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Abstract 15 

Removal of pharmaceuticals in source-separated urine is an important step toward gaining 16 

acceptance of urine-derived fertilizers. Advanced oxidation processes (AOPs) have been studied 17 

for the removal of pharmaceuticals in various complex matrices, such as treated wastewaters. AOP 18 

methods that rely primarily on hydroxyl radicals as the oxidizing agents suffer from the impacts 19 

of scavengers. Here, we compared the performance of a dielectric barrier discharge plasma jet to 20 

ultraviolet (UV)/AOP in oxidizing six pharmaceuticals (acetaminophen, atenolol, 17α-ethynyl 21 

estradiol, ibuprofen, naproxen, and sulfamethoxazole). The results show that the plasma reactor 22 

used produced hydroxyl radicals as the primary oxidizing agent and that other oxidizing factors 23 

were minimal.  Both plasma and UV/H2O2 experienced scavenging in fresh and hydrolyzed urine. 24 

The scavenging impacts were consistent across fresh and hydrolyzed urine for plasma whereas 25 

UV/H2O2 experienced greater scavenging in fresh urine. The energy required per order of 26 

magnitude of pharmaceutical transformed was up to 3 orders of magnitude lower for UV/H2O2 27 

than for plasma and depended upon the matrix. Therefore, plasma can oxidize pharmaceuticals in 28 

fresh and hydrolyzed urine, and would be most useful for on-site or building-scale applications.   29 



Introduction 30 

Water Resource Recovery Facilities (WRRFs) invest heavily in advanced nutrient removal 31 

methods to mitigate the risks of eutrophication in surface waters, recycle nutrients,(1,2) and 32 

combat the threat of dwindling global phosphorus reserves.(3) Urine contains most of the nitrogen 33 

and phosphorus in domestic wastewater while composing less than 1% of the total volume.(4) It 34 

can be processed centrally or at the point of collection using building-scale systems(5). Separating 35 

urine at the point of generation and forming urine-derived fertilizers is a means of offsetting the 36 

energy and capital costs of nutrient removal at WRRFs(6) and of providing a concentrated, 37 

renewable stream of nutrients. Source-separated urine also produces a concentrated waste stream 38 

of pharmaceuticals that conventional wastewater treatment systems fail to fully address.(7)  39 

Pharmaceuticals are important contaminants of concern because of their persistence in 40 

conventional wastewater treatment systems.(8) Among the options for removing pharmaceuticals, 41 

sorption-based processes and advanced oxidation processes (AOPs) are among the most 42 

common.(9–11) Several studies have been published on the treatment of pharmaceuticals in a 43 

variety of matrices by traditional AOPs like UV/H2O2 and UV/ozone.(12–15) These AOP methods 44 

rely upon the high oxidative potential of hydroxyl radicals to degrade micropollutants.(16) 45 

Hydroxyl radicals often have second order rate constants with organic compounds that are near 46 

the limit of diffusion, meaning they will degrade these compounds nearly as rapidly as they 47 

collide.(17) However, the broad range of chemicals that hydroxyl radicals are able to rapidly 48 

degrade limits the selectivity of hydroxyl-radical-based AOPs.(18) Reactive chemicals outside of 49 

the contaminants targeted for degradation (i.e. scavengers) limit the ability of AOP treatments to 50 

degrade target pharmaceuticals and diminishes treatment efficiency. 51 



Plasma is an alternative method to traditional AOPs that generates oxidative radicals and 52 

other oxidative species. Previous studies have shown that UV, H2O2, O3, H2, O2
-, and several other 53 

reactive chemical species are formed by plasma.(19–23) The generation of these species depends 54 

heavily on a wide set of factors that include (among others): reactor geometry, carrier gas, gas flow 55 

rate, type of power supply, frequency, voltage rise time, and liquid conductivity.(24–26) The 56 

potential for capturing the synergistic effects of multiple reactive chemical species makes plasma 57 

an appealing technology compared to traditional AOPs, which may not be suitable in complex 58 

matrixes such as urine. Similar to other AOPs, plasma can also provide multiple treatment benefits 59 

by serving as a disinfectant(27) and stabilizing ammonium by oxidizing it to nitrate.(28) This 60 

would be beneficial for processing source-separated urine where micropollutant elimination, 61 

pathogen disinfection, and nutrient stabilization are major priorities for fertilizer production. 62 

However, several questions need to be answered to understand the full potential of plasma for 63 

treating urine. Studies that probe plasma as a water purification method commonly rely on dyes as 64 

a proxy for micropollutants to investigate the performance of plasmas.(29–32) Consequently, the 65 

efficiency for degrading micropollutants in different matrices is largely unknown. Furthermore, it 66 

is unclear if radicals and oxidative species other than hydroxyl radical play significant roles in 67 

degrading compounds during plasma treatment.  68 

Although there are multiple unit treatment processes for converting urine into useful 69 

products, management of pharmaceuticals in urine is understudied compared to nutrient recover 70 

for urine treatment. This study aims to assess the performance of a traditional AOP (UV/H2O2) 71 

and plasma AOP for oxidizing pharmaceuticals in fresh or hydrolyzed urine. To evaluate plasma, 72 

we apply a dielectric barrier discharge plasma reactor in liquid using laboratory studies with a suite 73 

of pharmaceutical compounds rather than dyes. The kinetic rate of pharmaceutical loss by both 74 



AOP methods is determined and the likely oxidative mechanism responsible for degradation is 75 

assessed. Finally, the energy efficiency of both AOP methods employed during this study are 76 

assessed. 77 

Materials and Methods 78 

Pharmaceutical Compounds  79 

Acetaminophen (Acros Organics; CAS #103-92-2; purity: 98% ), atenolol (Acros 80 

Organics; CAS #29122-68-7; purity: 98%), 17a-ethynyl estradiol (Acros Organics; CAS #57-63-81 

6; purity: 98%), ibuprofen (Acros Organics; CAS #15687-27-1; purity: 99%), naproxen (MP 82 

Biomedicals; CAS #22204-53-1; purity: 99%), and sulfamethoxazole (MP Biomedicals; CAS 83 

#723-46-6; purity: 99%) were used to prepare a 400 mg/L pharmaceutical cocktail in 25 mL of 84 

methanol (Certified ACS; Fisher Scientific; CAS #67-56-1; purity: 99.9%). Pharmaceutical 85 

physicochemical parameters are found in Table S1. The pharmaceutical cocktail was stored in a -86 

20°C freezer in between experiments. Acetaminophen-d3, atenolol-d7, estradiol-2,4,6,16,16-d4, 87 

(S)-(+)-ibuprofen-d3, (S)-naproxen-d3, sulfamethoxazole-d4 were all purchased from Toronto 88 

Research Chemicals. These deuterated standards were used to create a separate 10 mg/L super 89 

stock in 25 mL of methanol. The deuterated standard super stock was also stored in a -20°C freezer 90 

in between experiments. 91 

 92 

UV/H2O2 Experiments 93 

The UV/H2O2 experiments were carried out with six pharmaceuticals in nanopure water, 94 

synthetic fresh urine, and synthetic hydrolyzed urine. The synthetic urine recipes for both fresh 95 

and hydrolyzed urine are provided in Table S2 and are based on previous studies.(33,34) 96 

Experimental solutions in nanopure water or the synthetic urines were prepared by spiking the 97 



pharmaceutical cocktail stocks to achieve concentrations of 1 mg/L and H2O2 (Fisher Chemical; 98 

CAS #7722-81-1) stocks to achieve a concentration of 20 mg/L. Prior to treatment, initial samples 99 

(1.41 mL) were removed from the beaker reactors and placed in 2 mL screw top vials. The 100 

experimental solutions were exposed to a low-pressure ultraviolet lamp at a fluence rate of 0.54 101 

mW/cm2 (Phillips Inc. #TUV PL-S 13W/2P) in a standard fluorescent light fixture with constant 102 

stirring. Every 2.5 minutes, aliquots were collected from the reactors and placed in 2 mL screw 103 

top vials. All samples were spiked with 0.09 mL of the 10 mg/L deuterated internal standard stock. 104 

Samples were collected up to a total reaction time of 20 minutes for nanopure water solutions and 105 

up to 60 minutes for synthetic urine solutions. This results in a fluence dose of 650 mJ/cm2 and 106 

1,900 mJ/cm2 for the nanopure water and synthetic urine solutions, respectively.  107 

 108 

Plasma Experiments 109 

The plasma reactor consisted of a 22-gauge, stainless-steel, high voltage electrode 110 

(McMaster-Carr) fed into cylindrical quartz tubing (Quartz Scientific) which acted as the dielectric 111 

barrier (Figure S1). The ground electrode was a corrosion-resistant tungsten wire (McMaster-Carr) 112 

wrapped around the quartz tubing. Argon gas was fed into the tubing at a rate of about 2.126 L 113 

min-1 controlled by a 150-mm correlated flowmeter (Cole-Palmer). Power was supplied by a neon 114 

transformer (Franceformer; Fairview, Tennessee) with an output voltage of 15,000 volts and a 115 

frequency of 60 Hz. 116 

Similar to the UV/H2O2 experiments, experimental solutions consisted of nanopure water, 117 

synthetic fresh urine, or synthetic hydrolyzed urine spiked with the six pharmaceuticals to achieve 118 

1 mg/L. The experimental solution (72 mL) was transferred to a 100 mL graduated cylinder. At 119 

time = 0, an initial aliquot (1.41 mL) was collected from the reactor, placed in a 2 mL screw top 120 



vial, and spiked with 0.09 mL of the deuterated standard. During treatment with the plasma reactor, 121 

aliquots were collected from the experimental solutions every 2.5 minutes for up to 20 minutes 122 

and were spiked with the deuterated internal standard stocks.  123 

 124 

Analytical Methods 125 

Pharmaceuticals in treated samples were quantified through online solid-phase extraction 126 

(SPE) followed by high performance liquid chromatography (HPLC) and high-resolution mass 127 

spectrometry (HRMS). Standard curves were prepared and consisted of six calibration points 128 

ranging from 100 mg/L to 1,200 mg/L and each containing 600 mg/L of the deuterated internal 129 

standard. Each standard curve was considered successful if the R2 was greater than 0.99. Online 130 

SPE was conducted with the Thermo Scientific Equan setup and a Hypersil Gold aQ trapping 131 

column (20 x 2.1 mm, 12 µM particle size; Thermo Fisher Scientific). An Accucore aQ column 132 

(50 x 2.1 mm, 2.6 µm particle size; Thermo Fisher Scientific) was used for chromatographic 133 

separation with an injection volume of 1000 mL into the trapping column. To elute the selected 134 

pharmaceuticals from the column with minimal interference two mobile phases were applied in 135 

gradient flow consisting of nanopure water and 0.1% formic acid for mobile phase A and methanol 136 

and 0.1% formic acid for mobile phase B. The flow rate was 0.175 mL/min for 12 minutes of the 137 

gradient flow and increased to 0.25 mL/min over the course of 0.2 minutes and held for 1.8 138 

minutes. Finally, the flow rate was decreased from 0.25 to 0.175 mL/min over the course of 0.2 139 

minutes. The mobile phase gradient flow was as follows: mobile phase A was held at 90% for 3 140 

minutes, steadily increased to 90% mobile phase B over the course of 8 minutes, held at 90% 141 

mobile phase B for 1 minute, and finally returned to 90% mobile phase A over 0.2 minutes.  142 



All six pharmaceuticals were ionized in positive mode through electron spray ionization. 143 

Source parameters included: capillary temperature of 250 °C, auxiliary gas heater temperature of 144 

275 °C, a spray voltage of 3.5 kV, sheath gas flow rate of 30 arbitrary units, auxiliary gas flow rate 145 

of 20 arbitrary units, and sweep gas flow rate of 1 arbitrary unit. Resolution was set at 70,000 with 146 

a target automatic gain control (AGC) of 1 x 10-6 and a scan range from 150 to 2000 m/z. Analytes 147 

and their respective deuterated forms were found through their retention times and exact mass 148 

(Table S3). Concentrations for the treated samples were quantified by comparing the response ratio 149 

(the area of the target analyte divided by the area of the deuterated standard) of the samples to that 150 

of the standard curves generated. 151 

 152 

Data Analysis 153 

 Observed rate constants for each pharmaceutical in both reactor systems were determined 154 

by assuming pseudo-first order conditions. Reported kobs values in all matrixes were determined 155 

based on the slopes found in Figures S2-S4 and are reported in Table S4. In the case of the 156 

UV/H2O2, the reaction mechanism includes both direct and indirect photolysis and is defined as 157 

follows: 158 

𝑑[𝑃ℎ𝑎𝑟𝑚]

𝑑𝑡
=  −𝑘𝑑,𝑃ℎ𝑎𝑟𝑚[𝑃ℎ𝑎𝑟𝑚] − 𝑘∙𝑂𝐻,𝑃ℎ𝑎𝑟𝑚[∙ 𝑂𝐻][𝑃ℎ𝑎𝑟𝑚] 159 

=  −𝑘𝑜𝑏𝑠
𝑈𝑉 [𝑃ℎ𝑎𝑟𝑚] 160 

where kd,Pharm (s
-1) is the direct photolysis rate constant, k×OH,Pharm (M

-1s-1) is the second-order rate 161 

constant with hydroxyl radical, kobs
UV (s-1) is the observed rate constant, [Pharm] (M) is the 162 

pharmaceutical concentration, and [×OH] (M) is the hydroxyl radical concentration. Integrating 163 

results in the relationship: 164 

𝑙𝑛 (
[𝑃ℎ𝑎𝑟𝑚]

[𝑃ℎ𝑎𝑟𝑚]𝑜
) =  −𝑘𝑜𝑏𝑠

𝑈𝑉 𝑡 . 165 



The observed rate constant can be determined by plotting the experimentally determined 166 

pharmaceutical concentration ratio over time. For the case of the plasma reactor, the observed rate 167 

constant is defined as: 168 

𝑑[𝑃ℎ𝑎𝑟𝑚]

𝑑𝑡
=  −𝑘∙𝑂𝐻,𝑃ℎ𝑎𝑟𝑚[∙ 𝑂𝐻][𝑃ℎ𝑎𝑟𝑚] − 𝑘𝑜3,𝑃ℎ𝑎𝑟𝑚[𝑂3][𝑃ℎ𝑎𝑟𝑚] − 𝑘𝑑,𝑃ℎ𝑎𝑟𝑚[𝑃ℎ𝑎𝑟𝑚] − ⋯ 169 

=  −𝑘𝑜𝑏𝑠
𝑃 [𝑃ℎ𝑎𝑟𝑚] 170 

𝑙𝑛 (
[𝑃ℎ𝑎𝑟𝑚]

[𝑃ℎ𝑎𝑟𝑚]𝑜
) =  −𝑘𝑜𝑏𝑠

𝑃 𝑡 . 171 

Statistical analysis of observed rate constants was conducted using GraphPad Prism version 8.4.3 172 

for MacOS Catalina, GraphPad Software, San Diego, California USA, www.graphpad.com. 173 

 174 

Energy Efficiency Calculations 175 

EEO is a metric defined by Bolton et al.(35) that indicates the energy investment required 176 

to achieve 90% removal of a contaminant. EEO is calculated for an idealized batch reactor as 177 

follows: 178 

 179 

𝐸𝐸𝑂 =  
38.38 𝑃

𝑉 𝑘
 180 

 181 

where P is the power (kW), V is the volume (L), and k is the observed rate constant (min-1). An 182 

individual EEO was calculated using each of the observed rate constants of the target 183 

pharmaceuticals treated in each of the reactors across all three experimental matrices.  184 

The UV irradiance of our UV/H2O2 reactor setup was determined by potassium iodide 185 

actinometry as described previously(36) and was used as the power value for the EEO calculation. 186 

We measured the power used by the plasma reactor to degrade the pharmaceuticals by measuring 187 



the voltage and current running through the positive and ground electrodes described above. The 188 

voltage was measured using a high voltage probe (Tektronix P6015A; Beaverton, Oregon) and the 189 

current was measured with a Pearson coil. The signals from the probe and coil were monitored and 190 

captured through a BK Precision Model-2190D oscilloscope (Yorba Linda, California). These 191 

signals were then integrated over a single phase to determine the power dissipated directly into the 192 

reactor.  193 

 194 

Results and Discussion 195 

Hydroxyl radicals are the primary degradation mechanism in plasma treatment 196 

Experiments with nanopure water show that the UV/H2O2 reactor transforms our test 197 

pharmaceuticals in a similar manner to other UV/H2O2 studies in water.  Sulfamethoxazole, which 198 

has a higher quantum yield and molar extinction coefficient than the other pharmaceuticals and is 199 

thus susceptible to both direct and indirect photolysis, had a rate constant between 20 and 65 times 200 

higher than all the other pharmaceuticals tested (Figure 1) and this difference was significant 201 

(Tukey’s multiple comparison test, p < 0.05). This pattern is similar to what was found by Wols et 202 

al. 2013 in which sulfamethoxazole degraded more rapidly than acetaminophen and atenolol at a 203 

comparable UV dose and H2O2 concentration.(37) This result shows that our UV/H2O2 204 

experimental setup produces results consistent with other published studies. We treated the same 205 

set of pharmaceuticals with our experimental plasma reactor and found observed rate constants 206 

ranging from 4.95 x 10-4 to 1.46 x 10-3 s-1.  Importantly, the observed rate constant for 207 

sulfamethoxazole was within the same order of magnitude as the other pharmaceuticals tested. 208 

This suggests that degradation by direct photolysis is not a significant pathway for pharmaceutical 209 

loss in our plasma reactor. UV production by plasma has been reported(38); however, consistent 210 



with our results, its contribution to the degradation of organic contaminants was negligible. Our 211 

results are also consistent with those of Singh et al. who evaluated degradation pathways for 212 

diclofenac, carbamazepine, and ciprofloxacin in a pulsed corona discharge plasma reactor and 213 

found the most prominent mechanism for mineralization was by electrophilic addition of hydroxyl 214 

radicals.(39)  215 

 216 

 217 

Figure 1. Observed first order rate constants for pharmaceutical loss in nanopure water treated by 218 
the UV/H2O2 system (left) and the plasma system (right). 219 
 220 

Comparing the observed rate constants with reported rate constants for hydroxyl radicals, 221 

ozone, and direct photolysis confirms the conclusions from our experimental results on the impact 222 

of direct photolysis and provide insight into the contribution of ozone towards pharmaceutical 223 

degradation (Figure 2). The literature-based second-order rate constants with hydroxyl radical 224 

correspond with a higher observed rate constant for most of the pharmaceuticals. Specifically, the 225 

correlation (R2: 0.54; significantly non-zero slope P = 0.0005) between the observed rate constants 226 



and the hydroxyl radical second-order rate constants suggests that hydroxyl radical is the 227 

predominant oxidative agent. A lack of correlation would suggest other radical species were 228 

driving the degradation of the pharmaceuticals. By comparison, the rate constants of the ozone and 229 

UV254 radiation do not correlate (R2: 0.0001 and R2: 0.2 respectively; non-significant non-zero 230 

slope P = 0.96 and P = 0.07) with the observed rate constants (Figures S5 and S6). The larger 231 

second-order rate constants of the pharmaceuticals with hydroxyl radical demonstrate that the 232 

plasma reactor would need to generate ozone concentrations three  to nine orders of magnitude 233 

greater than the hydroxyl radical concentrations to play a role in pharmaceutical degradation. The 234 

exception to this observation is with 17a-ethynyl estradiol, which has a second-order rate constant 235 

with ozone (7.4 x 109 M-1s-1) similar to the second-order rate constant with hydroxyl radical (9.8 236 

x 109 M-1s-1). The general trend suggest that ozone is produced at insufficient quantities to increase 237 

the observed rate constant.  238 

Our results suggest the main mechanism responsible for pharmaceutical losses observed 239 

during our plasma experiments is hydroxyl radical oxidation. However, our results do not exclude 240 

the possibility that UV and reactive species beyond hydroxyl radicals were produced; rather, they 241 

show that they were not formed at intensities sufficient to compete with hydroxyl radicals for 242 

degradation of the pharmaceutical compounds we evaluated. The types and amounts of radicals 243 

produced by plasma are impacted by operating and design conditions such as carrier gas, gas flow 244 

rates, reactor geometry, input power, type of power supply, and electrode types.(40) By making 245 

changes to these conditions, it is feasible that the primary reaction mechanism could shift to other 246 

radicals beyond hydroxyl radical, such as UV, ozone, or peroxide. However, our reactor allows us 247 

to focus on hydroxyl radical as an oxidative mechanism, which is known to be a major oxidative 248 

radical for degradation of pharmaceutical compounds.  249 



 250 

 251 

Figure 2. Second-order rate constants reported in the literature for each pharmaceutical with 252 
hydroxyl radical are presented on the left y-axis.(41–44) Observed first-order rate constants for 253 
each pharmaceutical in nanopure water are presented on the right y-axis. Both axes are presented 254 
on a linear scale to see the relationship between first and second-order rate constants.  255 
 256 

Plasma oxidation treatment is consistent across different synthetic urine matrices 257 

Experiments were conducted to determine if the matrix of synthetic urine would equally impact 258 

the performance of the two AOP treatments. We use a matrix performance ratio (kobs,nanopure 259 

water/kobs,synthetic urine) to characterize these matrix effects for both fresh and hydrolyzed synthetic 260 

urine; a ratio greater than one indicates that the pharmaceutical degraded faster in the nanopure 261 

water and a ratio less than one indicates degradation occurred faster in the synthetic urine (Fig. 3). 262 

Using this metric, we show that both the UV/H2O2 and plasma reactors were negatively impacted 263 

by the switch to a hydrolyzed synthetic urine matrix.  264 

The hydrolyzed urine matrix introduces hydroxyl radical scavenging effects for both oxidation 265 

technologies, however to a different degree. For UV/H2O2 in hydrolyzed synthetic urine, the 266 



matrix performance ratio ranged from 0.21 ± 0.030 to 5.2 ± 0.010 across all pharmaceuticals (Fig. 267 

3a). Atenolol, ibuprofen, naproxen, and sulfamethoxazole had a ratio above one, indicating that 268 

the presence of hydroxyl radical scavengers in the urine matrix diminish the rate at which the 269 

pharmaceuticals are degraded.(34) Acetaminophen and 17𝛼-ethynyl estradiol had matrix 270 

performance ratios below one, indicating a matrix enhancement effect. Studies have shown that 271 

the presence of bicarbonate, a compound found in hydrolyzed urine, leads to the formation of 272 

carbonate radicals in UV-AOP systems, which in turn increases the degradation rates of 273 

acetaminophen and estrogenic compounds and could explain this matrix enhancement 274 

effect.(45,46) Similarly, all of the pharmaceuticals degraded faster in nanopure water compared to 275 

hydrolyzed synthetic urine when treated with plasma (Fig. 3a). The matrix performance ratios 276 

ranged from 1.9 ± 0.010 to 9.7 ± 3.9, demonstrating a slightly greater scavenging impact with 277 

plasma treatment compared to UV/H2O2 treatment. For both UV/H2O2 AOP and plasma AOP, the 278 

hydroxyl scavengers in the hydrolyzed synthetic urine, including ammonium and bicarbonate, 279 

decrease the number of hydroxyl radicals available for the target compounds. (34) An additional 280 

effect of the plasma reactor is that the strong electric field is diminished as the conductivity of the 281 

solution increased.(47) Alternative plasma reactor configurations may lessen the negative 282 

conductivity effects. For example, an over-the-liquid plasma, which generates electrical discharges 283 

just above the water, demonstrated increased radical production at higher conductivities.(48) Use 284 

of a power supply with less time between low to high voltage (rise time)(48) could also minimize 285 

conductivity effects, as shown by Wang et al.(49)   286 

When tested in nanopore water versus fresh synthetic urine, the UV/H2O2 reactor exhibited 287 

matrix performance ratios that ranged from 20 ± 4.0 to 50 ± 3.1 (Fig. 3b). Performance for the 288 

plasma reactor was less impacted by the switch to fresh synthetic urine than was UV/H2O2, as 289 



reflected by the pharmaceuticals having matrix performance ratios ranging from 2.7 ± 0.1 to 12 ± 290 

2.0 (Fig. 3b).  These matrix performance ratios are similar to those observed for the plasma reactor 291 

in hydrolyzed urine compared to nanopure water. The presence of creatinine at 9.7 mM (a waste 292 

product released by muscles) in the fresh synthetic urine likely caused performance of the 293 

UV/H2O2 reactor to diminish. Creatinine has a high experimental molar extinction coefficient (e = 294 

246 m2 mol-1) than H2O2 (e = 1.86 m2 mol-1), consistent with the hypothesis that creatinine 295 

interfered with H2O2 absorption of UV254.(50) Less H2O2 absorption results in reduced production 296 

of hydroxyl radicals. Since creatinine undergoes hydrolysis as a result of the urease enzyme 297 

converting urea from urine into ammonium, creatinine is not added to the hydrolyzed synthetic 298 

urine recipe.(51) The presence of different scavengers in a given matrix is key when deciding 299 

which technology to use in a given urine treatment process train. Our results show that while the 300 

plasma treatment efficiency is more impacted by the hydrolyzed urine constituents than the 301 

UV/H2O2 reactor, it performed similarly (within an order of magnitude) across multiple urine 302 

matrices.  303 

Conductivity differences between the two urine matrices did not seem to play a significant 304 

role in performance of the plasma. The conductivity of the fresh synthetic urine (16 mS/cm) was 305 

less than half that of the hydrolyzed synthetic urine (36 mS/cm), and both match conductivities 306 

observed for real fresh and hydrolyzed urine. Nevertheless, conductivity still played a role given 307 

that switching from nanopure water (< 100 μS/cm) to synthetic urine diminished performance. 308 

Shih et al. operated a point-to-plane in water plasma reactor and found that the production of 309 

hydroxyl radicals diminished as the conductivity increased; however, this effect plateaued after 310 

reaching 0.30 mS/cm.(47) Given that the conductivities of both synthetic urines are well above 311 

this level, the negative effects of conductivity could have reached their limit.   312 



When plasma reactors are used to degrade pharmaceuticals in complex matrices, 313 

experiments should be designed to avoid the two-fold problem of conductivity and scavenging.  314 

Guo et al. combined pulsed discharge plasma with reduced graphene oxide/TiO2 nanocomposites 315 

to enhance the degradation potential of flumequine (fluoroquinolone antibiotic) for water 316 

treatment.(52) The reduced graphene/TiO2 nanocomposites facilitated the formation of ozone, 317 

which ultimately led to the formation of a higher quantity of hydroxyl radicals compared to the 318 

plasma alone or the TiO2 alone. By coupling plasma with other existing technologies, the 319 

scavengers that lower hydroxyl radical production could be counteracted and offer new 320 

degradation pathways to address pharmaceutical concerns. 321 

 322 

Figure 3: (a) Comparison of hydrolyzed synthetic urine matrix effects on the degradation rate of 323 
pharmaceuticals in each of the two reactors. (b) Comparison of fresh synthetic urine matrix 324 
effects on the degradation rate of pharmaceuticals in each of the two reactors. 325 
 326 



Energy efficiency limits the scale of plasma treatment 327 

The electric energy per order of magnitude (EEO) was calculated to compare the energy 328 

intensity of the two reactors, which had different pharmaceutical degradation mechanisms, 329 

geometries, and levels of power applied. In all matrices, the EEO for the UV/H2O2 reactor was two 330 

to three orders of magnitude smaller than the plasma reactor (Figure 4), signifying overall better 331 

energy efficiency in the UV/H2O2 reactor. Even in the fresh synthetic urine matrix, which reduced 332 

the removal of pharmaceuticals significantly for the UV/H2O2 reactor compared to nanopure water, 333 

the EEO remained lower than that of the plasma reactor. Miklos et al. conducted an extensive review 334 

on several studies that evaluated the degradation of organic compounds with various technologies 335 

and found that UV/H2O2 was an order of magnitude more efficient than plasma.(53) Notably, these 336 

studies did not examine complex matrixes such as urine with much higher conductivities. 337 

 338 

 339 

Figure 4: Calculated electric energy per order (EEO) (kWh/m3/order) for both bench-scale reactors 340 
in the nanopure water and synthetic urine matrixes. The box and whisker plot displays 95% 341 
confidence intervals for EEO values (n=6, all pharmaceutical compounds in each data point). 342 

 343 



From an energy perspective, plasma at a full scale is mainly hindered by mass transfer 344 

limitations for the dissolution of oxidative species in solution, which lower the overall process 345 

efficiency.(54)  However, plasma treatment has been implemented widely in small- and medium-346 

scale applications.(55–60) Despite plasma’s lower energy efficiency per unit of treatment, plasma 347 

warrants further evaluation for possible application in resource recovery fluids such as a small-348 

scale or on-site urine-derived fertilizer processing facilities.   349 

Conclusions 350 

 Creating sustainable and publicly acceptable fertilizers from source-separated urine 351 

requires mitigating the release of micropollutants.(61) In this study, we compared two advanced 352 

oxidation methods to reduce pharmaceutical concentrations in urine. Our results show that a 353 

dielectric barrier discharge plasma reactor can oxidize pharmaceuticals in both fresh and 354 

hydrolyzed synthetic urine; however, it did so at a higher energy cost than UV/H2O2, which is an 355 

established technology that has many large-scale deployments. Collection and production of urine-356 

derived fertilizers can occur at various scales, including the building-scale that has single- or 357 

multiple- dwelling units or multi-floor office buildings. Plasma oxidation has the benefit of 358 

chemical-free implementation and should be considered as an option, along with other traditional 359 

advanced oxidation processes, for building-scale pharmaceutical degradation at the point of urine 360 

collection and processing. Furthermore, the wide range of plasma reactor geometries could allow 361 

for treatment-specific configurations. Despite the lack of evidence for the role of reactive chemical 362 

species beyond the hydroxyl radical in the reactor configuration evaluated for this study, changes 363 

to the reactor geometry, carrier gas, power supply used, and various other operating parameters 364 

could be implemented to improve the efficiency of pharmaceutical treatment in urine-derived 365 

fertilizers. Alternatively, the reactor can be optimized to produce and transfer more hydroxyl 366 



radicals than seen in our study, which would enhance their diffusion into the liquid phase. Some 367 

intermediate liquids formed during urine processing that capture the pharmaceuticals, such as the 368 

residual water produced during phosphorus-capturing struvite precipitation(62), may be more 369 

amenable to plasma treatment than unprocessed urine. Finally, pharmaceutical degradation 370 

mechanisms and pathways due to plasma treatment can be further elucidated by studying the 371 

transformation products of treated pharmaceuticals.  372 
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