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Rapid field conversion of chemical weapons into non-toxic
products is one of the most challenging tasks in weapons of
mass destruction (WMD) science.!'! This is particularly the
case for eliminating stockpiles of chemical warfare agents
(CWAs) in remote storage field locations, where the use of
large quantities of decontaminating reagents, long reaction
times, and controlled mechanical agitation is impossible or
undesired. New efficient “clean” technologies and (bio)-
chemical processes are thus sought for detoxifying stored
agents, counteracting nerve-agent attacks, and decommission-
ing chemical weapons. Environmentally friendly solutions of
hydrogen peroxide, combined with suitable activators (e.g.,
bicarbonate), have been shown to be extremely useful for
decontaminating a broad spectrum of CWAs to yield non-
toxic products.”! These peroxide-based systems, which rely on
the in situ generation of OOH™ nucleophiles, have recently
replaced chlorine-based bleaching processes, which produce
undesirable products, and have thus led to effective decon-
tamination of the chemical agents GB (Sarin, isopropyl
methylphosphonofluoridate), VX ((S)-[2-(diisopropylami-
no)ethyl] O-ethyl methylphosphonothioate), GD (Soman,
pinacolyl methylphosphonofluoridate), and HD (sulfur mus-
tard).®™! Yet, such an oxidative treatment commonly requires
high peroxide concentrations (20-30%; approaching a stoi-
chiometry of 1:50), along with prolonged operation and/or
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mechanical agitation. Such reaction conditions are not
suitable or not desired for eliminating stockpiles of CWAs
in remote field settings or hostile storage locations, as large
quantities of the reagents may not be transportable on
military aircrafts and require special packaging and handling.
The efficient elimination of chemical-weapon stockpiles in
field locations thus remains a major challenge to the
chemistry and defense communities.

Herein, we describe a powerful strategy that is based on
self-propelled micromotors, for a high-yielding accelerated
oxidative decontamination of chemical threats using low
peroxide levels and no external agitation. Functionalized
synthetic micromotors have recently demonstrated remark-
able capabilities in terms of isolation and transport for diverse
biomedical® and environmental® applications, but not in
connection to increasing the yield and speed of chemical
reactions. The new motor-based method relies on the use of
peroxide-driven microtubular engines for the efficient self-
mixing of a remediation solution, which dramatically accel-
erates the decontamination process. Fluid mixing is extremely
important for enhancing the yield and speed of a wide range
of chemical processes, including decontamination reactions,
where quiescent conditions lead to low reaction efficiency and
long operations. The observed mixing, which is induced by the
peroxide-driven micromotor, is analogous to that reported for
the motility of E. coli bacteria, where a large-scale collective
motion has been shown to enhance diffusion processes.’*™!
Enhanced diffusion of passive tracers has also been observed
in the presence of catalytic nanowire motors.!’ Although the
new micromotor strategy presented herein was applied to the
accelerated, high-yielding, and simplified decontamination of
organophosphate (OP) nerve agents, the concept could have
broad implications for enhancing the efficiency and speed of
a wide range of chemical processes in the absence of external
agitation.

The concept of the micromotor/peroxide-based decon-
tamination of chemical threats is illustrated in Figure 1. This
new strategy relies on micromotors without mechanical
stirring (Figure 1 A). A known number of micromotors were
placed in a nerve-agent-contaminated solution, along with
hydrogen peroxide (used as the oxidizing agent as well as the
micromotor fuel), the peroxide activator (NaHCO; or
NaOH), and the surfactant sodium cholate (NaCh), which
was essential for bubble generation. The oxidative conversion
of the OP nerve agent into para-nitrophenol (p-NP) was
achieved under mild quiescent conditions that involve the
in situ generation of OOH™ nucleophiles with no external
stirring (Figure 1B). The decrease in concentration of the OP
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Figure 1. Micromotor-based accelerated oxidative detoxification of OP
nerve agents. A, B) Placement of the micromotors in a contaminated
aqueous solution, along with H,O, as the oxidant/fuel and NaHCO; as
the activator, leads to accelerated and high-yielding oxidative degrada-
tion because of an enhanced fluid motion that is induced by the
movement of multiple microengines. C) The micromotor-based strat-
egy allows rapid detoxification of chemical threats under mild con-
ditions, and involves the in situ generation of OOH™ nucleophiles.

D) The efficiency of the decontamination process was estimated
spectrophotometrically by measuring the absorbance of the p-NP
reaction product at 400 nm at different reaction times (a—d).
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hydrolysis product of MP (—, Figure 2A), EP (—, Fig-
ure 2B) and NPP (—, Figure 2 C) following a motor-accel-
erated oxidative reaction in a solution (15 mL) containing the
OP compound (25 uM) and hydrogen peroxide (1.5%) for
20 min. These absorbance signals correspond to decomposi-
tion values of 96.1, 70.2, and 12.0% for MP, EP, and NPP,
respectively. In contrast, negligible signals were obtained
when the activated peroxide solution was reacted with these
OP pesticides for the same duration, but without the micro-
motors (——, Figure 2 A-C). Interestingly, negligible signals
were also observed under similar conditions in the presence of
the motors, but in the absence of the NaCh surfactant, which
is thus essential for bubble development and motion (----- ,
Figure 2 A-C). Therefore, the Pt layer of the micromotors by
itself does not enhance to the decontamination process.
Overall, these results (Figure 2) demonstrate that micromotor
movement is crucial for an efficient and rapid degradation
process.

The efficiency of the new micromotor-based decontami-
nation process depends on a variety of interdependent
reaction variables. Knowledge of this interdependence can
be helpful when optimizing the remediation process. For
example, sample volume and remediation time displayed
a strong interdependence effect on the decontamination
efficiency (Figure 3; see also the Supporting Information,
Figure S1 A). The extent of decontamination was studied for
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by a template-based electrode-
position of a PEDOT/Pt
bilayer”? (PEDOT = poly(3,4-
ethylenedioxythiophene); for
details, see the Supporting
Information). The template
fabrication process results in
approximately 8 pm-long poly-
mer/Pt microtubes that are effi-
ciently propelled by the ejection of oxygen bubbles that are
generated by the catalytic oxidation of hydrogen peroxide
fuel at their inner Pt layer.”” As will be discussed below,
both the movement of the motors and their bubble generation
contribute to the substantial fluid motion and to the
accelerated decontamination process. Such motor-induced
convection leads to a greatly enhanced remediation efficiency
while using substantially lower peroxide concentrations,
shorter reactions times, and no external stirring, compared
to conventional peroxide detoxification methods.

To demonstrate the practical utility of the new micro-
motor-accelerated decontamination strategy, we examined
the ability to decontaminate a variety of OP pesticides with
analogous molecular structures, namely methyl paraoxon
(MP), ethyl paraoxon (EP) and bis(4-nitrophenyl) phosphate
(b-NPP). Figure 2 displays the absorbance signals of the p-NP
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Figure 2. a) Absorbance spectra for the p-NP product obtained in the presence (—) and absence (——)
of the micromotors, and with the motors not moving (-----). Nerve-agent solutions (15 mL) containing MP
(A), EP (B), and b-NPP (C) at a concentration of 25 um, along with H,0, (1.5%) and NaCh (2%, only for
), 0.1 M of the peroxide activator NaHCO; (A, B) or NaOH (C), and 5x 10° micromotors (A-

% Decontamination
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Figure 3. Effect of remediation time and sample volume on the
decontamination efficiency. The efficiency was estimated from the
absorbance signals of the p-NP product of MP (25 pm; 5-40 min)
for sample volumes of 15-45 mL. Reaction conditions: H,0,
(1.5%), NaCh (2%), NaHCO; (0.1m), and 5x10° micromotors.
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different volumes of an MP solution (15-45 mL) and for time
periods ranging from 5-40 min. As expected, the extent of the
decontamination increases to over 90 % upon decreasing the
sample volume and extending the reaction times. As will be
illustrated below, an increase in the micromotor density can
also be used for increasing the efficiency without extending
the reaction time. Higher motor densities can also address the
stoichiometric limitations, so that high reaction yields may
still be achieved at elevated OP concentrations without
increasing the amount of peroxide. The decontamination
rates for three OP compounds in the presence (a—c) and
absence (a'—’) of the micromotors are compared in Fig-
ure 4 A. As expected for quiescent conditions, only negligible
(<5%) decontamination of the nerve-agent solutions was
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Figure 4. A) Time dependence of the oxidative decontamination of
different nerve agents: MP (a,a’), EP (b,b’), and b-NPP (c,c') in the
presence (a—c) and absence (a'—c’) of micromotors. B) Effect of the
number of motors (A) and of the external magnetic stirring rate (i)
on the decomposition of an aqueous MP solution; reaction time:

10 min. In the absence of motors (=), fluid convection is achieved by
magnetic stirring. Reaction conditions: H,0, (1.5%), NaCh (2%),
NaHCO; (0.1 m) for MP and EP and NaOH (0.1 m) for b-NPP, and
5x10° micromotors.

observed over the entire period of 60 min (a’—c’). In contrast,
the presence of the motors resulted in rapid hydrolysis of MP,
EP, and b-NPP even within 20 min (96.1, 69.3, and 11.9%
decontamination, respectively); after 40 min, decontamina-
tion efficiencies of 100, 97.7, and 20.9 % were achieved (a—c).
The differences in the detoxification efficiency of the three
OP agents are consistent with the relative hydrolysis rate
constants of these compounds.”! Whereas the decontamina-
tion of NPP was negligible when OOH™ that was generated
from NaHCO; and H,0O, was used, higher degradation rates
were observed when the OOH™ was obtained from NaOH
and H,0,.” Even faster detoxification can be achieved by
increasing the number of micromotors in the remediation
solution. The influence of the number of micromotors is
illustrated in Figure 4 B (A;see also Figure S2 A) for a reaction
time of 10 min. The efficiency of the MP hydrolysis increases
from 70.5 to 82.1 and 98.6 % upon increasing the number of
micromotors from 5x10° to 1.0x10° and 1.5 x 10°, respec-
tively.

To assess the fluid movement and the accelerated
decontamination reaction that were induced by self-propelled
micromotors, and to estimate the mixing capacity and the
power input of the micromotors, the decontamination behav-
ior (Figure 4B) was compared with that obtained in the
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absence of the motors under well-defined forced convection
conditions. For example, mixing the MP remediation solution
with a magnetic stirrer at speeds of 100, 125, 150, and 200 rpm
resulted in decontamination efficiencies of 20.5, 57.8, 71.4,
and 952%, respectively (=, Figure4B; see also Fig-
ure S2B (a—d)). Apparently, self-propulsion of approximately
1.5 x 10° micromotors in a quiescent solution leads to a very
high detoxification efficiency (98.6%), which is slightly
greater than that observed using the magnetic stirrer at
200 rpm (95.2%). Interpolating the magnetic stirring rate at
which the same reaction efficiency is obtained as for the use of
the micromotors allows an estimate of the mixing capacity
and power consumption per unit mass of the fluid in
a magnetically stirred flask at the interpolated rates, assuming
a single rectangular paddle stirrer™ (for details, see the
Supporting Information). The mixing capacities of quiescent
solutions that contained different amounts of self-propelled
micromotors were determined to be equivalent to stirring
rates ranging from 99.2 to 208.5 rpm. Power (2.49x10° to
1.49 x 10°) was thus found to be equivalent to a magnetic
consumption per unit fluid mass that ranged from 1.3 to
10.8 cm?s~%, depending on the number of motors involved. By
dividing the equivalent power consumption in the magneti-
cally stirred flask by the number of micromotors, an average
power per micromotor of (11.0+2.1) pW is obtained. The
accelerated decontamination achieved by the motor-induced
self-stirring of the remediation solution can be attributed to
the large-scale collective motion of the micromotors, as
hydrodynamic interactions lead to an enhanced mixing.
Similar dynamics of self-organization and enhanced diffusion
rates were observed in the presence of swimming bacterial
and nanowire motors.!”! Collective motion in active suspen-
sions was also reported in theoretical studies.""! The contin-
uous bubble generation by microtubular engines is also
expected to contribute to the solution mixing and to have
profound effects on the accelerated decontamination. Micro-
bubbles have previously been used to enhance mixing in
microfluidic systems,'? and their exact role in these accel-
erated chemical reactions will be characterized in future
studies.

The chemical structure of the OP compound has a pro-
found effect upon the efficiency of the decontamination
process (Figure 4A). We also applied the motor-based
detoxification approach to organothiophosphate nerve
agents, which contain a P=S instead of a P=O bond. Only
a low yield of decontamination was observed for P=S
containing methyl parathion, with only a slight increase in the
absorbance signal of the reaction product (Figure S3). Such
behavior is in agreement with structure-reactivity correla-
tions for the hydrolysis of OP compounds.®! The lower
conversion that was observed for parathion compared with its
oxo analogue (paraoxon), is attributed to the fact that
phosphorothioates are less reactive and more stable against
hydrolytic degradation than the corresponding oxo (P=0)
derivatives. The more pronounced polarization of the P=O
bond, which is due to the higher electronegativity of the
oxygen atom, compared to the P=S bond results in a more
electropositive phosphorus atom, which facilitates nucleo-
philic attack on the phosphorus atom.!
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In conclusion, we have demonstrated a new strategy for
the oxidative detoxification of OP nerve agents that is based
on self-propelled micromotors. The repeated movement of
multiple motors across a peroxide-activated contaminated
sample results in greatly enhanced mass transport (without
external agitation), and hence leads to a higher decontami-
nation efficiency while using significantly shorter reaction
times and lower peroxide concentrations compared to
common CWA neutralization processes. The new micromotor
strategy is expected to enhance the efficiency and speed of
decontamination reactions of a broad range of threats and
pollutants, but also of chemical processes in general. Imple-
mentation of the new motor-based detoxification strategy for
the decomposition of a broad range of CWAs requires
tailoring of the reaction conditions for each specific threat.
Efforts in this direction, and towards understanding the exact
impact of the motor movement upon the overall reaction
yields, are currently being pursued in our laboratories.
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