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ABSTRACT

The catalytic nature of particulate matter is often advocated to explain its ability to generate
reactive oxygen species, but quantitative data are lacking. We have performed molecular
characterization of three different carbonaceous nanoparticles (NP) by: 1. identifying and
quantifying their surface functional groups based on probe gas-particle titration; 2. studying the
kinetics of dissolved oxygen consumption in the presence of suspended NP’s and dithiothreitol
(DTT). We show that these NP’s can reversibly change their oxidation state between oxidized
and reduced functional groups present on the NP surface. By comparing the amount of O,
consumed and the number of strongly reducing sites on the NP, its average turnover ranged from
35 to 600 depending on the type of NP. The observed quadratic rate law for O, disappearance
points to a Langmuir-Hinshelwood surface-based reaction mechanism possibly involving
semiquinone radical. In the proposed model, the strongly reducing surface site is assumed to be a
polycyclic aromatic conjugated hydroquinone whose oxidation to the corresponding quinone is
rate-limiting in the catalytic chain reaction. The presence and strength of the reducing surface
functional groups are important for explaining the catalytic activity of NP in the presence of

oxygen and a reducing agent like DTT.
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INTRODUCTION

Oxidative stress is now recognized as a very important mechanism that possibly explains the
effect of particulate matter (PM) on health.! Oxidative stress can be defined as the uncontrolled
production of reactive oxygen species (ROS, like OH", O,", HO,', HO,", H,0,, etc.) at the
cellular level, modifying the biological redox balance, and inducing a sequential upregulation of
the synthesis of defense enzymes (antioxidants) followed by inflammation processes when

defenses are overwhelmed which eventually lead to cellular toxicity.’

One often advocated hypothesis that explains how a small amount of deposited particles in the
reducing environment of the lungs® can generate a large amount of ROS is that particles act
through interfacial (heterogeneous) catalysis and are able to maintain a ROS production in
biological systems.*® Such processes have often been reported for acellular assays involving
ambient particles and occurring in a reducing environment containing molecular oxygen.”® By
definition, a heterogeneous catalyst consists of a solid which will modify the reaction kinetics
between two reactants, without being consumed itself and thus changing the global

stoichiometry. Two main features are noteworthy: 1. The catalyst controls certain elementary



steps, usually by increasing its specific rate constants, for instance for oxidation; 2. The catalyst
is continuously restored to its original state after reaction in what is called redox-cycling when
the catalyst returns to its initial oxidation state; such a reaction-regeneration or redox cycle
occurs many times with the catalyst and corresponds to its turnover. From a molecular point of
view, turnover is defined in the present case as the ratio of O, consumed to the number of
reducing catalytic sites involved at the nanoparticle interface. The way and where these ROS are

formed is still not clearly understood, but particulate surface redox cycling of metal ions,***

12-15 4,16, 17

quinones, or “environmentally persistent free radicals” (EPFR) are often advocated for
ambient particles. In addition, such a redox activity has been shown to partition between the
(water/organic) soluble fraction and the insoluble elemental carbon core®® for ambient particles.
Such a phase partitioning may be quite variable, depending on the PM composition,
photochemical processes (oxidation and aging) and particle surface properties.® The chemical
mechanism® *® includes reactions of redox active compounds and/or surface functionalities on
the particle surface that reduce molecular oxygen to superoxide anion (O,7) in a single electron
transfer step coupled to subsequent regeneration of the redox active species/function by reducing
agents present in the environment. Whereas such a catalytic redox activity of PM is mentioned to
take place “many times”,® very few studies report on a quantitative evaluation of the turnover
number or frequency for such a process. Khachatryan et al."® reported that 1 EPFR generated
approximately 10 OH" free radicals for the model system 2-monochlorophenol associated with
copper oxide-containing silica particles in phosphate buffered saline. A number of investigators
prefer not to identify the specific redox reactions at hand and generally refer to redox cycling of

reactive sites located at particle interfaces without giving proof of evidence.”® There is a clear

need for understanding how such a catalytic activity arises® including the identification of the



chain carriers active in the redox-cycling oxidative chain reaction. The investigation of the
reactivity of the particle (catalyst) redox-active sites involved in the change of oxidation state

during reaction is thus necessary.

Dithiothreitol (DTT) is a strong reducing agent and is very often used to probe the oxidizing
behavior of bioorganic systems in solution as well as in an assay format for reactivity testing of

particles." The mechanism of DTT oxidation is complex and radical-induced oxidation chemistry

20, 21 22, 23

has been demonstrated under radiolytic conditions or in the presence of metal ions,
involving oxygen and sulfur-based free radical intermediates. Previous work in our laboratory
indicated that such catalytic processes may take place in the DTT assay in the presence of
different carbon black (CB) and diesel particulates.?* The most important observation was that

the presence of strongly reducing surface functional groups (probed with the weak oxidizer NO;)

apparently are associated with the DTT consumption rate.

In this paper, we present quantitative data regarding the kinetic characteristics of the catalytic
surface process between carbonaceous nanoparticles and DTT in the presence of dissolved
oxygen in aqueous solution. More specifically, we display the rate law for the radical chain
reaction for oxidation of DTT in the presence of an aqueous suspension of carbonaceous (soot
and amorphous carbon) nanoparticles (NP), chain reaction overall stoichiometry and chain length
for different NP substrates. We propose an overall mechanism for this particular system and a
quantitative framework for the understanding of the catalytic chain oxidation of a model

antioxidant by particles is presented.
EXPERIMENTAL SECTION

Nanoparticles and chemicals



Two different CB NPs (FW2 and Printex 90, both from Evonik, Germany) and one reference
diesel material (SRM 2975, Promochem, Germany) were used in this study. These particles
presented different surface polarities (FW2 being more oxidized than Printex 90, with SRM 2975
being intermediate) and may be considered as particles mainly composed of elemental carbon
with a low mass of adsorbed organics (less than 6% by weight).?* The extractable organic
fraction in dichloromethane is reported to be 2.7+0.2%* for SRM 2975. Particle characteristics
have already been published.”® The Supporting Information Section, Table S1 lists the
experimental decay rates of DTT and O, in aqueous solution as well as the type and quantity of

relevant surface functional groups of the three investigated carbonaceous NP materials.

The particles were suspended in water containing the non-ionic surfactant polyoxyethylene
sorbitanmonooleate (Tween 80®, Fluka) at a concentration of 0.6 mg L™. Just prior to conducting
the DTT assay, a stock suspension of 50 mg L™ of NP was prepared in 0.6 mg L™ Tween 80°
and sonicated for 15 minutes at 180 W in a water bath set at 30°C. Further dilution of the stock
particle suspension with the same media followed by a 15 minute sonication was performed in

order to obtain final particle concentrations between 4-50 mg L™.%°

21, 28 the oxidation-

In anticipation of the results of the present study and as reported by others,
reduction reactions take place on the particle surface. Therefore, the chemical reactivity at the
interface of carbonaceous NP’s were characterized in terms of surface functional groups using
chemical titration at molecular flow conditions in a Knudsen reactor, as described by Setyan et
al.?® Briefly, a molecular flow of a reactive probing gas is passed through a reactor containing the
sample to specifically interact with functional groups on the surface of the particle during its gas-

residence time. The temporary decrease of the exiting gas flow is recorded and can be related to

the number of reacting sites on the particle. We used four different gas probes (trimethylamine



N(CHj3)s, hydroxylamine NH,OH, ozone O3 and nitrogen dioxide NO,) to titrate Bronsted/Lewis
acids, carbonyls/electrophiles, sum of reducing and strongly reducing surface functional groups,
respectively (see Supporting Information, Table S1). The strongly reducing surface functional
groups correspond thus to a subgroup in the sum of all reducing functional groups on the NP
surface. Additional characterization of the particulate surface has been performed by Fourier
transform infra-red (FTIR) spectroscopy. The FTIR spectra of the soot samples were recorded in
the range 4000 - 500 cm™ on a Varian FTIR-Excalibur spectrometer using the KBr pellet
technique. The particle concentration in the KBr pellet was comprised between 0.03-0.16% (wt).
Before measurement, the ground mixture was heated overnight in an oven set at 105°C, in order

to evaporate adsorbed water. A total of 10 scans were co-added at a spectral resolution of 4 cm™.
O, and DTT consumption assay

The kinetics of oxygen consumption in the reacting system DTT - NP- O, has been studied in an
air-tight reactor (total volume 14.3 ml) using a Clark electrode as sensor (Oxi 3401, WTW,
Germany). The sensor was calibrated on a daily basis, by putting it in an air-saturated aqueous
environment at ambient temperature. The reactor consisted of a screw cap tube with two side
arms capped with silicone septa (see Supporting Information, Figure S1). After filling the reactor
with a phosphate buffer (62 mM, pH 7.4), containing 7 mg L™ Tween 80%, the calibrated Clark
electrode was passed through an O-ring-sealed screw cap and the system was tightly closed by
taking care to avoid air bubbles. A needle connected to a Teflon lid was introduced through the
septum of one sidearm in order to discard excess solution during the injection of reactants which
took place from the other sidearm. Once the magnetic stirrer was switched on, the oxygen
concentration was recorded until stabilization (approximately 8 mg L™, 10 minutes). A typical

experiment was performed in two steps: First, the initial oxygen consumption rate in the



presence of DTT only (R«DTT) was measured. The Teflon lid was briefly opened, 50 ul of 28
mM DTT standard solution (corresponding to 100 uM in the reactor) was injected through one
side arm using a syringe and the lid closed thereafter. The slow decrease of O, concentration was
recorded every minute during at least 15 minutes; Second, the oxygen consumption was
measured in the presence of particles. Without interrupting the monitoring of the oxygen
concentration, the Teflon lid was opened again, 1 ml of the particle suspension was injected from
the opposite arm and the lid eventually closed. The decrease of the O, concentration in the
reactor was recorded until a constant O, concentration was observed. In order to demonstrate that
PM was still reactive in this system, we successively added aliquots of 50 ul of the standard DTT
solution, once or twice for Printex 90 and FW2, respectively, and the decrease of O,
concentration was again recorded. The experimental design allowed us to determine the initial O,
consumption rate at different dissolved oxygen concentrations. We also verified that the injection
of particle suspensions without DTT did not lead to a change in the dissolved O, concentration as

a function of time (data not shown).

The DTT consumption was determined following a published method.?® Briefly, 5 ml of DTT
100 uM in 0.1M phosphate buffer pH 7.4 and 5 ml of particles suspension were incubated at
37°C with magnetic stirring. At different times (approximately every 5-10 min during 60 min),
500 pl of the reacting solution was taken and the non-oxidized DTT content determined by
reaction with 10 mM of 5,5’-dithiobis(2-nitrobenzoic acid) in water. The resulting 5-mercapto-2-
nitrobenzoic acid was determined colorimetrically at 412 nm. Blank runs in absence of
suspended NP’s were performed in parallel in order to correct for the rate of DTT consumption

in the slow auto-oxidation of DTT.

Data treatment



The initial rate of dissolved oxygen consumption (R.x) was calculated from the slope of the
initial [O,] traces. It was corrected for R«DTT determined in the absence of solid particles by
simple subtraction of the (measured) background from the measured sample rate. The initial rate
of O, consumption measured as the tangent of the recorded and calibrated O, concentration at t =
0 therefore corresponds to the initial sample rate in the presence of suspended carbonaceous

particles.

RESULTS AND DISCUSSION

Experimental rate of O, consumption

Figure 1 shows a typical example of the dissolved O, concentration as a function of a triple
sequential addition of DTT in the presence of a FW2 suspension. At t = 21 minutes an aliquot of
DTT is added in the absence of FW2 without visible effect on [O,]. After injection of 1 ml of
aqueous FW2 suspension, O, starts to decrease until all DTT has been consumed. At t = 68
minutes a second identical amount of DTT was added at a lower measured O, concentration
accompanied by a significant decrease of [O,]. Finally at t = 104 minutes a third identical
amount of DTT was added which led to another decrease of [O,]. Obviously, we did not wait
long enough after the third addition of DTT in order to reveal the asymptotic level of [O;]
because the experiment was terminated at t = 135 minutes. The simultaneous presence of DTT
and an aqueous suspension of FW2 is required in order to observe a measurable decrease of [O].
The initial slope of [O] as a function of time (Table 1) corresponds to the rate of initial O,
consumption, which decreases after each addition of DTT owing to the decreasing level of [O,]

in solution.
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Figure 1: Typical response of the calibrated Clark oxygen electrode to a single addition of
amorphous carbon suspension (initial concentrations in the reactor: FW2 27 mg/L) and three
sequential, albeit identical amounts of DTT (initial concentration of DTT in the reactor: 113
1M). Conditions: pH: 7.4; Tween 80®: 0.74 mg L™, T: 25°C. The initial O, level corresponds to
saturation in water at 298 K corresponding to a Henry’s law constant of Hc, = 1.3x10®° mol m?

Paor 1.32 x 10° M atm™ or 264 uM in 1 atmosphere of air (20% (v/v) O,).%°

The averaged value for the initial oxidation of 100 uM DTT alone (RxDTT) observed for all the
tests was as low as 0.330.18 pM min™ (n=19). All consumption rates of DTT in the presence of
NP’s (Rox) were corrected using this value. Table 1 presents the averaged initial rates of O,
consumption for the three types of investigated particles when DTT is injected in a repetitive

way (total of three injections for FW2, two for Printex 90 and one for SRM 2975).
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Table 1: Initial rate of O, consumption (with standard deviation) for the three amorphous carbons
studied. Two and one identical subsequent additions of DTT have been performed for FW2 and
Printex 90, respectively. The third column displays the acceleration of the O, consumption rate
in the presence of particles (Rox) compared to the corresponding control run without particles
(RoxDTT). Conditions in the reacting media: DTT: 100 uM; particle: 27 mg L™; phosphate buffer

62 mM, pH 7.4.

Initial rate Initial rate (mass normalised)
O, consumption (R,x) O, consumption (R,,/M)

n  [umol O, L min] [umol O, L  min? mg?]  Ratio Ryy/RoxDTT
RDTT (no partices) 19~ 03+02 - _ _ - _ _
FW2 (1% inj) 9 6.1+25 174+ 45 18.7
FW2 (2" inj) 5 3.0+14 8.6+3.1 9.2
FWw2@3i) 3 21+06 _  58%15 65
Printex 90 (1% inj) 4 28+24 6.4+4.4 8.6
Prinex90 ") 2 _ _10x04 2416 _ _ _ 29 _ _
SRM 2975 4 1.8+0.7 3.8+19 5.4

As shown in Table 1 for first injections of DTT and depending on [O,], the decay rate of
dissolved O, is approximately 6-20 times faster in the presence of NP compared to without at an

average particle loading of 27 mg L™
DTT decay in the presence of an agueous suspension of carbon nanoparticles

The plot of [DTT] = f(t) has always been observed to be linear or quasi-linear in the time range
considered (0-60 min) under all experimental conditions, at variance with the expected
exponential decay.”® The DTT disappearance rate at an initial DTT concentration of 50 uM is
also a function of the particle mass (from 0-8 mg L) that linearly correlates with the DTT rate

of disappearance (Figure 2).
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Figure 2: Plot of the DTT consumption rate in aqueous solution at ambient temperature as a
function of the mass-based concentration of the displayed particles. The least-squares straight
line through the origin corresponds to the mass-based DTT reactivity (umol DTT min™ mg™).
The horizontal dotted line corresponds to the estimated limit of detection, corresponding to 3

times the standard deviation of the blank.

The slope of this correlation or the initial ratio of the DTT consumption rate to the NP mass is
thus a constant and may be considered a particle characteristic. If the NP mass concentration in
Figure 2 is replaced with the NP surface concentration we also obtain a significant linear
dependence (not shown), however the resulting sequence of the rate coefficient, namely SRM

2975 > FW2 > Printex 90 is reversed from the order FW2 > Printex 90 > SRM 2975 displayed in

12



Figure 2. The obvious reason is attributed to the different value of the absolute surface-to-
volume ratio as measured by the Brunauer-Emmett-Teller (BET) specific surface area (Table S1,
Supporting Information). In addition, the initial DTT consumption rate is proportional to the
initial DTT concentration under the present conditions (see Supporting Information, Figure S2).
The linear decay kinetics of DTT in contrast to the O, decay is presently not understood,
nevertheless it has been observed by several workers.> " ® % However, the DTT decay kinetics
was not the focus of the present study, rather we emphasize here the O, decay kinetics in the
presence of DTT and suspended NP’s. The oxidation of DTT is reasonably fast both under acidic
and basic conditions,?®% however, it is a complex chain reaction with many different pathways

and numerous intermediates that will be studied in greater detail at a later stage.
Stoichiometry of the reaction in relation to DTT and O,

Based on the established reaction of DTT oxidation by oxygen,” ?° we expect a stoichiometry of

2:1(DTT : Oy), as indicated by reaction (A) being the sum of the partial reactions (1) — (3):

13



HO HO

SH S
+20, —> | + 20, + 2H" (1)
HO SH HO S
2 02°- + 2 H+ — H,0, + O, (2)
HO SH HO S
+ H,0, —> | + 2H,0 ()
HO SH HO S
HO SH HO .
2 +0, —2 | + 21,0 (A)
HO SH HO S

Assuming that all the added DTT reacted quantitatively as suggested in Figure 1 where the O,
consumption ceased after a given amount of time after each addition of DTT, the stoichiometric
ratio was calculated based on the amount of DTT added and therefore available for reaction as a
function of the amount of oxygen consumed ([DTT]o/A[O2], Figure 3). An experimental
stoichiometric ratio [DTT]o/A[O2] = 1.5+ 0.3, 1.2 + 0.2 and 1.6 + 0.2 is determined for FW2,
Printex 90 and SRM 2975, respectively. In addition, Figure 3 shows that the measured
stoichiometry is similar for all three types of NP within the uncertainty of the experimental
technique. The overall oxidation of DTT by oxygen (reaction A) is thermodynamically favorable
as Eo (DTTo/DTT) = - 0.33 V and Eq (02/H,0) = + 1.229 V* but kinetically slow because of

slow steps in the molecular mechanism.*

14
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Figure 3: Number of DTT molecules present in solution and plotted against O, molecules

consumed. Least squares lines are forced through the origin.

The fact that the experimental ratio of total DTT available to O, consumed for each particle is
smaller than the ideal value of 2.0 according to the simple scheme (A) suggests that on average
we have a shortfall of 25 - 40% of DTT that is not oxidized. In other terms, the consumed O, is
reacting with another reactant instead of DTT. O, but more probably one of its reaction
intermediates, is apparently reacting with another species instead of DTT. During the redox
process, O," and H,0, are generated, which can further react with other components present in
solution. Reaction between DTT and H,O, has been reported by different authors.*™ 2 2% % |n
order to accommodate the loss of DTT oxidation relative to O, consumed, we propose the

following additional reaction which takes into account the experimentally measured

stoichiometry of less than two molecules of DTT per O, consumed:

dH;O,+dDTT = d DTTe +2dH,O 4)

15



(1-d)H02+ (1-d)PM = (1-d) PMyyx + 2 (1-d) H,O (5)

where PMyyxx may be identified with an irreversibly oxidized NP site that is lost for reversible
redox cycling and therefore represents a loss of catalyst. Given the nature of the carbonaceous
substrate there should be many available oxidizable sites where H,O, may be consumed. Table
S1 in the Supporting Information reveals that the strongly reducing surface groups represent 1.3,
1.6 and 0.5% of a formal monolayer of adsorbed NO, for FW2, Printex 90 and SRM 2975,
respectively. However, the sum of all oxidizable sites is significantly larger than the strongly
reducing sites by factors of 3 to 20 (Supporting Information, Table S1) so that H,O, may be
reduced by many reducing sites other than the available strongly reducing sites. Every H,0,
consumed in reaction (5) will decrease the oxidation yield of DTT because it will not be
available to oxidize DTT in reaction (4). Instead, H,O, is consumed on one of the many existing
reduced sites of the carbon nanoparticle that will therefore not participate in redox cycling
anymore and thereby represents a loss of oxidizer. Parameter d is a number between 0 and 1
where d = 1.0 corresponds to the simple mechanism (3) whereas d = 0 corresponds to a situation

where all H,O, is consumed in order to generate PMgy resulting in [DTT]/A[O2] = 1.0. The

branching ratio d/(1 - d) therefore controls the numerical value of [DTT]o/A [O2].
Catalytic activity

The observed increase of O, consumption in presence of DTT and particles compared to without
particles (Table 1) imply that reducing functional groups present on the particle surface are
involved in the DTT oxidation process by dissolved O,. In a previous paper from our
laboratory,® different surface functional groups simultaneously present on carbonaceous

particles were observed to be important for explaining their reactivity toward DTT. In particular,

16



strongly reduced surface functional groups (probed with NO,) and carbonyls (probed with
NH,OH) were significant explanatory variables for the DTT consumption. By using oxidizing
gas probes with different strength, different reducing surface functional groups can be titrated.
NO; is a weak oxidizer compared to Os, therefore NO, heterogeneously interacts with but the
strongest reducing surface functional groups. In contrast, O3 interacts with all reducing groups,
strong and weak (see Table S1 in Supporting Information for quantitative results). The uptake of
NO; on 1, 2, 10-trihydroxyanthracene (THA) adsorbed on both silica gel as well as on a non-
polar silica gel coated with Cyg aliphatic hydrocarbon has been studied.** In both cases
significant uptake of NO, on the adsorbed hydroquinone has been observed. In addition, a
concomitant lower-limit of 35% yield of HONO has been measured for THA hydroquinone
adsorbed on silica gel, thus indicating a redox reaction between NO, and adsorbed THA. These
data suggest that the oxidized product of the NO,/adsorbed THA interaction may be the

corresponding quinone.

The observed correlation between the mass-based DTT reactivity of a panel of 6 carbonaceous
particles and the strongly reducing surface functional groups (Figure S3 in Supporting
Information) is an unambiguous sign that reducing surface functional groups are important in the
present oxidation reactions by dissolved O,. Such a reducing property of carbonaceous NPs has
already been reported®” as well as its importance for sustaining the redox cycling of 1,4-
naphtoquinone® or inducing a toxic response in vitro for lung epithelial cells co-exposed to CB
and iron oxide NP. *° %° The association presented in Figure S3 (Supporting Information) leads
us also to the conclusion that the rate limiting step in the oxidation of DTT is related to the

oxidation of reducing sites on the NP surface by dissolved O,. Oxygen will concomitantly be

17



reduced in what seems to be a catalytic overall reaction in view of the comparison of the limiting

number of surface reaction sites and the number of O, molecules consumed.

Table 2 presents the turnover of the catalyst (particles) as defined above by comparing the total
number of O, molecules consumed with either the sum of weakly and strongly reducing sites on
the NP surface (using O3 as a strongly oxidizing probe gas) or the strongly reducing sites (using
the weakly oxidizing probe gas NO,). For all three particle types considered, the number of
strongly reducing sites on the particle surface is less by a factor of 30 - 600 compared to the
number of consumed O,. The sum of reducing sites is significantly lower and comprised between
3 and 230, as expected, owing to the larger abundance of the sum of all reducing surface sites
compared to the number of strongly reducing sites. The turnover number is largest for SRM 2975
which may have to do with its large relative ratio of the number of strongly reducing to the sum
of all reducing sites of 0.39. For both FW2 and Printex 90 the corresponding ratios are 0.096 and

0.065, respectively (see Supporting Information, Table S1).

Table 2: Averaged yield of consumed O, relative to available sum of reducing sites (O3 probe
gas) and strongly reducing (NO, probe gas) sites on the NP surface with the standard deviation

of the n independent measurements.

Ratio Ratio
Particle type n O, consumed/sum of reducing sites O, consumed/strongly reducing sites
FW?2 11 3+l 35x16
Printex 90 4 512 68129
SRM 2975 4 234498 607+253

We therefore have significantly more O, disappearing than available reactive reducing surface

sites in both cases, which allows only one conclusion, namely that the surface functional groups

18



are not consumed but instead regenerated in a chain reaction. Such a redox cycling process is
possible due to the reversible change of oxidation state of the catalyst. We therefore reject a 1:1
stoichiometric reaction between the expected reactive reducing NP surface sites and dissolved O,

that would leave the NP surface totally oxidized.

In order to take into account the fact that PM assumes a catalytic role in the DTT — O, system,

the following additional reactions (6) and (7) have to be introduced:

PM + O, —> PM,, + H,0, 6)

HO SH HO s
+ PMg —> | T PMyq (7)

HO SH Ho~~ >

We attribute the initial oxidation of the reduced surface functional groups to the strongly
reducing rather than to the sum of all reducing surface functional groups because the correlation
of the DTT rate of disappearance with the number of surface functional groups reacting with
NO; (Nno2, displayed as abscissa in Figure S3 in the Supporting Information) is significantly
better than with Oz (No3).2* Because the number of strongly reducing surface functional groups
Nnoz is a subgroup of the sum of all reducing functional groups Nos3, the correlation of the rate of
DTT disappearance with N3 is preserved to some extent, albeit inferior to the correlation of the

rate of DTT disappearance with the strongly reducing functional groups.

Rate Law for O, disappearance in the presence of carbonaceous NP substrates

19



The rate law and molecularity, that is the exponent of the concentration terms of the reaction
partners in the rate law, is important information helping to unravel the reaction mechanism in
terms of elementary reactions. The rate law for the disappearance of O, has the following general

form for the present DTT — NP — O, system:
-d[O,]/dt = k[O,]? [DTT]® [NPJ° (8)

where -d[O-]/dt is taken at t = O at the start of the reaction, either right after addition of DTT or
NP and is called the initial rate of reaction given by the tangent to the concentration vs. time
curve (see Figure 1). The order of reaction or molecularity of the individual components are
established by plotting log (d[X]/dt) vs. log [O2] or log [NP] at t = 0 when the concentrations of
all reaction partners are known. The slope of the resulting straight line is the exponent a and c,
respectively. Figure S4 in the Supporting Information displays experimental data for FW2 and
Printex 90. For FW2 the slope a = 1.96+0.24 is measured and corresponds to a quadratic
dependence on [O,] despite the modest range over which the O, concentration could be varied
(approximately a factor of three, Figure 1). For Printex 90 the slope is 1.84+0.58, consistent with
a value of two. Table S2 in the Supporting Information displays an analysis of the initial reaction
rate upon DTT addition in the presence of FW2 and shows additional proof for the quadratic [O5]
dependence of the initial rate. The exponent c is unity over the parameter space examined owing
to the fact that we consistently observe a linear correlation of the initial rate with increasing NP
mass as displayed in Figure 2. Regarding the molecularity of DTT we obtain b = 1.0 from data
such as displayed in Figure S2 which reveals a linear dependence of the initial reaction rate as a
function of DTT concentration which was varied by a factor of three. We therefore obtain the

following overall rate law for the rate of O, consumption at a given initial DTT concentration:
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—d[0,]/dt = k [02])° [DTT] [NP] 9)

Figure 4 displays the absolute rate coefficients of the catalytic chain oxidation of DTT by
dissolved oxygen in an aqueous suspension of carbonaceous nanoparticles at ambient
temperature and pH = 7.0. Noteworthy is the significant difference in the rate coefficients for the
three investigated NP’s whereas the reaction stoichiometry seems to be similar for the NP’s

within experimental uncertainty as displayed in Figure 3.
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Figure 4. Experimentally determined initial rate of O, consumption divided by the products of
the concentration terms displayed on the abscissa from the rate law displayed in equation (9).
The slope corresponding to the absolute rate coefficients for the investigated NP’s is 4.46 10™

for FW?2; 8.89 102 for Prinex 90 and 4.07 107*? for SRM 2975.

Mechanistic considerations
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Based on the observation that strongly reducing species are associated with the DTT
consumption rate?* (Figure S3in the Supporting Information), we propose that the reduction of
molecular O, by strongly reducing surface functional groups on the particles is related to the rate
limiting step in the system DTT — NP — O,. Reactions (1), (2), (3), (6) and (7) each represent
two-electron transfer steps and therefore do not correspond to elementary reactions. Electron
transfer generally occurs as a rapid sequence of single electron steps even in cases where two-
electron transfer reactions are experimentally observed owing to the fact that single electron
transfer intermediates such as semiquinone radical anions have some thermodynamic stability.*"
2 In addition, rate constants for reactions (1a) and 1(b) taking place in aqueous solutions have
also been published together with accounts on general reactivity of semiquinone free
radicals.**** However, the quadratic dependence of the O, decay in the rate law in the presence
of suspended particles cannot be explained by sequential steps of single-electron transfer
processes. In the present case we have to invoke a heterogeneous reaction scheme taking place
on the particulate surface following a Langmuir-Hinshelwood (LH) mechanism where two

adsorbed HO,™ free radicals collide on the surface in order to disproportionate according to

equation (10). Based on the foregoing we are able to suggest the following molecular mechanism
that is formulated without taking into account any loss of H,O, by oxidation of the carbonaceous
NP substrate (d = 1.0, see reactions (4) and (5)) discussed above according to equation (5). This
elementary mechanisms is commonly known under the name of hydroquinone autoxidation.* In

the following scheme equation (3) is not broken down into its elementary reactions:
Oz + PMieg 5 PM’ox + HO";(ads) (1 ) Heterogeneous Semiquinone formation (1a)

O, + PM'ox 5 PMyy + HO';(ads) (1 ) Heterogeneous Quinone formation (1b)
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2 HO";(ads) = H,0, + O, (1 ) Surface Disproportionation (Dismutation)  (10)
H,O, + DTT = DTTy + 2H,0 (2 &) Homogeneous Reduction of H,O, by DTT  (3)

DTT + PMox = DTT ox + PM’ox (1 ¢) Heterogeneous Reduction of PMoy (2a)
DTT ox + PM'ox =2 DTTox + PMeg (1 €) Heterogeneous Regeneration of PMyeq (2b)
0, +2DTT = 2DTTy + 2H,0 Stoichiometry is invariant to mechanism change  (A)

The quadratic dependence of the initial O, decay can only be explained by the bimolecular
disproportionation reaction (10) occurring on the particle surface using the concept of a LH
mechanism.* The rate-controlling step r being the slowest in the mechanism (reaction (10)) may

be formulated as follows in the initial phases of reaction:
I = Keft [HO2 lags” = Kett Kn’[O2)? (11)

where Kefr IS the effective rate coefficient for reaction (10) at a given ratio of PMeg t0 PMox
concentration that is thought to be invariant in time given the low coverage limit of O, on the NP
surface. Ky is the LH equilibrium constant, namely Ky = Kas/kges for the reversible
adsorption/desorption of both O, to PM,y and O, to PM,,, the one-electron oxidized
semiquinone free radical displayed in reactions (1a) and (1b). In the interest of simplicity we are
treating both processes, namely equilibrium (1a) and (1b), alike using the identical LH-
equilibrium constant K 4. We are making the assumption that we express the LH kinetics in the
sparsely covered surface limit because we reckon that only a small fraction of the adsorption
sites of the NP is covered by molecular oxygen such that both PMq and PM do not vary with

time. In the above mechanism all elementary processes are heterogeneous in nature because they
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all involve the original or chemically modified surface sites except reaction (10) that could
release H,0; into the aqueous solution. However, it is at present not clear whether or not reaction
(10) has heterogeneous components or not corresponding to adsorbed hydrogen peroxide
because we have not probed for H,O,. In case the sparsely covered surface limit does not hold
owing to significant surface coverage of [HO;].gs we must use the following limit that will

somewhat reduce the quadratic dependence of r on [O5]:
r=kerr (Kun’[02]°/(1 + 2KLw?[02])) (12)

Here again we are making the simplifying assumption that both LH-equilibrium constants are
identical. If this assumption is relaxed, the term K> must be replaced by the product of both LH
constants for each individual equilibrium (equations (1a), (1b)). In addition, under these
circumstances the ratio of PMq4 to PMoy cannot be expected to be constant such that a complex

rate law will result.

In agreement with both the rate law, equation (9) and the correlation displayed in Figure S3
(Supporting Information), the slowest, that is the rate-limiting step, is the oxidation of the
strongly reduced surface functional group which we tentatively identify with a polycyclic
hydroquinone. The stability of a sequence of polycyclic aromatic hydroquinones significantly
decreases with increasing annellation when compared to the corresponding quinones.*> Owing to
the waning stability of complex polycyclic hydroquinones the population on any given surface
will be small, therefore the rate of the corresponding reaction (1a) will also be small to the extent
that it is related to the rate-limiting step, equation (10), in the whole catalytic chain mechanism
displayed above. In addition, HO," free radical disproportionation (dismutation) reactions are

notoriously slow in homogeneous solutions and therefore also rate-limiting.?
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Tentative Identity of Redox Catalyst

In addition to transition metals,t 2% 46 47

adsorbed quinones or quinone-like structures are often
advocated to be the particulate components giving rise to catalytic redox activity and are thus
considered important for understanding the ROS generation potential of PM.*>*” Simple aromatic
quinones have been shown to redox cycle in the presence of O, and reducing species like DTT>
12.16.48 or ascorbic acid.®* % *° They cycle between quinone (conjugated di-carbonyl), semi-
quinone (resonance-stabilized free radical) and hydroquinone (aromatic dihydroxy) structures.
Quinones are minor components of PM°*°? but due to their redox cycling ability,>® they can be
quite efficient in the formation of oxygen-containing conjugated free radicals. In the case of
standard diesel soot SRM 2975 extracted with toluene, low concentrations of adsorbed 1,2-
naphtoquinone, 9,10-phenanthraquinone and 9,10-anthraquinone were measured (Supporting
Information, Table S3). Nevertheless, the contribution of these extractable quinoid species to the
total DTT redox activity has been reported to be modest in the case of SRM 2975.%>* However,
the focus of the present work is the in situ investigation of the surface reactivity of carbonaceous
NP’s as opposed to extraction of reactive and extractable adsorbates. The comparison of the
redox reactivity of NP’s extracts with the in situ surface probing presented in this work is

difficult because of the possibility of potential modifications of the redox reactivity upon solvent

extraction.>®

The insoluble black carbon core, corresponding to aromatic amorphous or graphene structures,
might also present additional DTT reactivity.® ® *® Depending on the defects present on such
graphene structures, different amount of oxygen can be incorporated,”’ possibly as carbonyl
surface functional groups which may be able to catalytically and reversibly transfer electrons

from DTT to O; in redox reactions. Such carbonyl functions on aromatic graphene structures
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(vinylog) are exemplified in Figure 5. These structures preserve the properties of quinones and
hydroquinones for large polycyclic aromatic hydrocarbons (PAH) approaching the limit of
substituted graphenes.® A vinylogous quinone is a structure having two carbonyl groups at the
periphery (circumference) in conjugation with each other through the molecular framework,
thereby preserving the aromatic electronic resonance across the structure. Double bonds may
thus be shifted without leading to unpaired, high-energy, electronic configurations. Up to 18% of
the oxygen found on carbon blacks has been reported to be present in the form of a 1,4-
quinone.® Figure 5 also shows that only carefully selected topologies satisfy the criterion of
vinylogous resonances for two carbonyl groups usually attached to different annellated benzene
rings. In contrast, there is no restriction on topology when dealing with the hydroquinone
structure. The presence of a quinone-like structure in the three investigated particles is suggested
by the fact that carbonyl surface functions were detected in significant amounts on the surface of
the investigated particles by titrating them with NH,OH in a Knudsen cell (Table S1, Supporting
Information). Such surface functions have been reported to be also involved in DTT reactivity.*
Additionally, the FTIR bands centered around 1600 cm™ also support such structures (Figure S5,

Supporting Information) and could be consistent with the presence of quinones in/on the NP’s.
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Figure 5: Example of A: Some low molecular weight quinone structures extractable from diesel
particulates; B: vinylogous quinone-like structures. The dotted lines indicate adjacent aromatic
structure; C: Topological structures which are not vinylogous correspond to high-energy
(excited) forms. The topological position of the carbonyl groups in the quinone controls the
positions of the conjugated double bonds in the aromatic hydrocarbon whereas there are no
topological constraints for the hydroxyl groups of the corresponding hydroquinones at the

periphery of the conjugated aromatic system.

In conclusion, we have shown for three carbonaceous NP’s generated in a combustion process
(soot) that they act as catalysts for oxidation of a typical reducing agent (DTT) in aqueous
solution by atmospheric O,. The rate-limiting step in the catalytic redox cycle seems to be the

oxidation of reduced surface functional groups such as hydroquinones of large conjugated
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aromatic hydrocarbons by dissolved O, (Figure S3, Supplemental Material). This result suggests
that one should not exclusively consider the oxidative capacity of the NP interface as far as
reaction kinetic is concerned. Rather, the presence of surface functional groups in a reduced state
IS necessary in order to enable the redox cycle (hydroquinone autoxidation) as we have found in
this study. This has often been overlooked in the literature. The important particulate surface
functional groups responsible for the catalytic activity of these NP’s and the ROS generation are
those able to be oxidized by O, and subsequently reduced by DTT in order to enable the catalytic
chain reaction. Such a mechanism of sustained redox cycling may be relevant in relation to the
health perspectives of carbonaceous NP’s. As the particles deposited in the lung will encounter a
reducing milieu,® reactions similar to the one described in this study may perhaps take place in
the lung. Akin to NO, that acts as a catalyst in tropospheric ozone formation in the presence of
oxidizable hydrocarbons, excess oxygen and sunlight, soot NP’s may play an analogous role in
the oxidation of antioxidants present in the aqueous phase covering the lung alveoli. In both
situations the environmentally sound strategy must be the elimination of the catalysts in order to
prevent or significantly slow down atmospheric oxidation processes. Additional research is
nevertheless needed to probe the generality of such processes by extending the investigations to

other types of NP’s and to enlarge the probed parameter space.
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