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SUMMARY:  23 
This protocol describes microbial experiments under elevated pressures to study in situ 24 
biomining processes. The experimental approach employs a rocking high-pressure reactor 25 
equipped with a gold-titanium reaction cell containing a microbial culture in an acidic, iron-rich 26 
medium. 27 
 28 
ABSTRACT:  29 
Laboratory studies investigating subsurface microbial processes, such as metal leaching in deep 30 
ore deposits (biomining), share common and challenging obstacles, including the special 31 
environmental conditions that need to be replicated, e.g., high pressure and in some cases acidic 32 
solutions. The former requires an experimental setup suitable for pressurization up to 100 bar, 33 
while the latter demands a fluid container with high chemical resistance against corrosion and 34 
unwanted chemical reactions with the container wall. To meet these conditions for an application 35 
in the field of in situ biomining, a special flexible gold-titanium reaction cell inside a rocking high-36 
pressure reactor was used in this study. The described system allowed simulation of in situ 37 
biomining through sulfur-driven microbial iron reduction in an anoxic, pressure-controlled, highly 38 
chemically inert experimental environment. The flexible gold-titanium reaction cell can 39 
accommodate up to 100 mL of sample solution, which can be sampled at any given time point 40 
while the system maintains the desired pressure. Experiments can be performed on timescales 41 
ranging from hours to months. Assembling the high-pressure reactor system is fairly time 42 
consuming. Nevertheless, when complex and challenging (microbiological) processes occurring 43 
in the earth’s deep subsurface in chemically aggressive fluids have to be investigated in the 44 
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laboratory, the advantages of this system outweigh the disadvantages. The results found that 45 
even at high pressure the microbial consortium is active, but at significantly lower metabolic 46 
rates. 47 
 48 
INTRODUCTION:  49 
During the past decade, efforts to minimize the impact of mining on the environment have 50 
increased. Open pit mining for the raw material extraction of ores (e.g., copper-rich sulfide ores), 51 
impacts the surrounding landscape by the excavation activities and by the large remaining 52 
volumes of waste rocks and remains of processed ore after the extraction of precious metals like 53 
copper. Extracting copper directly from the ore in the subsurface would significantly reduce these 54 
impacts. The technology of in situ biomining is a promising candidate for this process1. This 55 
publication describes the use of stimulated microbial activity to extract the precious metals from 56 
the ore into an aqueous solution in the subsurface. Thus, a copper-rich solution can be easily 57 
pumped back to the surface to further concentrate the metal, for example. 58 
 59 
The activity of ore-leaching acidophilic microorganisms has been studied in many laboratories for 60 
a diverse array of parameters2-6. However, pressure effects on the microbial activity resulting 61 
from the difference between ambient surface lab conditions (near 1 bar) and the subsurface at a 62 
depth of 1,000 m with hydrostatic conditions (~100 bar), are not well-documented. Therefore, 63 
the effects of pressure on microbial iron reduction have been investigated through different 64 
experimental avenues7. Here, the most suitable technique is described in detail. 65 
 66 
High-pressure reactors have been used extensively to study reactions at pressures and 67 
temperatures occurring in the subsurface of the earth. Such reactors consist of a reactor vessel 68 
at the bottom that can contain a fluid sample with a microbial culture. Sitting on top of the 69 
reactor vessel, the reactor head offers a diverse array of connections and interfaces for safety 70 
measures and monitoring sensors (e.g., temperature or pressure). Most high-pressure reactors 71 
are made of stainless steel. This material offers high resilience and good machining properties, 72 
but the corrosion resistance of the stainless-steel surface is not adequate for every application. 73 
For example, if highly acidic or highly reducing aqueous solutions are investigated, significant 74 
reactions of the compounds of interest with the reactor wall may occur. One way to avoid this is 75 
to insert a liner into the reactor vessel, for instance a liner made from borosilicate glass7. It is 76 
easy to clean and can be sterilized by autoclaving. In addition, it is not attacked by acidic or 77 
reducing aqueous solutions. Even though a liner can help to prevent artificial reactions of the 78 
solution or microbes in the solution with the stainless-steel reactor wall, several problems 79 
remain. For one, if a corrosive gas is formed, such as hydrogen sulfide produced by sulfate-80 
reducing bacteria, this gas might react with the uncovered surface of the reactor head sitting 81 
above the liner. Another disadvantage is that it is not possible to withdraw a sample from the 82 
reactor while maintaining the pressure. 83 
 84 
To overcome these limitations, specialized flexible reaction cells inside the high-pressure reactors 85 
have been developed for a variety of applications. A flexible polytetrafluoroethylene (PTFE) cell8 86 
was designed for solubility studies of salts in highly saline brines. However, the limitation of this 87 
system is that some gases can easily permeate the PTFE. In addition, this material still has a 88 



relatively low temperature stability. Thus, the system was improved by designing a flexible gold 89 
bag with a titanium head9 to be placed inside the stainless-steel high-pressure reactor. The gold 90 
surface is corrosion-resistant against acidic or reducing solutions and gases. The titanium surface 91 
is also highly inert when passivated thoroughly to form a continuous titanium dioxide layer. 92 
During sampling from this reaction cell through a connected titanium sampling tube, the gold bag 93 
shrinks in volume. The system’s internal pressure is maintained by pumping the same volume of 94 
water, as is withdrawn by sampling, into the stainless-steel high-pressure reactor 95 
accommodating the reaction cell. The sample inside the reaction cell is kept in motion by rocking 96 
or tilting the high-pressure reactor by more than 90° during the experiment.  97 
 98 
The reaction cell consists of the parts depicted in Figure 1: the gold bag, titanium collar, titanium 99 
head, stainless steel washer, titanium compression bolt ring, titanium sampling tube with 100 
stainless glands and collars for the high-pressure coned and threaded connections on both sides, 101 
and the titanium valve. The gold bag is a cylindrical gold (Au 99.99) cell with a wall thickness of 102 
0.2 mm, an outer diameter of 48 mm, and a length of 120 mm.  103 
 104 
All titanium parts are custom-made by the workshop from titanium grade 2 rods. The dimensions 105 
of the collar, head, washer, and compression bolt ring are visible in Figure 2. The titanium 106 
sampling tube is a capillary of titanium with an outer diameter of 6.25 mm and a wall thickness 107 
of 1.8 mm, resulting in an inner diameter of 2.65 mm. It is fixed into the titanium head and the 108 
titanium valve by high-pressure coned and threaded connections ensuring a seal of titanium-109 
against-titanium surfaces. The high-pressure titanium valve is equipped with a slow opening stem 110 
to allow for very controlled opening or sampling even at high pressure. This system was used in 111 
numerous studies10-12. 112 
 113 
PROTOCOL: 114 
 115 
1. Preparation of the medium and inoculation of the microbial culture 116 
 117 
1.1. Prepare a basal salt medium for autotrophic prokaryotes according to published 118 
techniques13. Dissolve and mix the chemicals below in distilled water (mg/L): Na2SO4·10H2O (150) 119 
(NH4)2SO4 (450), KCl (50), MgSO4·7H2O (500), KH2PO4 (50), and Ca(NO3)2·4H2O (7). 120 
 121 
1.2. Add 1 mL/L of a 1,000x concentrated trace element solution containing (g/L): ZnSO4·7H2O 122 
(10), CuSO4·5H2O (1), MnSO4·H2O (0.76), CoSO4·7H2O (1), CrK(SO4)2·12H2O (0.4), H3BO3 (0.6), 123 
NaMoO4·2H2O (0.5), NiSO4·6H2O (1), Na2SeO4 (0.51), Na2WO4·2H2O (0.1), and NaVO3 (0.1). Adjust 124 
the pH to 1.8 by adding 5 M sulfuric acid. 125 
 126 
1.3. Sterilize the medium in an autoclave at 121 °C and 1.2 bar for 20 min and sterilize the ferric 127 
iron solution by filtration through a 0.22 µm pore size syringe filter. 128 
 129 

1.4. Transfer 50 mL of the sterilized basal salt medium into a serum bottle and add ferric iron 130 
solution and elemental sulfur to a final concentration of 50 mM and 10 g/L, respectively.  131 
 132 



1.5. Inoculate the medium with a mixed culture composed of several mesoacidophilic iron-133 
oxidizing prokaryotes14.  134 
 135 
1.6. Cap the serum bottle with sterilized butyl rubber stoppers and seal with aluminum crimps. 136 
 137 
1.7. Vigorously bubble the culture medium with N2 to strip dissolved oxygen for 25 min. Use two 138 
needles, place one deeper in the bottle head, the other one close to the cap. 139 
 140 
1.8. Inject CO2 to obtain a 90% N2 and 10% CO2 atmosphere in the headspace of the serum bottle. 141 
Incubate the culture without stirring at 30 °C in the dark. 142 
 143 
2. Preparation of the gold-titanium reaction cell and the high-pressure reactor 144 
 145 
2.1. Clean the gold-titanium reaction cell. 146 
 147 
2.1.1. Disassemble the reaction cell into the individual parts to avoid the contact of acid with the 148 
stainless-steel parts, or the exposure of the assembled parts with different thermal expansion 149 
properties to heat. 150 
 151 
2.1.2. Clean the surfaces that will be in contact with the sample during the experiment (i.e., the 152 
gold bag, the titanium head, titanium sampling tube, and titanium valve). 153 
 154 
2.1.2.1. Put the gold bag and the titanium head in a glass beaker. 155 
 156 
2.1.2.2. Add enough 10% HCl to cover all the parts. 157 
 158 
2.1.2.3. Heat the acid on a heating plate to 50 °C for 3 h while stirring it. 159 
 160 
2.1.2.4. Remove the parts with PTFE tweezers from the acid solution and rinse them with 161 
deionized water. 162 
 163 
2.1.2.5. Rinse the inner surface of the gold bag and the titanium head thoroughly with 65% HNO3 164 
and then with deionized water. 165 
 166 
2.1.2.6. Rinse the inner surface of the titanium sampling tube and the titanium valve with 10% 167 
HCl, followed by deionized water, 65% HNO3, and then deionized water again. 168 
 169 
2.1.2.7. Clean all parts from organic contamination by rinsing them with acetone. 170 
 171 
2.1.2.8. Dry all parts in the oven at 105 °C for at least 1 h. 172 
 173 
2.1.3. Heat the surfaces of the gold bag, the titanium head, and the titanium sampling tube by 174 
exposing them to a temperature of 450 °C for 4 h in a muffle furnace in an air atmosphere.  175 
 176 



NOTE: This procedure sterilizes the surfaces and results in the formation of a passivating titanium 177 
dioxide layer on all titanium surfaces. The titanium parts should have a yellow to blue color after 178 
the heat treatment. 179 
 180 
2.1.4. Anneal the gold cell to increase the flexibility of the gold by resetting small crystallization 181 
domains by applying heat with a propane torch. Heat the gold surface all around to reduce kinks 182 
in the gold that might have formed during the last shrinking of the gold bag volume in an 183 
experiment. Make sure not to heat the gold too much in one place to avoid its melting.  184 
 185 
NOTE: A red glow of the gold surface shows sufficient heating. 186 
 187 
2.1.5. Assemble the gold bag into the titanium collar, and the titanium sampling tubing into the 188 
titanium head using a torque of 10 Nm for the glands. 189 
 190 
2.2. Inspect the high-pressure reactor. 191 
 192 
2.2.1. Visually check the reactor for possible damage, corrosion, and loose parts.  193 
 194 
NOTE: Special attention should be paid to the seal and the kerf where the sealing takes place. If 195 
a graphite gasket was previously used to seal the reactor, remains of it may still be in the kerf 196 
and should be removed with a plastic pin before the next experiment. 197 
 198 
2.2.2. Apply copper sulfide paste to the thrust bolts in the high-pressure reactor head. Ensure 199 
the grease is distributed over the whole thread.  200 
 201 
2.2.3. Check the screw-fitting compression seal for the length of the remaining graphite packing.  202 
  203 
3. Filling and assembling the gold-titanium reaction cell under anoxic conditions 204 
 205 
3.1. Load the glove box. 206 
 207 
3.1.1. Prepare the culture medium in the serum bottles according to section 1. 208 
 209 
3.1.2. Wrap the parts of the gold-titanium reaction cell that will later be in contact with the 210 
sample in aluminum foil to minimize any potential contamination.  211 
 212 
3.1.3. Open and unlock the antechamber of the glove box, load all the inbound material onto the 213 
moveable tray, and close and lock the front cover. 214 
 215 
3.1.4. Evacuate the antechamber 3x and flood it with high-purity nitrogen. 216 
 217 
3.1.5. Wear a pair of gloves and get as close as possible to the inner cover. Unlock and open the 218 
inner cover to remove the inbound material from the movable tray. 219 
 220 



3.1.6. Close and lock the inner cover. 221 
 222 
3.2. Fill the gold cell. 223 
 224 
3.2.1. Unwrap the clean gold bag and stand it up with a glass beaker, for example. Open the 225 
serum bottle containing 100 mL of bacterial culture and elemental sulfur. 226 
 227 
3.2.2. Gently shake the serum bottle and transfer the bacterial culture into the gold bag. 228 
 229 
3.3. Assemble the reaction cell. 230 
 231 
3.3.1. Insert the titanium head with the attached titanium sampling tube into the titanium collar 232 
enclosing the upper rim of the gold bag.  233 
 234 
NOTE: Make sure that the sealing surface of the conical lower part of the titanium head fits in 235 
smoothly by turning it 90° back and forth.  236 
 237 
3.3.2. Slide the washer and the compression bolt ring over the titanium sampling tube onto the 238 
titanium head. 239 
 240 
NOTE: Turn the compression bolt ring in the titanium collar by 30° to align the flanges of the 241 
titanium collar and the thrust bolt ring. 242 
 243 
3.3.3. Fasten the six Allen screws to the same extent to ensure an even pressure distribution of 244 
the titanium head on the uppermost rim of the gold bag in the titanium collar (i.e., the sealing 245 
surface of the reaction cell).  246 
 247 
NOTE: Fasten the Allen screws in the compression bolt ring until hand-tight so that the torque 248 
for the opposite screws is increased first (crisscrossing) before continuing clockwise. 249 
 250 
3.4. Reinstall the sampling valve at the top of the titanium tube. Fasten the connection hand-251 
tight and make sure to close the valve. 252 
 253 
3.5. Remove all parts from the glove box. 254 
 255 
4. Assembling the high-pressure reactor with the reaction cell  256 
 257 
4.1. Assemble the reaction cell into the reactor head. 258 
 259 
NOTE: The installation of the high-pressure reactor comes with a very short exposure of the open 260 
end of the sampling tube to the surrounding atmosphere, as the sampling valve must be removed 261 
to guide the tube through the screw seal in the reactor head. For the installation, the reactor 262 
head should already be placed into a bench vise. A 45° angle allows for easier handling. The 263 
compression seal fitting (situated in the central position of the reactor head’s gage block 264 



assembly), which holds the sampling tube in place, needs to be open. 265 
 266 
4.1.1. Remove the titanium sampling valve, the screw, and the collar on top of the sampling tube.  267 
 268 
4.1.2. Guide the tube with the reaction cell attached through the central hole in the reactor head 269 
until about 5 cm of the tube pass through. Slide the large screw over the tube and fasten the 270 
small collar. 271 
 272 
NOTE: Now the reaction cell assembly cannot slide back through the reactor head and both hands 273 
are free to reinstall the sampling valve. 274 
 275 
4.1.3. Re-attach the titanium valve. 276 
 277 
4.1.4. Tighten the compression seal fitting.  278 
 279 
4.1.5. Remove the reactor head from the bench vise to install it on the reactor vessel. 280 
 281 
4.2. Prepare to seal the reactor. 282 
 283 
4.2.1. Put the graphite sealing on the kerf of the reactor vessel. 284 
 285 
4.2.2. Carefully place the reactor head with the attached reaction cell onto the reactor vessel. 286 
 287 
NOTE: The reactor head, including the thermocouple, must be carefully placed on the reactor 288 
vessel to not damage the gold bag or the thermocouple. 289 
 290 
4.3. Fill the reactor vessel with a mixture of deionized and tap water (approximately in a 1:1 291 
ratio). 292 
 293 
4.4. Seal the reactor. 294 
 295 
4.4.1. Check the collar to ensure that the lower ends of the compression bolts are not sticking 296 
out of their threads. Otherwise, the pressure vessel will not be correctly installed. 297 
 298 
4.4.2. Lift the collar and place it around the protruding edges of the reactor head-vessel interface. 299 
Gently moving the collar on it will result in a proper fit. Close the snap locks holding the collar in 300 
place. 301 
 302 
4.4.3. Fasten the compression bolts following a crisscross pattern and increase the torque in 303 
moderate steps until the final value recommended by the manufacturer is attained.  304 
 305 
NOTE: Different high-pressure reactor systems may have different torque values.  306 
 307 
4.4.4. Finally, fasten the compression bolts in a clockwise manner. 308 



 309 
4.5. Install the high-pressure reactor in the rocking device. 310 
 311 
NOTE: The installation of the high-pressure reactor in the rocking device is described for a 312 
custom-made model manufactured at the Federal Institute for Geosciences and Natural 313 
Resources in Hannover, Germany. Therefore, the described installation is a general guideline for 314 
devices of comparable design. 315 
 316 
4.5.1. Mount the reactor carefully in the rocking device.  317 
 318 
NOTE: It is best to hold the high-pressure reactor by the gage block assembly parts (e.g., 319 
manometer or sampling tube screws) while lowering it into the rocking device.  320 
 321 
4.5.2. Fixate the reactor with two clamps over a pair of long screws.  322 
 323 
4.5.3. Place washers on each screw and tighten the clamps with screw nuts. 324 
 325 
4.5.4. Connect the control units for the thermocouple, the pressure transducer, and the heating 326 
element. 327 
 328 
NOTE: It is important to ensure that all the wires are of sufficient length for the rocking motion 329 
and prevent contact to the heated surfaces. 330 
 331 
4.5.5. Slide the heating element over the reactor vessel and tighten its screw lock. 332 
 333 
NOTE: The water to pressurize the system is taken from a reservoir with a high-pressure pump. 334 
It is transferred through stainless steel capillaries into the high-pressure reactor. 335 
 336 
NOTE: Rocking of the high-pressure reactor guarantees a thorough mixing of the reaction cell 337 
contents (i.e., the gas, fluid, and all solid phases in it). A slow rocking speed is important to 338 
prevent damage to the gold bag by fast moving solids or by deformation due to gravity effects 339 
on the flexible gold at elevated temperatures. The rocking system can rotate by close to 180°. 340 
 341 
5. Starting the experiment 342 
 343 
5.1. Check if the temperature and pressure limits in the monitoring software are set to the 344 
desired values.  345 
 346 
NOTE: In this experiment they were set to 70 °C and 25 MPa. 347 
 348 
5.2. Perform a leak check. 349 
 350 
5.2.1. Connect the pressure pipe, a stainless-steel capillary, to the reactor head. 351 
 352 



5.2.2. Raise the pressure to the target pressure at distinct intervals while continuously checking 353 
for leakage.  354 
 355 
5.2.3. Hold the pressure constant until the flow rate of the pump is nearly zero.  356 
 357 
NOTE: Beware that compressible, dissolved air in water is visible for a long time in subtle flow 358 
readings. 359 
 360 
5.3. Start the heating after a successful leak check. 361 
 362 
5.3.1. Start the logging of the pressurization pumps. 363 
 364 
5.3.2. Adjust the set point for the heating to the desired value and start the heating with the 365 
software. 366 
 367 
5.3.3. Regularly check all parameters and the system status. 368 
 369 
5.3.4. Untighten the pressure pipe after reaching the target temperature. 370 
 371 
5.3.5. Start the rocking device. 372 
 373 
6. Sampling the high-pressure reactor in operational mode 374 
 375 
6.1. To take a sample, attach a 5 mL syringe to the Luer Lock connector of the sampling valve at 376 
the top of the high-pressure reactor.  377 
 378 
6.2. Carefully open the valve and let the fluid sample push into the syringe by the pressure inside 379 
the high-pressure reactor. Close the valve after the sampled volume reaches 1 mL. Detach the 380 
syringe. 381 
 382 
6.3. Transfer the samples in the syringe immediately into a 2 mL tube in a fume hood for 383 
processing. 384 
 385 
7. Analysis of fluid sample 386 
 387 
NOTE: Only the steps for the less common photometric ferrozine assay (i.e., section 7.1) are 388 
described here in detail and are mentioned in the video, because the other steps are standard 389 
operation procedures in microbiology. 390 
 391 
7.1. Use a ferrozine assay to photometrically determine the concentration of dissolved ferrous 392 
iron (Fe2+

(aq)) and total iron (Fetot)15. 393 
 394 
7.1.1. Prepare a series of ferrous iron standard solutions by dissolving known amounts of FeSO4·7 395 
H2O in water. 396 



 397 
7.1.2. Mix 50 µL of these standard levels with 1 mL of a 1 M ferrozine solution.  398 
 399 
NOTE: The reaction of ferrozine with the dissolved ferrous iron forms a purple complex. The 400 
intensity of the color correlates to the ferrous iron concentration. 401 
 402 
7.1.3. Establish a calibration curve between the ferrous iron concentration and absorbance of 403 
the iron-ferrozine complex.  404 
 405 
7.1.4. Calculate the concentration of ferrous iron of a sample from two parallel measurements 406 
according to the established standard curve.  407 
 408 
7.2. Analyze the pH value and the oxidation/reduction potential (ORP) with digital pH/redox 409 
meters with semimicro pH electrodes, and a silver chloride electrode, respectively.  410 
 411 
7.3. Count planktonic cells directly by using a light microscope with a Thoma chamber.  412 
 413 
7.4. Investigate cell morphology by scanning electron microscopy (SEM). 414 
 415 
7.4.1. Filter planktonic cells grown under different conditions through a 0.1−0.2 μm pore size 416 
filter.  417 
 418 
7.4.2. Dehydrate samples with acetone and store them overnight at 4 °C in 90% acetone.  419 
 420 
7.4.3. Dry the samples by critical point drying and coat them with graphite or gold. 421 
 422 
7.4.4. Examine specimens with a field emission scanning electron microscope (FE-SEM) at 10 kV. 423 
 424 
REPRESENTATIVE RESULTS:  425 
Results of the high-pressure reactor experiment with the special gold-titanium reaction cell show 426 
that the microbial mixed culture of acidophiles oxidized sulfur and reduced ferric iron to ferrous 427 
iron (Figure 3).  428 
 429 
At both 1 bar or 100 bar pressure conditions, the cultures had a lag phase when grown in the 430 
gold-titanium reaction cell. After that period, a rapid increase in the ferrous iron concentration 431 
from approximately 9 mM to 31 mM occurred in the culture grown at 1 bar. Over the incubation 432 
time of 22 days, ~31 mM and 13 mM of ferrous iron were detected in the assays at 1 bar and 100 433 
bar, respectively. This clearly demonstrates that the microbial cells were active at 100 bar, but 434 
their ferric iron-reducing activity was significantly lower at elevated pressure. Abiotic control 435 
experiments conducted in Hungate tubes and serum bottles did not show ferric iron reduction at 436 
1 bar and 100 bar.  437 
 438 
The scanning electron microscopy images (Figure 4) show rod-shaped cells grown in experiments 439 
at low and high pressure. No significant change in the cell morphology was observed at 1 bar 440 



versus 100 bar. However, cell growth was obviously inhibited by the elevated pressure, as the 441 
cell number was 1.3 x 108 cells/mL at 1 bar in comparison to 4.5 x 107 cells/mL at 100 bar7. These 442 
data are comparable with the tests done in Hungate tubes7. Thus, the flexible gold-titanium 443 
reaction cell itself had no effect on cell growth and was suitable for microbial growth tests.  444 
 445 
The results show that bioleaching microorganisms are active even at a high pressure of 100 bar, 446 
which is highly relevant for in situ biomining because such conditions occur in deep ore deposits 447 
at a depth below 1,000 m7. 448 
 449 
FIGURE AND TABLE LEGENDS:  450 
 451 
Figure 1: Overview of the reaction cell parts. From bottom to top: the gold bag, titanium collar, 452 
titanium head, washer, titanium compression bolt ring, titanium sampling tube with stainless 453 
glands and collars for the high-pressure coned and threaded connections on both sides, and the 454 
titanium valve with an adapter for connecting a Luer Lock syringe. 455 
 456 
Figure 2: Dimensional drawings of the titanium parts machined from rods of titanium grade 2. 457 
 458 
Figure 3: Changes of the ferrous iron concentrations in the gold-titanium reaction cell with the 459 
ferrous iron-oxidizing culture. Cells were cultivated anaerobically at 30 °C. 460 
 461 
Figure 4: Morphology of the ferrous iron-oxidizing culture grown at 1 bar and 100 bar. Cells 462 
were cultivated anaerobically at 30 °C. 463 
 464 
DISCUSSION:  465 
The presented method for high-pressure experiments of microbial reactions within acidic 466 
solutions was a powerful tool to simulate deep subsurface geomicrobiological processes in a 467 
laboratory environment. 468 
 469 
There are numerous manual work steps involved, some of which require special attention. As a 470 
general note, no excessive force must be used when assembling the individual parts of the 471 
flexible gold-titanium cell and the reactor head (sections 3 and 4). If the manufacturer’s 472 
specifications (e.g., for maximum pressure, temperature, torque) are ignored, leakage and/or 473 
material failure may result. 474 
 475 
Cleaning of the gold and titanium parts (section 2.2) is an indispensable work step, not only for 476 
this experiment, but especially for experiments involving (in-)organic reactions. Remnants from 477 
previous experiments in the gold cell may cause unwanted reactions and therefore biasing of 478 
results. When the assembled gold-titanium cell is installed in the reactor head, it is best to work 479 
quickly and precisely, because at this time small amounts of oxygen could enter the gold cell. 480 
Closing the sampling valve before leaving the glovebox is a good first measure to minimize the 481 
exchange between the ambient atmosphere with the interior of the gold cell. 482 
 483 
Once the reactor is placed in the rocking device, it is important to set the rocking motion speed 484 



to ~170°/min. If the high-pressure reactor moves too fast, rupture of the gold cell may happen 485 
due to gravitational effects or the sharp edges of sediment or rock samples when used.  486 
 487 
This method can be used in additional research fields. The flexible gold-titanium reaction cell has 488 
the potential to be used for a diverse set of scientific investigations9 studying reactions at 489 
elevated pressure and temperature and in highly corrosive fluids or gases.  490 
 491 
Microorganisms in the deep subsurface at temperatures above 70 °C in the presence of mineral 492 
surfaces may stimulate the production of molecular hydrogen or organic acids like acetate even 493 
under elevated pressure16. These products, and other compounds, might induce elevated 494 
microbial activity during in situ bioleaching processes, in addition to the sulfur compounds 495 
investigated in this study. 496 
 497 
Applications include the determination of solubility of gases and ions in aqueous fluids, 498 
geochemical reactions at conditions of hydrothermal vent systems17, the quantification of 499 
isotope fractionation18, geochemical reactions during CO2 sequestration19, abiotic processes 500 
during the formation of oil and gas in source rocks20, and microbial reactions at elevated 501 
pressures in the subsurface21 as in the present study. 502 
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Name Company Catalogue number

Acetone Merck 100013

CaN2O6 Fluka 31218

Conax compression seal fittings Conax Technologies PG2-250-B-G

Copper paste Caramba 691301

Copper paste CRC 41520

CoSO4x7H2O Sigma 10026-24-1

CrKO8S2x12H2O Roth 3535.3

CuSO4x5H2O Riedel de Haen 31293

Disposable cuvettes Sigma z330388

Ethanol absolute                 Roth 9065.3

FE-SEM JEOL model no. JSM-6330F

Ferrozine Aldrich 180017

 Fe2(SO4)3x7H2O Alfa Aesar 33316

 FeSO4x7H2O Merck 103965

Gold cell Hereaus GmbH

High-pressure reactor PARR Instruments model no. 4650 Series 

High-pressure syringe pump Teledyne ISCO DM-100

HCl Roth 6331.3

HNO3 Fluka 7006

H3BO3 Sigma B6768

KCl Sigma P9541

KH2PO4 Merck 104873

L-(+)-Ascorbic acid/Vitamin C Applichem A1052

Light microscope Leica DM3000

MgSO4x7H2O Merck 105886

(NH4)2SO4 Sigma A4418

NaMoO4x2H2O Sigma 331058

NaO3Sex5H2O Sigma 00163

NaO3V Sigma 590088

Na2SO4 Merck 106649

Na2WO4x2H2O Sigma 72069

NiSO4x6H2O Sigma 31483

Omnifix Luer BRAUN 4616057V

pH meter Mettler Toledo 

Redox potential meter WTW ORP portable meter

Safe-Lock Tubes, 2 mL Eppendorf 0030120094

Serum bottle Sigma 33110-U

Spectrophotometer Thermo Scientific model no. GENESYS 10S

Sterican Hypodermic needle BRAUN 4657519

Stoppers Sigma 27234

Sulfur powder Roth 9304

Thoma Chamber Hecht-Assistent

Titanium parts of reaction cell Titan-Halbzeug GmbH 121-238

Titanium valve Nova Swiss Technologies ND-5002

Whatman membrane filters nylon Sigma WHA7402004
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ZnSO4x7H2O Sigma Z4750



Comments

sealant could be selected according to temperatures in experiment

manufactured according to dimensions supplied by customer

reactors from other vendors could be used, too

manufactured by workshop at BGR according to dimensions supplied  from Titanium grade 2 rods from Titan-Halbzeug GmbH





manufactured by workshop at BGR according to dimensions supplied  from Titanium grade 2 rods from Titan-Halbzeug GmbH
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