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Abstract

Recently, several studies have been published on sulfate radicals as strong oxidants and
methods of their generation. A shift from homogeneous to heterogeneous methods can be
observed for persulfate activation as a means of generating sulfate radicals. However, to date,

the influence of the surface on the radical chemistry has not been examined in detail.

In the present study, homogeneous persulfate activation methods (elevated temperature and
dissolved iron(l1)) are compared with heterogeneous activation by FeS. The selectivity patterns
for the oxidation of chlorinated ethenes, ethanes and benzenes differ notably depending on the
persulfate activation method. The obtained kinetic data are in conformity with the hypothesis
that sulfate radicals generated at the FeS surface have different selectivities than freely
dissolved radicals. The assumption of different reactive species is further confirmed by the
determination of hydrogen kinetic isotope effects (H-KIEs) for the oxidation of methanol
isotopologues with sulfate radicals using the set of activation methods. The H-KIE obtained in

the heterogeneous system (H-KIEres = 3.0 £ 0.3) is significantly higher than for the
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homogeneous system (H-KIEnom = 2.3 £ 0.1). This leads us to the conclusion that sulfate
radicals generated on the FeS surface react as surface-associated radicals, which show a

different selectivity pattern than freely dissolved radicals.

Furthermore, the apparent second-order rate constants in homogenous solution at ambient
temperature, ranging from 4-107 to 1.7-10° M1s’, were determined for the reaction of sulfate

radicals with various chlorinated hydrocarbons under study.

KEYWORDS: persulfate activation; surface-associated sulfate radicals; iron sulfide;

hydrogen kinetic isotope effects; second-order rate constants

1 Introduction

Increasing environmental awareness and still countless cases of polluted environmental
compartments have led to a wide range of publications on chemical remediation methods in
recent years [1-3]. Many of them are devoted to advanced oxidation processes (AOPS) in water,
most of which use hydroxyl radicals (OH-) as oxidants [4]. As a ‘newer oxidant’, research is
increasingly focusing on sulfate radicals (SO4™) [5, 6]. Both radicals are among the strongest
oxidizing agents, with standard reduction potentials for OH-/H>,O of about 2.73 V and for
SO4/SO4* of about 2.44 V [7]. While hydroxyl radicals react mostly via hydrogen abstraction
or addition to double bonds, sulfate radicals are capable of one-electron transfer reactions in
addition to hydrogen abstraction, which allows them to react with substances which are
nonreactive towards hydroxyl radicals [8]. Sulfate radicals are highly electrophilic and allow
fast reactions with electron-rich compounds, such as various benzenes, via the electron-transfer
mechanism, which is however significantly slowed down by electron-withdrawing substituents
such as chlorine, nitro or cyano substituents [9]. These substituent effects are much more
pronounced than in the reaction with hydroxyl radicals, which leads to the statement that sulfate

radicals react more selectively [8, 9]. Overall, there are a number of studies on the reactivity of
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sulfate radicals with compounds of various structures and with different functional groups,
which have also been supported with modeling attempts [10-16]. In general, for the hydrogen
abstraction, the reaction rate constants decrease with the strength of the attacked C-H bonds
and increase with the number of C-H bonds in the target molecule [11, 12, 15]. For the electron
transfer from the substrate molecule to the sulfate radical, the availability of w-electrons in
double bonds or aromatic groups is required [13, 15]. In this case, the reaction rate constants
correlate mostly with the energy of the highest occupied molecular orbitals (EHomo) (or the
difference between the energies of the lowest unoccupied molecular orbital (ELumo) and EHomo)
and the charge density at the most probable electron transfer site in the compounds [14-16]. In
comparison to electron transfer reactions, hydrogen abstraction by sulfate radicals is usually
much slower. For most compounds, the rate constant of hydrogen abstraction is at least one

order of magnitude lower for sulfate radicals compared to hydroxyl radicals [11, 17].

In order to generate the above-mentioned sulfate radical anions, peroxydisulfate (PS, S20s%)
activation can be used [5, 6]. This can be done either by energy input or single electron transfer
to PS. By thermal activation or UV irradiation, PS is split into two free radicals (eq. 1), whereas

the redox reaction only creates one radical per PS molecule (eq. 2) [18].
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Since thermal or irradiation-induced activation of PS can be expensive or difficult to implement
in some processes, activation via electron transfer has recently received increasing attention
[19-23]. Redox-active iron species such as zero-valent iron (ZV1), dissolved Fe?* and iron
minerals have been most frequently studied for PS activation [5, 24-29]. The issue here,

however, is that dissolved Fe?* also reacts with sulfate radicals (k = 9.9-10® M s** [30]) and



thus acts as competitor for the generated sulfate radicals, which may significantly lower the

overall efficiency for pollutant degradation.

One way to overcome this challenge is to use a poorly water-soluble iron source like FeS [31-
35]. Initially, FeS was reported to activate PS only as a slowly leaching Fe?* source which
initiates sulfate radical formation by homogenous reaction according to eq. (2) [31, 32].
However, since the reaction also takes place under basic and neutral pH conditions where FeS
is almost insoluble, the assumption of a purely homogeneous activation mechanism needed to
be discarded. In addition, it was found that the kinetics of FeS dissolution is slow since even
after 100 h only 10% of the FeS was dissolved under strongly acidic reaction conditions [35,
36]. Recent findings furthermore indicate that the activation of PS on the surface of FeS takes
place catalytically by surface-assisted homolytic bond cleavage [34, 35]. This was determined
by measuring the radical yield, which was 1.6 mol SO4"~ per mol S;0s? indicating homolytic
cleavage of the PS molecule [35]. A stoichiometric reaction of S,0s? with Fe?* could generate
one mole per mole at most. These results also argue against the formation of Fe**, which was
recently found as a reactive species in homogeneous PS activation with dissolved Fe?* [5, 37,
38], since Fe** reacts mainly via a one-electron transfer to Fe3* [39, 40] and thus would also
give rise to a radical yield of at most one mole per mole. In contrast to PS, when
peroxymonosulfate (PMS) was activated with FeS, Fe** species were found to be one of the
reactive species [41], thus the activation of PMS was not investigated in this work. The present

work is focussed exclusively on the activation of PS.

In addition, the highly recalcitrant water pollutant perfluorooctanoic acid (PFOA) was degraded
by FeS-activated PS even when radical quenchers were present in the water matrix [36]. This
led to the hypothesis that the sulfate radicals are formed directly on the FeS surface in close
vicinity of the adsorbed PFOA. The actual reaction site at or near the surface is thus decoupled

from any quenching reaction which would occur in solution [36]. Thus, FeS can activate PS



heterogeneously, and the surface plays a role in the selectivity of the radicals. Through sorption
at the surface, locally higher pollutant concentrations can be achieved, which can lead to a
change in substrate reactivity. Furthermore, sulfate radicals which are surface-associated could
well have a different selectivity compared to freely dissolved sulfate radicals. Their lower
mobility at the surface or a change in their electronic structure due to the surface influence could

lead to the observed differences.

A powerful tool for characterizing selectivities of different radical species is to determine the
hydrogen kinetic isotope effects (H-KIE = kn/kp), i.e. the ratio of rate constants for conversion
of isotopologues of a substrate molecule [42]. Since a C-H bond is slightly weaker than a C-D
bond (by about 5 kJ mol™), different reaction rate constants occur for H or D abstraction
depending on the reactive species [43]. This difference is variable for various reactive species
[44]. Hydroxyl radicals, for example, differentiate little between a C-H and a C-D bonds in the
water phase [42]. Sulfate radicals, on the other hand, are more selective, so that H-abstraction
proceeds significantly faster than D-abstraction [35]. Thus, based on the ratio of the reaction
rate constants of H- and D-abstraction, differences in the type of reactive species can be
identified [44]. In the present study, this method was applied in order to compare the
selectivities of reactive species resulting from the homogeneous and FeS-catalyzed activation
of PS. This influence has not yet been considered in the literature and is the subject of this work.
Significantly different results from homogeneous and FeS activation would be another

indication that activation with FeS is of heterogeneous nature.

The objective of this study is to provide a deeper understanding of the influence of the FeS
surface on the selectivity of sulfate radicals. Therefore, we used three different kinds of model
substances for the comparison of the selectivity patterns: (i) chlorinated ethenes and (ii)
chlorinated benzenes, which both react via the electron-transfer mechanism, and (iii)

chlorinated ethanes, which are attacked by hydrogen abstraction. These substances are easy to



analyze and are particularly suitable for selectivity analyses due to the large number of diverse
substrate structures. In addition, the KIE of methanol oxidation with sulfate radicals was chosen
in order to investigate whether the FeS surface affects the nature of the radical species, since
CH30H and CD3OH are expected to adsorb to FeS in a similar manner. Methanol is considered
a well-suited probe molecule for KIE studies because the KIE can be determined from both (i)
the reactant competition kinetics and (ii) the isotope composition of the primary oxidation
product (formaldehyde). The oxidation products of the investigated chlorinated compounds

were not part of this study and are described elsewhere [24, 45, 46].

2 Materials and Methods

2.1 Chemicals

1,2-Dichloroethane (1,2-DCA, 99.8%), 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA, 99%),
1,1,2,2-tetrachloroethane (1,1,2,2-TeCA, 97%), cis-1,2-dichloroethene (cis-DCE, 97%), trans-
1,2-dichloroethene (trans-DCE, 98%), 1,1-dichloroethene (1,1-DCE, 99%), trichloroethene
(TCE, 99.5%), tetrachloroethene (PCE, 99%), 1,3-dichlorobenzene (1,3-DCB, 98%), 1,4-
dichlorobenzene (1,4-DCB, 99%), 1,2,3-trichlorobenzene (1,2,3-TCB, 99%), 1,2,4-
trichlorobenzene (1,2,4-TCB, 99%) and 1,2,3,4-tetrachlorobenzene (1,2,3,4-TeCB, 98%) were
purchased from Sigma Aldrich. 1,1,2-Trichloroethane (1,1,2-TCA, 98%) was obtained from J
& K Scientific, Belgium. 1,2,3,5-Tetrachlorobenzene (1,2,3,5-TeCB, 98%) was purchased from
Riedel de Haén whereas vinyl chloride (VC, 99%) was purchased from Linde. Toluene-ds was
obtained from Chemotrade. FeS (technical grade, dso = 20 um, SSAget = 0.9 m?g™) was received
from Fluka. Na>S20s (PS, >99%) was obtained from Roth whereas Na.S,03-5 H20 (>99%) was
obtained from J.T. Baker. Benzene (SupraSolv for GC), chloroform (GC grade), chlorobenzene
(CB, p.a.), 1,2-dichlorobenzene (1,2-DCB, p.a.), H202 (35%), FeSO4-7 H20O (p.a.) and citric

acid (CA, p.a.) were all purchased from Merck. Phenylhydrazine (>98%) was received from



Lancaster and methanol isotopologues were obtained either from CDN isotopes (CHD,OH,

98.9%), DeuChem GmbH (CD30H, 99.8%) or Sulpelco (CH30H, hypergrade for LC-MS).

2.2 Selectivity experiments

Saturated chlorinated compounds and PS (200 mM) stock solutions were prepared with
deionized water. The reactions were carried out in 60 mL crimped serum bottles without pH
control. In the experiments with FeS and iron(l1) citrate (FeCA), 0.3 g L FeS or 5.4 mM FeCA,
respectively and a defined amount of chlorinated compound stock solution were added to 50
mL of deionized water (Co,each chioroethene = 0.12 MM Co each chioroethane = 0.03 MM; Co each chiorobenzene
= 0.02 mM). In experiments studying chlorinated ethenes, the gas phase was sampled and
analyzed using a GC-MS device (GC-MS-QP2010 Shimadzu, equipped with a HP5 capillary
column, carrier gas was helium). For chlorinated ethanes and benzenes, 1 mL aqueous sample
(maximum 10% of the total volume over the reaction duration) was taken and extracted with
chloroform (spiked with either benzene as internal standard in case of chloroethanes as target
or with toluene-ds when chlorobenzenes were studied). The addition of 1 mL of PS stock
solution to the bottles marked the reaction start (to). For steady mixing of the suspension, the
bottles were shaken at room temperature on a horizontal shaker at 250 rpm. The experiments
with thermal activation were performed at T = 30°C and were similar to those described above
for chlorinated ethanes and benzenes. For chlorinated ethenes, the glass vials were cooled down
and equilibrated at room temperature before headspace sampling.

2.3 Kinetic isotope effects

100 mL of deionized water was spiked with 20 mM PS, 0.5 g L™ FeS, and 12 mM each of
CH30OH and CD30H, then shaken continuously. After certain time periods (0.5 to 7 h), aliquots
(0.5 mL) of the reaction suspension were withdrawn, filtered from FeS particles, quenched by

adding a surplus of thiosulfate, and analyzed for methanol and formaldehyde by means of GC-

7



MS analysis. This allowed measurement of concentrations as well as isotope compositions.
Methanol was analyzed by direct injection of aqueous samples, whereas formaldehyde was
derivatized with phenylhydrazine, extracted and analyzed as phenylmethylenehydrazone. The
homogenous reaction was carried out similarly, but instead of FeS, UV light at 254 nm was
used for the activation of PS or H20..

In most experiments the pH was not controlled. It decreased continuously from about 5 down
to 1.5 due to the formation of sulfuric acid from PS decomposition. In an experiment with
controlled pH, a stepwise addition of NaOH was performed such that the pH value remained in
the range 3 to 2.

2.4 Calculation of apparent second-order reaction rate constants

Competition kinetics was used in order to compare the reactivities of solutes which were present
together as a mix in the same solution, and thus react under identical reaction conditions.
Therefore all chlorinated ethenes, ethanes or benzenes were mixed together in three separate
batches. A detailed description of the calculation of apparent second-order rate constants kisol

is given in the Sl part in section 2. The formula used to calculate the apparent second-order rate

constants is shown in eq. 3, where ci; is the concentration of component i at time t.

| CAt

n SOy

CAOD _ kA 3
Bt ~ SOz (3)
CB,0 kB

2.5 Methodical approach

The influence of the activator surface on the reaction is a complex phenomenon. The surface
can have an influence both on the generated radicals and on the reactive substrates. Especially
with the substrates, adsorption plays a major role. In particular, the competitive adsorption

should be mentioned here, which changes over the course of the reaction, since the most



adsorbing substances is expected to be enriched most at the surface, which in turn increases the
probability of reaction with sulfate radicals formed in their neighborhood. At the same time,
chloride is released into solution during the degradation of chlorinated compounds and can also
react with the sulfate radicals. The chlorine radicals generated in this way are also able to react
with the target compounds and presumably show a different selectivity pattern than the sulfate

radicals. Due to the complexity of this situation, we have used various methods and evaluations.

The comparison of relative rate constants obtained with different PS activation methods reflects
different reaction selectivities, but does not reveal whether it is due to the ‘inherent’ selectivity
of radical species or substrate adsorption. In order to resolve these two effects, we followed two
approaches: (i) we considered the correlation between apparent reactivities and adsorption
affinities of target compounds and (ii) we measured Kinetic isotope effects. Following the first
approach, we found higher apparent reactivities for less adsorbing substrates. Hence, the higher
reactivity can be attributed to the selectivity of the radical species. The second approach is based
on the assumption that isotopologues of the substrate behave very similar with respect to their
adsorption but may react with significantly different rates because carbon-hydrogen bonds are
broken. In addition to the intermolecular H-KIEs from competition experiments, we also
determined intramolecular H-KIEs from product isotope analyses. This makes findings and

mechanistic conclusions even more reliable.

As for the H-KIE, the double-logarithmic plot of the relative concentrations of two substances
of a mixture can be used as tool for direct comparison of reaction systems. If the resulting slope
of the regression line of the double-logarithmic plot remains constant over a broad range of
conversion, it implies a consistent reaction mechanism, e.g. with a stationary radical pool. In
our case it also rules out a shift of the radical pool from sulfate to chlorine radicals along the

reaction progress (see also section SlI 1).



3 Results and Discussion
3.1 Selectivity of sulfate radicals with various PS activation methods

For the investigation of selectivity patterns, oxidation of chloroorganic substances with
homogeneous and heterogeneous PS activation were compared. The hypothesis is: if PS is
activated heterogeneously, degradation of the target substances can also take place
heterogeneously, i.e. in the adsorbed state. This would mean that the surface of the activator
could have an influence on selectivity patterns of the degradation reaction. In addition,
chlorinated ethanes are degraded by a different reaction mechanism with sulfate radicals than
chlorinated ethenes and benzenes, i.e. hydrogen abstraction vs. electron transfer, respectively.
These different reaction mechanisms could result in differently surface-affected selectivity
patterns. Naturally, when the particulate activator FeS is used, proportions of homogeneous
reaction may also occur in parallel; dissolved Fe?* can react with PS and sulfate radicals formed
at the FeS surface can desorb and diffuse into the aqueous bulk phase. We see a superposition

of these effects.
3.1.1 Chlorinated ethenes

Figure 1 shows the double-logarithmic plot of the relative concentrations (co/c) of TCE and
PCE in oxidation experiments with sulfate radicals (A) as well as the relative reaction rate
constants of the chlorinated ethenes with sulfate radicals, normalized to that of PCE (B). The
generation of the sulfate radicals was carried out with various methods of PS activation. Two

different homogeneous activation methods were used to verify the results.
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Figure 1: A) Example of the competition kinetics of TCE oxidation with sulfate radicals related to PCE oxidation. B)
Relative reaction rate constants of chloroethenes oxidation with sulfate radicals. Sulfate radicals were generated by
activation of PS with various activation methods (Co.each chioroethene = 120 pM; Cores = 0.3 g L'; Coreca = 5.4 mMM; cops = 4
mM; pHstart= 7; pHrinal = 2.4). Error bars represent the standard deviations of the slopes of regression lines as shown in
A).

The slopes of the regression lines shown in Figure 1A correspond to the relative reaction rate
constant of TCE compared to PCE: Krei,rce = Kobs, Tce/Kobs,pce. It Can be seen that the regression
lines for all three PS activation methods are strictly linear up to high TCE conversions. This
indicates that there is no significant change in the pool of reactive species and no adsorption-

related change in selectivity of the radicals during the reaction. Similar observations were made

for the other chlorinated ethenes (Figures SI1B-3B). Figure 1B shows that there are only small
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differences between relative rate constants obtained by PS activation with various methods.
This is as to be expected when the oxidative species are identical. Furthermore, only small
differences were observed between chlorinated ethenes depending on their degree and pattern
of chlorination (< factor 3 in relative rate constants). This indicates that sulfate radicals
practically do not distinguish between the substitution patterns in chlorinated ethenes. These
results fit with data from the literature [13]. The similar substrate selectivity in thermally
activated PS and FeS-assisted PS activation can possibly be explained by the fact that the
chlorinated ethenes do not significantly adsorb to the FeS surface such that they are dominantly
attacked by freely dissolved sulfate radicals. This indicates that freely dissolved sulfate radicals
are the main reactive species in all three systems. When sulfate radicals are originally formed
on the surface of the FeS, they are released into the water bulk phase and react as free radicals
with the chlorinated ethenes. Therefore, the FeS surface does not play a major role in the
oxidation reaction beyond the PS activation. In contrast, it is noticeable that the two
homogeneous activation methods differ. In the literature it is described that Fe?* can also react
with PS to form Fe** as a reactive species [37, 47]. For this reason, PS experiments with methyl
phenyl sulfoxide were carried out with FeCA as activator. This is an established method for
quantification of Fe** species [37]. It was found that about 25% of the activated PS in our
experimental setup yields Fe** (see Figure S113). Even though this is only a quarter of the pool
of reactive species, it may have an effect on the selectivity pattern. At the same time, it is another

strong evidence that Fe** does not play a significant role in PS activation with FeS.
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Table 1: Calculated apparent second-order rate constants k (in 10° M- s1) at 20°C for reaction of chlorinated ethenes
with sulfate radicals generated from PS with thermal activation at 30°C. k-values were calculated according to eq. 3

with PCE as reference.

Compound k (in 10°M™ s?) at 20°C
PCEY 0.67+£0.01
TCE 1.24 +0.05
trans-DCE 0.92 £ 0.08
cis-DCE 0.92+0.11
1,1-DCE 2.35+0.08
VC 1.44 +0.06

1) Value obtained from competition reaction with CB (see Sl part).

3.1.2 Chlorinated ethanes

Figure 2A shows the double-logarithmic plot of 1,2-DCA oxidation versus 1,1,1,2-TeCA
oxidation. As with the chloroethenes, the slope of the regression line is constant over the full
range of conversion (see also Figures SI4B and 6B for the other chloroalkanes). Compared to
chloroethenes, larger differences in the selectivity pattern between homogeneous and
heterogeneous PS activation are obvious for chloroethanes (Figure 2B). Relative reaction rate
constants vary up to a factor of 5. It should be mentioned that the homogeneous activation of
persulfate using FeCA was not effective for the conversion of chloroethanes due to their low
reactivity towards sulfate radicals and Fe**, respectively. These findings are in agreement with

the literature [16].
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Figure 2: A) Example of the competition Kkinetics of 1,2-DCA oxidation with sulfate radicals related to 1,1,1,2-TeCA
oxidation. B) Relative reaction rate constants of chloroethanes oxidation with sulfate radicals. Sulfate radicals were
generated by activation of PS with various activation methods (Co.each chioroethane = 30 pM; Cores = 0.3 g LL; cops = 4 mM;

pHstart = 7; pHrinal = 2.4). Error bars represent the standard deviations of the slopes of regression lines as shown in A).

The relatively low differentiation of sulfate radicals in their reaction with these chloroethanes
in homogeneous solution, as shown in Figure 2B, is remarkable. This means that free sulfate
radicals only slightly distinguish between the chlorine substitution patterns in the molecule
(factors up to 4), although the reaction mechanism (H-abstraction) differs from that occurring
with chloroethenes (one-electron transfer). When FeS is used as PS activator, the selectivity
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pattern varies slightly. In this context, the possibility of reductive degradation of the compounds
via FeS should be examined. For this purpose, experiments were carried out with
hexachloroethane. After more than 5 hours of reaction time, no degradation of the
hexachloroethane could be observed (see Figure SI5). Thus, one can exclude that reduction
occurs at the FeS but also no reductive degradation by the persulfate radical, as recently shown
for anaerobic conditions [48]. The reactivity of chloroethanes with sulfate radicals in agqueous
solution is much lower than that of chloroethenes, which makes surface effects more significant.
This is in conformity with the hypothesis that the selectivity-controlling step is surface-assisted,
which indicates that surface-associated sulfate radicals and/or adsorbed substrates are involved.
Table 2: Calculated apparent second-order rate constants k (in 10° M- s'%) at 20°C for reaction of chlorinated ethanes

with sulfate radicals generated from PS with thermal activation at 30°C. k-values were calculated according to eq. 3

with 1,2-DCA as reference.

Compound k (in 10°M™ s?) at 20°C
1,1,1,2-TeCA 0.048 £ 0.001
1,1,2,2-TeCA 0.084 £ 0.003
1,1,2-TCA 0.117 £ 0.003
1,2-DCA Y 0.180 = 0.004

1) Value obtained from competition reaction with CB (see Sl part).

3.1.3 Chlorobenzenes

The third group of substances investigated in this study consists of eight chlorobenzenes. Also
in this case, constant slopes of the linear regression lines in double-logarithmic coordinates
were observed (see Figures 3A and SI7B, 10B, 11B). Chlorobenzenes also react with sulfate
radicals via one-electron transfer, which results in high reaction rate constants. Despite the fast
reaction with the radicals, we can still expect a significant influence of the FeS surface, since
the substrates tend to adsorb on the FeS surface through the aromatic n-system, which should
be affected by the substitution degree and pattern. The comparison of relative reaction rate

constants is shown in Figure 3B.
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Figure 3: A) Example of the competition kinetics of CB oxidation with sulfate radicals related to 1,2,3,4-TeCB oxidation.
B) Relative reaction rate constants of chlorobenzenes oxidation with sulfate radicals. Sulfate radicals were generated
by activation of PS with various activation methods (Co.each chiorobenzene = 20 pM; Cores = 0.3 g L% CoFeca = 5.4 mM; cops =
4 mM; pHstart= 7; pHrinal = 2.4). Error bars represent the standard deviations of the slopes of regression lines as shown
inA).

The first aspect that stands out here is that the relative reaction rate constants for the degradation
of chlorobenzenes show only minor gradations when using FeCA as PS activator (up to a factor
of 2 between CB and TeCBs). Thus, the influence of Fe** seems to be even more pronounced

here in comparison to the degradation of chlorinated ethenes. This means that the observed

selectivities with PS activation by FeCA cannot be used for the comparison between
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homogeneous and heterogeneous activation with respect to sulfate radicals. Therefore, if
mechanistic studies on persulfate activation/production of sulfate radicals are to be done,
dissolved Fe?* should not be utilized. When PS is activated heterogeneously using FeS particles,
the gradation is more distinct (up to a factor of 5) and also differs from thermal activation. The
lower the chlorine substitution degree is, the higher are the differences between homogeneous
and heterogeneous PS activation. Although the reaction rate constants of sulfate radicals and
chlorobenzenes are very high (similar to those of chloroethenes, compare Tables 1 and 3),
adsorption of substrates may be expected to affect observable conversion rates. It is reasonable
to assume that the adsorption affinity of chlorinated benzenes on FeS increases with rising
number of chlorine atoms in the molecule. From Figure 3, we see that CB reacts 5 times faster
than tetrachlorobenzenes in the FeS-activated system. This means that the difference in
observable chlorobenzene selectivities is due to different inherent reactivities of the benzenes
rather than to different adsorptive enrichment on the FeS surface. We consider this finding to
be a indication for participation of surface-assisted oxidant species with a higher selectivity

than freely dissolved sulfate radicals.

For the group of chlorobenzenes, some experiments with fixed pH value were also carried out
in order to determine whether the differences between homogeneous and heterogeneous PS
activation are due to pH changes during the reaction (see Figure SI19). However, the results
show no significant differences. Thus, these data support our hypothesis that the observed

selectivities are controlled by the mechanism of the PS activation.
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Table 3: Calculated apparent second-order rate constants k (in 10° M s) at 20°C for reaction of chlorinated
benzenes with sulfate radicals generated from PS with thermal activation at 30°C. k-values were calculated according

to eqg. 3 with chlorobenzene as reference.

Compound k (in 10°M™ s?) at 20°C
1,2,3,4-TeCB 0.41+0.02
1,2,3,5-TeCB 0.40 £ 0.03
1,2,4-TCB 0.88+0.08
1,2,3-TCB 0.35+0.03
1,4-DCB 1.33+£0.14
1,3-DCB 0.83+0.09
1,2-DCB 0.83+0.09
CB?Y 1.50

1) Value taken from [49].

Overall, the differences in the relative reaction rate constants of the individual substance groups
are significant for heterogeneous PS activation. Less-chlorinated compounds mostly react faster
than the higher-chlorinated ones. However, the most prominent point is that sulfate radicals
from FeS-promoted PS activation show higher selectivities than sulfate radicals from
homogeneous PS activation. In addition, FeS-activated PS can also lead to freely dissolved
radicals, so that a large part of the pollutant reacts in the water phase instead of at the FeS
surface. This makes the difference found for FeS and homogeneous PS activation even more
evident. The combined findings suggest that a different reactive species is at work - probably
surface-associated sulfate radicals. However, since the differences in selectivity are visible, but
not significant enough to support the hypothesis, intra- and intermolecular hydrogen kinetic
isotope effects (H-KIEs) were determined. They provide a powerful tool for distinguishing

between different reactive species in homogeneous and heterogeneous chemical reactions.

3.2 Kinetic isotope effects

Although the evidence discussed in Section 3.1 points to selectivity differences of the radicals
18



originating from the various PS activation methods, the results therein only suggest that the FeS
surface has a significant effect, but provide no information about the nature of this effect, i.e.
whether it is due to different radical species or substrate adsorption. Therefore, the H-KIE was
used to investigate whether the surface influences the radical species. H-KIEs provide a
versatile tool for elucidating reaction mechanisms [42, 50]. Due to the different chemical
reactivity of substrate isotopologues with reactive species, it is possible to distinguish between
these species and different reaction pathways. In this study, methanol isotopologues (CH3sOH,
CHD20H and CD30OH) were used as target compounds in order to measure inter- and
intramolecular KIEs. While in intermolecular KIE the competition between H- and D-
abstraction by the attacking radicals takes place on different molecules, in intramolecular KIE
the competition between H- and D-abstraction takes place in the same molecule. Figure 4 shows
double-logarithmic plots of the relative concentrations (co/c) of methanol isotopologues from
two oxidation experiments, with on the one hand hydroxyl radicals (from H.O2) and on the
other hand sulfate radicals (from PS), in homogeneous solution. The slopes of the regression
lines correspond to the intermolecular H-KIEs for hydrogen abstraction by hydroxyl and sulfate
radicals. It can be seen that the regression lines are strictly linear up to high methanol conversion
degrees (>99.8 %). Furthermore, the estimated KIE for hydrogen abstraction from methanol by

free sulfate radicals is about 2.3.
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Figure 4: Oxidation of CH3sOH and CDsOH (12 mM each) with H202 (45 mM) and PS (20 mM) in homogeneous

solution, both UV (254 nm) activated.

Similar oxidation experiments with methanol as substrate and sulfate radicals as oxidant were
carried out using FeS as PS activator in a heterogeneous reaction system. Figure 5 shows the
same double-logarithmic plot of relative methanol concentrations as in Figure 4. In the case that
the reactive species were to be the same in homogeneous and heterogeneous reactions, one
would expect a straight line with the same slope as in Figure 4. However, in two independent
experiments, one without and one with pH control, curved regression lines with different slopes
were observed. This means that the curvature of the lines is not caused by pH changes during
the reaction and shows therefore a shift in the primary H-KIEs of methanol oxidation.
Interestingly, the final slopes (final H-KIEs) of 1.36 and 1.01 in the heterogeneous system are
both below the characteristic H-KIEs of the sulfate (H-KIE = 2.28 + 0.02) and hydroxyl radicals

(H-KIE =1.99 £ 0.02) in the homogenous system. Obviously, the oxidation of methanol by PS

20



follows different kinetics or even different reaction mechanisms in homogeneous solution to

those in FeS suspension.
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Figure 5: Oxidation of CH3OH and CDsOH (12 mM each) with PS (20 mM), activated by FeS (0.5 g L) in suspension
with (pH = 3-2) and without pH control (pH = 5-1.5).

The significantly smaller apparent intermolecular H-KIEs in the methanol conversion in the
heterogeneous system compared to the homogeneous activation could be caused by an attack
of the radicals on the hydroxyl group of the methanol. The hydroxyl group is the same in
CH30OH and CDsOH and would therefore lead to H-KIEs around 1. Although this is not very
likely, such a reaction pathway cannot be excluded. The subsequent intramolecular 1,2-
hydrogen shift results in the same hydroxymethyl radical as in the abstraction of methyl

hydrogen, which can also end in formaldehyde (see eq. 4).
CH3-OH + X+ — CH3-O+ — -CH2-OH — — CH2=0 4)

Tracking the disappearance of reactants (as in Figures 4 and 5) yields reliable KIE values for
high but hardly for low conversion degrees. In this case, isotopic analysis of the reaction
products may be more suitable. The primary oxidation product of methanol is formaldehyde.
Figure 6 shows the isotope composition of the formaldehyde formed along the reaction
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progress. The formaldehyde becomes heavier (richer in D) the higher the methanol conversion
is. This tendency may have three causes: (i) the enrichment of CD3OH over CHsOH, (ii) the
subsequent formaldehyde oxidation with its own H-KIE and (iii) a shift in the primary H-KIEs
of methanol oxidation, as indicated already by the curved lines in Figure 5. Hence, in order to
obtain the primary H-KIE, the initial formaldehyde composition is needed. This composition
can be obtained by extrapolating the data sets towards a methanol conversion of zero (X—0,

c/co—1.0) (eq. 5).

(CcHz=0/Ccp2=0)x—0 /(CcHzon/Ccp3on)o = (KH/KD)initial (5)

kn and kp are the rate constants for the conversion of CH3OH and CD3OH, respectively. From
Figure 6 we estimate (kn/kp)initiar, = 3.0 £ 0.3. This value is significantly higher than all the
slopes taken from the educt disappearance Kinetics. It indicates that the initial reaction
mechanism is different from that prevailing at later reaction stages. Note that both approaches,

educt- and product-based, measure apparent intermolecular H-KIES = (Kn/Kp)intermolec.
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Figure 6: Oxidation of CHsOH and CDsOH (12 mM each) with PS (20 mM), activated by FeS (0.5 g L) in suspension.
Isotope composition of the formed formaldehyde (ccHz=o/ccpz2=0) along the reaction progress. Extrapolation to zero

methanol conversion (c/co — 1.0). The CcHz=o/Ccpz=0 values are normalized to (Cchson/Ccpson)o = 1.
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In order to verify the initial H-KIE and resolve the discrepancy of the previous values, the
intramolecular H-KIE for formaldehyde formation from CHD>OH was determined. In the case
of intramolecular H-KIEs, the competition between H- and D-abstraction by the attacking
radicals takes place in the same molecule. Unlike CH3OH/CD3OH mixtures, the isotopic
composition of the substrate (CHD>OH) remains constant during methanol conversion.
Therefore, the slope of the isotopic composition of formaldehyde vs. methanol conversion is
small and the accuracy of the extrapolated value is higher.
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Figure 7: Oxidation of CHD20H (12 mM) with PS (10 mM), activated by FeS (0.5 g L) in suspension. Isotope

composition of the formed formaldehyde along the reaction progress. pH = 3.0-2.5.

Figure 7 shows the isotopic composition of formaldehyde formed from CHD>OH. Thereby, a
primary H-abstraction of methanol leads to CD>=0, while a primary D-abstraction gives
CHD=0. Due to the fact that in the parent molecule two D-abstractions and only one H-
abstraction is possible, the statistical factor 2 for the intramolecular H-KIE per carbon-hydrogen

bond must therefore be taken into account (eg. 6).

(Kn/Kp)intramolec = 2 X (Ccp2=0 / CCHD=0)X—0 (6)
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Since formaldehyde is an intermediate and not a final product of methanol oxidation, its isotopic
composition must again be extrapolated to a methanol conversion of zero. The intramolecular
H-KIE thus obtained after accounting for the statistical factor is: (kn/Kp)intramolec = 2 x 1.51 =
3.02 + 0.05. This value can be considered as the "true™ or intrinsic KIE, as it is least affected by
possible perturbations such as mass transfer limitation or previous adsorption steps. It agrees
with the initial intermolecular H-KIE derived from the formaldehyde composition in the
CH30OH/CD30OH competition experiment with FeS as activator. This means that H-KIEres is

3.0, which is significantly higher than H-KIEnom (2.3).

In summary: the measured H-KIEs for methanol oxidation in the presence of FeS do not clarify
the reaction mechanism, but they give clear evidence of what it is not. The function of FeS is
not (only) an assistance in the production of freely dissolved sulfate radicals from PS. Rather,
FeS plays the role of a heterogeneous catalyst which assists in surface-associated substrate
oxidation, as already postulated in section 3.1. This conclusion is based on the known H-KIE
for hydrogen abstraction by freely dissolved sulfate radicals (Figure 4). One can hypothesize
that the FeS-assisted oxidation involves surface-associated species which attack substrates such
as methanol with a higher selectivity (higher H-KIE) than free sulfate radicals. Nevertheless,
this does not preclude free sulfate radicals from contributing to the overall oxidation reaction,

especially in the reaction system with methanol as a weakly adsorbing substrate.

4 Conclusions

In the framework of this study, the influence of the persulfate activator FeS on the selectivity
of oxidation reactions was examined. Various chlorinated compounds from three classes were
degraded with sulfate radicals generated by homogeneous or heterogeneous activation of
persulfate. The obtained kinetic data show that freely dissolved sulfate radicals produced by
thermal activation discriminates less between chlorine substitution patterns in a molecule,

whereas the heterogeneous activation with FeS converts the same substance cocktail with a
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higher selectivity. This leads to the hypothesis that sulfate radicals generated on the FeS surface
react in the form of surface-associated radicals, which show a different selectivity than the
freely dissolved sulfate radicals. This hypothesis was supported by measuring inter- and
intramolecular hydrogen kinetic isotope effects for methanol oxidation, whereby the FeS-
activated PS leads to a higher selectivity than the homogenously activated PS. Therefore, it can
be concluded that activation of PS using FeS as heterogeneous activator, and in most cases also
the pollutant degradation itself, takes place mainly at the surface of the FeS rather than in
solution. In addition, experiments using FeCA as a PS activator showed significantly different
results in the selectivity pattern compared to thermal activation, which can be attributed to the
formation of Fe** as a reactive species. Therefore, when using FeCA as an activator, caution

should be used when interpreting rate constants and comparing activators.
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1 Kinetic considerations for system comparison
The double-logarithmic plot of relative concentrations of two substances is based on the

following rate equations on the reaction kinetics:

dey

-— = L (kiR €1 cRi) (SI1)

with ¢1 and cri as the concentrations of the target compound 1 (e.g. PCE or CH3OH or CD30OH)
and the reactive radicals R;, e.g. sulfate radicals or chlorine atoms etc. ki ri is the second-order
rate constant of the H(D)-abstraction or electron transfer by the radical R; from the target

component 1. The sum is formed over all reactive radicals Rj in the solution.

When considering the conversion of a binary mixture of the components 1 and 2, it results eq.

SI2.

de; _ X (kiric1 - cri)

e ZVRIC €L CRI 12
dey  X(kogri €2 cri) (512)
lnc—1

c10 X (ki Ri cri) (SI3)

ln;—z 2 (kR Cri)
2,0

with c10and cz as the initial concentrations of the two components 1 and 2. When plotting
In(ci/c10) vs. In(c2/C20), [X (KuriCri)] / [ (Kzri-Cri)] is the slope at any point of the regression
curve along the substrate conversion. In case of dominance of only one reactive radical R; or a
constant (stationary) pool of reactive radicals the slope is constant over the entire conversion
range. It results a linear regression line. The slope of this line is the ratio ki ri/kori = (ki/k2)ri. In
case of components 1 and 2 are isotopologues of a compound, this ratio is equivalent to a kinetic

isotope effekt (KIE) (ku/kp)ri.

When the pool of reactive radicals is changing along the substrate conversion (ci/c1,0), the value
of the quotient on the right side of egs. SI2 and 3 may vary, depending on the selectivities of the

radicals (ki/k2)ri and their concentration ratios (Cri/Crj). In case of a significant conversion of
2



sulfate radicals into chlorine radicals (in the presence of chloride) or OH radicals (in the presence
of OH") this would (most likely) result in a curved regression line in the double-logarithmic

concentration plot. Such a curvature was not observed in most competition experiments.

2 Selectivity of sulfate radicals generated by various PS activation methods
2.1 Chlorinated ethenes

2.1.1 PS activation with FeS
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Figure SI1: A) Degradation of chlorinated ethenes with sulfate radicals and B) competition kinetics of chlorinated
ethenes oxidation with sulfate radicals related to PCE oxidation. Sulfate radicals were generated by activation of PS
with FeS (Co,each chioroethene = 120 pMj; Cores = 0.3 g LL; Cops = 4 mMM; pHstart = 7; pHfinal = 2.4). The error bars are the
average deviation of single values from the mean value from three replicate experiments.



2.1.2 PS activation with FeCA
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Figure SI2: A) Degradation of chlorinated ethenes with sulfate radicals and B competition kinetics of chlorinated
ethenes oxidation with sulfate radicals related to PCE oxidation. Sulfate radicals were generated by activation of PS
with FeCA (Coeach chioroethene = 120 pM; Co,reca = 5.4 MM Cops = 4 MM; pHstart = 7; pHrinal = 2.4). The error bars are
average deviations of single values from the mean value from three replicate experiments.

2.1.3 Thermal PS activation

A l18m $ B 35
B
éa 3
0,8
’ ®
2 2,5 y =2.53x
0,6 1 — R?2=0.98
s g 2
T D < o
04 < 1,5 |y=2.06x R o |
’ E Rz =0.99 .'._..".. ........... A
0,2 - g
0
0 50 100 0,6 0,8
t [h] In(Co/C)pce
OPCE OTCE +1,1-DCE % trans-DCE A cis-DCE © VC OTCE 1,1-DCE trans-DCE  Acis-DCE ©VC

Figure SI3: A) Degradation of chlorinated ethenes with sulfate radicals and B) competition kinetics of chlorinated
ethenes oxidation with sulfate radicals related to PCE oxidation. Sulfate radicals were generated by thermal activation
of PS at T = 30°C (Co,each chioroethene = 120 pM; Co,ps = 4 mMM; pHstart = 7; pHiinal = 2.5). The indicated error bars are
average deviations from the mean value from two replicate experiments.



2.2 Chlorinated ethanes
2.2.1 PS activation with FeS
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Figure S14: A) Degradation of chlorinated ethanes with sulfate radicals and B) competition kinetics of chlorinated
ethanes oxidation with sulfate radicals related to 1,1,1,2-TeCA oxidation. Sulfate radicals were generated by activation
of PS with FeS (Co.ach chloroethane = 30 M Cores = 0.3 g L%; cops = 4 MM; pHstart = 7; pHfinal = 2.4). The indicated error
bars are average deviations from the mean value from three replicate experiments.
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Figure SI5: Degradation of hexachloroethane with sulfate radicals. Sulfate radicals were generated by activation of PS
with FeS (Cohexachloroethane = 30 pM; Co,res = 0.3 g L™%; Cops = 4 MM ; pHstart = 7; pHrinal = 2.4). The indicated error bars are
average deviations from the mean value from two replicate experiments.



2.2.2 Thermal PS activation
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Figure S16: A) Degradation of chlorinated ethanes with sulfate radicals and B) competition kinetics of chlorinated
ethanes oxidation with sulfate radicals related to 1,1,1,2-TeCA oxidation. Sulfate radicals were generated by thermal
activation of PS with T = 30°C (Coeach chioroethane = 30 pM; Cops = 4 MM; pHstart= 7; pHrinal = 2.6). The indicated error bars
are the deviation from the mean value from two replicate experiments.

Figure SI6A reveals that the degradation of chloroethanes does apparently not follow first-order
Kinetics. However, ci = f(t) as shown in Figure SI6A does not necessarily reflect the reaction
order with respect to ci, rather it reflects the complex overall kinetics inclusive radical
concentrations along the reaction time. The applicability of the used data evaluation method (eq.
3 in the main part) is validated by the linearity of correlation lines in the double-logarithmic plot

(Figure SI6B).



2.3 Chlorinated benzenes
2.3.1 PS activation with FeS
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Figure SI7: A) Degradation of chlorinated benzenes with sulfate radicals and B) competition kinetics of chlorinated
benzene oxidation with sulfate radicals related to 1,2,3,4-TeCB oxidation. Sulfate radicals were generated by activation
of PS with FeS (Co,each chlorobenzene = 20 pM;; Co,res = 0.3 g L™%; cops = 4 mM; pHstar= 7; pHiinal = 2.4). The indicated error
bars are the deviation from the mean value from three replicate experiments.
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Figure SI8: A) Degradation of chlorinated benzenes with sulfate radicals and B) competition kinetics of chlorinated
benzene oxidation with sulfate radicals related to 1,2,3,4-TeCB oxidation. Sulfate radicals were generated by activation
of PS with FeS (Co.each chiorobenzene = 20 pM; Cores = 0.3 g L% cops = 4 mM; pHstart= 3).
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Figure SI9: Relative reaction rate constants of chlorinated benzene reaction with sulfate radicals. Sulfate radicals were
generated by activation of PS with FeS at different starting pH (Co,each chiorobenzene = 20 pM;; Cores = 0.3 g L™%; cops =
4 mM; pHstart= 3 or 7). The error bars represent standard deviations of slopes of regression lines.

2.3.2 PS activation with FeCA
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Figure S110: A) Degradation of chlorinated benzenes with sulfate radicals and B) competition kinetics of chlorinated
benzene oxidation with sulfate radicals related to 1,2,3,4-TeCB oxidation. Sulfate radicals were generated by activation
of PS with FeCA (Co.each chiorobenzene = 20 pM; CoFeca = 5.4 MM Cops = 4 MM; pHstart = 7; pHfinat = 2.4). The indicated error

bars are the deviation from the mean value from three replicate experiments.



2.3.3 Thermal PS activation
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Figure SI11: A) Degradation of chlorinated benzenes with sulfate radicals and B) competition kinetics of chlorinated
benzene oxidation with sulfate radicals related to 1,2,3,4-TeCB oxidation. Sulfate radicals were generated by thermal
activation of PS at T = 30°C (Co,each chlorobenzene = 20 pM; Co,ps = 4 MM ; pHstart = 7; pHrinal = 3.4). The indicated error bars
are the deviation from the mean value from three replicate experiments.

Figure SI11A shows that the degradation is only just beginning. Due to the low degree of
conversion, the measured concentrations are less than 25 % different from Co chiorinated substance, thus
the results are prone to higher uncertainty. However, since the values are reproducible, we

decided to consider the experiment and show the results here.

3 Apparent second-order rate constants

Experimental: The reactions were carried out in 60 mL crimped serum bottles with starting
concentrations of PCE, 1,2-DCA and CB of 0.02 mM in 50 mL aqueous solution in two separate
cocktails. In the competition kinetics experiment with 1,2-DCA and CB and PCE and CB, heat
activation of PS at 30°C was used. The gas phase was sampled and analyzed using a GC-MS
device for competition kinetics with PCE and CB. 1 mL aqueous samples were taken and
extracted with chloroform for competition kinetics of 1,2-DCA and CB (spiked with toluene-ds
as internal standard). The addition of 1 mL of PS stock solution (200 mM) to the bottles marked
the reaction start (to). Periodically, the gas phase was analyzed with GC-MS directly (PCE and

CB) or 1 mL aqueous samples (maximum 10% of the total volume) were collected from the
9



bottles for extraction (1,2-DCA and CB), whereby the extracts were analyzed by means of GC-
MS-QP2010.
Results: The apparent second-order rate constants of PCE and 1,2-DCA with SOs" were

determined on the basis of competition Kinetics. CB was selected as a reference compound with

known second-order rate constant of k(s 5gec = 1.5 x 10° Ms at 20°C [1]. This value can

also be used for homogeneous activation at 30°C. The reason for this is that the differences
between the activation energies of the individual compounds are (presumably) small and the
difference between 20°C and 30°C is only a few Kelvin. Together, this results in only small
uncertainties in the reaction rate constant (<10%). For two solutes A and B undergoing rate-
limiting elementary bimolecular reactions with a common reactant, e.g. SO4" (eq. SI4), in the

same homogeneous reaction solution, the rate laws are as shown in egs. SI5 and SI6:

A(B)+ SO} ]i?% products of A(B) (S14)
A~ K3 csoy e (S15)
Bk csoy " (S16)
dea K" ca (SI17)

dCB kSBOZ CB

Since the concentration of SO4" is identical in egs. SI5 and SI6 at any time t, they can be
combined to eq. SI7. By integration, eq. SI8 is obtained, which shows that the ratio of the rate
constants for reactions with sulfate radicals for the two compounds A and B can be determined

from a double-logarithmic plot of the residual relative concentrations of the two compounds (see

Figure S12).
Non
cat _ka CBt
n . kEOZ In p— (S18)
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Figure S112: A) Competition kinetic plots and the calculated apparent second-order rate constants for the reaction of
PCE with SOy (Corce = cocs =20 pM; T = 30°C; Cops = 4 mM; pHstart = 7; pHfinal = 2.4). B) Competition kinetic plots
and the calculated apparent second-order rate constants for the reaction of 1,2-DCA with SOj; (o, 1.2-bca = Cocs =

20 pM; T = 30°C; cops = 4 mM; pHstart= 7; pHfinal = 2.4).

4 Estimation of Fe(1V) participation
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Figure S113: A) Degradation of methyl phenyl sulfoxide (PMSO) with FeCA activated PS and formation of methyl
phenyl sulfone (PMSO2) B) Yield of PMSOzover time. (Copmso = 10 mg L™; coreca = 5.4 mM; cops = 4 mM; pHstart = 7;
pHrsinal = 2.4). The indicated error bars are the deviation from the mean value from two replicate experiments.

In order to evaluate the contribution of Fe** in the activation of PS with FeCA, methyl phenyl

sulfoxide (PMSO) was used as a probe compound. It is known that PMSO is oxidized by Fe**

species to the corresponding sulfone (methyl phenyl sulfone (PMSO,)), while sulfate radicals

oxidize PMSO to biphenyl compounds [3]. Therefore, the yield of PMSO. provides information

about the involvement of the reactive species. As can be seen in Figure S113, the yield of PMSO;

is about 25% and, therefore, the oxidant Fe** could markedly influence the selectivity pattern.
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