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reaction. The rate kinetics of the process for various enveloped viruses have been compared and the indi-
cations are that the inactivations are closely related. Promoting virus inactivation with UV light is briefly
reviewed and discussed as an extension of the chain reaction mechanism, which with physicochemical
analyses give insights into the process and of reaction complexities. An outline of a practical method of
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The current COVID-19 pandemic has led to hundreds of papers and articles about the causative agent, pathogenesis
and immune responses, epidemiology, diagnosis, treatment and management of the contagion, and control and
prevention strategies. There have been rapid advances on various aspects of the disease. One particular area of study
has been of the transmission of the virus and of its survival in medical environments [1,2]. However, there is still
much that is poorly understood and there is a need not just for clinically based comprehension of virus transferal,
but also for a more general approach using physicochemical measures to give new insights into viral epidemiology.
In this paper, we use different perspectives to try and understand the chemistry of COVID-19 aerosols and of viral
inactivation.

A recent report by van Doremalen et al. has analyzed the aerosol and surface stability of SARS-CoV-2 and
compared it with SARS-CoV-1, and their decay rates have been estimated [3]. The authors found that, under
the experimental conditions tested, the stabilities of the two viruses were similar, and they concluded that the
results indicated that transmission of SARS-CoV-2 within an aerosol droplet is plausible since the virus can remain
viable and infectious for significant periods. Here we consider, for the first time, chemistry for viral inactivation,
and analyze associated physicochemical processes which give insights into rapid viability reduction by orders of
magnitude.

Virus inactivation
Plots of titers as log (TCID50)/liter of air against time showed exponential decays for both SARS-CoV-2 and SARS-
CoV-1 [3]. That clearly indicates that the inactivation process involves a first order, or pseudo-first-order reaction.
Let us consider what that might be.

As is well known, in some viruses the capsid of the virion with its enclosed nucleic acid is surrounded by a
lipoprotein envelope, as in coronaviruses. The bilayer envelope of those viruses is derived from portions of host
cell membranes and includes anionic lipids [4]. The role of lipids in virus replication is inevitably intricate and
complex [4,5]. The envelope has many functions in viral infection, including virus attachment to cells, entry into
cells, the release of the capsid contents into the cells and packaging of newly formed viral particles [6]. To try
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Figure 1. Typical structure of a fatty-acid lipid.

and elucidate those roles, studies have been made of the composition of viral envelopes, for example, through
the development of lipodomics, a mass spectrometry-based systematic analysis of cellular lipids in general [7]. And
although it has been recognized that the lipid structure is also responsible for the stability characteristics of the
virus particle, such as resistance to chemical or physical inactivation [6], the structural studies have focused on their
interaction with other molecules, their cellular functions and analysis of glycerophospholipids as a tool for the
assessment of species specific biomarkers of viral pathogenicity [8].

In order to rationally enhance virus inactivation, it would be desirable to understand lipid chemistry and reactivity.
Here we take a very simple chemical approach in order to provide an appreciation of viral aerosol deactivation. And
we start by considering a typical fatty-acid lipid structure in isolation (Figure 1).

Enveloped viruses can persist outside host environments typically for days, while nonenveloped viruses can
survive for weeks [9,10]. Therefore, using the principle of Occam’s razor, it would not be unreasonable to suggest
that observation could be related to the relative ease with which the lipid structure is disrupted. The most common
mechanism of the degradation of lipids is environmental oxidation through the effects of light, heat, humidity and,
of course, aerial oxygen, all of which can accelerate the breakdown of the lipid molecular chain, and that oxidation
occurs wherever unsaturated fatty-acid lipids are found [11,12].

The process by which lipid oxidation occurs has, in general, long been recognized as a free radical chain reaction
with the classic stages of initiation, propagation and termination leading to a series of complex chemical changes.
Here, we will illustrate the process in a greatly simplified scheme in order to try and discover what could be involved
in viral deactivation.

In the presence of an environmental initiator, such as light [13], the viral envelope lipid loses a hydrogen atom and
produces free radicals. In the case of the inactivation study by van Doremalen et al. [3], the aerosols were kept in a
Goldberg drum with no light access, but during their generation using a nebulizer it is probable that viable viruses
would have been exposed to daylight or artificial light. Both light sources have UV components. Daylight with the
sun at zenith can consist of up to 3% UV light of which 95% is UVA [14], and that light from ca 315–400 nm has
sufficient energy of 378–299 kJ/mol to initiate free radical formation from a lipid, as indicated below. Artificial
light, particularly fluorescent lighting has lower levels of UVA, but it is still sufficient to interact with organic
structures [15].

We represent a single viral lipid as VL1H, and initiation, the formation of an ab initio viral lipid free radical
(VL1

•), can be represented by:

VL1H
Removal of H→ VL•

1 (Eq. R1)

Low C–H bond energies (322 kJ/mol) in unsaturated fatty-acid lipids are found for the allylic hydrogens next to
double bonds (cf. Figure 1; H3C–CH2–CH=CH–) and these are preferred sites for H removal and formation of a
free radical [11]. The C–H bond energies for the –CH2– groups between two double bonds in lipids (called doubly
allylic, –HC=CH–CH2–CH=CH–) are more activated and C–H bond energies are even lower (272 kJ/mol) [13];
it can be noted that lipid dissociation will be aided by the associated increase in entropy. For lipids without double
bonds, the formation of a free radical is more difficult for the bond energy of a non-allylic H atom is much higher
(418 kJ/mol) [13].

The viral lipid radical reacts with aerial oxygen to form a peroxyl radical, VL1OO•,

VL•
1 + O2 → VL1OO• (Eq. R2)

which acts as the chain carrier for propagating the reaction by attacking an adjacent viral lipid, VL2H, to form
another viral lipid radical (VL2

•), and hydroperoxide (VL1OOH),

VL1OO• + VL2H → VL1OOH + VL•
2 (Eq. R3)

followed by a series of reactions:

VL•
2 + O2 → VL2OO• (Eq. R4)
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VL2OO• + VL3H → VL2OOH + VL•
3 (Eq. R5)

and so on. The free radical chain reaction is thus established.
From a single initiation this reaction can be repeated many times during propagation until termination when

no hydrogen source is available or radical scavenging becomes excessive. Therefore, viral lipid oxidation is self-
propagating. As indicated above, the process is rather more complex, and one example of that complexity will be
discussed further below when we consider initiation by higher levels of UV light.

Since the proteins on the surface of the envelope serve to identify and bind to receptor sites on the host’s
membrane when the viral envelope fuses with it, allowing the capsid and viral genome to enter and infect the
host, it would not be surprising that extensive oxidative rupturing of the lipid structure would disturb infection
transmission.

It is worth noting in that context that free radicals from lipid oxidation can also undergo co-oxidation with
proteins since hydrogens are readily available for abstraction on side chain amino and thiol groups of amino acid
constituents [16]; for example:

VLOO• + −NH2 → VLOOH + −NH• (Eq. R6)

VLOO• + −SH → VLOOH + −S• (Eq. R7)

Such reactions with spike proteins will also clearly add to virus inactivation.

Kinetics of virus inactivation
Although there is a series of steps (Eq.R1) to (Eq.R5), the overall oxidation can be simply written as:

VLH + O2 → VLOOH (Eq. R8)

to form a hydroperoxide, VLOOH.
The hydroperoxides are the predominant oxidation products and are relatively stable, so they can build up with

time [17,18]; cf. reactions (R3–R5). Hence their formation can be treated as coming from a bimolecular oxidation
and we can use reaction (R8) as the overarching process.

A viral hydroperoxide will have a very different structure from the initial viral lipid, VLH, and would be expected
to induce a different viral activity and to impede infection transmission; in other words, viral deactivation will
occur. The rate at which that happens can then be described by:

d [VLH] /dt = −k2 [VLH] × [O2] (Eq. 1)

Square brackets indicate concentrations, and this differential equation gives the rate of disappearance of the
active viral lipid VLH, often with units of mol/l/s; other measures of concentration and time can obviously be
used. The constant, k2, is the constant of proportionality of the rate with the reactant concentrations. Typically,
it will have the units of l/mol/s as is usual for a process involving two reactants; in other words, a second-order
reaction. We now compare virus and oxygen concentrations.

The initial infectious virus titers measured by van Doremalen et al. [3] were 103.5 TCID50 per liter of air for
SARS-CoV-2 and 104.3 TCID50/l for SARS-CoV-1, or an average of approximately 104 TCID50/l; the mean
number of infectious units per volume (PFU/l) can be obtained by applying the Poisson distribution and taking
0.7 × TCID50 titer/l.

The virions are not just bare units though, but, as mentioned above, are contained in aerosol droplets. The aerosols
were <5 μm [3] and a typical volume will be approximately 6 × 10-14 l. Aerial oxygen dissolved in an aqueous
aerosol will be approximately 10 mg/l [19]. So in an aerosol droplet there will be approximately 2 × 10-17 moles
of oxygen or approximately 107 molecules. Let us assume for the moment that each aerosol droplet contains only
one virion. In a lipid bilayer there are about 5 × 106 lipid molecules in a surface of 1 μm × 1 μm [20], or a surface
concentration of approximately 5 × 1018 molecules/m2.

A virion has a diameter of about 100 nm [21] and the lipid envelope surface area will be approximately 3 × 10-14 m2.
Thus, there will be approximately 105 lipid molecules on the virion envelope and there will be an excess of
approximately 100 molecules of oxygen in the aerosol droplet to bring about virion deactivation. Overall, there are
approximately 104 infectious units per liter of air so there will be approximately 109 lipid molecules for oxidation,
again with a 100-fold excess of dissolved oxygen. That may not seem a very large excess, but we also have to take
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account of the replenishment of the oxygen from the surrounding air. Assuming ideal gas behavior, one liter of
air at standard temperature and pressure (STP) will contain approximately 1021.7 oxygen molecules so there will
be a very large excess available. And the time for aerial oxygen to dissolve and reach the virion surface where it is
consumed will be a matter of milliseconds; the diffusion coefficient of oxygen in water is approximately 10-5 cm2/s
and the time taken for diffusion across an aerosol length of 2.5 μm is (2.5 × 10-4)2/10-5 ≈ 6 ms [19] which, as
indicated below, is miniscule compared with the oxidation rate. Even though there will be more than one site in
a lipid molecule where oxidation can occur (cf. Figure 1), and there may be a greater number of virions in each
aerosol droplet, the dissolved oxygen will never be depleted.

It should also be noted that for real-life situations aerosol droplets generally are much larger than 5 μm. For
sneezing, droplet sizes can be as large as 360 μm, while for coughing and breathing they can be 60–100 μm in
diameter, and practically no droplets have diameters <3 μm [22]. Notwithstanding the wide range of droplet sizes,
oxygen will always be the dominant reactant.

Therefore, in reaction (R8) the [O2] will effectively stay constant and Eq. (1) can be written as:

d [VLH] /dt = −k’ [VLH] (Eq. 2)

where the rate constant, k’, contains the oxygen concentration and has the units of reciprocal time; for example, s-1;
it is a pseudo-first order rate constant. Integration of Eq. (2) shows the exponential decay of the virus concentration
with time mentioned above:

[VLH] = [VLH]0 exp (−k’t) (Eq. 3)

To halve the initial concentration, [VLH]0, the time, t1/2, for SARS-CoV-2 is 1.1 h, or 3960 s, and for SARS-
CoV-1 it is 1.2 h, or 4320 s [3]; these reaction times are clearly very much longer than times for replenishment of
the oxygen dissolved in the aerosol droplet.

The relationship between a pseudo-first order rate constant and a half-life is given by

k’ = ln 2/
(
t1/2

)
(Eq. 4)

so the two rate constants are 1.75 × 10-4/s and 1.60 × 10-4/s, respectively. The kinetics of the inactivation of
the two viruses is obviously very similar.

As mentioned above, published comparisons of enveloped viruses have been mainly related to medical con-
siderations such as transmissibility, hospitalization, mortality rates, pathogenesis, epidemiology and other clinical
features. None seem to have considered details of the chemical structure of the viral envelopes. However, there is
circumstantial evidence that suggests there are similarities for a range of viral envelopes.

For example, values of t1/2 of about 840, 1140 and 4800 s have been found for H1N1, H5N1 and H3N2
virus aerosols, respectively [23], and 840–1140 s for African Swine Fever (ASF) virus aerosol [24]. In a study of
the aerosol stability of Zaire Ebola virus, Fischer et al. [25] compared the viability over time of the two strains,
EBOV Mayinga 1976 and EBOV Makona 2013. From their results the time required for a reduction of 1-log10
TCID50 was calculated to be 37140 s, which corresponds to a value of t1/2 of 11187 s. So values of t1/2 for a
number of coronaviruses can be seen to lie in the range of 840–11187 s with SARS-CoV-2 and SARS-CoV-1 lying
in midrange. Kramer et al. provide further evidence in comparing duration of persistence of >20 enveloped and
nonenveloped viruses [9].

The relatively narrow range of half-lives suggests that, in general, enveloped structures are not too dissimilar
and, hence, inactivations are comparable. The variations that do arise are not too surprising, though, when one
takes into account the fact that viral lipid envelopes in different molecular environments will certainly have some
variations in their structures, and, importantly, they will also experience different electron forces and distributions
from the nucleocapsid that will affect their chemistry and reactivity; in that context it can be noted that there is
only a small similarity between the complete genome sequences of COVID-19 and of Ebola [26].

Interestingly, a study of isolated phospholipid monolayers [27] without any viral environment and with various
degrees of unsaturation has shown similar kinetic behavior to that for SARS. The degradation with time of different
phospholipid molecules exposed to laboratory air was monitored. Remembering the discussion above about the
effect of the proximity of double bonds in the lipid structure to the sites for hydrogen atom removal, it is interesting
to see that a lipid with one double bond had a longer degradation t1/2 of 6120 s than the t1/2 of 5040 s for a lipid
with two double bonds.
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Some caution is needed, though, in making comparisons of t1/2 values. For example, the phospholipids were, as
mentioned, exposed to laboratory air and hence to ambient lighting conditions, and, as we have already indicated
and as we shall see further below, light can enhance the reaction kinetics. Then, as will also be discussed below, rates
of lipid oxidation can vary depending on their physical state. For the phospholipid studies, monolayers were spread
on a pure water surface of a Langmuir trough. Surface oxidations are generally slower than for aerosol samples
so that may be why the rates of oxidation of simple molecules appear to be less rapid than for more complicated
virus lipids. Notwithstanding experimental differences, there are similarities between the kinetic characteristics with
comparable generic behavior of lipid molecules, irrespective of their environments. The usefulness of considering
the chemistry of inactivation can be seen.

Before moving on to considering ways of enhancing virus inactivation we can note two additional features of
the phospholipid study. First, a lipid with no double bonds showed no degradation which is consistent with the
difficulty, discussed earlier, of initiating the chain reaction with no allylic hydrogens. Then, for the two-double-
bonded lipid protected by a blanket of nitrogen there was no degradation, so confirming the role of aerial oxygen
in the reaction process of reactions (R2) & (R4).

Promoting virus inactivation
In order to have an indoor viral aerosol environment that is safe to use, the level of inactivation required clearly
has to be defined. So, for example, if we choose that to be 99.9% requiring a 1000-fold reduction of the initial
virus level then, by considering Eq. (3) with Eq. (4), it will need (ln1000/ln2) ≈ 10 half-lives. For SARS-CoV-2,
assuming that the oxidation from initiation continues to follow first-order kinetics, that is, 11 h, which is not a
realistic time to have to wait; a level of reduction to only 1% will still need approximately 8 h.

A number of studies has been published on inactivation of a wide range of viruses, in particular for enveloped
viruses, which include treatment with steam, vaporized hydrogen peroxide, ozone and chlorine. However, to
introduce any of those chemicals into a virus infected atmosphere without having an isolated environment, would
give chemical contamination of the atmosphere and safety concerns. Another possibility is to use UV light.

A review of UV germicidal irradiation (UVGI) doses for coronavirus inactivation [28] comments that since
coronaviruses have similar general structures, as we have indicated above, common UV disinfection procedures
could inactivate the SARS-CoV-2 virus, as well as future possible mutations. However, that conclusion is based
on UV damage to the ssRNA components which undoubtedly will occur, but the lipid bilayer presents a very
much larger photon absorption cross-section that, as we shall see, can lead to sequential oxidation of hundreds of
molecules in an exploding chain reaction.

The majority of the studies made has been with UVC light at 254 nm which presents its own hazards to skin
and eyes, and it has been suggested that far-UVC light (207–222 nm) be used which efficiently kills pathogens
with much less harm to exposed human cells or tissues [29,30]. That work has explored UV efficacy against human
coronaviruses from subgroups alpha (HCoV-229E) and beta (HCoV-OC43). It was found that low doses of,
respectively, 1.7 and 1.2 mJ/cm2 inactivated 99.9% of aerosolized alpha coronavirus, 229E, and beta coronavirus,
OC43. The authors say that based on the results for the beta HCoV-OC43 coronavirus, continuous far-UVC
exposure in public locations at the currently recommended exposure limit (3 mJ/cm2/h) would result in 99%
viral inactivation in approximately 960 s and 99.9% inactivation in approximately 1500 s. It is suggested that
it is realistic to expect that far-UVC light would show comparable inactivation efficiency against other human
coronaviruses, including SARS-CoV-2; that is in accord with our discussion on viral lipid oxidation. The times for
achieving that would still be too long though for a safe occupied environment. We consider here physicochemical
aspects of dealing with that. To do that we need to first return to the chain reaction mechanism discussed above.

We noted earlier that peroxyl radicals (VL1OO•) act as chain carriers in oxidation, but we did not point out that
the abstraction of reaction (R3):

VL1OO• + VL2H → VL1OOH + VL•
2 (Eq. R3)

is rather slow [12]. So, the chain can continue with just one abstraction at a time after initiation and the process
can go on indefinitely at a slow rate. As a result, as we have noted, the hydroperoxides (VL1OOH) can build up
with time. What is needed to accelerate it is for the hydroperoxides to be decomposed to alkoxyl radicals (VL1O•)
and hydroxyl radicals (HO•) – reaction (R9):

VL1OOH → VL1O•+•OH (Eq. R9)
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Figure 2. Log survival values for H1N1
virus ( ) and SARS-CoV-1 ( ) with time
for inactivation by UV irradiation (254
nm).
Data taken from Szeto et al. [31] and
Kariwa et al. [32].

That is what UV light can do.
It can be noted that the cleavage of the O–O peroxide bond with an energy of 157 kJ/mol [12] will be even more

favorable than that of any C–H bonds. Also, both the newly formed radicals react much more rapidly and more
generally than VL1OO•. And since the homolytic scission by UV light creates two highly active radicals, two viral
lipid oxidations will occur for each hydroperoxide decomposition. All of that means that one would expect there to
be a significant increase in the rate of the overall chain propagation and lipid oxidation as the process progresses. In
fact, reaction (R9) is an example of chain branching with secondary chains dramatically amplifying and extending
the process beyond the initial radical chain; a single initiating event can lead to sequential oxidation of hundreds
of molecules in the primary chain and in the secondary branching chains. The suggestions for the chemistry of
enveloped virus inactivation give insights into how UV light can be used. However, there are results that suggest it
is not straightforward.

Figure 2 plots log reduction of virus titers (TCID50) for data taken from results for UV radiation of influenza
virus H1N1 [31] and for SARS-CoV-1 [32]. In both cases the plots are initially approximately linear for a reduction of
approximately 3-log10, and one can calculate the values of t1/2 for that region of the plots using Eqs. (3) and (4) +-03

For H1N1, t1/2 is approximately 42 s which is rather less than the ‘unassisted’ value of 840 s [23]. It should
be noted, though, that the ‘unassisted’ result was measured with an aerosol sample and the UV-treated results
were obtained with samples on nitrocellulose filter papers. As mentioned earlier, aerosol studies yield higher rate
constants than for surface samples and this is because viruses tumbling in the air will receive all round UV exposure
while those on surfaces receive exposure in one plane only, and virus samples absorbed into filter papers would
be even less accessible to UV light. Therefore, a t1/2 for UV-irradiated H1N1 as an aerosol would be expected to
be <42 s.

For SARS-CoV-1, t1/2 is approximately 30 s which is a significant decrease from the ‘unassisted’ value of
1.2 h, or 4320 s, reported above [3]. UV-irradiated SARS-CoV-1 consisted of 2 ml samples of stock virus in Petri
dishes [32], which would give rather more light accessibility that would not be so different from the aerosols, so a
significantly greater degree of inactivation can occur.

Even though there are some environmental and measurement factors that have to be taken into account, it can
be seen that, in general, as is well known and as expected from considerations of chain propagation, UV light can
be a powerful promoter of virus inactivation, at least initially. But then the temporal plots have decreasing slopes
showing a slowing down of the inactivation processes.

One possible explanation for that rate falloff is that when radical quenching processes exceed the rate of new
chain production, non-radical products form. An example of that is the co-oxidation mentioned earlier of non-lipid
molecules such as the spike proteins; this can be a significant mechanism for radical scavenging and reducing lipid
oxidation. And as oxidation progresses and the number of radicals dramatically increases, radical recombination
can become more important and faster than the initiation of new chains so that oxidation slows as stable secondary
products form. The chemistry changes and, hence, so does the kinetics.

However, there is a significant difference for aerosol viral lipid oxidation from that of more usual situations of
lipid chain reactions in that, as we have seen and as indicated in Figure 2, virus concentrations are very low. And
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radical recombinations require not only high radical concentrations, but they also need a high viscosity medium.
So when there is a high dilution of viral lipids and an aqueous aerosol environment, radical recombinations could
be expected to be less important.

There is another way of considering the falloff in inactivation. We consider the number of collisions in a random
way between molecular species [33]. A collision between a viral lipid and a photon will not necessarily lead, though,
to acceleration of viral inactivation. The number of hydroperoxides decomposed in relation to the number of
photons absorbed is known as the quantum yield, φ, and it is equal to the ratio of the measure of the probability
that a photon will deactivate a virus as defined by the inactivation cross-section, σ, to the probability that a photon
will be absorbed by a virus as defined by the absorption cross-section, A [34].

φ = σ/A (Eq. 5)

The quantum yield is an absolute measure of viral sensitivity to light. The relative sensitivity of different viruses
varies [34], and, together with the factors mentioned above, that will be another reason for different inactivation
half-lives.

Now, if we choose a particular virus it will have over a period of time, t, a number of inactivating collisions, nv,
with photons. This can be expressed as:

nv = t/τ (Eq. 6)

where the proportionality constant, τ, is the average time between the inactivating collisions. If we initially have
nv0 viruses in a given volume then after time t some will have experienced inactivating collisions, and we denote
the number that have not had inactivating collisions until time t as nvt. The number nvt+dt that then does not have
an inactivating collision until time (t+dt), will be less than nvt by the number of successful collisions in dt. The
number of those collisions in dt can, using Eq. (6), be written as:

dnv = nvt dt/τ (Eq. 7)

Hence

nvt+dt = nvt − nvt dt/τ (Eq. 8)

The term nvt+dt can be written as nvt + (dnvt/dt) dt and substituting this into Eq. (8) gives

dnvt/dt = −nvt/τ (Eq. 9)

Integrating Eq. (9) yields

nvt = nv0 exp (−t/τ) (Eq. 10)

Eq. (10) is of the same form as Eq. (3) with 1/τ being a frequency equivalent to the rate constant, k’, in Eq. (3).
But whereas k’ has a constant value in Eq. (3), 1/τ will be changing with time since τ is the average time between
inactivating collisions which will get longer as time progresses because there are fewer viruses left that have not been
inactivated. So not only is the number of viable viruses decreasing, but the number of collisions with photons to
inactivate them is also decreasing.

This effect can be seen mathematically if we take the derivative with respect to time of the Ln of Eq. (10).
Then we have:

d (ln {nvt/nv0}) /dt = 1/τ (Eq. 11)

which shows that as τ increases, the slopes of the plots will tend to zero, as is observed in Figure 2 for the plots
approaching the limit of detection.

Notwithstanding the falloff in the rate of viral lipid oxidation, the use of UV light can maintain an enhanced
rate of inactivation for at least a reduction of 3-log10. Again, it is apparent that physicochemical considerations
can lead to some understanding of viral inactivation. The question then is ‘How can that be implemented?’

Use of UV light for inactivation
Germicidal UV lamps have been used for many years [35] with the main emission line for the UV radiation at
254 nm, which has 471 kJ/mol of energy. That will be sufficient to break the bonds we have been discussing
Table 1.
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Table 1. Lipid bond energies.
Bond Energy (kJ/mol)

Allylic H H3C–CH2–CH=CH– 322

Doubly allylic H HC=CH–CH2–CH=CH– 272

Peroxide O–O 184

Reports have been published for controlling hospital air quality and for analyses of UVGI for hospital applica-
tions [36,37] and detailed modeling of the UV dose has been carried out defining the complete 3D intensity field
in any experimental apparatus involving airflow [38]. Here we present a simple overview of a reactor system which
could be used to supplement other engineering control methods [37].

The first task is to estimate the light intensity for the UVGI application and this can be done with the aid of the
relationship [39]:

nvt/nv0 = exp (−k"I t) (Eq. 12)

where nvt and nv0 are the number of surviving viruses at any time t and the initial number of viruses, respectively,
as discussed in the previous section, k” is equivalent to the rate constant in Eq. (3) but with units of cm2/μJ, and I
is the UV radiation intensity in μJ/cm2 s. The rate constant k” has to have units of cm2/μJ to ensure the argument
of the exponential is dimensionless and it arises because k” is a rate constant corresponding to a light intensity of
1 μJ/cm2 s; it is known as the standard rate constant and is independent of intensity.

For the Kariwa results [32] with the half-life given above of t1/2 approximately 30 s, the apparent rate constant
from Eq. (4) is 0.023/s which is equal to k”I in Eq. (12). The light intensity is 134 μW/cm2 or 134 μJ/cm2 s [32]

so k” will be 0.023/134 = 1.7 × 10-4 cm2/μJ, and for a light intensity of 1 μJ/cm2 s that gives k’ = 1.7 × 10-4/s
which compares well with the value of the rate constant of 1.6 × 10-4/s obtained for SARS-CoV-1 from Eq. (4)
and indicates that the ambient light that was mentioned for initiation of radical formation from the viral lipid had
an energy of approximately 1 μW/cm2.

As just noted, k” is independent of intensity, but with the additional energy input from the UV light the fractional
level of viral inactivation will vary according to the magnitude of that input as described by

F = exp (−k"I t) (Eq. 13)

where the ratio nvt/nv0 in Eq. (12) is written as the survival fraction, F.
From Eq. (13), we have

2.303 log F = k"I t (Eq. 14)

and putting in the numerical values with 3-log10 inactivation in 1 min and solving for I for SARS-CoV-2 gives

I = 2.303 × 3/1.75 × 10−4 × 60 ≈ 660μJ /c m2 s = 660μW/c m2 (Eq. 15)

Determining the air flow rates for healthcare environments is not straightforward, but a natural ventilation
requirement rate of 216 m3/h/patient, or 60 l/s/patient, is recommended by the WHO [40]; other studies give
support for that [41]. If a patient space such as a hospital bed in a ward or an intensive care unit (ICU) area has an
air extraction unit above or in an enclosed adjacent space, contaminated air could be extracted and treated with
UVC light. On that basis 3600 l, or 3.6 m3, would need to be extracted and to pass through the UV-irradiated
region in a duct in the ceiling void or enclosed space every 60 s.

Welch et al. [29] have described a horizontal rectangular irradiation chamber through which a viral aerosol flows
and passes over UV lights during part of their passage through the chamber. The ceiling duct would be a similar
arrangement, but there would be multiple UV lamps at regular intervals along the whole length of the duct to give
uniform irradiation of the air passing through it. Also, the duct, while having an inlet and outlet for the air flow,
would be designed to ensure that no UV light could escape into any occupied environment; from that point of
view it would not matter which type of UVC lamp was used.

The dimensions of the irradiated section of the duct could be adjusted to provide a volume of 3.6 m3, and the
simplest arrangement would be to have a duct 3.6 m long and a cross sectional area of 1 m2. By introducing baffles
along the length of the duct the path travelled by the airflow could be significantly enhanced and the cross-sectional
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Figure 3. Schematic representation of a parabolic mirror in a duct
for virus inactivation. The lamp denoted by O extends into the plane
of the page.

area could be proportionately reduced to maintain the volumetric flow rate. Also, by having a serpentine sequence of
separate duct sections the system would be less cumbersome. We now need to consider the radiation characteristics.

Modeling of the UV intensity field due to enclosure reflectivity has generally been made for a rectangular duct
with each of the four walls reflecting a fraction of the incident intensity it experiences at the surface [38]. An
alternative geometry that would give more controlled and more intense irradiation would be for the duct to be in
the form of a parabola. A line source of light, as is typically used for UV lamps, placed at the focus of a parabolic
mirror will generate a cylindrical wave that will be reflected into a plane wave propagating as a collimated beam
parallel to the vertical axis of the lamp (Figure 3).

Aluminum has a good reflectance (∼92%) in the UV spectral region [42]. It would not be used, though, in the
usual form of a glass mirror since only special glasses have a high transmittance in the UV, and also fabricating a
large parabolic glass mirror would be difficult and uneconomic. Aluminum evaporation is an industrially mature
process and production of a mirror on a lightweight material that could be easily formed into a parabola would
be straightforward. To compensate for the loss of light intensity by the reflection and to maintain the intensity
required as calculated above we need to increase it to 660/0.92 ≈ 720 μW/cm2.

The dimensions of a symmetrical parabolic mirror can be related by the equation 4fh = r2, where f is the focal
length, h is the height of the mirror measured along the axis of symmetry from the vertex to the plane of the rim
(100 cm), and r is the radius of the mirror at the rim from the center (50 cm) [43]. With the mirror reaching from
the base of the duct to the top and occupying the full width at the base then the focal length, f, will be 6.25 cm.

The fraction of light (θ) reflected by the dish from a light source in the focus, is given by [43].

θ = 1 − arctan(r/(h− f ))
π

= 0.84
(Eq. 16)

That requires a further increase in the light intensity to 720/0.84 ≈ 860 μW/cm2.
The cross-sectional area (A) under the parabola can be calculated by integrating the equation of a parabola

y = αx 2 (Eq. 17)

with the limits of the parabola width; α is a constant that can be determined from the fixed parabola dimensions.
For r = 50 cm, A = 6666 cm2. We still have to maintain a volumetric flow rate of 3.6 m3/min, so the length of the
parabolic duct will need to increase to approximately 5.4 m; the volume will still be treated in 1 min since while
the volumetric velocity stays the same, the linear velocity increases as a result of the reduction in the cross-sectional
area. One might also have a plane mirror at the base of the parabola to enhance the light intensity.

We take the total area for irradiating as the length of the parabolic duct times its maximum width which is
54 × 103 cm2. Suitable lamps are conveniently available in 54 cm lengths so ten lamps would cover the whole
length of the duct and each lamp would be required to provide 860 × 10-6 × 54 × 100 ∼ 5 W. It should be noted
that UVC lights are about 35% efficient so the total wattage of each lamp needs to be 5/0.35 ≈ 14 W, which is
also available. The total power for the system will be approximately 140 W, which is not excessive.

It should also be mentioned that germicidal lamps emit about 8% light at 185 nm producing ozone, which
has been recognized for over 100 years as a viricide [44]. However, when inhaled, relatively low amounts of ozone

future science group 10.2217/fvl-2020-0326



Perspective Hitchman

can damage the lungs causing chest pain, coughing, shortness of breath and throat irritation [45]. Therefore, if
UV-treated air is to be recirculated or to be exhausted to the external environment, UV light has to be filtered out
to avoid the production of ozone; elimination of the 185 nm line is a common feature of the lamps and is achieved
in their manufacture by using appropriate glass materials.

The air flow characteristics through the duct are characterized by the dimensionless Reynolds number, Re, which
is the ratio of inertial forces to viscous forces within a fluid [46]. It is defined by

Re = ρ u h/μ (Eq. 18)

where ρ is the density of the fluid, μ is its viscosity, u is the linear flow velocity, and h we take as the height
of the flow duct; for u we divide the volumetric flow velocity by the cross-sectional area, A. This gives a value of
Re = 5800. Typically, when Re <2300, the flow is smooth, laminar and predictable, and when Re >4000, the flow
is turbulent. The turbulent flow for the simple design we have described will facilitate viral inactivation by UVGI
since it will produce collisions of photons with viral lipids in the random way postulated above.

Adjusting the design parameters together with the light intensity along the duct, the level of viral inactivation
and the time required for it can be varied to meet a required performance. That would be particularly useful if a
greater level of inactivation than 3-log10 is needed and adjustments to compensate for the falloff in the deactivation
rate have to be made.

In addition to the process chemistry and parameters that we have discussed, we should note, as mentioned
earlier, that environmental factors, particularly heat and moisture, can have an effect on viral inactivation. At low
to moderate temperatures that viruses will encounter in natural and artificial environments, heat primarily acts
to break the O-O bonds of the hydroperoxides and this will accelerate the overall chain propagation and lipid
oxidation [47].

Moisture and water add more complexity to lipid oxidation with both pro-oxidant and antioxidant effects. At
very low relative humidities when aerosol water evaporates, thin moisture layers can bind to the macromolecular
surface, which retards oxygen diffusion, and water can hydrogen bond to hydroperoxide. Both of those processes
lead to decreasing oxidation. On the other hand, aerosol hydration of virus lipids increases molecular mobility,
oxygen diffusion and interaction with the lipids [48].

The mechanism for the behavior is clearly intricate. However, being aware of the effects and of the chemistry
involved can provide a basis for understanding the apparent conflicting results that have been obtained from
geographical and healthcare settings [49].

Whatever the process parameters, once the required level of inactivation has been achieved, the treated air can
be returned to the ward environment or exhausted to the external atmosphere.

Conclusion
We have carried out an analysis of the inactivation of enveloped viruses in general and of SARS-CoV-19 in particular
in terms of a suggested decomposition chemistry for the lipid bilayer through a free radical chain reaction. The
analysis and the chemical considerations together with the application of the kinetics to other enveloped viruses
indicate that the inactivations of such viruses are comparable.

Promoting virus inactivation with UV light has been briefly reviewed and discussed in terms of an extension
of the chain reaction mechanism. Considerations of the chemistry also highlight why UV light can be a powerful
initiator for virus inactivation, which together with physicochemical analyses give insights into how a 3-log10 level
of deactivation in 1 min, or a greater level of inactivation, could be achieved.

A practical method for doing that has been outlined that could be used to supplement other engineering control
methods and which would allow purified air to be returned to healthcare environments without there being any
UV radiation hazards for personnel during the process. The procedure while having relevance to the present virus
situation in a clinical setting, could have applications for mitigating viral transfer in commercial environments such
as restaurants, retail outlets, entertainment venues and anywhere potential asymptomatic disease carriers gather in
restricted spaces.

Finally, we should emphasize that a knowledge of viral lipid chemistry can be of value in bringing understanding
and insight into the mechanisms of inactivation for COVID-19 aerosols.
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Future perspective
Although the current COVID-19 pandemic has led to hundreds of papers and articles about the causative agent
and there have been rapid advances on various aspects of the disease, there is still much that is poorly understood.
This will obviously require more clinically based research, but investigations of viral diseases should not be purely
medically based. Viruses have complex molecular structures and their transfer to and interaction with living species
inevitably involve chemical reactions and physicochemical processes. To better understand the epidemiology of
viruses and to achieve new insights it will be necessary to have a wide perspective and to draw on a broad range of
other scientific disciplines. And for that, future virology will need to have an open mind and for there to be a spirit
of enterprise by the medical community.

Executive summary

Virus inactivation & kinetics
• Although there have been rapid advances on various aspects of the COVID-19, there is still much that is poorly

understood. In this paper we use different perspectives to try and understand the chemistry of coronavirus
aerosols and of viral inactivation.

• In some viruses the capsid of the virion with its enclosed nucleic acid is surrounded by a lipoprotein envelope, as
in coronaviruses, and while such viruses can persist outside host environments typically for days, nonenveloped
viruses can survive for weeks. It would not be unreasonable, therefore, to suggest that that could be related to
the relative ease with which the lipid structure is disrupted.

• The most common mechanism of the degradation of lipids is environmental oxidation. The process by which that
occurs is, in general, a free radical chain reaction leading to a series of complex chemical changes. Here we
illustrate the process in a greatly simplified scheme of reactions in order to try and discover what could be
involved in viral deactivation.

• It is shown that the kinetics of virus inactivation is consistent with a pseudo-first-order reaction and that it is a
common feature of a range of viral envelopes.

Promoting virus inactivation & use of UV light
• The use of UV light to promote virus inactivation is reviewed and its effect on the oxidative chain reaction is

discussed and illustrated with published data. However, while UV light can be a powerful promoter of virus
inactivation, at least initially, the experimental temporal plots have decreasing slopes showing a slowing down of
the inactivation processes. Various reasons for that are commented on, and it is shown that a model based on
collisions between molecular species and photons can explain the effect.

• The use of UV light for viral inactivation in a practical way is then presented. Considerations of experimental
parameters lead to a simple design that would allow contaminated air from a clinical setting to be extracted and
treated in order to achieve a 3-log10 level of deactivation in 1 min so that purified air could be returned to
healthcare environments.
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28. Heßling M, Hönes K, Vatter P, Lingenfelder C. Ultraviolet irradiation doses for coronavirus inactivation: review and analysis of
coronavirus photoinactivation studies. GMS Hyg. Infect. Control 15, Doc08 (2020).

• A good overview of UV inactivation studies of coronaviruses and their commonality.

29. Welch D, Buonanno M, Grilj V et al. Far-UVC light: a new tool to control the spread of airborne-mediated microbial diseases. Sci.
Rep. 8, 2752 (2018).

30. Buonanno M, Welch D, Shuryak I, Brenner DJ. Far-UVC light (222 nm) efficiently and safely inactivates airborne human
coronaviruses. Sci. Rep. 10, 10285 (2020).

31. Szeto W, Yam WC, Huang H, Leung DYC. The efficacy of vacuum-ultraviolet light disinfection of some common environmental
pathogens. BMC Infect. Dis. 20, 127 (2020).

• Illustrates the decreasing rate of inactivation with time for UV-irradiated influenza A viruses.

32. Kariwa H, Fujii N, Takashima I. Inactivation of SARS coronavirus by means of povidone-iodine, physical conditions and chemical
reagents. Dermatology 212, 119–123 (2006).

10.2217/fvl-2020-0326 Future Virol. (Epub ahead of print) future science group



Chemistry & kinetics COVID-19 aerosol inactivation Perspective

• A similar illustration for SARS-CoV-1.

33. Feynman R, Sands M, Leighton RB. In: The Feynman Lectures on Physics (Vol. 1). Addison-Wesley Pub. Co, Reading, Mass., (1963).

34. Rauth AM. The physical state of viral nucleic acid and the sensitivity of viruses to ultraviolet light. Biophys. J. 5, 257–273 (1965).

35. Reed G. The history of ultraviolet germicidal irradiation for air disinfection. Pubic Health Rep. 125, 15–27 (2010).

36. Kowalski WJ. Air treatment systems for controlling hospital-acquired infections. HPAC Engineering 79(1), 28–48 (2007).

37. Leung M, Chan AHS. Control and management of hospital indoor air quality. Med. Sci. Monit. 12(3), SR17–SR23 (2006).

38. Kowalski WJ, Bahnfleth WP, Witham DL, Severin BF, Whittam TS. Mathematical modeling of ultraviolet germicidal irradiation for air
disinfection. Quant. Microbiol. 2, 249–270 (2000).

39. Rentschler HC, Nagy R. Bactericidal action of ultraviolet radiation on air-borne organisms. J. Bacteriol. 44, 85–94 (1942).

• One of the first references to the relationship between survival numbers of biological organisms and UV light intensity.

40. WHO. Atkinson J, Chartier Y, Pessoa-Silva CL, Jensen P, Li Y, Seto W-H (Eds). Natural ventilation for infection control in health-care
settings (2009). https://apps.who.int/iris/bitstream/handle/10665/44167/9789241547857 eng.pdf ;jsessionid=CAE3548134266E6AE5
1F3B027E9F0467?sequence=1

41. Zhou Q, Qian H, Liu L. Numerical investigation of airborne infection in naturally ventilated hospital wards with central-corridor type.
Indoor & Built Environ. 27, 59–69 (2018).

42. Hass G, Waylonis JE. Optical constants and reflectance and transmittance of evaporated aluminum in the visible and ultraviolet. J. Opt.
Soc. Am. 51(7), 719–722 (1961).

43. Parabolic reflector. https://en.wikipedia.org/wiki/Parabolic ref lector

44. Elvis AM, Ekta JS. Ozone therapy: a clinical review. J. Nat. Sci. Biol. Med. 2(1), 66–70 (2011).

45. Brown JS. Acute effects of exposure to ozone in humans. Am. J. Respir. Crit. Care Med. 180(3), 200–201 (2009).

46. Beek WJ, Muttzall KMK, Van Heuven JW. Introduction to physical transport phenomena. In: Transport Phenomena (2nd Edition). John
Wiley & Sons, Chichester, England, (1999).

47. Labuza TP, Dugan LR. Kinetics of lipid oxidation in foods. CRC Crit. Rev. Food Sci. Nutr. 2(3), 355–405 (1971).

48. Karel M. Lipid oxidation, secondary reactions, and water activity of foods. In: Autoxidation in Food and Biological Systems. Simic
MG, Karel M (Eds). Plenum Press, NY, USA, 191–206 (1980).

49. Harmooshi NN, Shirbandi K, Rahim F. Environmental concern regarding the effect of humidity and temperature on 2019-nCoV
survival: fact or fiction. Environ. Sci. Pollut. Res. Int. 27(29), 36027–36036 (2020).

future science group 10.2217/fvl-2020-0326

https://apps.who.int/iris/bitstream/handle/10665/44167/9789241547857_eng.pdf;jsessionid=CAE3548134266E6AE51F3B027E9F0467?sequence=1
https://www.en.wikipedia.org/wiki/Parabolic_reflector


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


