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Abstract 18 

Produced waters from hydraulic fracturing (HFPW) operations greatly challenge 19 

traditional water treatment technologies due to the high concentrations of total dissolved 20 

solids (TDS), highly complex and variable water matrices, and significant residual 21 

hydrocarbon content. We recently reported the unusual ability of a PdAu catalyst to 22 

degrade phenol in simulated HFPW at room temperature by generating H2O2 in situ from 23 

formic acid and air. Phenol removal occurred at TDS levels as high as ~10,000 ppm 24 

(ionic strength I = 0.3 M), but the catalytic reaction required pH < 4 to proceed. Here, we 25 

find that PdAu, Pd, and Au degraded phenol in the pH 5-8 range by using hydroxylamine 26 

as the hydrogen source in place of formic acid. Pd exhibited the highest activity, and Au 27 

the least. Activity of the monometallic catalysts decreased >70% as TDS increased from 28 

0 to ~100,000 ppm(I = 3 M), whereas the PdAu was comparatively less affected (~50% 29 

activity decrease). All catalysts remained active at TDS levels as high as 100,000 ppm. 30 

The majority of the hydroxylamine formed N2, however this reaction generated additional 31 

nitrite/nitrate anions by-products with nitrogen selectivities ranging from 0.5% to 11.5%, 32 

depending on the catalyst identity and reaction salinity. To demonstrate one possible flow 33 

treatment process concept, we constructed and tested a recirculating trickle bed reactor 34 

that removed 28% phenol from simulated HFPW over 48 hr. These results show the 35 

potential of oxidation catalysis as a treatment approach for produced water and other 36 

high-salinity industrial wastewaters. 37 

 38 

Keywords: bimetallic catalysts, hydroxylamine, produced water, advanced oxidation 39 

process, H2O2  40 
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1. Introduction.  41 

Hydraulic fracturing technology enables the recovery of natural gas and tight oil from 42 

unconventional shale and carbonate formations, which has revolutionized the energy 43 

industry over the last two decades.1 Along with the desired oil and gas products, 44 

hydraulic fracturing produced water (HFPW) surfaces as a highly complex wastewater on 45 

the order of 0.5-4 million gallons per well. Due to a combination of technological 46 

limitations and economic constraints, the majority of this contaminated wastewater is 47 

typically disposed of via direct injection.2 An increasingly attractive alternative 48 

management practice for HFPW is to reuse it on site for other hydraulic fracturing 49 

operations, particularly in arid or semi-arid regions.1  50 

Crucial requirements for reuse prospects are to remove and/or degrade organic 51 

compounds and to suppress the growth of bacteria which can lead well souring or the 52 

corrosion of drilling equipment and wellbore tubulars.3 Currently, organic contamination 53 

is typically addressed through adsorption, electrocoagulation, or ozonation, but these 54 

treatment processes are still hampered by low process efficiency and high deployment 55 

cost.4 Thus, new approaches are needed.3,5,6 56 

Advanced oxidation processes driven by heterogeneous catalysis are a promising 57 

method to selectively degrade organic compounds and suppress bacterial growth in these 58 

waters, potentially enabling on-site HFPW reuse. Heterogeneous catalysis directly 59 

converts toxic or problematic contaminants to non-harmful products without generating 60 

separate, more concentrated waste streams as is typical with other conventional water 61 

treatment technologies.7,8 It is more stable than bioremediation processes, which are 62 

sensitive to operational conditions (e.g., pH and salinity) and can require extensive 63 

treatment times. As a heterogeneous catalysis approach, catalytic wet air oxidation 64 

(CWAO) uses air or oxygen gas as oxidants to degrade various organic compounds (e.g., 65 

BTEX, carbohydrate, organic acids) in industrial wastewaters to CO2 and H2O. 9,10,11 66 

CWAO uses metal oxide-supported (e.g., alumina, ceria, titania) noble metal catalysts 67 

(e.g., Pt, Pd, Ru), operating at elevated temperatures and pressures (200-300 °C, 20-200 68 

bar).12 A less severe process is catalytic wet peroxide oxidation (CWPO), wherein 69 

hydrogen peroxide (H2O2) is used as the oxidant instead of air.13,14,15 However, H2O2 70 

usage requires continuous addition, which increases treatment cost. In situ H2O2 71 
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generation could be promising method to degrade the organic compounds in produced 72 

water.16 73 

Recently, we found that a bimetallic PdAu catalyst has activity for the oxidative 74 

degradation of a model organic compound in simulated HFPW in the presence of formic 75 

acid (an organic contaminant found in HFPW) and air.17 We showed that the catalyst 76 

generated H2O2 (and hydroxyl radicals, OH) during the reaction as the oxidant over a 77 

wide range of salinities. The bimetallic catalyst was the most active in terms of initial 78 

hydroxyl radicals formation rate. At moderate salinities (~100-10,000 ppm), PdAu 79 

remained active and showed the highest rate of phenol degradation. The reaction system 80 

was restricted to acidic conditions (pH ≤ 3), however, as none of the catalysts exhibited 81 

activity above pH 4.  82 

In this work, we studied the generation of H2O2 from hydroxylamine (HA) and 83 

oxygen gas using PdAu/Al2O3, with monometallic Pd/Al2O3 and Au/Al2O3 serving as 84 

comparisons. HA is a widely used reducing agent effective in a wide pH range.18,19 85 

Choudhary et al. reported the generation of H2O2 from HA and O2 using monometallic 86 

Pd and Au catalysts in neutral pH water.20,21 However, H2O2 generation at high salinity 87 

conditions has not been studied. We studied the effects of salinity (0-100,000 ppm) and 88 

pH (5-8) on the generation of H2O2 from HA oxidation in a semi-batch reactor, using 89 

Al2O3 supported PdAu, Pd and Au catalysts. The reaction system was tested for organics 90 

degradation, using phenol as the model compound. We designed, constructed, and tested 91 

a recirculating trickle bed reactor (TBR) that effectively treated 5 L of simulated 92 

produced water (160,000 ppm TDS, pH ~7) containing 100 ppm phenol. 93 

 94 

2. Experimental  95 

2.1. Materials 96 

The bimetallic catalyst containing 1 wt.% Pd and 1 wt.% Au supported on Al2O3 pellets 97 

("PdAu/Al2O3") was provided by Johnson Matthey. The monometallic 1.2 wt. % Au 98 

catalyst supported on alumina extrudate ("Au/Al2O3") was purchased from Strem 99 

Chemicals and the monometallic 1 wt.% Pd supported on alumina ("Pd/Al2O3") powder 100 

was purchased from Sigma-Aldrich. The following chemicals were purchased from 101 

Sigma-Aldrich and used as-received: hydroxylamine solution (“HA”, 50 wt.% in H2O), 102 
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hydrogen peroxide solution (H2O2, 30 wt.% in H2O), titanium(IV) oxysulfate solution 103 

(~15 wt.% in sulfuric acid, >99.99%), phenol (>99%), 1,2-dihydroxybenzene (>99%), 104 

potassium hydroxide (≥99.97%), phosphoric acid (85 wt.% in H2O, 99.99%), sodium 105 

chloride (>99%), calcium chloride dihydrate (>99%), magnesium chloride hexahydrate 106 

(>99%), magnesium sulfate heptahydrate (>98%), and sodium bicarbonate (>99.7%). 107 

Oxygen gas (99.99%) was purchased from Airgas. All experiments were conducted using 108 

deionized (DI) water (>18 MΩ cm, EMD Millipore).  109 

 110 

2.2. Catalyst preparation and characterization 111 

All three catalysts (i.e., PdAu/Al2O3, Pd/Al2O3, and Au/Al2O3) were ground by mortar 112 

and pestle and sieved into fine powders with a particle size less than 300 μm (U.S. 113 

standard 50 mesh). The PdAu, Pd and Au NPs had a uniform size distribution with mean 114 

diameters of 3.7±0.3, 2.7±0.4, and 3.4±0.4 nm, respectively, as characterized by TEM in 115 

our previous work.17 TEM and XRD characterizations of catalysts are provided in 116 

Supporting Information. After reaction, the solution liquid was filtered using a 0.2 µm 117 

microfiber syringe filter, and Pd and Au concentrations were analyzed by ICP-OES 118 

(Perkin Elmer Optima 8300). No metal leaching was detected.  119 

 120 

2.3. H2O2 formation in batch reactor  121 

Experiments for studying the H2O2 formation reaction using HA and O2 ( Eq 1.) were 122 

conducted using a screw-cap bottle (250 mL, Alltech) as a semi-batch reactor.  123 

 2 NH2OH + 2 O2 → 3 H2O2 + N2 (1) 

The bottle was capped by a Teflon-silicone septum with one stainless steel needle 124 

inserted into the liquid as the oxygen inlet, and another needle inserted above the liquid 125 

level as the oxygen outlet. In a typical experiment, a 10 mM HA solution was prepared 126 

from concentrated (50 wt.% in H2O) HA solution (60 µL) and 100 mL of DI water. All 127 

solutions were prepared to within 1% of the initial phenol concentration of 10 mM. The 128 

HA concentration was chosen as 10 mM, five times in excess of the stoichiometric 129 

requirement for HA (2mM, for the initial phenol concentration of 100 ppm ~ 1 mM). The 130 

chemical equation for the overall reaction is given as 131 

 C6H5OH + 2 NH2OH + 7.5 O2 → 6 CO2 + 6 H2O2 + N2 (2) 
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The resulting solution had an initial pH of 9.0 measured by pH meter (Thermo 132 

Scientific). Reactions were conducted at room temperature (23±1°C) as measured by a 133 

thermometer inserted into the solution and stirred using a magnetic stir bar (1000 rpm).  134 

The liquid filled reactors were charged with catalyst powder (20 mg PdAu/Al2O3, 135 

20 mg of Pd/Al2O3, or 200 mg Au/Al2O3). The metal to reactant HA molar ratio of PdAu, 136 

Pd and Au catalyst in reaction medium is 1:3446, 1:5300 and 1:985, respectively. Note 137 

that the larger (10×) catalyst mass for the Au/Al2O3 trials was employed because the 138 

observed reaction rates for HA conversion and H2O2 formation were too slow to be 139 

accurately quantified within the set reaction time if the same amount (i.e., 20 mg) of Au 140 

catalyst was used. The reaction was then initiated by bubbling oxygen gas into the reactor 141 

at 50 mL∙min-1. Aliquots of the reaction fluid (4 mL) were periodically withdrawn by a 5 142 

mL plastic syringe using a stainless-steel needle, filtered by a 0.2-μm syringe filter (25 143 

mm, VWR), and then stored in the 2 mL microcentrifuge tube at 4 °C prior to analysis.  144 

Bulk H2O2 was quantified through the reaction with a titanium (IV) oxysulfate 145 

reagent to produce a yellow solution of pertitanic acid (Ti4+ + H2O2 + 2 H2O → H2TiO4 + 146 

4H+).22 This solution was quantified using UV-vis spectroscopy (Shimadzu UV-2401 PC 147 

spectrophotometer) at the wavelength of 405 nm. In a typical experiment, 50 μL of 148 

titanium(IV) oxysulfate was added to a 1.0 mL aliquot of solution in a capped quartz 149 

cuvette with a 1-cm path length using a pipet. The solution was hand-shaken for 10s prior 150 

to each measurement. The UV-vis spectrum (365-450 nm) of the solution was recorded 151 

and the concentration of H2O2 was calculated using a calibration curve of concentration 152 

vs. absorbance (at 405 nm). 153 

HA concentration was quantified using a Thermo Scientific Dionex Aquion Ion 154 

Chromatograph (IC) system equipped with a cation-exchange column (Dionex IonPac 155 

CS12A, 4×250 mm) for cation separation and a conductivity detector.23 The IC operated 156 

at 25°C with 20 mM methanesulfonic acid as the cation mobile phase at the flowrate of 1 157 

cm3∙min-1.  158 

The conversion of HA, XHA, was defined as: 159 

 
𝑋𝐻𝐴 =

𝐶𝐻𝐴,0 − 𝐶𝐻𝐴

𝐶𝐻𝐴,0
 (3) 
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where CHA,0 is the initial HA concentration and CHA is HA concentration at each sampling 160 

time. Reaction kinetics were modeled as a first-order reaction with respect to the HA 161 

concentration: 162 

 
−

𝑑𝐶𝐻𝐴

𝑑𝑡
= 𝑘𝑚𝑒𝑎𝑠 × 𝐶𝐻𝐴 (4) 

where 𝑘𝑚𝑒𝑎𝑠 is the experimentally measured reaction rate constant. Reaction rate analysis 163 

and catalyst comparisons were normalized to the molar concentration of calculated 164 

surface metal (Csurface metal):  165 

 
𝑘𝑐𝑎𝑡 =

𝑘𝑚𝑒𝑎𝑠

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑒𝑡𝑎𝑙
 [L ∙ mol𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑒𝑡𝑎𝑙

−1 ∙ min−1] (5) 

The amount of surface metal was estimated using the magic cluster model (see 166 

SI).24–27 According to the closest calculated NP size with the actual NP size, the Pd NPs 167 

were modeled as magic clusters with 4 shells (Table S1), and Au NPs were modeled as 168 

magic clusters with 6 shells (Table S2). PdAu NPs were modeled as clusters with 6 shells. 169 

Selectivity of H2O2 (SH2O2) was defined as: 170 

 
𝑆𝐻2𝑂2

=
𝐶𝐻2𝑂2

𝐶𝐻𝐴,0 − 𝐶𝐻𝐴
×

2

3
× 100% (6) 

where 2/3 is the stoichiometric ratio for HA and H2O2 in the reaction of Eq. 1. The H2O2 171 

selectivity was calculated based on this reaction and was estimated assuming total N2 172 

formation. The slight NO2
- formation in our experiment will not significantly affect the 173 

H2O2 selectivity calculation. 174 

 175 

2.4. Phenol degradation in batch reactor 176 

Phenol was chosen as a model organic compound because it is widely present in HFPW 177 

and is an intermediate in the oxidative degradation of higher molecular weight organic 178 

compounds.28 Phenol degradation experiments were also conducted in the same screw-179 

cap bottle (250 mL, Alltech) as a semi-batch reactor with 50 mL min-1 O2 flowing 180 

through. In a typical experiment, 1.0 mL of a 10,000-ppm phenol stock solution was 181 

added into the 100 mL 10 mM HA solution such that the initial phenol concentration was 182 

100 ppm (~1.06 mM). Catalyst power (20 mg PdAu/Al2O3, 20 mg of Pd/Al2O3 or 200 mg 183 

Au/Al2O3) was then added to the solution to initiate the reaction. Phenol and its oxidation 184 

byproducts (e.g., catechol) were quantified via HPLC (Agilent/HP 1100) equipped with 185 
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an HPX-87H organic acid column (Bio-Rad, Hercules, CA, USA), a refractive index 186 

detector (RID) and a UV detector (210 nm).29 The operation conditions for the HPLC 187 

were at 30 °C with 5 mM H2SO4 as mobile phase flowing at 0.3 cm3 min-1. The phenol 188 

removal percentage, Xphenol, was defined as: 189 

 
𝑋𝑝ℎ𝑒𝑛𝑜𝑙 =

𝐶𝑝ℎ𝑒𝑛𝑜𝑙,0 − 𝐶𝑝ℎ𝑒𝑛𝑜𝑙

𝐶𝑝ℎ𝑒𝑛𝑜𝑙,0
 (7) 

where Cphenol,0 is the initial phenol concentration and Cphenol is phenol concentration at 190 

each sampling time. 191 

Total organic carbon (TOC, expressed in unit of ppm) was measured separately 192 

using a Shimadzu TOC analyzer to qualify and quantify the organic compounds from the 193 

experiments. Examples of the organic samples identified include: phenol, catechol, oxalic 194 

acid, and acetic acid. The decrease of TOC concentration indicates the complete 195 

mineralization of phenol. The TOC removal percentage, XTOC, was defined as: 196 

 
𝑋𝑇𝑂𝐶 =

𝐶𝑇𝑂𝐶,0 − 𝐶𝑇𝑂𝐶

𝐶𝑇𝑂𝐶,0
 (8) 

where CTOC,0 is the initial TOC concentration and CTOC is TOC concentration at each 197 

sampling time. 198 

To investigate the effect of pH on the phenol degradation, the initial solution pH 199 

was adjusted in the range of 5 to 8 using 8 mM phosphate buffer comprised of phosphoric 200 

acid and potassium hydroxide solution (Table S3) in DI water. To investigate the effect 201 

of salinity, potassium chloride salt was added to the HA solution such that the potassium 202 

chloride concentration was in the range of 0-224,000 ppm (I= 0-3,000 mM). 203 

 204 

2.5. Quantification of nitrogen byproducts from HA oxidation 205 

It is assumed that the H2O2 formation reaction from HA and O2 generates only N2.
21 To 206 

verify this, we measured for any nitrite (NO2
-) and nitrate (NO3

-) byproducts using a 207 

Thermo Scientific Dionex Aquion IC system equipped with an anion-exchange column 208 

(Dionex IonPac AS23, 4×250 mm) and a conductivity detector. The IC operated at 25 °C 209 

with a solution of 4.5 mM Na2CO3 and 0.8 mM NaHCO3 as the anion mobile phase at the 210 

flowrate of 1 mL∙min-1.  211 

 212 
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2.6. Phenol degradation in recirculating trickle bed reactor (TBR) 213 

To investigate this reaction system under continuous-flow conditions, we constructed a 214 

recirculating TBR connected to a larger-volume reservoir tank (Scheme 1a). Additional 215 

specifications and photos (Fig. S1) of the recirculating TBR may be found in the 216 

Supporting Information. The reactor (empty volume of 0.6 L) was loaded with 250 g of 217 

catalyst pellet (0.5 wt.% Pd/Al2O3 or Al2O3 control sample) diluted with an additional 218 

100 g inert packing of 2-mm diameter glass beads (borosilicate, Sigma Aldrich). The 219 

catalyst-to-inert packing ratio was 2.5. The Pd/Al2O3 (and Al2O3) catalyst pellets with a 220 

cylindrical shape (4-mm length × 3-mm diameter) were purchased from Riogen Inc. 221 

(Table S4). 222 

  223 

Scheme 1 (a) Schematic of TBR operating in recirculating mode, and (b) corresponding 224 

semi-batch reactor model to account for phenol concentration changes in reservoir tank. 225 

 226 

  227 
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 228 

In a typical experiment, the reservoir tank (9.5 L capacity) was charged with 5 L 229 

of water (TDS of 0 or 160,000 ppm) with 100 ppm phenol, which was delivered at a flow 230 

rate of 0.5 L∙min-1. Ambient air was supplied at a rate of 12 L∙min-1 from an air 231 

compressor mounted on the rear of the reactor housing. All flowrates were set and 232 

monitored using ball flowmeters. A concentrated HA stream (1 wt%) was delivered via a 233 

flow pump at 1.4 mL/min at the top of the distributor head. During operation, the 234 

reservoir temperature and pH were recorded. Samples were collected from the reservoir 235 

tank at set time intervals to quantify phenol concentration and TOC values. 236 

 237 

2.7. Modeling of overall phenol degradation rate in recirculating TBR  238 

We treated the recirculating TBR+Tank system as a semi-batch reactor, in which the 239 

overall reaction (Eq. 2) is carried out (Scheme 1b). The HA inlet stream increases the 240 

reservoir liquid volume with time, and the air stream flows continuously through the 241 

system.  242 

A mole balance on phenol, 243 

 [𝑅𝑎𝑡𝑒 𝑖𝑛] − [𝑅𝑎𝑡𝑒 𝑜𝑢𝑡] + [𝑅𝑎𝑡𝑒 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛] = [𝑅𝑎𝑡𝑒 𝑜𝑓 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛] (9) 

gives 0 − 0 + 𝑟𝑝ℎ𝑒𝑛𝑜𝑙 × 𝑉(𝑡) =
𝑑𝑁𝑝ℎ𝑒𝑛𝑜𝑙

𝑑𝑡
. Since the moles of phenol (Nphenol) is the 244 

product of phenol concentration (Cphenol) and the liquid volume (V), the mole balance 245 

becomes 𝑟𝑝ℎ𝑒𝑛𝑜𝑙 × 𝑉 =
𝑑(𝐶𝑝ℎ𝑒𝑛𝑜𝑙 ×𝑉)

𝑑𝑡
= 𝑉

𝑑𝐶𝑝ℎ𝑒𝑛𝑜𝑙

𝑑𝑡
+ 𝐶𝑝ℎ𝑒𝑛𝑜𝑙

𝑑𝑉

𝑑𝑡
. The liquid volume (V) 246 

increases with time due the HA solution flowing at constant volumetric flow rate (v): 𝑉 =247 

𝑉0 + 𝑣 × 𝑡. Phenol degradation is treated as an irreversible first-order reaction (rphenol = 248 

kCphenol), with k as overall phenol degradation rate constant (units of min-1). The mole 249 

balance equation readily yielded the following differential equation: 250 

 𝑑𝐶𝑝ℎ𝑒𝑛𝑜𝑙

𝑑𝑡
= 𝑘𝐶𝑝ℎ𝑒𝑛𝑜𝑙 −

𝐶𝑝ℎ𝑒𝑛𝑜𝑙 × 𝑣

𝑉0 + 𝑣 × 𝑡
 (10) 

 251 

Phenol degradation rate constant values were determined by collecting phenol 252 

concentration data as a function of time and numerically fitting to the differential 253 

equation using MATLAB. 254 
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Catalyst performance decay during the reaction ( 𝑘 = 𝑘0𝑒−𝑘𝑑𝑡 ) was also 255 

considered, to improve the data fit. k0 is the overall phenol degradation rate constant and 256 

kd is the catalyst deactivation rate constant. Substituting the rate equation into the mole 257 

balance equation gives 258 

 𝑑𝐶𝑝ℎ𝑒𝑛𝑜𝑙

𝑑𝑡
= 𝑘0𝑒−𝑘𝑑𝑡𝐶𝑝ℎ𝑒𝑛𝑜𝑙 −

𝐶𝑝ℎ𝑒𝑛𝑜𝑙 × 𝑣

𝑉0 + 𝑣 × 𝑡
 (11) 

The k0 and kd were determined by fitting the experimental data using MATLAB. 259 

 260 

3. Results and discussion 261 

3.1. H2O2 generation from HA oxidation in batch reactor 262 

The H2O2 generation profiles for the three catalysts are shown in Fig. 1a. All three 263 

catalysts displayed a similar trend with respect to H2O2 generation and consumption of 264 

HA (Fig. 1b) within the first hour of reaction, with Pd exhibiting the greatest activity 265 

(reaching 5.9 mM H2O2 after 60 min). Au was the least active (3.2 mM H2O2), and the 266 

bimetallic showing intermediate activity (4.7 mM H2O2). In the absence of HA or O2, 267 

none of the catalysts generated H2O2. In the absence of catalyst (i.e., only Al2O3 support), 268 

no HA loss was detected and no H2O2 was formed. 269 

 270 

Figure 1 Time profiles for (a) H2O2 and (b) HA concentrations, and (c) H2O2 selectivity-271 

HA conversion plots for PdAu, Pd, and Au catalysts. Reaction conditions: 20 mg 272 

PdAu/Al2O3 or 20 mg Pd/Al2O3 or 200 mg Au/Al2O3, 23 °C, 100 mL, 10 mM HA, 50 mL 273 

min-1 O2, and initial pH = 9.0. 274 

Since the total amounts of metals charged to the batch reactor and the metallic NP 275 

sizes were different, H2O2 formation rates were compared on a molsurface metal basis (Table 276 

S5). The initial H2O2 formation rate using PdAu catalyst (25,071 mmol-H2O2 molsurface 277 
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metal
-1

 min-1) was 1.2× lower than that using Pd (30,516 mmol-H2O2 molsurface metal
-1

 min-1), 278 

but 5.9× higher than that using Au (4,250 mmol-H2O2 molsurface metal
-1

 min-1).  279 

HA concentrations were measured by IC (Fig. 1b). After one hour, 90.4% of the 280 

HA was converted over 200 mg of the 1.2%Au/Al2O3 catalyst whereas 94.6% conversion 281 

was reached using 20 mg monometallic 1%Pd/Al2O3. The bimetallic 1%Pd1%Au/Al2O3 282 

catalyst (20 mg) had the highest conversion, 97.8%. The initial HA reaction rate constant 283 

on a molsurface metal basis using PdAu catalyst (6104 L molsurface metal
-1 min-1) was 284 

comparable to Pd (6063 L molsurface metal
-1 min-1) and 7.6× higher than that using Au (800 285 

L molsurface metal
-1 min-1). 286 

The observed H2O2 selectivity for each catalyst was determined to be largely 287 

independent of HA conversion (Fig. 1c) The zero-conversion selectivity (i.e., H2O2 288 

selectivity at zero HA conversion), was estimated by extrapolating the curve from the 289 

H2O2 selectivity vs. HA conversion plot to zero HA conversion using a monotonic, linear 290 

function. The zero-conversion H2O2 selectivities were 41%, 26%, and 33% for Pd, Au, 291 

and PdAu, respectively. This analysis indicates the presence of a parallel reaction that 292 

consumed HA but did not form H2O2 (presumably forming H2O).  293 

 294 

3.2. Phenol degradation in batch reactor 295 

The PdAu catalyst was tested for phenol degradation using the same system with Pd and 296 

Au as controls. Fig. 2a shows that the phenol concentration decreased ~11% after one 297 

hour of reaction time when using 20 mg PdAu catalyst. Over the course of one hour 298 

experiment, phenol mass was degraded by ~11% over 200 mg of the Au/Al2O3 catalyst 299 

whereas 21% degradation was achieved using 20 mg Pd/Al2O3. The Pd catalyst exhibited 300 

the highest initial phenol degradation reaction rate constant (Table S6), which was 2× 301 

and 20× higher than PdAu and Au on a molsurface metal basis.  302 
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 303 

Figure 2 Time profiles for (a) phenol (solid lines) and TOC (dashed lines), (b) HA, and 304 

(c) H2O2 concentration using PdAu, Pd, and Au catalysts. Reaction conditions: 20 mg 305 

PdAu/Al2O3, or 20 mg Pd/Al2O3 or 200 mg PdAu/Al2O3, 23 °C, 100 mL, 10 mM HA, 306 

100 ppm phenol (~1.06 mM), 50 mL min-1 O2, and initial pH = 9. 307 

 308 

There was no decrease in TOC of the liquid samples before 30 min reaction time 309 

using PdAu, indicating that the phenol was converted to mostly intermediate products 310 

(e.g., catechol, small organic acids) (dash lines, Fig. 2a). TOC removal by 2.7 wt% was 311 

observed after a 1 hr reaction using PdAu catalyst. A similar TOC removal trend was 312 

observed using Au catalyst (2.1%) after 1 h while Pd showed the highest TOC removal of 313 

4.8%. 314 

The HA was completely consumed in one hour with the PdAu catalyst (Fig. 2b), 315 

with a normalized reaction rate constant of 5751 molsurface metal
-1 min-1 (Table S6). The 316 

reaction rate constant was 6% lower compared to that without phenol (Table S5), 317 

believed to be due to active site competition between phenol and HA. In the 318 

monometallic Pd and Au catalyst cases, 21% and 19% decrease of HA reaction rate 319 

constant were observed, respectively. The bimetallic PdAu catalyst was least affected by 320 

the presence of the organic contaminant. 321 

H2O2 accumulated during the phenol degradation reaction (Fig. 2c). The H2O2 322 

selectivity gradually decreased as HA converted (Fig. S2) indicating the consumption of 323 

H2O2 in the phenol oxidation. Interestingly, the zero-conversion H2O2 selectivity for all 324 

three catalysts were higher compared with the previous cases (Table S6), suggesting that 325 

phenol partially blocked active sites that oxidize HA to H2O instead of H2O2.  326 

 327 

3.3. Effect of pH and salinity in batch reactor 328 
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The pH of most HFPW ranges from 5 to 8.3 To test the performance of the catalytic 329 

oxidation system in this pH range, we adjusted the solution pH using phosphate buffer. 330 

Phenol degradation was observed in all buffered and unbuffered reaction systems (Fig. 331 

3a). Compared with the unbuffered system (Table S6, "unbuffered" entry of Fig. 3a), the 332 

buffered systems showed greatly decreased phenol degradation reaction rates due to 333 

competitive adsorption between phenol and phosphate species. Increased pH in the 334 

buffered systems slightly decreased phenol degradation reaction rates (Fig. 3a), which is 335 

consistent with the formation of reactive oxygen species (e.g., OH) being less favorable 336 

at basic conditions.30  337 

 338 

Figure 3. Initial phenol degradation reaction rate constant on a molsurface metal basis (kcat) 339 

(a) in DI water ([KCl] ~ 0 mg/L) at pH 5-8 buffered by phosphate and in unbuffered DI 340 

water (initial pH = 9), and (b) in water with potassium chloride concentrations of 0, 224, 341 

2,240, 22,400, and 224,000 ppm (I=0, 3, 30, 300, and 3000 mM) buffered at pH 7. 342 

Reaction conditions: 20 mg PdAu/Al2O3 or 20 mg Pd/Al2O3 or 200 mg Au/Al2O3, 23 °C, 343 

100 mL, 10 mM HA, 100 ppm phenol, 8 mM phosphate, 50 mL min-1 O2. The error bars 344 

represent the range between highest and lowest measured values in triplicate experiments. 345 

We challenged our reaction system with higher salinities, buffered at neutral 346 

condition to prevent pH drift during the reaction. All three catalytic systems were active 347 

even at the highest salinity value tested (224,000 ppm) (Fig. 3b). The observed reaction 348 

rate decreased with increasing salinity likely due to competitive adsorption of phenol 349 

with chloride (and phosphate), as is reported in similar systems.31–33 For example, 350 

chloride is known to deactivate Pd catalysts during aqueous phase hydrodechlorination 351 
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and nitrite reduction reactions via chemisorption to the Pd surface presumably through 352 

the reaction Cl- + H+ + Pd → Pd-Cl + ½ H2.
31,34 When the chloride concentration far 353 

exceeds of the number of exposed surface Pd atoms the system will favor chlorine 354 

surface binding – and thus lower observed degradation rates – at both acidic and neutral 355 

pH conditions (i.e., high H+ (aq) environments). By this logic, a basic pH would not 356 

promote interactions between chlorine and the Pd surface. Lowry et al. reported that a 357 

chloride concentration of 28 mM (approximately equivalent to 2, 240 ppm KCl used in 358 

this study) had no observable effect on activity on the aqueous-phase hydrodechlorination 359 

of TCE over a Pd/Al2O3 catalyst when conducted at pH 9.6.35 This difference could be 360 

attributed to the higher pH values (i.e., ~4000× lower [H+] at pH 9.6 vs. pH 5.5 of Ref. 31) 361 

which might mask the inhibitory effects of chloride observed in that study. 362 

Though the Pd catalyst was the most active at the potassium chloride 363 

concentration from 0 to 22400 ppm (I=300 mM), PdAu catalyst showed highest activity 364 

compared to Pd and Au at potassium chloride concentration of 224000 ppm (I=3000 365 

mM). In increasing the potassium chloride concentration from 0 to 224000 ppm (I=3000 366 

mM), Pd dropped 71% in activity, similar to the Au catalyst (75% drop). PdAu dropped 367 

50% in activity, indicating its greater resistance to chloride interference. The improved 368 

salinity resistance may be attributed to weaker chloride chemisorption onto the bimetallic 369 

surface as reported elsewhere.17,31  370 

 371 

3.4. HA oxidation byproduct detection 372 

The NO2
- and NO3

- anions were observed as reaction byproducts for all catalysts, 373 

indicating that the common assumption of N2 as the only nitrogen byproduct from using 374 

HA as the hydrogen donor is not valid (Fig. 4).20,21 The total amount of nitrogen 375 

byproducts (mostly NO2
- with a trace amount of NO3

-) increased in order of PdAu (4.5% 376 

of initial HA amount) < Au (7.4%) < Pd (11.5%).  377 
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 378 

Figure 4 HA, NO2
- and NO3

- concentration profiles using (a) PdAu, (b) Pd and (c) Au 379 

catalysts during phenol oxidation. Reaction conditions: 20 mg PdAu/Al2O3 or 20 mg 380 

Pd/Al2O3 or 200 mg Au/Al2O3, 23 °C, 100 mL, 10 mM HA, 100 ppm phenol, 8 mM 381 

phosphate, 50 mL min-1 O2, and pH ~ 7. 382 

 383 

The formation of NO2
- and NO3

- byproducts occurred at all salinity conditions, 384 

and selectivity to NO2
-/NO3

- byproducts did not change with HA conversion (Fig. S1). 385 

Higher potassium chloride concentrations lowered the formation of NO2
- and NO3

-, for 386 

all three catalysts (Table S7). The smallest byproduct amount occurred for the Au 387 

catalyst at 22400 ppm (I = 300 mM) (0.5%).  388 

 389 

3.5 Phenol degradation in recirculating TBR 390 

To demonstrate the potential application of heterogeneous catalysis systems towards 391 

HFPW treatment, we constructed a recirculating three-phase TBR with a 5-L treatment 392 

capacity. We chose to study a commercially available Pd/Al2O3 catalyst available in large 393 

quantities, and operated the three-phase reactor under trickle flow to reduce mass transfer 394 

limitations of the gas phase to the catalyst surface and ensure that the oxygen was 395 

provided in stoichiometric excess.   396 

The control experiment using only the catalyst support Al2O3 confirms an 397 

expected 15% phenol concentration decrease after 48 hr, due to the gradual dilution by 398 

the addition of the concentrated HA stream (Fig. 5). Similarly, the measured TOC 399 

concentration also decreased (by 14%) because of this dilution effect. Two conditions 400 

with active Pd/Al2O3 catalyst were investigated for the flow-through system: DI water 401 

and simulated HFPW. Simulated HFPW contained other ions besides chloride (TDS of 402 

~160,000 ppm, Table S8). The pH was measured throughout the reaction with an online 403 
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probe (OMEGATM PHH-SD1) and confirmed to remain  at 7.3±0.1 using phosphate 404 

buffer in both cases. 405 

 406 

Figure 5 Experimental (dots) and modeled (curves) phenol degradation profiles in 407 

recirculating TBR in DI water and simulated HFPW. Solid curve and dash curve indicate 408 

semi-batch reactor model without (Eq. 10) and with (Eq. 11) considering performance 409 

decay, respectively. Reaction condition: 250 g Pd/Al2O3, 23 °C, 100 ppm phenol, 8 mM 410 

phosphate, pH~7, 12 L min-1 air.  411 

 412 

After correcting for the dilution effect, 46% and 28% phenol converted after 48 hr 413 

in DI water and simulated HFPW, respectively. Based on TOC concentration 414 

measurements at the end of the 48hr experiments, 12% and 7% TOC presumably 415 

converted to CO2, respectively. The TOC decrease was less than the phenol concentration 416 

decrease, due to the formation of organic intermediates.36 417 

The numerical solutions to the differential equations of the semi-batch reactor model 418 

without (solid curve, Fig. 5) and with performance decay (dash curve,Fig. 5) were least-419 

square fit to the concentration-time experimental data. Without considering catalyst 420 

performance decay, the phenol degradation rate constant using Pd/Al2O3 catalyst in 421 

simulated HFPW (1.5×10-4 min-1) was 42% of that in DI water (3.6×10-4 min-1) (Table 1). 422 
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This activity decrease was consistent with batch reactor results for Pd/Al2O3: the phenol 423 

degradation rate constant in high salinity (~100,000 ppm) water (22.3 L molsurface metal
-1 424 

min-1) was 32% of that in DI water (68.9 L molsurface metal
-1 min-1) (Fig. 3b).  425 

Table 1 Fitted phenol degradation reaction rate constants at DI water and simulated 426 

HFPW conditions using semi-batch reactor model. The overall rate constant k is 427 

calculated from Eq. 10. The corrected overall rate constant, k0, was calculated with Eq. 428 

11 by accounting for the TBR performance decay, kd (min-1). 429 

 k (min-1)  k0 (min-1)  

Pd/Al2O3 (DI water)  3.6×10-4 8.1×10-4 kd = 1.0×10-3 

Pd/Al2O3 (simulated HFPW) 1.5×10-4 5.0×10-4 kd = 1.4×10-3 

Al2O3 (DI water)  0 0 kd = 0 

 430 

When including performance decay in the model, the data fit improved. The 431 

phenol degradation rate constant using Pd/Al2O3 catalyst in simulated HFPW (8.1×10-4 432 

min-1) decreased to 62% of that in DI water (5.0×10-4 min-1) (Table 1). The non-zero 433 

performance decay rate constant could be due to the fouling the catalyst surface (i.e., 434 

blocking of the catalytic active sites) over time by carbonaceous deposits, mainly of 435 

condensation/polymerization byproducts formed from oxidative coupling side 436 

reactions.13,37 The fouled catalysts should be regenerable by flushing the reactor bed with 437 

a bleach (e.g., sodium hypochlorite) solution.35,38 The simulated HFPW showed a 438 

stronger deactivation effect than DI water, which is most likely due to scale formation 439 

from the calcium in the water and the CO2 in the inlet ambient air stream. 440 

 441 

4. Conclusion 442 

Phenol degradation in saline water was achieved via catalytic oxidation using in-situ 443 

generated H2O2 from a combination of oxygen, HA and catalysts (PdAu/Al2O3, Pd/Al2O3, 444 

or Au/Al2O3). This reaction worked at neutral pH at room temperature and atmospheric 445 

pressure in a wide range of salinities. All three catalysts were active even at the highest 446 

TDS concentration tested (100,000 ppm; I ~ 3,000 mM), with the PdAu being the most 447 

active (23 L molsurface metal
-1 min-1), followed by Pd (22 L molsurface metal

-1 min-1) and Au (2 448 

L molsurface metal
-1 min-1). Dinitrogen gas was the major product from HA oxidation, with 449 
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the unexpected detection of NO2
- and NO3

- byproducts. A recirculating TBR showed that 450 

~28% phenol and ~8% TOC was successfully removed from 5 L of simulated HFPW 451 

(initial phenol concentration of 100 ppm) in 48 hr, which, to the best of our knowledge, is 452 

the first demonstration of a heterogenous catalysis-based advanced oxidation processes 453 

towards the treatment of highly complex water matrices such as HFPW.  This work 454 

should serve to motivate future reactor design and process improvements towards 455 

HFPWmanagement through recycling and reuse. 456 
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