O/C and H/C ratios of the treated 45 
and untreated SCR willow wood showed that the mineral content of the MAHC coal was 46 
reduced and the heating value increased. The process water showed a decreasing pH and 47 
contained furfural and 5-methylfurfural. A process temperature of 170 °C showed the best 48 
combination of energy input and ash component reduction. The MAHC allows a better 49 
understanding of the hydrothermal carbonization process, while a large-scale industrial 50 
application is unlikely because of the high investment costs.  51 
 52 
INTRODUCTION: 53 
The application of microwaves for hydrothermal carbonization (MAHC) was used for the 54 
thermochemical transformation of biomass model compounds like fructose, glucose1,2 or 55 
cellulose3, and for organic substrates, preferably waste material4–10. The utilization of 56 
microwaves is advantageous as it allows an even heating of the treated biomass2,10 mainly 57 
through thermal losses of a dielectric solvent11,12, though the microwaves do not transfer 58 
enough energy to directly break chemical bonds and induce reactions13. The microwaves 59 
penetrate the whole reaction volume of the HTC reactor vessel and transfer the energy directly 60 
to the material, which is not possible with a conventional reactor that shows a slower heating 61 
rate due to the high heating capacity of the steel mantle and the sample itself14. The even 62 
excitation of the sample’s water molecules by microwaves allows an improved process control, 63 
as the temperature in the microwave reactor is evenly distributed11,14,15 and the cooldown after 64 
the reaction is much faster. Furthermore, conventional reactors heat up much slower and the 65 
chemical reactions occurring during the heating can bias the results that are usually assigned to 66 
the final temperature. The improved process control in an MAHC reactor enables a precise 67 
elaboration of the temperature dependency of selected HTC reactions (e.g., dehydration or 68 
decarboxylation). Another advantage of the even temperature distribution in the HTC-reactor 69 
volume is the lower adhesion of immobilized and completely carbonized particles on the inner 70 
reactor wall2. However, water is only an average microwave absorbing solvent that even shows 71 
decreasing microwave absorbance at higher temperatures, which limits the achievable 72 
maximum temperature. This negative effect is compensated when acids are produced during 73 
the HTC process or catalyzers (ionic or polar species) are added before the treatment. 74 
Microwave induced reactions show higher product yields in general11,15 and specifically of 5-75 
hydroxymethylfurfural (5-HMF) from fructose in comparison to sand-bed catalyzed reactions12. 76 
They also have a much better energy balance then conventional heating methods15,16. 77 
 78 
The fundamental chemical concept of hydrothermal carbonization is the degradation and 79 
successive polymerization of the biomass. In the course of these complex interacting reactions 80 
the tissue is depleted of oxygen, which increases the heating value. At first, the polymers 81 
hemicellulose and cellulose are hydrolyzed to sugar monomers17, though low temperatures 82 
mainly affect the hemicellulose18–21. In this early stage of the HTC reactions, organic acids are 83 
formed from the transformation of the sugar aldehydes and the deacetylation of hemicellulose. 84 
These acids can be acetic, lactic, levulinic,  acrylic or formic acid20–22 and they decrease the pH 85 
of the reaction water in the reactor. Due to dissociation, they form free negative ions that 86 
increase the ion product in the process water. The increasing ion product allows the solving of 87 
cations, which are the major constituents of the ash in the biomass. By this mechanism, the 88 



tissue is depleted from emission precursors and slag formers (e.g., potassium, sodium, calcium, 89 
chlorine and heavy metals)23,24. 90 
 91 
The formed organic acids can support the dehydration of sugar monomers to furans. A common 92 
sugar dehydration product is furfural and 5-hydroxymethylfurfural, which are feasible products 93 
for the chemical industry, as they serve as platform products (e.g., for the synthesis of 94 
biopolymers). 5-Methylfurfural can be formed by catalyzed reactions from cellulose25,26 or 5-95 
hydroxymethylfurfural27. While the biopolymer synthesis is an artificial repolymerization under 96 
controlled conditions, the furans can also condense, polymerize and form high molecular 97 
weight aromatic structures in the complex chemical environment of the MAHC reactor. The 98 
interaction of the solubilized organic and inorganic compounds with the modified wood cell 99 
matrix add to the complexity of the reaction system20. The furan polymerization reaction 100 
pathways employ aldol condensation or/and intermolecular dehydration18,20 and yield 101 
hydrochar particles with a hydrophobic shell and a more hydrophilic core28. It is not yet 102 
revealed whether biomass particles are completely decomposed and then repolymerized or if 103 
the biomass particles serve as a template for the carbonization. However, the degradation and 104 
repolymerization reactions comprise dehydration and decarboxylation reactions, as well29,30, 105 
which induces the drop in the van Krevelen diagram towards the O/C and H/C ratios of black 106 
carbon.  107 
 108 
While other studies proved the mineral reducing effect of conventional reactor based 109 
hydrothermal treatment31, of a water washing with combined mechanical leaching32 or 110 
water/ammonium acetate/hydrochloric acid washing33, our studies investigate the mineral 111 
leaching during low temperature carbonization with microwaves for the first time. As this study 112 
focuses on emission precursor leaching for fuel upgrading, it investigates the fate of potassium, 113 
sodium, magnesium, calcium, chlorine, sulfur, nitrogen and heavy metals. Fine dust precursors 114 
form volatile salts (e.g., KCl or K2SO4) at elevated temperatures in the gaseous phase. When 115 
these salts accumulate in the flue gas, heavy metals like zinc can scavenge them as nucleation 116 
particles, which leads to a particle growth chain reaction. At lower flue gas temperatures, salt 117 
condensation further triggers the particle growth and results in cancerogenous fine dust 118 
emission from the chimney. These emissions are at present the main factor that compromises 119 
the sustainability of biomass fuels. A sustainable energy supply relies on their reduction by 120 
expensive filters or their reduction in the fuels (e.g., by MAHC). As this study follows a practical 121 
approach, short rotation coppice (SRC) willow wood was chosen as a potential bioenergy 122 
feedstock with high growth rates. It can be grown by farmers on their fields for a self-123 
sustainable power supply by gasification, but also for heat generation by direct combustion. A 124 
disadvantage of willow SRC is its high bark content due to a low stem:bark ratio at mature 125 
stage. The bark contains a lot of minerals in comparison to wood34–37 and yields higher 126 
quantities of gaseous or particle emissions38. Low temperature HTC can improve the 127 
combustion properties of SRC willow wood and, thereby, contribute to a sustainable heat and 128 
power supply. Another important parameter of the HTC biocoal investigated in this study is its 129 
energy density, its higher initial combustion temperature and its higher final combustion 130 
temperature39. 131 
 132 



PROTOCOL: 133 
 134 
1. Preparation of sample material 135 
 136 
1.1. Harvest five year old willow, clone type “Tordes” ([Salix schwerinii x S. viminalis] x S. vim.), 137 
with a height of 12−14 m and a breast diameter of approximately 15 cm. 138 
 139 
1.2. Chip the wood and dry the chips in a kiln dryer for 24 h at 105 °C. 140 
 141 
1.3. Cut the wood chips with a cutting mill and grind with a centrifugal mill to a particle size of 142 
0.12 mm. 143 
 144 
2. Microwave assisted hydrothermal carbonization 145 
 146 
2.1. Use a microwave oven with 850 W and a magnetron frequency of 2,455 MHz. 147 
 148 
2.2. Place 500 mg of raw material from step 1.3 in a 50 mL polytetrafluoroethylene (PTFE) 149 
reaction vessel with a spatula. Add 10 mL of demineralized water. Screw down the reaction 150 
vessel cap so that the pressure valve in the cap is on the same level as the cap brim. 151 
 152 
2.3. For each treatment temperature, put twelve reaction vessels with raw materials in the 153 
microwave oven and close the oven. 154 
 155 
2.4. Set up three temperature programs, with the microwave for the three temperatures: 156 
150 °C (ramp +12.5 °C min-1, hold 60 min, peak power 50%), 170 °C (ramp +9.6 °C min-1, hold 157 
60 min, peak power 80%), and 185 °C (ramp +5.3 °C min-1, hold 30 min, ramp -1.1 °C min-1 to 158 
150 °C, peak power 100%). Start the microwave oven, for each single program. 159 
 160 
2.5. After the program is completed, remove the reaction vessels, allow them to cool and 161 
reactivate. Then open them under a fume cupboard after releasing the pressure inside. 162 
 163 
2.6. Add 35 mL of twice distilled water to each reaction vessel. Pour the solution in each vessel 164 
to a centrifuge cylinder and centrifuge at 1,714 x g for 10 min. 165 
 166 
2.7. Remove the process water with a pipette and store frozen at -5 °C for pH and gas 167 
chromatography-mass spectrometry (GC-MS) analysis. 168 
 169 
2.8. Freeze the centrifuge cylinder with the remaining biocoal pellet at -5 °C. Then take out the 170 
biocoal pellet and dry it at 105 °C for 24 h. Weigh the biocoal pellet and calculate the weight 171 
loss induced by the MAHC treatment. 172 
 173 
2.9. Repeat steps 2.2−2.8 four times per temperature (48 reaction vessels per temperature) to 174 
produce enough biocoal (approximately 22 g) for the subsequent analysis. 175 
 176 



3. Ash content determination 177 
 178 
3.1. Weigh 20 empty ceramic dishes individually. Add in each 1 g of sample (5 x 1 g of raw 179 
material, and 5 x 1 g of biocoal from each temperature treatment).  180 
 181 
NOTE: Because the dishes cannot be labeled, a plan must be drawn for the arrangement of the 182 
vessels in the oven. 183 
 184 
3.2. Place the open ceramic dishes into a muffle furnace and close the furnace. 185 
 186 
3.3. Program a temperature program for the muffle furnace (+6 °C min-1 from 25 °C to 250 °C, 187 
hold 60 min, +10 °C min-1 to 550 °C, hold 120 min) and start the program. 188 
 189 
3.4. After the program is completed, let the muffle furnace cool down to 105 °C. Then open the 190 
furnace and take out the ceramic dishes. 191 
 192 
3.5. Place the ceramic dishes in an extractor (Table of Materials) filled with a drying agent 193 
consisting of silica gel. Close the extractor and vacuum dry with the help of a vacuum pump. 194 
 195 
3.6. Take out the ceramic dishes after 24 h of drying. Weigh the ceramic dish containing the ash 196 
and calculate the ash weight by subtracting the weight of the empty ceramic dish. 197 
 198 
3.7. Determine the ash content in percent by dividing the ash weight by the dry mass of the raw 199 
material or biocoal. 200 
 201 
4. Determination of the higher and lower heating values 202 
 203 
4.1. Activate the water pump of the calorimeter and open the oxygen valve to supply 99.5% 204 
oxygen to the calorimeter. 205 
 206 
4.2. Weigh 1 g of glucose and place it into a plastic sample bag with a defined calorific value of 207 
46,479 J/g. Put the sample bag into the combustion crucible of a calorimeter bomb. 208 
 209 
4.3. Add 5 mL of twice deionized water in the bottom of the bomb and screw down the bomb. 210 
Put the bomb into the calorimeter and close the calorimeter. 211 
 212 
4.4. Enter the weight of the sample and change settings to sample bag method. Start the 213 
calorimeter. 214 
 215 
4.5. After the measurement is completed, take out the bomb, turn it upside down and shake it 216 
slowly for 1 min. 217 
 218 
4.6. Unscrew the bomb, remove 5 mL of twice demineralized water and store it in a screw cap 219 
container for subsequent ion chromatography analysis. 220 



 221 
4.7. Repeat steps 4.2−4.6 three times to obtain the calibration standard.  222 
 223 
4.8. Repeat steps 4.2−4.6 five times with each MAHC biocoal (150 °C, 170 °C, 185 °C) and the 224 
raw material. 225 
 226 
4.9. Calculate the lower heating value using the following equation40: 227 

𝐿𝐻𝑉 =  𝐻𝐻𝑉 − 206 × 𝜔(𝐻)𝑑 228 
where LHV is the lower heating value, HHV is the higher heating value obtained from the 229 
calorimeter in step 4.4, and ω is the hydrogen content [%𝑚𝑎𝑠𝑠,𝑑𝑟𝑦] obtained from elemental 230 

analysis. 231 
 232 
5. Ion chromatography for the quantification of chlorine 233 
 234 
NOTE: Check the calibration of ion chromatograph before analysis. 235 
  236 
5.1. Take out the 5 mL of solution from step 4.8 and add 45 mL of twice demineralized water in 237 
a 50 mL volumetric mask. 238 
 239 
5.2. Insert the sample suction tube into a sample container and draw approximately 3 mL of the 240 
sample with a syringe into the pre-column. Start the analysis run. 241 
 242 
5.3. Carry out the measurements according to manufacturer’s instructions. 243 
 244 
5.4. Repeat steps 5.2 and 5.3 for each sample prepared in section 4. 245 
 246 
6. Elemental analysis for the determination of the O/C and H/C ratios 247 
 248 
6.1. Select an appropriate method from the instrument manual for the samples to be 249 
measured. 250 
 251 
6.2. Make all the 20 mg sulfonamide standards and blanks required to calibrate the device. 252 
 253 
6.3. To prepare a material sample, put 20 mg of sample in tin foil on the micro balance. Weigh 254 
the sample on the tin foil, close the foil around the sample and press the package to contain as 255 
little air as possible. Afterwards repeat this 5x for each sample.  256 
 257 
NOTE: In order to be able to analyze the biochar samples, the same amount of tungsten trioxide 258 
as the amount of the sample must be added in a ratio of 1:1. This is needed to compensate the 259 
missing oxygen in the biochar to ensure complete combustion in the elemental analyzer.  260 
 261 
6.4. Insert the prepared samples in the autosampler of the elemental analyzer. 262 
 263 
6.5. Open the oxygen and helium valve for the combustion chamber of the elemental analyzer. 264 



 265 
6.6. Start the analysis when the device has reached the temperature specified by the device. In 266 
this case, wait till the temperature reaches 900 °C. 267 
 268 
6.7.  Calculate the moles of each element in the sulfonamide standard by the sulfonamide 269 
standard weight (step 6.2), and the weight of 1 mole of the respective element. 270 

 271 
6.8. Calculate the relationship between moles of C, H, S, and N in sulfonamide, obtained from 272 
step 6.7, and the respective peak areas. 273 

 274 
6.9. Subtract the sample ash content, obtained from step 3.7, from the total sample weight.  275 

 276 
6.10. Compare the respective element peak area in the sulfonamide standard and the sample, 277 
and multiply by the mole of each element in sulfonamide to obtain the mole of the element in 278 
the sample. 279 

 280 
6.11. Calculate the weight of C, H, S, and N in the sample by multiplying the mole of the 281 
element, obtained from step 6.10, with the respective molar mass of the element from the 282 
periodic table. 283 
 284 
6.12. Calculate the weight of oxygen in the sample by using the ash free sample mass, obtained 285 
from step 6.9, and subtracting the weight of C, H, N, and S, obtained from step 6.11. 286 
 287 
6.13. Calculate the molar H/C and O/C ratios in the raw material and the MAHC biocoal 288 
samples. 289 
 290 
7. Induced coupled plasma optical emission spectroscopy 291 
 292 
7.1. Weigh 400 mg of dried raw material or MAHC biocoal and put it into a 50 mL PTFE reaction 293 
vessel with a spatula. Add 3 mL of 69% nitric acid and 9 mL of 35% hydrochloric acid. 294 
 295 
7.2. Screw down the reaction vessel cap so that the pressure valve in the cap is on the same 296 
level as the cap brim. 297 
 298 
7.3. Put the reaction vessels of the samples to be analyzed in the microwave oven and close the 299 
oven. 300 
 301 
7.4. Program the temperature program for the complete degradation of the organic material: 302 
ramp +15.5 °C min-1 to 200 °C, hold 30 min, cool down to 180 °C, hold for 5 min. Start the 303 
microwave oven. 304 
 305 
7.5. After the program is completed, remove the reaction vessels, allow them to cool and 306 
reactivate. Then open the vessels under a fume cupboard after releasing the pressure inside. 307 
 308 



7.6. Pour the samples into a 50 mL bulb cylinder. Then rinse the reaction vessel thoroughly with 309 
twice deionized water and transfer it to the bulb cylinder. Top up the cylinder to the 50 mL 310 
mark with twice deionized water to ensure even dilution of all samples.  311 
 312 
7.7. Filter the sample from step 7.6 with 150 µm mesh filter paper. Fill the filtrate in 50 mL 313 
conical centrifuge tubes. 314 
 315 
7.8. Put the standard samples in the autoinjector of the ICP-OES. The standard samples are of 316 
the known concentrations (0.0001 ppm, 0.001 ppm, 0.1 ppm, 1 ppm 10 ppm, 20 ppm, 50 ppm) 317 
of the elements to be quantified (Ca, As, B, Be, Fe, Se, Zn, Ag, Al, Ba, Bi, Cd, Co, Cr, Cu, Ga, K, Li, 318 
Mg, Mn, Mo, Na, Ni, Pb, Rb, Sr, Te, Tl,V).  319 
 320 
7.9. Put the samples in the autoinjector of the ICP-OES and run the ICP-OES analysis with the 321 
same parameters. 322 

 323 
7.10. After the ICP-OES analysis, obtain the elemental concentration from the software, 324 
automatically calculated in mg/kg, based on the calibration curves obtained from standard 325 
samples in step 7.8. 326 

 327 
7.11. Calculate the elemental concentration reduction in the produced biocoal:  328 

 329 

𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [%] =
(𝐶𝑜𝑛𝑐. 𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 − 𝐶𝑜𝑛𝑐. 𝑖𝑛 𝑐𝑜𝑎𝑙)

𝐶𝑜𝑛𝑐. 𝑖𝑛 𝑐𝑜𝑎𝑙
 330 

where Conc. in biomass is the elemental concentration in the biomass and Conc. In coal is the 331 
elemental concentration in the biocoal. 332 
 333 
8. Measuring the pH of the HTC process water 334 
 335 
8.1. Fill each liquid fraction from the MAHC treatment (step 2.7) of the raw material and the 336 
three biocoals in four respective beakers. 337 
 338 
8.2. Calibrate the pH probe with standard solutions. 339 
 340 
8.3. Measure the pH of the liquid fraction of the raw material and the three MAHC biocoals. 341 
 342 
9. Gas chromatography-mass spectrometry 343 
 344 
9.1. Filter the liquid fractions from the MAHC treatment (step 2.7) with 150 µm mesh filter 345 
paper. Add 20 mL of methanol to 1 mL of the filtered liquid fractions. 346 
 347 
9.2. Transfer 200 µL to a GC-MS autosampler vial and put the vial in the GC-MS autosampler. 348 
 349 
9.3. Dilute pure standards of furfural and 5-methylfurfural (analytical grade) down to 10-2, 10-3, 350 
10-4, and 10-5 with methanol. 351 



 352 
9.4. Put the standards in the GC-MS autosampler and analyze them with the parameters: 1 µL 353 
injection volume at 230 °C injector temperature and 1:40 split; 5MS non-polar column (Table of 354 
Materials) with 15 m length and 0.25 mm film thickness; temperature program 30 °C, hold 355 
2 min, ramp of +40 °C/min to 250 °C, hold 2 min; ionization with 70 mV and MS detector at the 356 
scan mode with a m/z range of 35−400, each scan in 0.3 s. 357 
 358 
9.5. Establish calibration curves by the total ion count (TIC) peak area and the compound 359 
concentration. 360 
 361 
9.6. Run the prepared HTC biocoal liquid phase samples with the same analytical parameters 362 
and identify furfural and 5-methylfurfural by means of retention time of the standard and the 363 
spectrum match in a spectra library. 364 
 365 
9.7. Determine the concentrations of furfural and 5-methylfurfural by using the calculated 366 
calibration curve (step 9.6) and inserting the sample peak areas of furfural and 5-367 
methylfurfural. 368 
 369 
10. Statistics 370 
 371 
10.1. Analyze the data with the Shapiro Wilks test for normal distribution. 372 
 373 
10.2. Use the Mann-Whitney U-test for non-normally distributed data sets and the t-test for 374 
normally distributed data sets to find significant differences between data sets. 375 
 376 
NOTE: If one data set is normally distributed and the other not, use the Mann-Whitney U test. 377 
 378 
REPRESENTATIVE RESULTS: 379 
The results of the elemental analysis revealed differences between the O/C-H/C ratio of the 380 
willow wood and the MAHC biocoals (Figure 1). The raw material shows higher O/C-H/C ratios 381 
and a higher variation of the values. The MAHC treatment reduced the value variation due to 382 
homogenization in the microwave reactor. The precision of the microwave reactor allowed the 383 
differentiation of three stages of degradation. The H/C ratio was reduced at 150 °C and the 384 
variations in the H/C and O/C ratios were reduced, as well. At 170 °C the O/C ratio was reduced 385 
and at 185 °C the O/C ratio was further reduced. 386 
 387 
The temperature induced an increasing brown color, while the process water showed the same 388 
tendency though the shade was brighter (Figure 2). In both biocoal and process water the 389 
increase in aromatic rings like furans and poly-benzenes, which contain a succession of single 390 
bonds and double bonds that are optically active, induce this color change (Figure 2). The side 391 
reaction acid formation from the sugar monomers induced a formation of soluble acids and, in 392 
consequence, a pH drop in the process water28 (Table 1). A mass loss was measured in the 393 
150 °C sample, though no color alternation in comparison to the raw material was visible 394 
(Figure 2 and Table 1). A high increase of the heating value of the 170 °C biocoal was 395 



accompanied by a high weight loss. This weight loss was caused by exothermal conversion 396 
reactions that yielded furans (Table 1). The lower, though significantly different, increase of the 397 
heating value between the 170 °C and the 185 °C biocoal was accompanied by a lower weight 398 
loss in comparison to the weight loss between 150 °C and 170 °C. The pH dropped from 4.25 at 399 
150 °C to 3.6 at 170 °C and stayed constant from 170 °C to 185 °C. Due to the resulting rising ion 400 
product by the additional acid, inorganics and thus ash components in the process water can be 401 
solved23.   402 
 403 
Table 2 shows the fate of the selected emission precursors. There are significantly reduced 404 
elements in Table 2, like sulfur, potassium, calcium, chlorine, and magnesium, and not 405 
significantly reduced elements, like nitrogen and sodium. Heavy metals in biomass, except silver 406 
and lithium, were significantly reduced, as can be seen in Table 3, but silver and lithium are only 407 
insignificantly reduced.  408 
 409 
The results of the mass loss corrected element reduction are shown in Figure 3. As the mass 410 
loss was not considered here, which can even lead to higher element concentrations in 411 
comparison to the raw biomass in case of an intensive high temperature HTC treatment, all 412 
calculated losses were higher than in Table 2 and Table 3 and display the absolute element 413 
losses induced by the increasing ion product. Different elements show a different temperature 414 
dependent leaching in to the process water. Chlorine and potassium were intensively 415 
transferred to the process water at 150 °C, while sulfur, magnesium, sodium, calcium, zinc, 416 
barium, manganese, and strontium showed their highest depletion rate at 170 °C. Only the 417 
silver and lithium concentration in the biocoal showed an even decrease rate that was 418 
temperature independent, while nitrogen was not affected by the MAHC treatment at all. The 419 
sum of the losses of the fine dust formers chlorine, potassium, magnesium, sodium and calcium 420 
at 150 °C, 170 °C and 185 °C was 5,782 mg/kg, 8,529 mg/kg and 8,833 mg/kg, respectively, 421 
while the sum of losses of the quantified heavy metals was 87 mg/kg, 170 mg/kg and 422 
182 mg/kg for 150 °C, 170 °C and 185 °C, respectively, and the sulfur content showed losses of 423 
548, 2,089 and 2,431 mg/kg for 150 °C, 170 °C and 185 °C, respectively. 424 
 425 
FIGURE AND TABLE LEGENDS: 426 
 427 
Figure 1:  Typical value ranges for biomass, peat, lignite, coal and anthracite in the van 428 
Krevelen diagram18,20,30,41. The inset shows the atomic O/C and H/C ratio of MAHC coal 429 
samples. (A) Mainly dehydration. (B) Dehydration and decarboxylation. (C) Mainly dehydration. 430 
 431 
Figure 2: Images of the raw material and the MAHC biocoal and process water after the 432 
respective temperature treatment.  433 
 434 
Figure 3: Leaching of emission precursors from the SRC willow biomass in percent based on 435 
the raw biomass weight. The percentage of the weight loss is calculated on the basis of the 436 
untreated biomass weight. The lower graph shows the elements with a high leaching rate 437 
between 150−170 °C and the upper graph shows elements with different leaching behavior. 438 
This figure has been modified from Knappe et al.42. 439 



 440 
Table 1: Energy content and process water properties. It shows the mass loss and the higher 441 
and lower heating values of raw material and biocoal as well as the pH and the concentrations 442 
of furfural and 5-methylfurfural of the process water. 443 
 444 
Table 2: Selected emission precursors and the overall ash content. The stars indicate the level 445 
of significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 446 
 447 
Table 3: Heavy metal content in the raw material and the MAHC samples. The stars indicate 448 
the level of significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 449 
 450 
DISCUSSION: 451 
The MAHC allows the differentiation of the steps of the chemical degradation by applying 452 
different intensities of thermal treatment. Therefore, it is possible to assess the interactions 453 
between the mass loss, O/C-H/C ratio, heating value, ash component reduction, pH increase of 454 
the process water and accumulation of furans in the process water. The advantage of the 455 
MAHC method over the conventional HTC reactor method is based on the thermal conduction 456 
via microwaves that penetrate the whole reactor volume and conduct the heat on microlevel 457 
rather than heating the reactor volume by macroscopic layers of different temperatures10. This 458 
allowed the identification of three different degradation stages, which were mainly triggered by 459 
the dehydration and decarboxylation of the respective monomers. Hydrolysis and deacetylation 460 
of hemicellulose will slightly increase the H/C ratio of the biomass and it was not possible to 461 
isolate these reactions in this experiment, e.g., at 150 °C. The second temperature step 462 
(150−170 °C) induced a drop in the O/C ratio due to decarboxylation. The decrease in the H/C 463 
ratio suggested a parallel dehydration. Between 170 and 185 °C, there was insignificant change 464 
in the O/C ratio but a relative decrease in the H/C ratio, which could be explained by 465 
demethanation. However, gas formation was not monitored in these experiments, as the 466 
microwave reactor allowed no access to the gaseous phase during the reaction. It is also 467 
possible that dehydration of more stable tertiary OH groups, intermediates formed during the 468 
dehydration of sugars to furans (Table 1), caused this H/C shift. Tertiary OH groups require a 469 
higher activation energy and are degraded at higher temperatures. The O/C and H/C ratio 470 
homogenization of the product biomass was visible in the van Krevelen diagram (Figure 1), as 471 
well, though the heating values did not show the same tendency (Table 1). 472 
 473 
Heating a sample of biomass immersed in water is limited to a maximum temperature of 185 °C 474 
with the setup used in this study. This is caused by the medium microwave absorbing 475 
properties of water (loss tanδ 0.123)11. This absorbing property is even reduced at elevated 476 
temperatures, leading to a temperature maximum that depends on the applied microwave 477 
power, in the case of this study 185 °C with 850 W. At this maximum temperature the 478 
temperature cannot be kept on a constant level, but it fluctuates comparable to results 479 
presented by Dallinger et al.11 The authors of the mentioned study propose the addition of 0.03 480 
M sodium chloride to achieve a constant temperature. Such a measure would compromise the 481 
concept of our study, as an addition of emission relevant elements will decrease the beneficial 482 
effect of MAHC on biomass fuels. 483 



 484 
As expected, the O/C-H/C ratio dropped in the biocoal with decreasing pH. The reason behind 485 
this is the dehydration of the biocoal that induced acid formation and depletes the biocoal of 486 
oxygen, which in turn increases the heating value of the biocoal, as well. The identical pH in the 487 
process water of the 170 °C and the 185 °C treatment suggested that the first O/C-H/C ratio 488 
drop was induced by dehydration and decarboxylation, while the O/C-H/C ratio drop between 489 
170 °C and 185 °C was dominated by dehydration. Decarboxylation of the biocoal does not yield 490 
acids but furans and, therefore, is not affecting the pH but yields higher furan concentrations 491 
(Figure 1, Figure 2, and Table 1). In this study, 5-methylfurfural was yielded in considerable 492 
amounts (Table 1), but several studies have shown that the formation of 5-methylfurfural is a 493 
secondary reaction with 5-HMF as an educt25–27. As we did not identify 5-HMF due to its 494 
comparably low vapor pressure and the restricted GC temperature program, we are not able to 495 
confirm these statements. Future studies should seek to identify a large range of organic 496 
analytes, including 5-HMF, to link the organic analysis of the process water to the reaction steps 497 
published in the literature.  498 
 499 
The raw material has a high O/C-H/C relation fluctuation. The reason behind this is of a 500 
methodical nature, as despite the fine milling before the elemental analysis the relatively high 501 
amount of bark particles were not evenly distributed in the small sample size. This effect was 502 
postulated by Liu et al. in their HTC study43, and they found the same effect of the HTC 503 
treatment that can be seen in this study, which is a homogenization of the O/C-H/C relation due 504 
to the applied hydrothermal carbonization. This homogenization can already be achieved at 505 
relatively low temperatures (Figure 1). 506 
 507 
The MAHC treatment at 150 °C reduced the heating value. This is interesting, as the HTC 508 
treatment usually increases the heating value. The reason for this atypical behavior is the 509 
hydrolysis. It decomposes the carbohydrates in the wood tissue by acetal hydrolysis, but this 510 
cleavage employs an integration of oxygen into the macromolecules, which causes the lower 511 
heating value of the hydrolysis product. From an energetical point of view the MAHC or HTC 512 
treatment is obviously inefficient at temperatures that only allow hydrolysis, as weight and 513 
heating value are both reduced. Energy efficient is the heating value increase between 170 °C 514 
to 185 °C (Table 1), because here is the best relation of energy input and heating value 515 
increase. It can be concluded that high temperatures are effective in case of the goal to 516 
increase the heating value of the raw material. However, other studies proved that a shift from 517 
HTC carbonization to HTC liquefaction at higher temperatures decreases the biocoal yield 9 and 518 
that many other factors (e.g., the type of material24 and the particle size9) influences the 519 
biocoal yield, as well. 520 
 521 
From the point of view of emission precursor depletion of the raw material the optimum 522 
temperature is 170 °C, because a further temperature increase does not yield much higher 523 
depletion rates (Figure 3). Especially the fine dust precursors chlorine, potassium, magnesium, 524 
sodium and calcium do not respond to an elevation of temperature from 170 °C (Table 2 and 525 
Figure 3). An example from the literature is given by Rheza et al., who found that increasing the 526 
process temperature from 200 °C to 260 °C leads to comparable ash depletion23. This leads to 527 



the conclusion that in case the goal of the treatment is ash reduction the process temperature 528 
has an optimum and should neither exceed or be lower than this optimum. The leaching 529 
behavior of the heavy metals shows the same tendency (Table 2, Table 3, and Figure 3). 530 
Therefore, the ash dumping of the heavy metal rich filter ash can be reduced in medium- and 531 
large-scale heating plants and, thereby, costs can be saved due to an adapted HTC treatment. 532 
The reduction of zinc at 150 °C decreases the concentration of this element below the limit of 533 
100 mg/kg according to DIN EN ISO 17225-2. Only the sulfur and chlorine content of both the 534 
raw material and the MAHC biocoal will not allow the pelletization of neither the raw material 535 
nor the biocoal (limits of 0.05 mg/kg and 0.03 mg/kg, respectively). Therefore, the biocoal or 536 
the raw material can be used in medium or large scale heating plants with SOx reduction 537 
measures and acid resistance against sulfuric and chlorine acid. A positive aspect of the 538 
elemental leaching is the reduction of potassium and magnesium by 83%. Both elements are 539 
ash melting temperature reducers and their elimination reduces the risk of clogging of 540 
conveying systems by slag formation (Figure 3). 541 
 542 
In this study the elemental concentration in the coal was analyzed, but with the applied 543 
methods the processes of salt formation in the process water could not be analyzed. There is 544 
probably an interaction of solution of minerals from the solid phase to the liquid phase, alkali 545 
salt formation in the liquid phase and precipitation of the salts in the solid phase. In future 546 
studies it will be interesting to analyze the centrifugation pellet of the process water for 547 
precipitated salts to gain an inside into these processes. 548 
 549 
The MAHC allows to study chemical reaction successions during thermal treatment of biomass 550 
even at low temperatures, which can be seen in the temperature dependence of the process 551 
steps hydrolysis, dehydration and decarboxylation. In the frame of this study, 170 °C was 552 
identified as the ideal temperature to reach a relative maximum of energy densification, a 553 
maximum of emission precursor reduction at a relatively low energy input. This allows the 554 
application of the MAHC and also the HTC method for the upgrade of low quality high emission 555 
biofuel by reducing emission precursors. Such biomass is abundant in cities and in rural areas in 556 
the form of leaves, bark or straw. Such biomass will be needed for the raw material supply in a 557 
sustainable energy production scenario. A major drawback is that the proposed technology is 558 
more expensive than torrefaction, and it requires disposal of the process water, which is a 559 
mineral and organic compound rich waste that has to be treated by either a biogas plant or a 560 
wastewater treatment plant44. Therefore, recent applications are limited to laboratory 561 
studies11,13. Running the MAHC process at too low temperatures could compromise its energy 562 
self-sustainability as the exothermal stage of biomass conversion might not be reached for all 563 
biomasses. In such a case the application of the method will be bound to places with a surplus 564 
of thermal energy (e.g., combustion engines for mobility or wood gas and fossil fuel power 565 
generators). 566 
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Parameters Willow wood 150 °C 170 °C 185 °C

Coal

Mass Losscoal (%) - 7.60 ± 2.93 25.54 ± 2.87 28.89 ± 1.96

Higher Heating Valuecoal (J g
-1

): 18,843 ± 96 18,551 ± 143 19,358 ± 314 20,029 ± 88

Lower Heating Valuecoal (J g
-1) 17,430 ± 130 17,220 ± 180 18,130 ± 310 18,730 ± 120

Process water
pH 4.25 3.6 3.6

Furfural (mg kg
-1

) 0 0.1 ± 0.005 1.565 ± 0.031

5-Methylfurfural (mg kg-1) 0 0.009 ± 0.0001 0.012 ± 010002
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N S Cl K Mg

(%DM) (%DM) (%DM) (mg/kg) (mg/kg)

Raw 1.96 ± 0.08 0.47 ± 0.01 0.48 ± 0.19 0.24 ± 0.01 3,113 ± 26 710 ± 11

1.15 ± 0.03 0.41 ± 0.04 0.41 ± 0.17 0.06 ± 0.02 616 ± 14 625 ± 23

* - - * ** *

0.90 ± 0.06 0.40 ± 0.03 0.24 ± 0.04 0.07 ± 0.01 534 ± 31 383 ± 36

* * ** * ** *

1.04 ± 0.04 0.43 ± 0.05 0.14 ± 0.01 0.05 ± 0.03 525 ± 21 371 ± 44

* - ** * ** *

DM: dry mass.

Treatment
Ash content 

(%)

150 °C

170 °C

185 °C
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Na Ca

(mg/kg) (mg/kg)

348 ± 50 11,768 ± 240

311 ± 45 9,501 ± 189

- **

303 ± 66 8,917 ± 141

- **

301 ± 32 8,880 ± 191

- **



As Cd Pb Hg Ni Zn

Raw n.d. n.d. n.d. n.d. n.d. 106 ± 3

77 ± 2

*

57 ± 3

*

55 ± 2

*

n.d.: not detected (below element specific threshold).

Treatment
mg/kg

n.d.

170 °C n.d. n.d. n.d.

150 °C n.d. n.d. n.d. n.d.

n.d. n.d.

n.d.185 °C n.d. n.d. n.d. n.d.
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Ba Ag Mn Sr Li

14 ± 1 37 ± 4 75 ± 1 30 ± 1 27 ± 3

13 ± 1 35 ± 4 51 ± 1 19 ± 1 24 ± 2

* - ** ** -

8 ± 1 34 ± 3 26 ± 1 10 ± 1 20 ± 1

** - ** ** **

7 ± 1 27 ± 2 29 ± 1 9 ± 1 17 ± 2

** ** ** ** **

mg/kg



Name of Material/ Equipment Company Catalog NumberComments/Description/Analyse-Method

5MS non-polar cloumn Thermo Fisher Scientific,Waltham, USA TraceGOLD SQC GCMS
9µm polyvinylalcohol particle 

column Methrom AG, Filderstadt, Germany

Metrosep A Supp 

4 -250/4.0 Ion chromatography

argon Westfalen AG, Münster, Germany UN 1006 ICP-OES

calorimeter IKA-Werke GmbH & Co.KG, Stauffen, Germany C6000 higher and lower heating value

centrifuge Andreas Hettich GmbH & Co.KG, Germany Rotofix 32 A

centrifuge mill

Retsch Technology GmbH, Haan,

Germany ZM 200

ceramic dishes Carl Roth GmbH&Co.KG, Karlsruhe, Germany XX83.1 Ash content

cutting mill Fritsch GmbH, Markt Einersheim, Germany pulverisette 19

D(+) Glucose Carl Roth GmbH&Co.KG, Karlsruhe, Germany X997.1 higher and lower heating value

elemental analyzer

elementar Analysesysteme GmbH, Langenselbold, 

Germany varioMACRO cube elemental analysis

exicator DWK Life Sciences GmbH, Wertheim, Germany DURAN DN300 Ash content

GC-MS system Thermo Fisher Scientific,Waltham, USA Trace 1300 GCMS

hydrochloric acid Carl Roth GmbH&Co.KG, Karlsruhe, Germany HN53.3 ICP-OES

ICP OES

Spectro Analytical Instruments GmbH, Kleve, 

Germany

Spectro Blue-EOP- 

TI ICP-OES

Ion chromatograph Methrom GmbH&Co.KG, Filderstadt, Germany 833 Basic IC plus Ion chromatography

kiln dryer Schellinger KG, Weingarten, Germany

kiln dryer Schellinger KG, Weingarten, Germany Ash content

mesh filter paper Carl Roth GmbH&Co.KG, Karlsruhe, Germany L874.1 ICP-OES

microwave oven Anton Paar GmbH, Graz, Austria Multiwave Go

muffel furnance

Carbolite Gero GmbH &Co.KG, Neuhausen, 

Germany AAF 1100 Ash content

nitric acid Carl Roth GmbH&Co.KG, Karlsruhe, Germany 4989.1 ICP-OES

oxygen Westfalen AG, Münster, Germany UN 1072 higher and lower heating value

pH-meter

ylem Analytics Germany Sales GmbH & Co. KG, 

Weilheim,Germany pH 3310 pH
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sample bag IKA-Werke GmbH & Co.KG, Stauffen, Germany C12a higher and lower heating value

Standard Laboratory Vessels and 

Instruments

standard samples Bernd Kraft GmbH, Duisburg, Germany ICP-OES

sulfonamite

elementar Analysesysteme GmbH, Langenselbold, 

Germany SLBS4782 elemental analysis

teflon reaction vessels Anton Paar, Austria HVT50

teflon reaction vessels Anton Paar, Austria HVT50 ICP-OES

tin foil

elementar Analysesysteme GmbH, Langenselbold, 

Germany S12.01-0032 elemental analysis

tungstenVIoxide

elementar Analysesysteme GmbH, Langenselbold, 

Germany 11.02-0024 elemental analysis

twice deionized water Carl Roth GmbH&Co.KG, Karlsruhe, Germany

twice deionized water Carl Roth GmbH&Co.KG, Karlsruhe, Germany higher and lower heating value

twice deionized water Carl Roth GmbH&Co.KG, Karlsruhe, Germany ICP-OES
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ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 

11. Indemnification.  The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein.  The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE.  The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE.  If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law.  This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees.  This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder.  This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement.  A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 
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Article Title: 
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version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
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article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
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and so links will help your users to find, access, cite, and use the best available version.
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private sharing rights for others' research accessed under that agreement. This includes use
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