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Deposition of suspended fine particulate matter
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Abstract

To analyse deposition of fine particulate matter (PM) on book surfaces we put twelve bunches of cellulose filters on
a free shelf of the National Library in Prague, exposed them for three, six, nine, and twelve months to indoor air
and analysed them after each period by Scanning Electron Microscopy (SEM) and Ion Chromatography (IC). Results
showed that fine particles were deposited predominantly on the surface of the top filter but partly also on the
surfaces of inner filters. It indicates fine particles penetrated between filters. The penetration and deposition of
particles was also modelled as Brownian diffusion between two parallel filters. The model prediction demonstrated
that fine particles penetrate between filters, with the depth of penetration limited by parallel diffusional deposition
on filter surfaces. This is in qualitative agreement with SEM and IC investigations. The results show that beside the
top part fine PM can deposit onto all available surfaces of books.
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Introduction
Airborne particles deposited on cultural heritage artefacts
have many negative effects. Beside soiling and abrasion of
surfaces particles can also cause material deterioration by
chemical reactions. Ultrafine atmospheric particles, pene-
trating indoors from the outdoor environment, contain soot
and organic matter from traffic that are hygroscopic and
effective for transport of acids. Fine particles consist of
secondary organic matter and ammonium sulfate, ammo-
nium nitrate, and sometimes sulfuric acid. Coarse particles,
formed predominantly by resuspended dust contain crustal
elements and in the indoor environment sometimes alka-
line particles emitted from concrete structures [1,2].
There are several studies reporting particle deposition

measurements in museums and other buildings with works
of art or historical artefacts [3-13]. The deposition has been
determined using vertical and horizontal collection plates
or filters, attached to the walls or horizontal surfaces with
subsequent analysis of amount and chemical composition
of deposit by various techniques. The results, though some-
what diverse, have several common features: a) the amount
of deposit on the horizontal surfaces is larger than on verti-
cal surfaces, b) the composition of deposit corresponds to
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the composition of particulate matter (PM) suspended in
the indoor air, and c) particles deposited on vertical surfaces
are formed frequently by soot, organic matter and ammo-
nium sulphate. The rate of submicron particle and sulfate
deposition onto a vertical surfaces measured inside five
Southern California Museums were in a good agreement
with theoretical prediction [14].
Dry deposition is considered to occur by a combin-

ation of Brownian and eddy diffusion and gravitational
settling [15,16] where prevailing deposition mechanism
depends on the particle size. Coarse particles are depos-
ited on upward-facing surfaces by gravitational settling
and fine particles predominantly by diffusion on surfaces
of any orientation. In principle the submicron particles
can penetrate by diffusion also between books and even
into the gaps between pages and thus can be deposited
on the inner surfaces of books. To test this hypothesis
we examined deposition of particles on paper filters
located on the free shelf of the library.
Experimental
The deposition experiments were performed during one
year comprehensive study of indoor air quality in the
Baroque Library Hall of the National Library in Prague,
that included measurements of gaseous pollutants, size re-
solved particle number concentrations, and size resolved
d. This is an Open Access article distributed under the terms of the Creative
commons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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Figure 1 Exposed Whatman filters.

Smolík et al. Heritage Science 2013, 1:7 Page 2 of 5
http://www.heritagesciencejournal.com/content/1/1/7
chemical composition of indoor PM. The results showed
that the average concentrations of size fraction 100 nm -
1 μm of the indoor PM was of the order 103 particles/cm3.
The IC analyses revealed that the major water-soluble
norganic component of this fraction was ammonium sul-
fate with maximum concentration centred at about
300 nm [17].
To investigate deposition of fine PM we placed twelve

bunches of ten cellulose Whatman filters No. 542 (circles,
70 mm), fixed in open Petri dishes, on a free shelf of the li-
brary (Figures 1 and 2). Each bunch contained ten filters,
which were gently loosed to increase the distance between
them. Whatman filters were chosen since due to low blank
were suitable a) for subsequent analyses of deposit and b)
for study of possible effect of deposited PM on degrad-
ation of cellulose, as main component of paper. In the
experiment bunches of filters represented books, laying on
the shelf.
Figure 2 Detail of exposed Whatman filter.
Bunches were exposed for three, six, nine, and twelve
months and examined after each period by Scanning
Electron Microscopy (SEM) and Ion Chromatography
(IC).

Particle penetration and deposition
To estimate penetration of particles between filters and
subsequent deposition on inner surfaces we modelled
transport of particles by Brownian diffusion between two
parallel discs (Figure 3) put in environment with con-
stant particle number concentration n0.
The particle concentration was described by the equa-

tion

∂n
∂t

¼ D
1
r
∂n
∂r

þ ∂2n
∂2r

þ ∂2n
∂2z

� �
ð1Þ

where n is the particle number concentration, t is the
time, r and z are the radial and axial distances, respect-
ively, and D is the particle diffusion coefficient [18]

D ¼ kTCc

3πηdp
ð2Þ

where k is the Boltzmann’s constant, T is the
temperature, Cc is the slip correction factor, η is the air
viscosity, and dp is the particle diameter. The slip correc-
tion factor Cc is given by

Cc ¼ 1þ λ

dp
2:34þ 1:05 exp �0:39

dp
λ

� �� �
ð3Þ

where mean free path λ for air at standard conditions is
0.066 μm. The solution of the equation (1) with bound-
ary conditions



Figure 5 SEM photograph of exposed Whatman filter.

Figure 3 Diagram for two parallel discs.
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n ¼ n0 for r ¼ R; z ≥ 0 and t ≥ 0
n ¼ 0 for r ≥ 0; z ¼ 0 and t ≥ 0
n ¼ 0 for r ≥ 0; z ¼ Z and t ≥ 0
∂n
∂r

¼ 0 for r ¼ 0; z ≥ 0 and t ≥ 0

ð4Þ

gives the concentration gradient ∂n/∂z at filer surfaces z =
0, z = Z and using Fick’s law the rate of particle deposition
per unit area of surface

J ¼ � D
∂n
∂z z¼0; z¼Z

�� ð5Þ

The equation (1) was solved numerically for particle
sizes dp = 10, 100, and 1000 nm, gap width Z = 1 and
5 mm, and constant particle number concentration n0 =
1.103 particles/cm3. An example of steady state concentra-
tion profile of 1000 nm particles in 5 mm gap is shown in
Figure 4.
As can be seen the concentration of particles rapidly de-

creases with increasing distance from the edge due to fast
deposition by axial diffusion. To estimate the deposition
Figure 4 Concentration of 1000 nm particles between two parallel di
we calculated amount and mass of particles (assuming
spherical particles of unit density) deposited on inner sur-
face during one year of exposition. (i.e. J.t). The results
showed that particle penetration and deposition depends
on particle size and width of the gap, with the depth of
the penetration limited by parallel diffusional deposition
on filter surfaces. Smaller particles penetrated faster and
deeper resulting in higher particle number concentration
of deposited particles but higher mass was transported by
larger particles.

Scanning electron microscopy
Surfaces of the top (first) and internal (second) filter
were analysed by Scanning Electron Microscopy (Quanta
450, FEI, USA). The samples were coated by gold and
scs with gap 5 mm.
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Figure 6 Concentration of sulfate ion deposited on the top
(first), internal (second) and bottom (tenth) filters during three,
six, nine, and twelve months long exposition. Average values
obtained from two parallel bunches, the bars represent the
standard deviations.
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viewed with the microscope at 20 kV. Typical example
of particles deposited on the top filter is shown in
Figure 5. At high magnification particles of different ap-
pearance and size were distinguished: spherical and ir-
regular particles, larger aggregates of smaller particles,
and fibres with sizes between about 50 nm to 50 μm.
Some particles were also analyzed by using SEM-EDAX.
Large irregular particles contained usually crustal ele-
ments Si, Al, and Ca indicating mineral origin. Several
smaller spherical particles contained C and O and occa-
sionally showed some instability under the electron
beam indicating biological matter. Examination of in-
ternal filters showed that the particles were deposited on
small area extending about 1 mm from the filter edge,
that qualitatively corresponds to the model prediction.
However, direct comparison was difficult, since model
differs from the real arrangement: filters fixed inside
shelf on Petri dishes were not exactly parallel and gaps
between filters were not constant (Figure 2), surface and
edge of filters had a fibrous character (Figure 5), that dif-
fers from the smooth surface assumed in modelling, and
indoor aerosol particles were polydisperse with highly
time variable concentrations.
Ion chromatography
Results from the parallel study [17] showed that ammo-
nium sulfate formed up to 60% of mass of water-soluble
part of indoor submicron PM. Since ammonium sulfate
is stable compound, it is considered as a tracer of ambi-
ent fine aerosols that penetrate indoors [19,20]. In
this study sulfate was used as a marker for deposited
particles.
Exposed filters were analysed after each period by Ion

Chromatography (IC). Since the bunches were not exactly
planar but slightly convex (see Figure 2) the downward-
facing surface of the last filter could be exposed as well.
Thus, we analysed the top (first), internal (second) and
bottom (tenth) filter from two bunches after each period.
The analyses were provided using the setup by Watrex
Ltd., Czech Rep., with columns Watrex IC Anion II
10 μm 150 × 3 mm for anions and Alltech universal cation
7 μm 100 × 4.6 mm for cations. The conductivity detector
used in this setup was a SHODEX CD-5. The samples
were extracted by 10 ml of ultrapure water with conduct-
ivity 0.08 μSm− 1 (Ultrapur, Watrex Ltd.) for 0.5 h using
ultrasonic bath and 1 h using a shaker. The filtered ex-
tracts were then analysed for anions and the next day for
cations. The sample solutions for cation analysis were
stored in the fridge prior the analysis.
Results of analyses, corrected for the blank value, are

shown in Figure 6. As can be seen, sulfate concentrations
on all filters increased with time. Substantially higher sul-
fate concentrations were found on the top filter predom-
inately due to larger exposed area. These results were
confirmed by statistical analysis (Wilcoxon test, p < 0.05),
which showed significant differences only between the top
and other two filters. A non-parametric test was chosen,
because the Shapiro-Wilk test rejects the hypothesis of
normal distribution for the bottom filter at p < 0.05. The
results clearly show, that submicron particles penetrated
between filters with transport governed at least to the
downward-facing surface (Figure 2) of the bottom filter
by diffusion.
Conclusions
To test if the indoor submicron particles can penetrate
by diffusion into gaps between books or even between
pages of books, we exposed twelve bunches of Whatman
filters to the indoor air fixed in open Petri dishes on a
free shelf of the library. Bunches were exposed for three,
six, nine, and twelve months and analysed after each
period by Scanning Electron Microscopy (SEM) and Ion
Chromatography (IC). The penetration and deposition
of particles has been modelled assuming Brownian diffu-
sion between two parallel discs, The simple model
showed that the particle penetration and deposition de-
pends on particle size and width of the gap, with the
depth of penetration limited by parallel diffusional de-
position on filter surfaces. Smaller particles penetrate
faster and deeper resulting in higher particle number
concentration of deposited particles, but higher mass is
transported by larger particles. The results of modelling
have been qualitatively confirmed by Ion Chromatog-
raphy using sulfate as marker for deposited particles.
The results show that beside the top part fine PM can
deposit onto all available surfaces of books.
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