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ABSTRACT: TAML activators enable homogenous oxidation catalysis where the catalyst and substrate (S) are ultra-dilute (pM—
low uM) and the oxidant is very dilute (high nM—low mM). Water contamination by exceptionally persistent micropollutants
(MPs), including metaldehyde (Met), provides an ideal space for determining the characteristics and utilitarian limits of this ultra-
dilute catalysis. The low MP concentrations decrease throughout catalysis with S oxidation (4;) and catalyst inactivation (k;) com-
peting for the active catalyst. The percentage of substrate converted (%Cvn) can be increased by discovering methods to increase
kn/k;. Here we show that NaClO extends catalyst lifetime to increase the Met turnover number (TON) threefold compared with
H,0,, highlighting the importance of oxidant choice as a design tool in TAML systems. Met oxidation studies (pH 7, D,0, 0.01 M
phosphate, 25 °C) monitored by 'H NMR spectroscopy show benign acetic acid as the only significant product. Analysis of
TAML/NaClO treated Met solutions employing successive identical catalyst doses revealed that the processes can be modeled by
the recently published relationship between the initial and final [S] (Sy and S.,, respectively), the initial [catalyst] (Fer,) and ky/k;.
Consequently, this study establishes that AS is proportional to Sy and that the %Cvn is conserved across all catalyst doses in multi-
catalyst-dose processes because the rate of the Ay process depends on [S] while that of the &; process does not. A general tool for
determining the Fer, required to effect a desired %Cvn is presented. Examination of the dependence of TON on ky/k; and Fer, at a
fixed S, indicates that for any TAML process employing Fero < 1 X 10 M, small catalyst doses are not more efficient than one
large dose.

Chart 1. Structures of the M I diastereomer of metalde-

The development of homogeneous oxidation catalysis that is hyde and TAML® compounds 1.
effective under ultra-dilute conditions promises to enable a OH

new branch of chemistry with implications for sustainability. 2,
For example, micropollutants (MPs) produce adverse effects
in aquatic organisms at environmentally relevant low parts per
billion (ppb) to low parts per trillion (ppt) concentrations.'
Currently, Switzerland is installing end-of-plant ozone and
activated carbon (AC) technologies for reducing MP concen-
trations in municipal wastewater, but both are expensive.
TAML catalyzed peroxide oxidations of MPs function so well
under ultra-dilute conditions (low ppb, low nM) that novel and
cheaper processes for the removal of MPs are now within
reach.*> TAML/H,0, has been shown to remove low ppb—
low ppt (low nM—low pM) concentrations of MPs of highest
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*TAML is a registered trademark covering tetra-amido-N macro-
cyclic ligand complexes. '

Supplementary Information of this work (Tables S1-3). There-
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concern from London municipal wastewater with comparable
technical performance to ozone and projected superior cost
performance."” Certain MPs are not effectively removed from
water by ozone or AC." For example, metaldehyde (Met,
Chart 1) is so persistent that very expensive advanced oxida-
tion processes (e.g., UV/H,0,) need to be applied when drink-
ing water is unacceptably contaminated.””"’ A discussion of
the challenges Met poses to water treatment and available
removal methods has been published" and a more thorough
list of the available Met removal methods can be found in the

fore, we have are exploring TAML catalysis of Met oxidation.
Met oxidation exacts the most demanding performance of
TAML/H,0, systems studied to date." We have shown that
1a/H,0, (Chart 1) is capable of oxidizing Met. However, in
contrast with most MPs, both the 1a/H,0O, rates of Met oxida-
tion and the balance between these and the rates of catalyst
inactivation were too unfavorable to promise a real-world so-
lution. Therefore, we have identified Met as a boundary case,
one for which effective oxidation will be either just possible or
just not possible. By working to improve the technical perfor-
mance in this extreme case, we have encountered a significant
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advantage resulting from changing the oxidant from H,0, to
hypochlorite. Hypochlorite is widely employed in US water
disinfection processes' where it is generated in situ from chlo-
rine gas at a low cost."” We have long known that TAML acti-
vators catalyze hypochlorite reactions.”® NaClO activates
TAML catalysts to give Fe'=0 complexes from -40 °C*' to
room temperature,” highlighting a similarity with the most
reactive intermediates in TAML/H,0, systems.23

Here we examine the 1a (0.4-6.4 pM) catalyzed degradation
of Met (0.33 mM) by NaClO (0.008-0.02 M) at 25 °C and pH
7 (0.01 M phosphate) in D,O. The shift from 1a/H,0, to
1a/NaCloO results in a threefold improvement in process tech-
nical performance, establishing that oxidant choice is an im-
portant process design parameter for these systems. Effective
oxidation of the very resistant Met required the addition of
multiple catalyst doses over which a consistent relationship
was found between [Met], (initial [Met]) and the A[Met]
which held for all 18 sequential catalyst treatments. These
results have served as an entry point for augmenting the math-
ematical logic which models TAML catalysis and for develop-
ing a 3-D map that will typically allow prediction of the per-
cent conversion (%Cvn) of any concentration of a substrate by
any TAML catalyst under broadly specified conditions. The
map holds considerable promise as a tool for TAML-based
water purification. It predicts the amount of catalyst needed to
achieve a targeted substrate removal and identifies boundary
pollutants that are exceptionally difficult to treat with the cur-
rent set of TAML catalysts. Finally, we show that when
[TAML] < 1 x 10° M, the efficiency of oxidation of easily
oxidized pollutants is inversely related to [TAML] because the
substrate undergoes dilution, while in the transformation of
boundary pollutants TON is independent of [TAML].

Materials and methods

Materials. All reagents, components of buffered solutions, and
solvents were of at least ACS reagent grade and were used as
received. Met (Acros, 99%) was recrystallized in ethanol® and
stored at 4 °C. Since three isomers of Met, each having a dis-
tinct infrared (IR) spectrum are known, the IR spectrum of the
recrystallized sample was recorded (Fig. S1). The spectrum is
nearly identical to that previously assigned” to the metalde-
hyde I (M I) diastereomer, the most abundant form of Met, the
structure of which was previously determined by X-ray crys-
tallography (Chart 1).*° Met stock solutions (0.3 mM) were
prepared by sonicating the appropriate amount of Met in buff-
ered D,O (99.9%, Cambridge Isotope Laboratories, Inc.) at
room temperature for 3 h. Buffers of the desired pHs (6.2-7.0)
were prepared with 0.01 M phosphate and monitored by an
Accumet AB15 pH meter at room temperature. A solution of
DCI in D,0O was added to adjust the reaction mixture pH to 7
after NaClO addition. The reported values are the uncorrected
pH meter readings. TAML activator 1a was provided by
GreenOx Catalysts Inc. Stock solutions of 1a (2 x 10™* M)
were prepared in D,O and stored at 4 °C. H,0, and NaClO
solutions were standardized daily by measuring the absorb-
ances at 230 nm (g = 72.4 M'em™)*’ and 293 nm (g = 350 M’
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'em™),”® respectively. The specified [NaClO] values are those
of the added reagent—at pH 7 NaClO is ca 70% HOCI.

Instrumental. IR measurements were performed on a Mattson
ATI Affinity 60 AR FTIR spectrometer using KBr pellet. UV-
Vis measurements were performed on an Agilent 8453 UV-
Vis spectrophotometer equipped with an 8-cell transporter and
thermostatic temperature controller. Solution temperatures
were maintained at 25 °C in capped quartz cuvettes (1.0 cm).

TAML catalysis of metaldehyde oxidation was followed by 'H
NMR. 1D 'H spectra were recorded at 300 K on a Bruker
Avance III 500 NMR spectrometer operating at 500.13 MHz.
The water signal was suppressed using the presaturation ex-
periment (zgpr) from the Bruker pulse programs library.
Chemical shifts are reported in parts per million relative to
TMSP (an internal standard for aqueous solutions, see Abbre-
viations). However, since TAML catalyzed oxidation of an
internal standard could interfere with measurements, none was
added." Each sample was scanned 128 times over 16.5
minutes. The Bruker TopSpin 3.0 software was used to pro-
cess the NMR data. The Met (CH;CHO), and acetic acid
CH;COOH absolute integrals were used for quantification.
Each data point is the average of three measurements and the
associated error is the standard deviation of the set.

Results and discussion

The choice of oxidant is a process design tool for advancing
TAML catalyst lifetimes. To assess the relative performances
of 1a/NaClO and 1a/H,0,, 'H NMR measurements were per-
formed on Met solutions in D,0O under identical conditions.
As shown in Fig. 1A, the [Met] is unaffected by either NaClO
or H,0, alone. The NaClO kinetic trace shows that a single 1a
dose giving a [1a] of 3.98 x 107 M effects a 14.4% conversion
(14.4 %Cvn) as indicated by a reduction in the absolute inte-
gral of the 1.34 ppm Met CH; signal over the approximate
duration of catalysis of 80 hours (Table 1). For comparison, in
the corresponding 1a/H,0, experiment, a 4.3 %Cvn is ob-
served over the approximate duration of catalysis, which this
time lasted only 10 hours. In both cases, the relationship be-
tween [Met] and time is initially linear allowing calculation of
the initial oxidation rates (v = d[S]/dt) by fitting a linear form.
While the initial rates of Met consumption are identical, a
turnover number (TON) of 106 is observed in the NaClO sys-
tem compared with 32 in the H,O, system, a three-fold im-
provement. These reaction features are also visible in the ki-
netic traces for acetic acid production (Fig. 1B), with ca. 5
times more acetic acid being produced by 1a/NaClO. Under
these conditions 1a/H,O, generates an acetic ac-
id:acetaldehyde product ratio of 3:1. The respective acetic acid
and acetaldehyde rat LDs, values are 3,310 and 661 mg kg
suggesting that selectivity for acetic acid is desirable.”” The
near exclusive production of acetic acid by 1a/NaClO leads to
an even more benign product mixture. Because chlorination of
water containing organic matter generates hazardous disinfec-
tion byproducts (DBPs), including carcinogenic chloroform,*”
*!' we have monitored for chloroform production—none was
detected within the limits of the NMR technique.
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Figure 1. Oxidation of Met (2.95 x 10™* M) by NaClO (3.8 x 10 M, 13 eq) or H,0, (3.61 x 10~ M, 12 eq) at pH 7. Kinetic traces of (A):
metaldehyde consumption and (B): acetic acid formation. Circles: metaldehyde plus oxidant control experiments (® NaClO and o H,0,).
Triangles: 1a (3.98 x 107 M) catalyzed oxidations (A NaClO and A H,0,). Conditions: pH 7 D,0 (0.01 M, phosphate), reactions were
allowed to proceed at room temperature. Concentrations were calculated from the absolute integrals of the metaldehyde and acetic acid
CH; signals at 1.34 and 1.92 ppm, respectively. The initial '"H NMR integrals for the trace amounts of acetic acid that formed on sonication
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of metaldehyde were subtracted from those of the total acetic acid.

Table 1. Comparison of 1a/NaClO and 1a/H,0, systems in catalysis of metaldehyde degradation at pH 7. Conditions: [Met]
=2.95x 10" M, [1a] =3.98 x 107 M, [NaClO] = 3.8 x 10° M, [H,0,] =3.6 x 10° M.

Oxidant v x 10®/M min"™® Removal / %

Major Products TON

Functioning Time

NaClO 24+04 144+0.9

acetic acid 106 £ 6 80 h

H,0, 22403 43+07

acetaldehyde and
acetic acid

3245 10h

*The rate (v) is calculated from the slope of the line of best fit to the first three [Met] measurements (v = d[Met]/dt).

The identical initial rates of Met oxidation observed for
NaClO and H,0, are informative. TAML catalysts function
via the stoichiometric mechanism of Scheme 1. The resting
catalysts (Fem) undergo activation by an oxidant (Ox, 4;) to
form active catalysts (Ac) which then oxidize a substrate (S) to
give Fe"" and product(s) (k;) or undergo inactivation (k; or
ky;)—the reverse of catalyst activation, k., is kinetically negli-
gible.

Scheme 1. General mechanism of TAML catalysis.

Substrate (S)
w_» Fe'+ Product(s)

Resting Oxidant k', Active

Catalysts (Fe!')|*\_ (Ox) = |Catalysts (Ac) \
.

>4’;\~ Inactive
Catalysts
Lo

Fe' or Ac

Equation 1 models the initial rate of substrate oxidation (Fer,,
is the total concentration of catalyst).” For particularly diffi-
cult to oxidize substrates, catalyst activation outpaces substrate
oxidation (k[Ox]>ky[S]) and eq 1 simplifies to eq 2.

kiki1[0x][S]

V= s FeTot ()

k_1+ki[0Ox]+kyy[S]

V= k[[ [S] FeTot (2)

Substrate oxidation and catalyst inactivation compete for Ac.
Recently, we have developed eq 3,”> a mathematical form that
models the final result of this competition, S, (S, and S, are
the initial and final [S], respectively). Equation 3 applies only
when there is an excess of the primary oxidant and substrate
consumption is incomplete (S.>0), i.e. conditions are set such
that the catalyst is the limiting species and is completely inac-
tivated before all of the substrate has been oxidized. These
conditions were employed in the Met oxidation experiments
described herein.

So

K
In o= k_I,I Ferot (3)

For most TAML processes, k[Ox]<ky[S] and catalyst activa-
tion is rate determining. However, Met oxidation by Ac is
extremely slow. Of tested TAML/H,0, processes,14 the 1a
system is known to deliver the highest measurable v and
%Cvn. The eq 3 estimated Ay value for 1a/H,0, is 120 + 30 M°
"5, ca. 340 times lower than the corresponding value for Or-
ange II of 41,000 + 1,000 M s'l, noting of course that the
Orange II &;; and k; were measured in H,O while the Met data
were recorded in D,0.** Given this value, the 1a/H,0, (D,0)
Met process exhibits the lowest k;; (and %Cvn, see later) at pH
7 of any MP oxidation studied to date. The eq 3 estimated
1a/H,0, (D,0) Met ky; is comparable to the 1a/H,0, (D,0) k
of 180 + 8 M"' s, Since k; ~ ky for this Met system, and
[H,O,] > 10 x [Met], the oxidation of this very difficult sub-

ACS Paragon Plus Environment



Page 5 of 27

©CoO~NOUTA,WNPE

strate by Ac is rate-determining and eq 2 applies. This is fur-
ther supported by the similarity of the rates for both oxidants
which also provides strong evidence for rate determining sub-
strate oxidation by a common Ac. Noting again that acetalde-
hyde is observed in the 1a/H,0, (D,0) study, it follows that
the known oxidation of acetaldehyde by NaClO** probably
accounts for the virtual absence of acetaldehyde in the
1a/NaClO product mixture. Since, as indicated by eq 3,
InSy/S,, is fixed by kyFe 1o /k;, and both the NaClO and H,O,
processes share a common rate determining step with a com-
mon Ac, the NaClO performance advantage must derive from
a decrease in k; which is reflected in the greater reduction in
[Met] and longer operating time. The 1a/NaClO k; value
matches that of 1b/H,0,.” Since the 1a Ac oxidizes substrates
ca. one order of magnitude faster than 1b, this amounts to a
ky/k; gain of ca. one order of magnitude on going from the
1b/H,0, to 1a/NaClO systems. Considering that 4;; and k; have
been found to track linearly for all TAML catalysts, this gain
in operational stability with preservation of oxidative activity
is remarkable.”

The inactivation of TAML catalysts has been found to follow
both intramolecular suicidal®>’ and intermolecular H,0,-
dependent pathways®® ** which are unimolecular in catalyst.
To minimize the performance reducing impacts of the latter in
ultra-dilute catalysis, a low [H,O,] is generally employed. In
one case, a system in which H,O, is generated enzymatically
in situ has been devised.”” By using NaClO, we have eliminat-
ed the H,0,-dependent catalyst inactivation pathways alto-
gether. The TON increases by 70% on changing from H,0, to
NaClO. The recently published 1a/H,0, k> of (1.1 + 0.3) x
10° s is ca 70% greater than the eq 3 estimated NaClO k;
value of (3.0 + 0.8) x 10™ 5. These comparisons indicate that
in D,0, at least 70% of the k; processes are attributable to
H,0, dependent catalyst inactivation. The lifetime extension
observed for the 1a/NaClO catalysis further establishes the
importance of understanding the nature of the H,O, dependent
inactivation pathway in TAML/H,0, catalysis.

Effects of different catalyst concentrations. The identical ini-
tial rates of 1a/H,0, and 1a/NaClO Met consumption are slow
(Table 1). The effect of [1a] on the oxidation was examined
with the aim of increasing both v and the %Cvn. Since the
H,0, %Cvn with [1a] = 3.98 x 107 M was small, only higher
[1a] experiments were performed in the H,O, system (Fig. 1).
Surprisingly, the anticipated increases in v and %Cvn with
increasing [1a] to 1.66 x 10° M were not observed. Instead,
the kinetic trace is largely indistinguishable from that of the
control experiment (Figs. 2 and S5).

Kinetic traces of the oxidation of Met (2.95 x 10 M) by
NaClO (3.8 x 107 M) were recorded for three different [1a]
values: 1.99 x 107 M, 3.98 x 107 M, and 1.66 x 10° M (Fig.
2). As shown in Table 2 and Fig. S2, the initial rates of Met
consumption increased linearly with [1a] but the TON did not
remain constant. At [1a] of 1.99 x 107 M and 3.98 x 10”7 M,
TONs of ~100 are observed. However, at [1a] of 1.66 x 10°
M, the TON decreased by ~60%—the corresponding %Cvn
values are 7.8, 14.4 and 21 %. In each case, approximately
half of the theoretical amount of acetic acid, the only observa-
ble major product, is produced (kinetic traces of acetic acid
generation are shown in Fig. S3). At the lower two [1a] values
the NaClO catalysis is observed to function for about 90 h, but
at the highest [l1a] the catalysis lasts only 30 h. Typically,
TAML catalysis is conducted with excess oxidant and stops
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when all of the catalyst is inactivated. Catalysis resumes upon
introduction of a fresh TAML dose.'* ****** In the 1a/NaClO
experiment with [1a] = 1.66 x 10° M, Met consumption did
not resume after introducing an additional dose of 1a or of
NaClO (3.51 x 10™* M) at 50 h (Fig. S4), giving evidence for
both irreversible catalyst inactivation and complete oxidant
consumption. This behavior is unusual and is being examined
further.

In both the H,0, and NaClO systems, catalyst lifetime and
TON diminished significantly on increasing [1a] from 1.99—
3.98 x 107 M to 1.66 x 10° M. This suggested that higher
order catalyst degradation processes in [1a] became kinetically
relevant. We have previously considered the role of inactiva-
tion pathways that are bimolecular in catalyst, labeled k,; pro-
cesses (Scheme 1), in TAML catalysis, and estimated that
contributions from such pathways are negligible at catalyst
concentrations < 1 x 10 M.******%7 These experimental re-
sults support the prior estimates. The detection of these higher
order processes here suggests a ky; pathway in both systems.
However, increasing [1a] impacted the H,O, and NaClO pro-
cesses differently. In the NaClO system, increasing [1a] from
3.98 x 107 M to 1.66 x 10° M gave a 6.6% increase in the
percent of Met oxidized (Table 1). In the H,O, system, this
same [1a] increase reduced Met oxidation from 4.3% to effec-
tively zero within experimental error (Figs. 2 and S5). We
have interpreted this loss of catalysis in the following way.

3.0x10*
L @%5 1.66 x 10° M
i é A *§ QI x .
2.8x10% |- x4 5
s i i 7'y 4
=) I [] L0 -
() A . 199x107 M
> r iE
£ 26x10%
g » X [
2 i
Z L o 3.98 1%“7M
= 24x104 - ) i E E E e
[ EE E E 1.66 x 10° M
2.2X104_' 0 1R W N (O (R B {TI M [ B T
0 20 40 60 80 100

Time /h
Figure 2. Kinetic traces of 1a catalyzed metaldehyde oxidation.
[1a] values are shown on the figure next to the corresponding
kinetic traces. Hollow hexagons: [H,0,] = 3.61 x 10° M (12.2
equivalents); Black symbols: [NaClO] = 3.8 x 10° M (12.8
equivalents). Other conditions: pH 7 D,0O (0.01 M, phosphate),
[Met], =2.95 x 10™* M.

If for the H,0, case with [1a] = 1.66 x 10° M, eq 3 is applied
using the estimated &y of 120 = 30 M's” and setting an ap-
proximation for the oxidation percentage of 2% (Fig. SS5; to
avoid a zero denominator), the estimated total k; value is ca.
1.0 x 107 s™. This is an order of magnitude greater than the k;
for 1a/H,0O, measured at [1a] = 10° M where inactivation is
exclusively unimolecular in catalyst.”” These results suggest
the operation of inactivation processes that are bimolecular in
catalyst at [1a] > ca. 1 x 10° M which greatly outpace those
that are unimolecular in catalyst. Equation 3 is very sensitive
to the estimated oxidation percentage. If values <2% are cho-
sen instead, even higher k; values result. Application of eq 3 to
the analogous NaClO process with [1a] = 1.66 x 10° M gives
ak of 8.5 x 10™*s™. This is at least one order of magnitude
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Table 2. Summary of metaldehyde degradation at different [1a] values; [Met] = 2.95 x 10°* M, [NaClO] = 3.8 x 107 M.

[1a] x 10"M  vx10®/Mmin'™  TON %Cvn Acetic acid formed / %°  t,°/h
1.99 12402 116+6 78+04 4.1+0.1 90
3.98 2.0£02 106+ 6 14.4+£0.9 9.0+0.7 90
16.6 5.4+0.1 37£5 21+3 10+1 30

*The rate v was calculated from the slope of the line of best fit to the first five [Met] measurements (v = d[Met]/dt); "The percentage of
acetic acid (AA) formation was calculated from the CH; absolute integral relative to the initial metaldehyde signal (AA% = (**
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*Int; ¢5)/(A*Int; 34)o % 100); “Reaction time.

less than the corresponding H,O, value and is comparable to
the k; value observed for the lower [1a] H,O, systems. Thus,
one can deduce that at high [1a], the use of NaClO results in
productive catalysis by avoiding k; processes observed in the
H,0, system. However, the eq 3 calculated k; for the [1a] =
1.66 x 10° M NaClO system is ca. threefold greater than that
of the lower [1a] NaClO experiments, indicating that k; pro-
cesses operate in the NaClO system. These results highlight
the importance of developing kinetic approaches for determin-
ing the mechanism(s) and rate constant(s) of the k pro-
cess(es). Such studies are ongoing, and the understanding
gained through them is expected to aide in the design of supe-
rior catalysts for high [TAML] processes.

More complete metaldehyde removal with continuous addi-
tions of catalyst and oxidant. As a result of ky; processes,
deeper Met removals are more efficiently accomplished by
using multiple catalyst doses to ensure that [1a] < ca. 1 x 10
M. The optimized catalyst dose was that giving a [1a] of 4 x
107 M. The data shown in Fig. 3 represent two separate exper-
iments demonstrating the efficacy of multiple catalyst doses
each giving a [1a] of 4 x 107 M. Experiment 1 employed a
[Met], of 3.32 x 10* M (Fig. 3 solid circles and Fig. S6).
Since Met mineralization requires 20 equivalents of NaClO, a
slight excess (7.61 x 10~ M) was added. The first catalyst dose
consumed Met for 72 h before the reaction ceased. Seven ad-
ditional 1a doses were added leading to a slow oxidation of
75.3% over 576 h. After the addition of the fifth catalyst dose,
the position of the CH;COO™ '"H NMR signal at 1.956 ppm
indicated a solution pH of 5.2, 1.8 units less than the initial pH
of 7 (Fig. S7).'"* * Therefore at 360 h, enough additional
NaClO was added to raise the [NaClO] by 4.79 x 10”° M. This
addition returned the CH;COO' signal to its initial value while
providing additional oxidant. The initial metaldehyde concen-
tration ([Met],), change in metaldehyde concentration
(A[Met]), TON, and %Cvn for each catalyst dose are summa-
rized in Table S4. For all catalyst doses, A[Met] and TON
declined with [Met],.

In Experiment 2, the oxidation of a fresh 1.12 x 10 M Met
solution was studied (Fig. 3 hollow squares and Fig. S8) to
examine if the accumulating acetate or inactivated catalyst
products were contributing to the deterioration in A[Met] and
TON.*' For each catalyst dose of Experiment 2, the [Met],,
A[Met], TON, and %Cvn are also summarized in Table S4.
There is considerable agreement between the data sets. If the
concentration of Met is followed along the black dotted curve
of Experiment 1 through the white squares of Experiment 2,
the result is representative of one continuous degradation pro-
cess. Here, a ca. one order of magnitude reduction in [Met]
(330-30 uM) by less than 0.02 M NaClO can be achieved in
~47 days through treatment with 16 doses of 1a each giving a
solution [1a] of 4.0 x 107 M. The combined process would
consume less than 60 equivalents of NaClO and proceed with

a TON of 66. This is significantly less than the Experiment 1
dose 1 TON of 112 + 6. Both A[Met] and TON decline steadi-
ly with [Met], (Table S4) for all Experiment 1 and 2 catalyst
doses. The average k; value of (3 + 1) x 10™* M is identical to
the single catalyst dose value calculated from the data in Table
1. The combined data set has the following broad implications
for ultra-dilute TAML catalysis with Fep,, < 1 x 10° M
(where no k,; processes are observed).

Time /h
0 200 400 600 800 1000
3.5x104 i ik RO o RN i —
3.0x104 My »
C . ]
= o5x104 E_ ‘%; 73 %
'6‘ £
S o0 E e
T E *
T 1.5x104 [ L LI
5 E o 34 %
o = X o
104 *
5.0x10% R S
F ———t e —EDmmeree 1 9 %
0’ T T T T N T Y TN R [N TN SN Y T N T S
0 200 400 600
Time /h

Figure 3. Kinetic traces of metaldehyde degradation by NaClO
catalyzed by 1a in pH 7.0 D,O (0.01 M, phosphate). Two experi-
ments are shown. Experiment 1: solid circles (@) and top time
axis, [Met], = 3.32 x 10* M, [1a] = 4.0 x 10”7 M, [NaClO] = 7.61
x 10 M. Experiment 2: hollow squares (C]) and bottom time
axis, [Met], = 1.12 x 10* M, [1a] = 4.0 x 10”7 M, [NaClO] = 4.71
x 10 M. For both experiments: *indicates the addition of one 4.0
x 107 M catalyst dose, **indicates the addition of NaClO suffi-
cient to raise the [NaClO] by 3.44 x 10~ M, ***indicates the ad-
dition of one catalyst dose giving a [1a] of 4.0 x 107 M and
NaClO sufficient to raise the [NaClO] by 4.79 x 10 M NaClO.

First, dilution of the substrate poses a formidable challenge to
ultradilute catalysis by diminishing the rate of substrate trans-
formation without altering the rate of catalyst inactivation. By
adapting eq 3, a relation previously derived for the determina-
tion of k; values® and recently used to determine the k; values
for 15 TAML catalysts in the pH 7 oxidation of Orange II
(OrID),” new forms which model the change in substrate con-
centration (AS, eq 4), % conversion (%Cvn, eq 5) and the
TON (eq 6) can be obtained and fit to the Met data where S, =
[Met]o, S,, = [Met],.,, and AS = AMet. These new forms turn
out to be very useful in developing the map and in better un-
derstanding the meaning of TON where the catalyst is degrad-
ing. In the oxidation of any substrate under any one set of con-
ditions, both /j; and k; are fixed. For a fixed catalyst dose (Fe-
Tot), the ratio of these dictates the change in substrate concen-
tration (AS) and the TON, both of which decline with the ini-
tial substrate concentration (S,) as shown in eqs 4 and 6. The
Met data confirm this (Fig. 4). The mathematical treatment
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that resulted in eq 3 considered all of the events shown in
Scheme 1 to arrive at the most general expression.” Contribu-
tions from the catalyst activation process k; are absent from
this form indicating that S,, and thus AS and TON, are deter-
mined by the competition for Ac between the substrate oxida-
tion (-d[S]/dt = ky[S][Ac]) and catalyst inactivation (d[Ic]/dt =
ki[Ac)) processes alone. The rate of the former depends on the
[S] while that of the latter does not. As a result, AS declines
with S,. This dynamic is especially important when the sub-
strate is ultra-dilute as is the usual case with MPs in municipal
wastewater.

31}

AS=Sy(1—e & T @)
AS —mFeTot
%Cvn = = x100% = (1—e & ) x 100% (5)
0
<l_e_kk_IiIF9Tot>
TON = TSO (6)
5x10% | }
L L]
4x10°% | 4
= :
= 3x105 [ %
‘q')' L
= L
T 2x10° r
105 | -
0 | L L I | L L I L 1 1 L L 1 I L
0 104 2x104 3x10*

[Met], /M
Figure 4. Correlation between the A[Met] and the [Met],. Each
data point represents the A[Met] for each Experiment 1 or 2 cata-
lyst dose. The line gives the eq 5 predicted A[Met] values with £;
=3.0x 10" s, k=120 M's!, and [1a] = 4.0 x 107 M. The oth-
er conditions are as indicated in the Fig. 3 caption and Table S4.

Second, from pH 5.2-7, the oxidant independent 1a inactiva-
tion process operates via a mechanism that is sensitive to the
Lewis acidity at Fe. The linearity found in Fig. 4 indicates that
a constant ky/k; ratio holds for all of the catalyst doses of both
experiments. The data were collected at varying pH, [NaClO],
[product], and [Ic] such that the linear relationship of Fig. 4
also establishes that these parameters do not alter ky/k; imply-
ing that inhibition by product or inactive catalyst species and
NaClO dependent inactivation processes are negligible. The
data in Fig. 4 were collected at pH values over the range of
5.2-7. TAML Ky values have been observed to increase with
pH by more than an order of magnitude from pH 6-7.%
Therefore, the 1a/NaClO £;; and &; must track each other close-
ly over this range as was found in catalysis by 15 TAML acti-
vators with H,0, at pH 7.”> We have interpreted these fixed
kn/k; ratios as evidence that the Lewis acidity at Fe exerts a
common influence over both ky and k; processes at pH 7, but
for the H,O, systems we were unable to determine whether the
ratio mandated changes in k; derive from the H,O, dependent
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or independent processes, or both. Since contributions from
NaClO dependent inactivation are negligible, the mandatory
changes in k; must originate from NaClO independent process-
es which operate from pH 5.2 to 7. Because the NaClO and
H,0, Ac are similar and the observed dependence on Lewis
acidity is independent of oxidant, it is therefore likely that
similar processes are operating in the H,O, systems.

Third, while most MPs can be effectively treated by existing
TAML systems operating under ultra-dilute aqueous condi-
tions, those having ky/k; ratios < 1 x 10° M cannot. As not-
ed, when [1a] > 1 x 10 M, contributions to & from decompo-
sition processes that are second order in [1a] (ky; processes)
become significant. Therefore, we consider an Fer, of 1 x 10°
M to be an upper bound for effective ultra-dilute catalysis. In
principle, below this, eqs 3—6 model the S,/S, ratio, %Cvn,
and TON in TAML catalysis for the oxidation of any substrate
by any oxidant with any catalyst under any conditions provid-
ed inactivation also occurs from Ac and neither the substrate
nor the products perturb the catalytic cycle (e.g. substrate
binding to the catalyst). However, it should be noted that the
critical dimension of time is not captured by eqs 3—6 and thus
cannot be included in the following discussion—we are further
considering how to address the time dimension.

Using the known ky; and k; values, eq 5 predicts within £3%
the observed experimental 5 %Cvn of Met found for 1a/H,0,
treatment ([1a] = 4 x 107 M) in pH 7 buffered D,O (0.01 M
phosphate), the (14.4 £ 0.9) %Cvn of Met for 1a/NaClO
treatment ([1a] = 4 x 107 M) in pH 7 buffered D,O (0.01 M
phosphate), the 18 %Cvn of the persistent SSRI Sertraline
(Ser) for 1a/H,0, treatment ([1a] = 3 x 107 M) in pH 7 buff-
ered H,O (0.01 M phosphate), the 27 %Cvn of the azo dye
Orange II (OrlI) for 1b/H,0, treatment ([1b] =2 x 10°* M) in
pH 7 buffered H,O (0.01 M phosphate), the >98 %Cvn of
17a-ethynylestradiol (EE2) for 1b/H,0, treatment ([1b] = 8 x
10* M) in pH 7 buffered H,0 (0.01 M phosphate),” and the
17 %Cvn of the dye Safranin O (SO) in pH 11 buffered H,0O
([1a] = 7.5 % 10°® M).36 Figure 5 is a helpful graphical repre-
sentation of eq 5 onto which these processes can be plotted.
The ky; value for 1a oxidation Met in both the H,O, and
NaClO systems, 120 M's™, is the lowest of any MP we have
ever tested. The &y value for 1b/H,0, oxidation of EE2 at pH
7, 8.6 x 10° M''s, is the highest.12 The value for 1a/H,0,
oxidation of Ser, 740 M‘ls‘l, is closer to the Met than the EE2
value as expected. The value for 1b/H,0, oxidation Orll,
4,950 M'ls'l, is closer to the EE2 than the Met value as ex-
pected. Thus eqgs. 3-6 hold over a ca. 10* M™' range of ky/k; for
two catalysts and oxidants and at pH 7 and 11, adding confi-
dence to both the validity and generality of the analytical
model for both academic and real-world applications.

Typically, water treatment plants are driven by a need to
achieve regulated levels rather than complete removal of pol-
lutants. Equation 5 could be used to predict the optimal cata-
lyst loading, Fero, (below 1 x 10 M), needed to effect a given
%Cvn of any MP under any one set of conditions from data
obtained by measuring one incomplete kinetic trace at a
known Fer, which gives ky/k;. This will always hold provided
the process is rapid enough to be deployable. If %; is known
under these conditions, A is also known—an extensive series
of pH 7 k; values for TAMLSs have been determined.” We are
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log (k, x k™' / M") for any suitable catalyst
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Figure 5. The eq 5 predicted %Cvn as a function of
log(Fe'"1,) and either log(ky/k;) for treatment with any suitable
catalyst (top axis), log(ky) for pH 7 treatment with 1a/NaClO,
log(ky) for pH 7 treatment with 1b/H,0,, log(ky) for pH 7
treatment with 1a/H,0,, or log(ky) for pH 11 treatment with
1b/H,0, (bottom axes which shift with different oxidants and
pHs). The points shown indicate experimental data for conver-
sion of various substrates having the identities indicated in the
text. The ky, k;, and %Cvn values for each data point were
obtained individually.

treating a larger set of MPs and examining the behavior of
additional catalysts over a wider pH range to obtain 4y, &;, and
%Cvn under different conditions to further cement the useful-
ness of this predictive tool.

The upper bound of the log(ky/k;) range shown in Fig. 5 (top
horizontal axis) is set at the hypothetical diffusion controlled
limit for 1a/NaClO treatment at pH 7 (ky; of ca. 10" M's?,
topmost axis below figure).* In applying TAML processes to
remove micropollutants, useful processes deliver %Cvn > 50.
The equation predicts that sub-picomolar [1a] can effect 50
%Cvn for very rapidly oxidizing substrates. However, practi-
cal concerns such as reaction time will likely limit utility
here—we are working to discover a similar tool for reaction
time. The lower ky/k; limit of the green band (50 %Cvn) is
found at ca. 10° M. The ky/k; ratios for TAML catalyzed oxi-
dation of many MPs lie above this. However, this sets the
lower k& bound for the most useful 1a/H,0, treatment with an
Fero of 1 x 10° M at ca. 1,100 M's™ near pH 7. Substrates
more slowly oxidized than this are not well treated with a sin-
gle catalyst dose of 1a/H,0,. The lower k; of 1a/NaClO treat-
ment shifts this bound to ca. 300 M's™. However, Met remains
just out of reach with a &y of 120 =30 M's™. As the 1a/NaClO
data demonstrate, the key to extending ultra-dilute catalysis to
more slowly transformed substrates is the development of
systems that maximize the ky/k; ratio by disproportionately
increasing ky;, decreasing k;, or both. An effective Met solution

would require roughly a doubling of the 1a &;; value or halving
of the 1a/NaClO £; value while keeping the other constant. We
are working towards achieving and exceeding this entirely
realistic goal via iterative catalyst design.

Fourth, when Feq, <ca. 1 x 10° M, successive small catalyst
doses are not more effective than larger catalyst doses. As
indicated by eq 6 and Fig. 6, the dependence of TON on the
ky/k; ratio and Fer, is complex. We have interpreted the rela-
tionship in the following way. For any one catalyst operating
under any one set of conditions, k; is fixed. The value of the
ki/k; ratio then varies with &;;. Thus, the value of &;; determines
the dependence between TON and Fer, and places the oxida-
tion process on a spectrum between two limits. At the low Ay
limit, when kyFer./k; < 1, eq 6 can be approximated by the
first term of a Maclaurin series, TON ~ k;Sy/k; (contributions
from the higher order terms of the series are negligible). Con-
sequently, in the 1a/NaClO conversion of slowly transformed
Met, for which ky/k; = 4 x 10° M', the TON is largely inde-
pendent of Fer,, as shown in Table 2 and along the surface of
Fig. 6 at the low ky/k; limit. In these oxidations, every catalyst
molecule of any catalyst dose does about the same amount of
work, and the %Cvn scales linearly with Fer,,.

800

600

TON

400

200

6x108

4x108 : x
2x108 108 <o

kll X A’I ! /M7 0 <

Figure 6. The eq 6 calculated dependence of the TON on ky/k;

and Fer,, for a fixed Sy of 1 x 10 M. From [Fery] 10°-10° M

(not shown), the surface shape changes little from that shown

at [Fero] = 10° M.

_k,
At the high k;; limit where e ki Fetot < 0.1, the numerator of
eq 6 approaches 1 and TON ~ Sy/Fer,. For example, for the
1b/H,0, treatment of EE2 introduced above, ky/k; = 2.9 x 10°

k
M and e_"_lilFeTOt = 2.5 x 10", For treatment of such rapid-
ly oxidized substrates, as Fer, increases, so does A[S] and
with it the dilution of the substrate during functioning cataly-
sis. This decreases the rate of substrate oxidation relative to
that of catalyst inactivation causing average TONs to drop.
This could lead one to suspect that treatment with multiple
small catalyst doses would lead to improved performance.
However, the use of multiple small catalyst doses is not more
efficient at achieving a set %Cvn than adding the equivalent
Fe, in a single dose provided the sum of all doses is less than
ca. 1 x 10° M because dilution lowers the average TON re-
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gardless of how the catalyst is administered (See the SI for a
mathematical explanation of this). When eq 3 holds, a single
TAML catalyst dose is optimal for most rapidly achieving a
desired %Cvn.

Conclusion

This study explores the behavior of TAML catalysis at the
performance boundary prescribed by the exceptionally recalci-
trant pollutant, Met. The findings communicated herein have
broad significance for TAML catalysis. The rates of 1a cata-
lyzed Met transformation by NaClO and H,O, are identical
giving a strong indication that the same reactive intermediate
attacks Met in both systems. However, TAML/NaClO delivers
a three-fold ky/k; enhancement by lowering the rate of catalyst
inactivation, which we attribute to elimination of contributions
from H,0, dependent inactivation processes. At [1a] > 1 x 10
% M, inactivation pathways that are bimolecular in catalyst (k)
and outpace those unimolecular in catalyst (k;) render 1a/H,0,
transformation of Met completely ineffective—this establishes
an upper bound for [TAML] in H,0, systems of 1 uM. The
use of NaClO allows processes with [1a] > 1 uM by restoring
functioning catalysis indicating that both k; and k»; are lower in
the NaClO system. In both the H,O, and NaClO systems, k,;
processes outpace k; processes. Further investigations of the
mechanisms of the k,; processes and their dependences on the
identity of the oxidant are underway. Application of eq 3 and
forms derived from it to the Met data indicates that while AS
decreases with S,, %Cvn remains constant. The expression for
TON provides a more detailed understanding of the underlying
chemical processes as well as the effect of substrate dilution
on this venerable metric for evaluating catalyst performance.
This work demonstrates the advances in understanding which
can be achieved through detailed analysis of the mechanisms
of both catalyst operation and inactivation—the latter is a crit-
ical and underexplored territory.
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MPs, micropollutants; Met, metaldehyde; AC, activated carbon;
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Ac, active catalysts; S, substrate; DBPs, disinfection byproducts;
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