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14

15 Figure S1. Web of Science publication rate history of two searches. Search descriptors are 

16 displayed in the legend and are used to query all searchable fields.
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18 Figure S2. Furnace assembly and components with dimensions. The thermocouple controls the 

19 state (on or off) of the heater (brown coil) wrapped around the heating sleeve and is positioned 2 

20 mm above the catalyst (blue) along the centerline of the reactor. The furnaces consisted of an 

21 external galvanized steel container (McMaster-Carr 1761K34), firebricks (McMaster-Carr 

22 9355K2) as insulation, and a heating element. The firebricks were waterjet cut to size. The 

23 heating element and quartz reaction tube were placed in the center of the insulation. A custom-

24 machined aluminum tube with a coil heater (Tempco Mightyband) wrapped around it was used 

25 as the heating element. A quartz tube [20 mm x 500 mm (ID x length)] modified with a frit 

26 (placed halfway down the tube; Technical Glass Products) to hold the catalyst was slipped 

27 through the aluminum tube.
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29

30 Figure S3. Schematic of flow control in CASHD. Mass flow controllers (MFCs) are supplied by 

31 upstream gas cylinders and the flow meter only measures the reactor that is being directed to the 

32 Picarro.
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33

34 Figure S4. Reaction temperature control scheme. Each temperature controller was capable of 

35 controlling two reactors. The thermocouple was positioned 2 mm above the catalyst bed and a 

36 dry block calibrator (DwyerOmega DBCL-400-240) was used to verify the reported 

37 thermocouple specifications (±2.2 °C ±0.75% of the measured value).
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38

39 Figure S5. Demonstration of component synchronization. The (a) temperature profile and the (b) 

40 active reactors and measured concentration are all mapped to the same time profile for analysis. 

41 The temperature profile is timed to change setpoints when reactors 9 to 11 (reactors external to 

42 CASHD) are active. The active reactor signifies that the solenoid attached to that reactor is 

43 switched on and that the effluent is flowing to the measurement system.
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44 Acid digestion and ICP-OES.  The digestion of copper zeolite samples was conducted 

45 according to Galbraith Laboratories’ procedure G-30C. It is available upon request and states: 

46 “The sample is weighed into a suitable digestion tube (typically a 50 mL Class-A centrifuge 

47 tube) and is heated in an acidic solution in a PerkinElmer sample preparation block (SPB), or 

48 equivalent. H2O2 may be added to assist in the digestion of organic material. Once the digestion 

49 is complete, the solution is brought to Class A volume mark. The typical acids used include nitric 

50 (HNO3), hydrochloric (HCl), and hydrofluoric (HF).”

51 ICP-OES was conducted according to Galbraith Laboratories’ procedure ME-70. It is available 

52 upon request and states:

53 “Samples and Quality Control Standards (QCS) are first prepared by an applicable preparation 

54 method into an acidified aqueous solution. An external calibration is created from analysis of 

55 prepared standards followed by analysis of blanks and various quality control solutions. Samples 

56 are then analyzed with bracketing control standards/blanks every 10 or less samples. Each 

57 sample matrix is examined for potential interference effects and as necessary may be re-analyzed 

58 using successive dilution, mathematically corrected for measured interferences, or analyzed with 

59 method of standard addition (MSA) to correct for these effects.” 
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63 Figure S6. Schematic of in situ diffuse reflectance ultraviolet-visible spectroscopy set up.

64

65

66
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68 Figure S7. Benchmarking experiment for CASHD uncertainty envelope. Light-off curves of the 

69 same catalyst in each reactor (R1-R8) tested three times (Exp. 1 to Exp. 3).

70

71 Figure S8. Methane oxidation light-off curves for blank zeolites. Frameworks BEA, FER, MFI, 

72 and MOR were evaluated, where the number zero in the legend indicates zero copper loading 

73 (wt. %). The average conversion of four empty reaction tubes at 500 °C and the associated 
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74 standard deviation is shown and denoted in the legend as Blank.   Experiments were run at 1000 

75 ppm methane in dry air at 100 SCCM over 500 mg of zeolite. Dotted lines are to guide the eye; 

76 shading represents the uncertainty envelope.

77

78 Figure S9. Methane reaction order across temperatures Frameworks (a) BEA, (b) FER, (c) MFI, 

79 and (d) MOR were evaluated, where the numbers in the legend correspond to measured copper 



Page S12 of S23

80 loading (wt. %).  The reaction order was determined from an order experiment where methane 

81 was varied from 12 to 1200 ppm for each temperature tested in the Arrhenius experiments.

82

83 Figure S10. Statistical significance of each catalyst’s activation energy. P-values are displayed 

84 inside each cell filled with the corresponding color intensity.
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86 Figure S11. Arrhenius plots of all catalysts tested. Frameworks (a) BEA, (b) FER, (c) MFI, and 

87 (d) MOR were evaluated, where the numbers in the legend correspond to measured copper 

88 loading (wt. %).

89
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91 Figure S12.  Kubelka-Munk absorbance at (a) 13000 cm-1, (b) 22000 cm-1, and 42000 cm-1 for 

92 various copper-doped zeolites.  Kubelka-Munk absorbance is given by F(R) = (1-R)2/(2R).

93 Temperature control program. The setpoint of the Omega CN-402 controllers were updated 

94 remotely with this code.

95

96 import os

97 import minimalmodbus

98 import time

99 import csv

100 from threading import Thread, Lock

101

102 # Global lock for synchronizing access to shared serial ports

103 serial_lock = Lock()
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105 # --- Configuration Constants ---

106 LOGGING_INTERVAL = 10  # Seconds

107 BAUDRATE = 19200

108 TIMEOUT = 2.0

109

110 # --- Helper Functions ---

111

112 def log_data(filename, data):

113     with open(filename, 'a', newline='') as file:

114         writer = csv.writer(file)

115         writer.writerow(data)

116

117 def log_error(filename, message):

118     timestamp = time.strftime('%Y-%m-%d %H:%M:%S', time.localtime())

119     with open(filename, 'a', newline='') as file:

120         writer = csv.writer(file)

121         writer.writerow([timestamp, message])

122

123 def read_register_safe(instrument, address, retries=3, delay=1):

124     for i in range(retries):

125         with serial_lock:

126             try:
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127                 # Function code 3, 0 decimals

128                 return instrument.read_register(address, 0, 3)

129             except IOError:

130                 if i < retries - 1:

131                     time.sleep(delay)

132                 else:

133                     raise

134

135 def write_register_safe(instrument, address, value, retries=3, delay=1):

136     for i in range(retries):

137         with serial_lock:

138             try:

139                 instrument.write_register(address, int(value), 0)

140                 return

141             except IOError:

142                 if i < retries - 1:

143                     time.sleep(delay)

144                 else:

145                     raise

146

147 # --- Core Control Logic ---

148
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149 def run_temperature_program(instrument, program_steps, log_filename, pv_addr, sp_addr, 

150 loop_num):

151     """

152     Executes a sequence of ramp and hold steps for a specific reactor loop.

153     """

154     error_log = log_filename.replace('.csv', '_errors.csv')

155

156     # Initialize log file

157     if not os.path.isfile(log_filename):

158         with open(log_filename, 'w', newline='') as file:

159             writer = csv.writer(file)

160             writer.writerow(['Time', 'PV Temperature (°C)', 'Setpoint (°C)', 'Loop ID'])

161

162     for step in program_steps:

163         step_type = step["type"]

164

165         if step_type == "ramp":

166             target = float(step["target"])

167             rate = float(step["rate"])

168

169             try:

170                 start_sp = float(read_register_safe(instrument, sp_addr))

171             except IOError as e:
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172                 log_error(error_log, f"Init ramp read error: {e}")

173                 continue

174

175             start_time = time.time()

176             last_log = start_time

177

178             while True:

179                 elapsed = time.time() - start_time

180                 

181                 # Calculate soft setpoint

182                 if start_sp < target:

183                     current_sp = min(start_sp + (rate * elapsed / 60.0), target)

184                 elif start_sp > target:

185                     current_sp = max(start_sp - (rate * elapsed / 60.0), target)

186                 else:

187                     current_sp = target

188

189                 # Update controller setpoint

190                 try:

191                     write_register_safe(instrument, sp_addr, int(current_sp))

192                 except IOError as e:

193                     log_error(error_log, f"Ramp write error: {e}")

194
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195                 # Logging

196                 if time.time() - last_log >= LOGGING_INTERVAL:

197                     try:

198                         pv = read_register_safe(instrument, pv_addr) / 10.0

199                         log_data(log_filename, [

200                             time.strftime('%Y-%m-%d %H:%M:%S'), 

201                             f"{pv:.1f}", f"{current_sp:.1f}", loop_num

202                         ])

203                     except IOError as e:

204                         log_error(error_log, f"Ramp PV read error: {e}")

205                     last_log = time.time()

206

207                 if abs(current_sp - target) < 0.1:

208                     break

209                 

210                 time.sleep(1)

211

212         elif step_type == "hold":

213             temp = float(step["temperature"])

214             duration = float(step["duration"])

215

216             try:

217                 write_register_safe(instrument, sp_addr, int(temp))
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218             except IOError as e:

219                 log_error(error_log, f"Hold set error: {e}")

220

221             start_time = time.time()

222             last_log = start_time

223

224             while (time.time() - start_time) < duration:

225                 if time.time() - last_log >= LOGGING_INTERVAL:

226                     try:

227                         pv = read_register_safe(instrument, pv_addr) / 10.0

228                         real_sp = float(read_register_safe(instrument, sp_addr))

229                         log_data(log_filename, [

230                             time.strftime('%Y-%m-%d %H:%M:%S'), 

231                             f"{pv:.1f}", f"{real_sp:.1f}", loop_num

232                         ])

233                     except IOError as e:

234                         log_error(error_log, f"Hold PV read error: {e}")

235                     last_log = time.time()

236                 

237                 time.sleep(1)

238

239 # --- Experimental Parameters ---

240
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241 # Define durations (seconds)

242 T_CALCINATION = 5 * 3600

243 T_REACTION = 55 * 60

244

245 # Define temperature profile (Celsius)

246 # Sequence: Calcination -> Series of descending reaction temperatures

247 profile_temps = [

248     (500, T_CALCINATION), (500, T_REACTION), (475, T_REACTION), 

249     (450, T_REACTION), (425, T_REACTION), (400, T_REACTION), 

250     (375, T_REACTION), (350, T_REACTION), (325, T_REACTION), 

251     (300, T_REACTION), (275, T_REACTION), (250, T_REACTION), 

252     (0, T_REACTION)

253 ]

254

255 # Construct the program steps list

256 program_sequence = [{"type": "hold", "temperature": 450.0, "duration": 2}] # Initial check

257 for temp, duration in profile_temps:

258     program_sequence.append({"type": "hold", "temperature": float(temp), "duration": 

259 float(duration)})

260

261 # Controller Configuration

262 # Note: Address assignment assumes 2 loops per controller

263 controllers = [
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264     {"port": "COM6", "address": 247, "log": "temp_log_com6.csv"},

265     {"port": "COM16", "address": 246, "log": "temp_log_com16.csv"},

266     {"port": "COM15", "address": 245, "log": "temp_log_com15.csv"},

267     {"port": "COM18", "address": 244, "log": "temp_log_com18.csv"}

268 ]

269

270 # --- Main Execution ---

271

272 if __name__ == "__main__":

273     threads = []

274     

275     # Initialize instruments and threads

276     for config in controllers:

277         try:

278             inst = minimalmodbus.Instrument(config["port"], config["address"])

279             inst.serial.baudrate = BAUDRATE

280             inst.serial.timeout = TIMEOUT

281             inst.serial.parity = minimalmodbus.serial.PARITY_NONE

282             

283             # Configure Loop 1 and Loop 2 for each controller

284             loop_configs = [

285                 {"pv": 1000, "sp": 1300, "id": 1},

286                 {"pv": 1001, "sp": 1304, "id": 2}
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287             ]

288

289             for loop in loop_configs:

290                 t = Thread(target=run_temperature_program, args=(

291                     inst,

292                     program_sequence,

293                     config["log"],

294                     loop["pv"],

295                     loop["sp"],

296                     loop["id"]

297                 ))

298                 threads.append(t)

299                 t.start()

300                 time.sleep(0.2) # Stagger start to ease serial load

301

302         except Exception as e:

303             print(f"Initialization failed for {config['port']}: {e}")

304

305     # Wait for completion

306     for t in threads:

307         t.join()


