Novel non intrusive continuous use ZeBox
technology to trap and kill airborne
microbes

Kruttika S. Phadke?, Deepak G. Madivall3, Janani
Venkataraman!, Debosmita Kundu!, K. S. Ramanujan', Nisha
Holla!, Jaywant Arakeri®, Gaurav Tomar?, Santanu Dattal**, and
Arindam Ghatak*!

! Biomoneta Research Private Limated, Bangalore, India 560065
2 Department of Veterinary Microbiology and Preventive Medicine, Towa State
University, Ames, IA, 50011, USA
3 Mechanical engineering department, Indian Institute of Science, Bangalore, India
560012
* Bugworks Research, Bangalore, India 560066

*Corresponding author: arindam@biomoneta.com

Supplementary information

S1. Range of microbes. To analyze microbe’s motion in laminar flow be-
tween electrode-plates we adopt the following approximations: (1) The flow
is identical to that between infinitely wide plates, which is justified because
W/H > 1, where H is the gap between electrode-plates and W is their width
(perpendicular to the flow direction); (2) The flow is fully developed, which is
justified because L/H > 1, where L is the length of electrode-plates along the
flow direction; (3) The microbes move with the flow except when electric force
acts on them, which is justified because the Stokes number of microbes (a mea-
sure of its inertial response to changes in the flow) is < 1; (4) Self weight of
microbes is negligible compared to the electric forces acting on them, because
of their extremely small size (< 5 pm).

The orientation of our coordinate system is shown in Fig. 1. A steady,
unidirectional, incompressible, fully-developed flow is governed by [1]:
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where u is the flow velocity along X direction, p is pressure and p is dynamic
viscosity of the fluid. Since, subject to our assumptions, u depends only on
z, mass conservation in supplementary equation (1) is automatically satisfied.



Since the flow is induced by imposing a pressure difference between the ends of
the electrode-plates, the pressure gradient dp/dz is a constant. Therefore, mo-
mentum conservation in supplementary equation 2 is satisfied if w is a quadratic
function of z. We assume it to be of the form, v = Az(H — z), because this
automatically satisfies the no-slip boundary condition on the electrode-plates lo-
cated at z = 0, H. The constant A is determined by computing the volumetric
flow rate and equating it to the known value @, W fOH dz uw = @, which yields:
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where @ is the volumetric flow rate of air between the electrode-plates. The
flow velocity varies only along Z direction, being maximum midway between
the plates and zero at the plates themselves (no-slip condition). Because the
Reynolds number of microbe’s motion is < 1, due to its small size and small
speeds, only Stokes drag force is exerted by the ambient fluid, Fyrag = 6mpwa,
where p is the dynamic viscosity of air. We have assumed that the microbe can
be approximated by an equivalent sphere of radius a. The drag counterbalances
the electric force on the microbe, Fyectric = qF, where ¢ is the surface charge
on the microbe and F is the strength of the applied electric field. Equating the
two forces yields for the settling velocity:
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While drifting towards the electrode-plate the microbe also travels a distance
R in the flow direction, which we call its “range", refer Fig. 1. If zq is the initial
distance of the microbe from the attracting electrode-plate at its entrance x = 0,
then the time T needed for the microbe to hit the electrode-plate is, T' = zo/w.
After time ¢, the vertical location of the microbe initially located at zy will be
z = zg — wt. Then, from supplementary equation (3), the microbe’s streamwise
speed at that time will be u(zg — wt). The microbe will hit the electrode-plate
in time T = zp/w (assuming sufficient plate length). Therefore the range of
the microbe beginning at location zy is given by R(zp) = fOT dt u(zg — wt).
Changing the integration variable to z = 2y — wt transforms the integral to:
R(z0) = w™! [ dz u(z). Substituting from supplementary equation (3) and
integrating yields:
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The microbe that is farthest from the attracting electrode-plate, i.e. at
zo = H, has the maximum range:
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All the microbes entering ZeBox will hit the electrode-plate if its length is not
less than the maximum range of the microbes, i.e. if L > Ry .x. Supplementary



equation 5 for the range is visualized more easily if we divide it through by
Riax, supplementary equation 6, and rewrite it in the following dimensionless
form:
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Assuming that all the trapped microbes are killed, supplementary equation
7 plotted in supplementary Fig. 1 completely determines the microbicidal ef-
ficiency of ZeBox, as per the present model. Here, “microbicidal efficiency" is
defined as the fraction of microbes entering electrode-plates that hit it and are
inactivated, assuming a uniform distribution at the entrance. Using supplemen-
tary figure 1, the microbicidal efficiency is found as follows. We first compute
L/Rmax given the operating parameters. If L/Ryax > 1, then the microbicidal
efficiency is of course 100%. Otherwise, we locate its value on the vertical axis
of supplementary figure 1 and using the curve find the corresponding value on
the horizontal axis, which gives the microbicidal efficiency. Therefore, L/R,ax
alone determines the microbicidal efficiency of ZeBox according to the present
model.
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Supplementary figure 1: Efficiency curve for ZeBox. A microbe initially at
distance zo/H from the attracting electrode-plate hits it at a distance R/ R ax.
(created using Matplotlib module in python language [2])

S2. Microbicidal efficiency of ZeBox. A microbe in an ionic solution is
surrounded by a diffuse double layer of ions of molecular dimensions. The Debye
length (k~1), which is a measure of the thickness of the double layer, lies in the
range: 1 < k~! < 10 nm [3]. Since the microbe’s size a ~ 1 ym, ka > 1 for
microbes. The magnitude of the measured zeta potential (¢) of microbes in
phospate-buffer solution lies in the range 1 to 30 mV. Considering the worst-
case-scenario, we may take ( = 1 mV and ka = 100. The number of elementary
charges n on the microbe may then be estimated as [3]:
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where ¢, is the dielectric constant of the solution, ¢ = 8.9 x 107!2 F/m is
the permittivity of vaccuum and e = 1.6 x 107'°C is the magnitude of the



elementary charge. Supplementary equation (8) is derived from the linearized
Poisson-Boltzmann equation governing the variation of electric potential due
to distribution of ions in the diffuse layer surrounding a charged sphere; the
linearization is a consequence of the Debye-Hiickel approximation which is ap-
plicable when zeta potential is small (compared to ~ 25 mV at 25 °C) [3]. For
a measured dielectric constant of 78.5 for the buffer solution, supplementary
equation (8) reveals n > 5000 elementary charges. Even allowing for an order-
of-magnitude error and assuming n > 500 instead, supplementary equation (4)
yields a settling velocity of w > 7 ¢cm/s, for E = 3 kV/cm in air.

Since the flow rate between a pair of electrode-plates is Q < 3 cfm and
the electrode-plate width W = 10.9 cm, supplementary equation (6) shows
that Rpax < 19 cm. In comparison, ZeBox employs 30 cm long electrode-
plates. Although in theory it implies 100 % microbicidal efficiency for ZeBox,
the present model is only approximate because it does not account for the effects
of possible turbulence in the flow and slippage of microbes on the surface. In
reality, as mentioned in the Results section, we obtain 83-99 % microbicidal
efficiency for ZeBox as deduced from the measured microbial load reduction.
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