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ABSTRACT

Water reuse is expanding due to increased water scarcity. Water reuse facilities treat wastewater
effluent to a very high purity level, typically resulting in a product water that is essentially
deionized water, often containing less than 100 pg/L organic carbon. However, recent research
has found that low molecular weight aldehydes, which are toxic electrophiles, comprise a
significant fraction of the final organic carbon pool in recycled wastewater in certain treatment
configurations. In this manuscript, we demonstrate oxidation of trace aqueous aldehydes to their
corresponding acids using a heterogeneous catalyst (5% Pt on C), with ambient dissolved oxygen
serving as the terminal electron acceptor. Mass balances were essentially quantitative across a
range of aldehydes, and pseudo-first order reaction kinetics are observed in batch reactors, with
kobs varying from 0.6 h'! for acetaldehyde to 4.6 h™! for hexanal, while they were low for
unsaturated aldehydes. Through kinetic and isotopic labeling experiments, we demonstrate that
while oxygen is essential for the reaction to proceed, it is not involved in the rate-limiting step,
and the reaction appears to proceed primarily through a base-promoted beta-hydride elimination
mechanism from the hydrated gem-diol form of the corresponding aldehyde. This is the first
report we are aware of that demonstrates useful abiotic oxidation of a trace organic contaminant

using dissolved oxygen.

KEYWORDS: Wastewater Recycling, Reuse, Organic Contaminants, Catalysis

SYNOPSIS
Toxic aldehydes have been found as contaminants in recycled water. This study demonstrates

catalytic oxidation of aldehydes to non-toxic carboxylates with ambient dissolved oxygen.
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INTRODUCTION

Increased water scarcity has motivated greater adoption of wastewater recycling to
augment potable water sources.'™ The risk from pathogens and hazardous chemicals in
wastewater is mitigated by the use of multiple treatment steps including pre-oxidation (typically
with ozone or chlorine), reverse osmosis (RO), and advanced oxidation processes (AOPs).*
Despite the high level of treatment used during wastewater recycling, recent studies have
documented the presence of recalcitrant organic carbon in the final effluent, and the majority of
these chemicals have not yet been fully identified.>”” Furthermore, some water reuse operations
have considered replacing RO-based treatment trains with ozone followed by biological
activated carbon (O3/BAC) due to treatment and disposal concerns for RO concentrates,®!!
however higher total organic carbon (TOC) concentrations are expected in the effluent of the
03/BAC process compared to current practice (e.g., 2.5 mg/L for O3/BAC and 0.2 mg/L for
RO).’

Despite many studies on the low molecular weight compounds present in potable reuse
product water, until recently <35% of the dissolved organic carbon in reverse osmosis permeate
had been characterized.”'>!3 One fraction, disinfection byproducts including trihalomethanes,
haloacetic acids, and N-nitrosodimethylamine, accounts for approximately 5—10% of the TOC in
the final effluent.! Little of the remaining unknown carbon had been identified, until a recent
study demonstrated that carbonyl compounds account for 19-38% of the remaining DOC in
recycled wastewater, most of which were saturated and unsaturated aldehydes.” These aldehydes

14,15

are toxic electrophiles'*"> and are difficult to remove with existing reverse osmosis and

advanced oxidation treatment systems due to their polarity, low molecular weight, and neutral

charge.!6-22
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Catalytic transformation of contaminants with environmentally-relevant, mild, and
scalable conditions is a subject of considerable research interest.?>2” Many studies using
heterogeneous catalysts for environmental purposes in water have focused on the reduction of

23.28.29 or hydrodehalogenation of

inorganic contaminants such as bromate, nitrate, and perchlorate
halogenated organics.?’3! Oxidative catalysis has been applied to carry out degradation of
contaminants on an electrode, or on a membrane surface with the addition of strong electron
acceptor such as hydrogen peroxide or persulfate.*?—37 Photocatalytic oxidative degradation of
micropollutants, largely with TiO., has focused on oxidation by surface reactions and generation
of hydroxyl radical initiated by UV irradiation.*®*? However, catalytic oxidation of organic
pollutants in water without electrochemistry, addition of electron acceptors, or photochemistry,
each of which challenge the potential scalability of the respective methods, has not been
demonstrated to the best of our knowledge.

In this study, we sought to extend the concept of “Catalytic Converters for Water
Treatment™?’ from reductive treatment of oxyanions to oxidation of organic pollutants, by
oxidizing contaminants with dissolved molecular oxygen as the terminal electron acceptor. We
first identified a catalyst in the organic synthesis literature reported to be capable of oxidizing
aqueous alcohols and aldehydes to their corresponding acids in the presence of dissolved oxygen
and aimed to identify its substrate scope in batch experiments. We determined kinetic parameters
for oxidation of a range of low molecular weight aldehydes, aimed to elucidate the reaction
mechanism, in particular the role of dissolved oxygen, and to demonstrate preliminary
effectiveness in a flow-through column reactor more closely resembling deployment in full-scale

water treatment. This study takes a first step toward oxidation of trace aldehyde compounds in
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final recycled water effluent to generally non-toxic organic acids, using heterogeneous catalysts

and ambient molecular oxygen.

MATERIALS AND METHODS

Materials and Reagents. Chemical suppliers and purities are listed in Text S1.

Catalyst Characterization. The morphology of the catalyst supporter was observed by scanning
electron microscope (SEM) using Thermo Scientific Helios G4 PFIB UXe, and the size
distribution of catalyst particles was measured by using dynamic light scattering (DLS) with a
Zetasizer Ultra (Malvern Instruments Ltd., UK). A 4-mL of 0.4 g/L suspension of Pt/C was
prepared in Milli-Q water and transferred to a polystryrol/polystyrene cuvette for analysis. The
light scattering was measured after equilibrating samples at 25 °C for 120 seconds with a
refractive index of 1.63 and an absorption of 0.001. The size and dispersion of the platinum
supported on the carbon was characterized by measuring scanning transmission electron
microscopy (STEM) and transmission electron microscopy (TEM) using JEOL 2100F at 200 kV

with high angle annular dark field detector.

Batch Experiments to Determine Aldehyde Oxidation Kinetics. Batch experiments were
performed in 100 mL glass syringes to avoid creating headspace while sampling periodically,
because several target compounds were semi-volatile and mass balance was not conserved in
preliminary tests in open reactors. Within the syringes, 40 mg of heterogeneous 5% Pt on C
catalyst particles were suspended in 99 mL of 10 mM buffer solution adjusted to pH 4—12: citrate

for pH 4, 5 and 6, phosphate for pH 7, 8 and 12, and carbonate for pH 9, 10 and 11. After adding
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a magnetic stir bar, the syringe was fitted tightly with a glass plunger and secured to a stir plate.
Once the catalyst was dispersed homogeneously in the syringe, 1 mL of concentrated aqueous
aldehyde solution was injected to initiate the reaction. Aliquots of 4.5 mL were withdrawn

periodically and filtered with a syringe filter (0.2 um, PTFE).

180-labeled Water Experiments. Batch oxidation reactions were conducted in '*O-labeled
water (H>'%0) to differentiate water-derived oxygen atoms in the reaction products from O»-
derived oxygen atoms. In 2 mL HPLC vials, 1.6 mg of the catalyst was added along with 400 puL
of 180-labeled water containing 97 atom % '*0. To initiate the reaction, 0.36 pL of pure
butyraldehyde or 0.41 puL of pure benzaldehyde ([aldehyde]o = 10 mM) was added to the vials
along with a small stir bar. The solutions were then stirred for six hours and filtered through a 0.2
um syringe filter before analysis. The hydration equilibrium of butyraldehyde was evaluated
with 5% v/v of '80-labeled water (H,'%0) in 2 mL HPLC vials, and the m/z values were acquired

by using GC/MS/MS (Agilent 7890B/7010) at two reaction time intervals, 2 h and 5 d.

Flow-through Column Reactor Experiments. A small-scale column test was conducted to
determine the feasibility of aldehyde oxidation by Pt/C catalysts in a flow-through configuration.
The borosilicate glass column had a length of 70 mm and an inner diameter of 5.6 mm for a total
bed volume of 1.72 ¢m?. The column was packed with a heterogenous mixture of 40 mg of
platinum on carbon dispersed in 3 g of Ottawa sand (to increase hydraulic conductivity) and was
plugged on each end with glass fiber. A 100 uM formaldehyde solution was pumped from an
amber borosilicate bottle with a peristaltic pump at a flow rate of 0.256 mL/min, which led to an

empty bed contact time (EBCT) of 6.7 minutes as shown below (eq. (1)):
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Bed volume (mL) 1.72 mL
Flow rate (mL/min) 0.256 mL/min

EBCT =

= 6.7 min (1)

Reactant and Product Analysis. Depending on the reaction parameters, experiments were
conducted at two different ranges of initial concentration. When the initial concentration of
reactants was over 100 uM, the analytes (aldehydes and acid products) were analyzed via high
pressure liquid chromatography (HPLC; Agilent 1260). Analytes were separated on an Aminex
HPX-87H (300 mm % 7.8 mm x 9 um) column without pretreatment. The mobile phase (30%
acetonitrile and 70% aqueous sulfuric acid (20 mM)) was pumped through the column at 0.5
mL/min at 60 °C with a sample injection volume of 100 pL. The analytes were detected by a
photodiode array (Agilent 1260) at 206 nm for aldehydes and 282 nm for carboxylic acids.

For initial reactant concentrations below 25 uM, aldehydes were derivatized by adding 20
pL of a 3 mg/mL 2,4-dinitrophenylhydrazine solution and 40 pL of 1 M citrate buffer solution
adjusted to pH 3 to a 1 mL of sample aliquot.** After heating the solution at 50 °C for two hours,
the aldehyde derivatizes were separated via HPLC (Agilent 1290 or Agilent 1260) on a Kinetex
Biphenyl column (100 mm x 4.6 mm x 2.6 um). The mobile phase consisted of an organic
channel (50:50 methanol:ethanol) which increased from an initial 60% to 75% over 10 minutes
at a constant flowrate of 1.3 mL/min at 40 °C, with the remainder of the mobile phase consisting
of Milli-Q (Millipore Advantage A10) water. The separated compounds were detected by either
high-resolution mass spectrometry (Agilent 6560 ion mobility quadrupole time-of-flight [LC-
IM-QTOF]) with negative mode electrospray ionization (details provided in Table S1; all mass
errors <3 ppm), or with a UV/visible photodiode array detector (Agilent 1260) at 360 nm for

derivatized saturated aldehydes and at 382 nm for derivatized crotonaldehyde. For product
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analysis, carboxylic acids were separated by a Dionex IonPac AS11-HC column (250 mm x 2
mm X 9 um) in an aqueous mobile phase of KOH increasing from 1 mM to 9 mM over 8 minutes
and measured via ion chromatography (Dionex ICS-2100) with DS6 heated conductivity cell.
Platinum was quantified in column experiment permeate via inductively-coupled plasma mass
spectrometry (ICP-MS; Agilent 8900).

When conducting '80-labeled water experiments, butyric acid and benzoic acid were
separated by an Agilent Extend-C18 column (50 mm x 2.1 mm x 1.8 um) in an isocratic mobile
phase of 30% acetonitrile and 70% aqueous formic acid (0.1%) at a constant flow rate of 0.5
mL/min at 40 °C, and detected by high-resolution MS (Agilent 6560) in positive mode. Mass
spectrometry details are provided in Table S2. All measured mass errors were < 10 ppm. For
butyraldehyde measurement, 1 mL aqueous samples were placed in 4 mL vials, and 0.4 g of
Na>SO4 was added. After adding 1 mL of dichloromethane, the vials were vigorously shaken for
2 minutes, and the organic solvent phase was transferred to a 2 mL of HPLC vial. Butyraldehyde
was analyzed via gas chromatography/triple quadrupole mass spectrometry (GC/MS/MS)
(Agilent 7890B/7010, Santa Clara, CA) with a DB-1701 column (60 m x 0.25 mm x 0.25 pm)

Measurement details are provided in Text S2 and Table S3.

Dissolved Oxygen Measurement. Dissolved oxygen concentrations were measured using a
modified Winkler method.** To minimize headspace, 2 mL of sample was injected into a 2 mL
HPLC vial. 20 pL of 3.55 M manganese sulfate monohydrate was then added, followed by 20
uL of a solution composed of 8 M sodium hydroxide, 3.34 M potassium iodide, and 0.15 M
sodium azide. Finally, 20 pL of pure sulfuric acid was added to dissolve the precipitate.

Dissolved oxygen was quantified as iodine (produced at a 2:1 stoichiometric ratio) by titrating
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with 25 mM sodium thiosulfate and 10 mM sodium hydroxide; starch was added midway
through the experiment to visually indicate the completion of the titration as the dark blue

solution became transparent. Further details are provided in Text S3.

Statistical Analysis. Experimental results were statistically analyzed using GraphPad Prism 9,
with a simple linear regression model and a sum-of-squares F test with 95% confidence intervals.

The slopes of logarithm-transformed data sets were compared by analysis of variance (ANOVA).

RESULTS AND DISCUSSION

Catalyst Characterization. Catalyst particles were rough, consistent with an activated carbon
supporter (Figure S1, panels a-d), with a mean particle size of 226 nm and a standard deviation
was 31 nm (Figure S2). Platinum sites were approximately uniformly dispersed (Figure S3,

panels a-c), with a size of less than 5 nm on the carbon surface (Figure S3, panel d).

Aldehyde Oxidation Reaction Rate Order and Rate Constants. Based on previous research
identifying the presence of certain toxic aldehydes in the final recycled water effluent,’ six
saturated aldehydes and one unsaturated aldehyde were chosen as oxidation targets:
formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, pentanal, hexanal and
crotonaldehyde. Initial aldehyde oxidation experiments were performed with relatively low
initial aldehyde concentrations to ensure approximately constant dissolved oxygen
concentrations for determination of rate constants. Aldehyde concentrations decreased while
corresponding acid product concentrations increased, following apparent first-order kinetics

(representative dataset in Figure 1a; complete set in Figure S4; log-transformed data to obtain
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rate constants in Figure S5). Mass balances were approximately complete except for with
hexanal (Figure S4, panel e), which is discussed below. The nearly 100% mass balance indicates
that aldehyde oxidation by Pt/C/O, produces the corresponding acids as an exclusive product

under the evaluated experimental conditions.
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Figure 1. (a) Representative reaction profile for acetaldehyde oxidation including acetaldehyde,
acetic acid, and dissolved oxygen concentrations, and mass balance (sum of aldehyde and acid).
(b) Aldehyde oxidation first-order rate constants (h™!) and rate constants normalized by platinum
atom concentration ([Pt]"! s™!). Error bars indicate the standard deviation of the rate constants
determined by linear regression of replicate values. Experimental values without error bars indicate
that the error bars are smaller than the data marker. Experimental conditions: 40 mg/100 mL of
Pt/C catalyst, 20 pM nominal initial aldehyde concentration, pH 7, 10 mM phosphate buffer, T =

24 +£0.5°C.

For saturated aldehydes, observed first-order oxidation rate constants (kobs) increased as
the length of the carbon chain increased: 0.61 + 0.06 h™! for acetaldehyde, 1.23 + 0.32 h™! for
propionaldehyde, 2.42 + 0.19 h! for butyraldehyde, 3.09 + 0.32 h! for pentanal, and 4.58 h'! +
0.37 h*! for hexanal. Corresponding rate constants normalized by molar concentration of
platinum, as previously treated for other noble metal catalysts,?? ranged from 1.7 to 12.4 ([Pt]! s°

1, and are provided on the secondary y-axis of Figure 1b. When oxidizing hexanal, the hexanal
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concentration in the first sample was measured to be less than half of the initial concentration,
resulting in a poor mass balance at that time point (Figure S4, panel ¢). As the reaction
progressed, the mass balance recovered as the concentration of the product increased and
eventually plateaued. Because hexanal is relatively hydrophobic (e.g., Kow = 1.80 for hexanal;
Kow = 0.82 for butyraldehyde*) the hexanal rapidly absorbed to the syringe filter used for
separating the catalyst and aqueous solution, resulting in an apparent rapid decrease in aqueous
concentration. As sorbed hexanal was oxidized to produce hexanoic acid, the mass balance
recovered. To account for the phenomenon, the reaction rate of hexanal oxidation was calculated
by using the concentration of hexanoic acid assuming a single rate-limiting step (derivation of
integrated rate law provided in Text S4).

Longer chain saturated aldehydes generally reacted faster, with observed first order rate
constants increasing monotonically from acetaldehyde to hexanal, potentially suggesting a rate-
limiting mass transfer step aided by the higher hydrophobicity of the longer aldehydes. However,
formaldehyde was oxidized approximately five times faster than acetaldehyde with an observed
rate constant of 2.86 + 0.20 h!. Crotonaldehyde, which contains the same number of carbons as
butyraldehyde but is unsaturated at the 2-position, reacted with the slowest observed rate
constant of 0.0102 h™! +0.0012 h'!. We sought explanations for the apparent relationship
between structure and reactivity for oxidation of aldehydes by Pt/C/O,, by probing the reaction
mechanism, as discussed below.

First, to determine the reaction rate order of aldehydes in the rate-limiting step, initial rate
kinetics experiments were performed with acetaldehyde. Acetic acid concentration was
monitored during approximately the first 10% of the reaction, during which the concentrations of

acetaldehyde and dissolved oxygen changed negligibly. These reactions were performed at three
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different acetaldehyde concentrations, and logarithmic transformation of a generic rate law (Text
S5), gives an equation which can be plotted to give the rate order as the slope of a linear
regression (Figure S5). In this case, the slope was statistically significantly indistinguishable
from 1.0 (p = 0.5966), indicating that the rate-limiting step of the reaction is first-order in
aldehyde concentration (Figure S6). This observation is consistent with the results of
experiments performed at low initial concentration, in which the reaction appeared to remain first
order, even at concentrations below 1 pM, close to the aldehyde concentration observed in the
product water of some reuse facilities (Figure S5).

Next, we evaluated the rate order of the catalyst in the reaction. While catalytic reactions
are often zero-order in catalyst (if the catalyst is saturated), a first-order rate dependence on
catalyst dose may occur if the reactants do not saturate the catalyst. To determine the reaction
rate order for the available Pt sites, initial rate experiments were conducted at different catalyst
loadings, analogously to the aldehyde rate order determination above. The reaction order for
available Pt sites also followed first-order kinetics, with a slope statistically indistinguishable

from 1.0 (p = 0.2139) (Figure S7).

Role of Dissolved Oxygen in Catalytic Oxidation of Aldehydes. To confirm that oxygen is
required for the reaction to proceed (e.g., ruling out evolution of hydrogen gas or Cannizzaro
disproportion as the mechanism of oxidation, that are known to occur in late-metal catalyzed
alcohol-to-carboxylate oxidation*®), superstoichiometric initial acetaldehyde concentrations were
applied in a closed system containing the catalyst, to deliberately deplete dissolved oxygen and
observe whether the reaction continued in the absence of oxygen. Once oxygen was depleted,
aldehyde oxidation ceased (Figure 2a). In a second experiment performed under similar

conditions but with a much lower propionaldehyde concentration, once the aldehyde oxidation



281  was complete, the dissolved oxygen concentration remained approximately constant (Figure 2b),
282  indicating that the catalyst does not consume oxygen on its own. Both experiments suggest that
283  molecular oxygen is essential for oxidizing aldehydes with the Pt/C catalyst. To further verify
284  that oxygen is essential for the reaction to occur, a batch experiment was performed
285  butyraldehyde and the catalyst in N>-purged solution to minimize the dissolved oxygen
286  concentration, and the reaction rate slowed dramatically (0.17 + 0.08 h-1 versus 2.42 + 0.13 h-1
287  with ambient dissolved oxygen levels) (Figure S8). In a final experiment at an intermediate
288  starting aldehyde concentration, the aldehyde oxidation rate remained approximately constant,
289  continuing to follow first-order kinetics, while oxygen concentration was decreasing (Figure S9),
290  suggesting that while oxygen is essential for the reaction to proceed, the reaction rate does not
291  depend on the dissolved oxygen concentration, as further investigated below.
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295  Figure 2. Reaction profiles for aldehyde oxidation including aldehyde, carboxylic acid, and
296  dissolved oxygen concentrations, and mass balance (sum of aldehyde and acid concentrations).
297  Experimental conditions: 40 mg/100 mL of Pt/C catalyst, initial concentrations of 3 mM and 1
298 mM, pH 7, 10 mM phosphate buffer, T =24 + 0.5 °C. (a) Acetaldehyde, (b) Propionaldehyde.
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Puzzlingly, in both oxygen consumption experiments, the oxygen consumption was
approximately one fourth of the concentration of aldehyde oxidized, i.e., 4:1 aldehyde:O>
stoichiometry, where a 2:1 ratio is expected to mediate a 2 e- oxidation with a 4 e- oxidant. One
possible explanation is that in a batch reactor, the catalyst is retaining electronic holes, either in
the carbon support or in the form of high-valent Pt, that remain from air exposure prior to
introduction to the reaction.

To test directly whether oxygen is involved in the rate-determining step of aldehyde
oxidation, initial rate kinetics experiments were performed to determine the reaction rate order in
oxygen. Formation of acetic acid during aldehyde oxidation was monitored during approximately
the first 10% of conversion, during which the concentrations of acetaldehyde and dissolved
oxygen change negligibly. These reactions were performed at three different dissolved oxygen
concentrations (Figure 3, panels (a)-(c)) and analyzed as described previously to determine the
rate order in oxygen, which was statistically indistinguishable from zero (p = 0.4079) (Figure

3d), indicating that dissolved oxygen is not involved in the rate-limiting step of the reaction.
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316  Figure 3. Aldehyde oxidation to respective products under initial rate conditions (at three different
317  fixed oxygen concentrations [panels (a)-(¢)]) to determine reaction rate order in oxygen [panel (d)].
318  Reactions were performed at pH 7 in 10 mM phosphate buffer with 400 mg/L of Pt/C catalyst,
319 temperature: 24 + 0.5 °C.
320
321 Last, to evaluate whether reactive oxidative species (ROS), such as hydroxyl radical and
322  singlet oxygen, are involved in the reaction pathway, kinetics experiments were conducted in the
323 presence of ROS scavengers: 1 mM of tert-butanol for scavenging hydroxyl radical, and 1 mM
324  of 2-furoic acid for scavenging singlet oxygen, respectively. Furoic acid was chosen over
325  furfuryl alcohol*’ to avoid scavenger oxidation by the catalyst, which is capable of oxidizing
326  primary alcohols.*® Butyraldehyde oxidation was not slowed by the presence of #-butanol (p =
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0.3552), ruling out a role for hydroxyl radical (Figure S10). 2-furoic acid slowed the
butyraldehyde oxidation rate slightly but statistically significantly (from 0.57 h''to 0.40 h''; p =
0.0021). However, the slight decline suggests that singlet oxygen generation is not the primary
oxidation pathway, and it is possible that the addition of the 2-furoic acid scavenger to the

system affected the reaction rate in some other way, e.g., by blocking catalyst active sites.

Aldehyde Oxidation Mechanism by Pt/C in Aqueous Solution. To begin probing the reaction
mechanism, acetaldehyde oxidation experiments were conducted at a range of pH values (4 - 12)
different buffer concentrations to determine whether the rate-limiting step might be acid- or
base-catalyzed. As pH increased, the observed oxidation rate of aldehydes increased from 0.14 +
0.06 h'! at pH 4 to 7.76 + 0.26 h'! at pH 12 (Figure S11 and S12). However, the reaction rate
was not significantly affected by buffer concentration (p = 0.7422) (Figure S13). These
experimental results suggest the intuitive conclusion that aldehyde oxidation is base-promoted
but not buffer-catalyzed. Reaction rate dependence on ionic strength was evaluated by varying
ionic strength with NaCl and pure Milli-Q water while maintaining otherwise identical
conditions, and no significant relationship was found in different NaCl concentrations (p =
0.5815) (Figure S14), but the formaldehyde oxidation rate in pure water was calculated as 11.2 h-
! (Figure S15), which was considerably faster than the reaction rate acquired with buffered
solution at nearly the same pH (4.95 h! at pH 7).

To further investigate the mechanism, butyraldehyde and benzaldehyde, representatives
of aliphatic and aromatic aldehydes respectively, were oxidized by Pt/C in '30-labeled water to
differentiate oxygen atoms originating from dissolved oxygen (1°O,) from those derived from

water (H>'%0). The majority of the carboxylic acid products (85.0% of butyric acid and 85.9% of
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benzoic acid) were doubly-labeled with two 80 atoms, meaning that both oxygens were derived
from water (Figure 4). 15.0% of butyric acid and 13.0% of benzoic acid are labeled with one '*0
atom and one '°0 atom, suggesting that one oxygen atom from H,'°0, the product of Pt-
catalyzed '°O, reduction, incorporated into the carboxylic acid product. While it might not fully
explain 14% 'O incorporation, '*0 atom exchange with '°0 silicates in the glass may have
contributed. Regardless, only a small portion of unlabeled acids was found, indicating that
dissolved oxygen did not react directly with dissolved organics in this reaction. In the gas phase,
platinum is known to dissociate molecular oxygen into two oxygen atoms that incorporate into
the aldehyde to form a carboxylate on the surface,* -2 but this reaction is inconsistent with our

observation on the origin of the oxygen atoms in the product.
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Figure 4. Isotopic distribution of acid products from butyraldehyde and benzaldehyde oxidation.
Reactions were performed in 97 atom % '80-labeled water with 4 g/L of Pt/C catalyst for 6 hours,
temperature: 24 + 0.5 °C.



366 Aldehydes in aqueous solution rapidly hydrate to the corresponding gem-diol in a

367  reversible equilibrium (Scheme 1), replacing the oxygen atom in the carbonyl group with oxygen
368  from water. The replacement of oxygen atoms in aldehydes by water was confirmed by

369  measuring m/z of butyraldehyde in 1 mL of 5% v/v of '¥0-labeled heavy water (H,'%0) at two
370  reaction time intervals, 2 hours and 5 days. GC/MS/MS analysis indicated that the m/z

371 distribution of '80-labeled butyraldehyde (C4Hs!®0) relative to total butyraldehyde was 5% at
372 Dboth reaction times (Figure S16), indicating that aldehyde had fully exchanged its oxygen atom
373  with water within 2h. The hydration equilibrium constant between the two species (Khyd =

374 RCH(OH)2/RCHO) is a function of chemical structure, generally decreasing for primary

375 aldehydes as chain length increases (2000 for formaldehyde, 1.20 for acetaldehyde, 0.85 for
376  propionaldehyde, 0.60 for butyraldehyde, 0.55 for pentanal, 0.50 for hexanal, 1.13 for

377  crotonaldehyde).>-* In contrast, aromatic aldehydes such as benzaldehyde are predominantly
378  present as the aldehydic form (Knya = 0.008).%> Regardless of the value of the equilibrium

379  constant, all aldehydes dissolved in '*0-labeled water with sufficient time to reach equilibrium
380  will have fully-labeled oxygens in both forms: aldehydes with one '#0 atom and gem-diols with
381  two !80 atoms.

382

N R
W o-H o HOKI'_;OH

383 R

384  Scheme 1: Aldehyde equilibrium with hydrated gem-diol.
385
386 Given that aldehydes exist in aqueous solution as both the free carbonyl and the gem-diol,

387  we anticipated that each form must either proceed through a pre-equilibrium scenario or through
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a different reaction mechanism. We find the latter unlikely, because equal isotope ratios of the
products of butyraldehyde (large Kiyd) and benzaldehyde (small Knyq) imply that %02, or an R'®OS
therefrom, is not reacting directly, as might be proposed for transformation of the free carbonyl
form of the aldehyde. Moreover, alcohol oxidation on Group 8-10 metal catalysts in aqueous
solution is known to proceed through a dehydrogenation mechanism.>*° A similar mechanism
explains oxidation of primary alcohols to carboxylic acids (or esters), via a Tishchenko-like
pathway involving hydration (or alcoholysis) of the intermediate aldehyde.*® A mechanism
proceeding through the diol is also consistent with kinetic observations: 1) the reaction rate of
formaldehyde, which is overwhelmingly hydrated, is five times faster than acetaldehyde which is
hydrated to a lesser degree at equilibrium. 2) benzaldehyde, despite a similar hydrophobicity (Kow
= 1.71) to hexanal (Kow = 1.80),% is oxidized much more slowly (0.19 + 0.14 h™! (Figure S17)
compared to 4.58 + 0.37 h'")). This is consistent with the reaction proceeding primarily though the
gem-diol, and the extent of hydration driving reactivity, as benzaldehyde is present primarily as
the aldehyde (Khya = 0.008),% while hexanal is hydrated to a greater extent (Kiyqa = 0.50).>

To further understand the rate-limiting step of the reaction, aldehyde oxidation experiments
were conducted at different temperatures, and the reaction rates were calculated to determine
activation parameters. Transition state enthalpy (AH), entropy (AS*), and activation energy were
calculated using Eyring and Arrhenius plots (Table 1, Figure S18).%° Negative values of AS*
suggest that two molecules are combining in the rate-limiting step (i.e., it is a bimolecular

reaction).5!

Table 1. Calculated activation terms from data in Figure S18. The experiments were conducted at
10, 25 and 40 °C in 10 mM pH 7 phosphate buffer with 400 mg/L of Pt/C catalyst.

Formaldehyde Acetaldehyde Propionaldehyde
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419

420

421

422

423

424

425

426

427

428

429

430

AHt (kJ/mol) 22.18 +3.81 19.77 £5.53 26.54 +5.98
AS* (kJ/mol-K) -0.23 +0.01 -0.24 +0.02 -0.22 +0.02
Ea (kJ/mol) 24.63 22.22 28.97

Based on the results from Figures 3, S11, and 4, and Table 1, two possible reaction
pathways of aldehyde oxidation are suggested in Scheme 2 and Scheme S1. Each incorporates
oxygen from either H,O (major pathway) or O> (minor pathway) into the carboxylate, respectively
involving a f-hydride elimination from gem-diol or platinum insertion into aldehyde C—H bond.
For the first pathway, we suspect that platinum binds a hydroxyl group of the gem-diol. The
aldehyde C—H group is then cleaved by f-hydride elimination to form the product carboxylate and
an intermediate platinum hydride. The latter is oxidized by O> in a subsequent step. We suspect
that if a second, direct aldehyde oxidation pathway occurs, it involves aldehyde C-H insertion as
shown in Scheme S1. The apparent rate-limiting step is consistent with the slow reaction rates of
crotonaldehyde and benzaldehyde in which the compound contains multiple carbons with low
electron density, potentially serving as alternative targets for the Lewis acid sites of platinum rather
exclusively reacting with the gem-diol.'*®? The significantly faster reaction rate for formaldehyde
relative to acetaldehyde is also consistent with the reaction proceeding through the gem-diol form,
as almost all formaldehyde exists in aqueous solution as the hydrated geminal diol form.

_ OH H —H H
°> H OH R( N R—/OH R\/(o H-O
H 0-H K' H-0"_H *H o \ 1/2 O, B H

Pt Pt Pt Pt Pt Pt Pt PtY Pt Pt Pt Pt Pt Pt Pt
rndnnsnndenconalnons rndnmsmndnninadnons rndnmsmndaninndnons rndnnsmndonvonilons rndrnsnndonvonsdonns

Scheme 2. Proposed aldehyde oxidation reaction pathway through f-hydride elimination.



431 Aldehyde Oxidation in a Flow-through Column. To make a preliminary evaluation of the
432  ability of the Pt/C/O> system to serve as a flow-through “catalytic convertor” for oxidizing

433 aldehydes in recycled wastewater, a column experiment was performed continuously pumping
434 100 uM formaldehyde, which was the most abundant aldehyde found in RO permeate at reuse
435  plants,’ through glass tubes filled with homogenously mixed Pt/C catalyst and Ottawa sand.

436  Formaldehyde concentrations in the aliquots collected from the outlet of the glass tubes indicated
437  that the initial conversion rate of the formaldehyde was > 99% at the catalyst loading and EBCT
438  evaluated (23 mg/cm? and 6.7 min), and remained at 90% after treating 2162 bed volumes,

439  corresponding to oxidation of 6.4 mmol C/g-Pt! (24.8 mol-formaldehyde mol-Pt!) (Figure 5).
440 At the end of the experiment after 6239 bed volumes, the conversion rate was 68.5%. The

441  consistent mass balance suggests that oxidation to formic acid was the dominant removal

442  mechanism of formaldehyde. The incomplete mass balance relative to nominal initial

443  formaldehyde concentration may be attributable to loss of formaldehyde, which is semi-volatile,
444  to the atmosphere during feed solution preparation. In a second column experiment, platinum
445  concentration and particle size distribution were measured in column permeate by ICP-MS and
446  DLS over 1600 bed volumes, to assess whether catalyst loss may explain declining reactivity.
447  The permeate contained a small amount of Pt (~1 ppb) (Figure S19), and DLS measurements
448  found particles in the permeate with an average size of 226 nm, consistent with our prior

449  measurements of catalyst particle size. These results suggest that particle escape, rather than Pt
450  leaching or loss of catalyst potency, may explain declining reactivity. Future work should

451  evaluate the possibility of better retaining the Pt/C particles, and possibly regenerating catalysts.

452  Finally, the dissolved oxygen concentration at the outlet of the column with Pt/C catalyst was
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consistently lower than the control column filled only with the sand (Figure S20), confirming

that oxygen is consumed during the reaction in the column.
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Figure 5. Reaction profile of flow-through reactor for aldehyde oxidation including formaldehyde,
formic acid, and dissolved oxygen concentrations and mass balance. Experimental conditions: 40
mg of Pt/C catalyst mixed with 3 g of Ottawa sand, pH 7 in 10 mM phosphate buffer, temperature:
24+ 0.5 °C.

Implications. Platinum and palladium catalysts, while costly, are present at gram scale in virtually
every truck and automobile in the United States in a catalytic converter, the function of which is
to fully oxidize dilute, partially-oxidized organic compounds, especially CO, in a fluid containing
oxygen. A recent article used the term “Catalytic Converters for Water Treatment” somewhat
figuratively to refer to oxyanion reduction in water using rare metal catalysts and an electron
source. Herein, we have taken the first step toward applying this term literally and demonstrated
oxidative catalytic water treatment with noble metal catalysts and ambient molecular oxygen.

Future work should examine catalyst robustness in dirtier matrices, regeneration of spent catalysts,

whether similar reactivity to Pt could be obtained with cheaper materials (e.g., Ni, Cu), whether
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the poor reactivity for unsaturated aldehydes could be improved, and whether practical scale-up is

achievable in a flow-through passive treatment step at the end of a reuse treatment train.
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