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Abstract

Detection of materials encased in porous media is important in many applications and can
be attempted via sensing vapor sublimating from them. Development of such sensors requires
evaluation of vapor concentration expected at the free surface from materials encased at different
depths. In the present work experiments are conducted with a model material, naphthalene,
which is relatively easy to detect. One of the main aims of these experiments is, however, in the
development of a comprehensive theory (also in the present work) which is applicable to any
sublimating material. Accordingly, the data acquired using the model experimental material

(naphthalene buried in sand or clay) is used here for verification of the theory.



An additional aim is related to the question whether it is possible to amplify the vapor flux
reaching the free surface by means of suppression of its partial adsorption in the bulk. Using
sand as a porous medium of interest, it is shown that it is possible to achieve this goal by dip
coating of sand in polymer solution with a subsequent drying. In a modified sand with a
dramatically reduced surface area of the grains smoothened by the polymer coating, vapor
adsorption is dramatically suppressed, while vapor flux toward the free surface is dramatically

increased, thus increasing the chances of detection.

1. Introduction

Vapor and gas transfer in porous medium is an important subject which is relevant in
such applications as petroleum and natural gas exploration, mining, water vapor transport
through soil layers, leakage and smoke detection, forensics, etc. In the latter case, which is of
particular interest in the present work, an encased sublimating material might be buried or hidden
in porous medium. Then, vapor/gas sublimating from such a source diffuses into the surrounding
medium and is inevitably partially adsorbed in it. The adsorption processes in porous media,
either chemisorption or physisorption, were studied with various materials, such as porous silica
[1, 2], porous carbon [3, 4], as well as with fibrous materials [5, 6]. As a result several types of
the adsorption isotherms were established to describe the adsorption/ desorption equilibria in
different situations [7-11].

Vapor or gas diffusing through the encasing porous media and being partially adsorbed in
the pores, can also partially achieve the free surface and be, in principle, detected there. It should

be emphasized that a detectable vapor or gas release to the free surface could be delayed due to



the adsorption in the pores at the beginning of the process. Thus, it might be of interest to speed
up this process and amplify the vapor release to the surface, which is one of the aims of the
present work. Such detection methods as polymer-coated acoustic wave sensors [12],
chromatography [13], hyperspectral imaging [14], etc. were demonstrated to be effective for
unknown vapor detection and determination. Besides that, detection and concentration of known
vapor accompanied by mass quantification are also important. The methods for detection of
specific known vapor are quite mature now. Many kinds of vapor sensors and methods have been
developed, such as polymer sensors [15], resonating microcantilevers [16], and methods
employig carbon nanotubes [17,18]. However, these sensors still have limitations when the
spatial spatial distribution of released vapor is in question. Sensors can relatively easily detect
and measure vapor concentration if vapor is pumped through the sensor [19]. Still, to determine
the vapor distribution by this method would be imprecise because it is impractical to collect and
pump the vapor just from a specific location. Using the existing sensors it is also difficult to
determine the source size, and/or the depth and the horizontal location of a buried source.

Some types of vapor sublimating from the original materials are relatively concentrated
and easily adsorbed, which makes them ideal model materials. For example, naphthalene vapor,
as a typical polycyclic aromatic hydrocarbon with a unique smell, was used as a model material
in several experimental works [20-23]. Solid naphthalene yields a relatively high vapor
concentration, since it sublimates at a relatively high rate. Its deposits in the form of white
crystals can be detected to quantify the amount of vapor released from a porous medium. The
albedo measurement or estimation was demonstrated to be an effective method to explore the
surface texture, surface temperature variations, surface energy, etc. Such measurements either

demand precise instruments, such as pyranometers [24] and scanning radiometers [25], or just a



photograph [26]. Using the photography-based method is a convenient way to estimate the
albedo value. However, it demands an albedo value of a known object as a reference point, i.e. it
is impossible to establish the actual brightness values. Accordingly, it leads to imprecisions and
errors when this method is used for vapor quantification. Since the albedo value is positive and
proportional to the corresponding pixel intensity value [27], the intensity value can be obtained
directly from a photograph. Thus, measuring the photograph pixel intensity values for vapor

quantification purposes would be a more precise method.

In the present work, the experiments with a naphthalene ball located in the original sand,
where it sublimates and its vapor is adsorbed and diffuses through the pores toward the free
surface where the detection takes place, are described in Section 2. Similar experiments with a
naphthalene ball located in kaolinite (clay) are described in Section 3. The theoretical description
of the process is given in Section 4, and its comparison with the experimental data is discussed in
Section 5. Experiments with naphthalene sublimation and diffusion in a modified sand (coated
with polymer or after it underwent another surface treatment) are covered in Section 6.

Conclusions are drawn in Section 7.

2. Experiments with original sand

2.1. Materials and experimental setup

The volatile material used in this work is naphthalene, which was purchased from Enoz.
Its purity was 99.95%. The 1.9 cm naphthalene balls were used as received. Another volatile

material used was camphor balls of 1.9 cm, which were formed from Frontier camphor powder.



Sand purchased from Quikrete was used as a model granular porous medium. It was pre-
treated by rinsing in ethanol before being used in the experiments to eliminate impurities. Then,
the wet sand was fully dried under 100 °C and sieved with 0.212 mm to 1.4 mm sieves. Such a
sand, which had not underwent any surface modification, except the elimination of impurities, is

termed as the original sand. Kaolinite was purchased from Halaeveryday.

A hotplate was used, and a copper plate of 12"x12"x0.093" in dimensions was located on
its surface in order to maintain the uniform surface temperature. A polycarbonate tank

(I4ecmx13cmx22.5cm) to be filled with sand was located on top of it and the tank bottom
temperature was sustained at 78 °C (close to the melting temperature of naphthalene which is

80.26 °C) to speed up the experiments. A naphthalene ball was placed at the tank bottom, and

after that, the tank was filled with sand. Four different heights of sand filling (or vice versa, four
different depths of the naphthalene ball location) were used, namely, h=3.0 cm, 4.5 cm, 5.5 cm
and 7.0 cm. After 1 h, the temperature in the tank reached a steady value and then a 3M

transparent film (13 cmx12 cmx0.05 cm) was placed at the free surface of the sand layer to

collect naphthalene vapor, which reached the surface. It was found that the naphthalene vapor

was deposited on the film in the form of white crystals.

At the beginning of any experiment, there was a relatively long delay time during which
no naphthalene deposition on the film was observed at all. Such a delay cannot be attributed to
diffusion. Indeed, the diffusion delay would be of the order of h?/D, where D is the diffusion
coefficient of the naphthalene vapor in air. Taking for the estimate h=7.0 cm and D=0.1 cm?/s,
the diffusion delay would be of about 8 min, whereas the observed delay was about tdaelay=161 h.

Therefore, the observed delay was due to vapor adsorption on sand grains in the bulk. Only after
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the adsorption process had saturated, vapor could reach the surface, and deposit on the film on
the surface in the form of white crystals. Once the crystals started to appear on the film, 10 h of
continuous experiment was conducted, in which the crystalline deposit was photographed every
2 h. Due to the insolubility of naphthalene in water, the transparent film was gently washed by
D.I. water to remove the attached sand particles before each image was taken. Image J software

was used to analyze the crystal images collected over time.

2.2. Experiments results

A 1.9 cm naphthalene ball was located in the middle of the tank bottom. In separate
experiments the original sand filled the tank up to the heights h=3.0 cm, 4.5 cm, 5.5 cm and 7.0
cm. The corresponding images of the films on the free surfaces of these sand layers recorded at
several subsequent time moments for the height h=3.0 cm are shown in Fig. 1. It shows that in
the case of h=3.0 cm crystals of naphthalene on the film become visible in the middle, i.e. above
the source (the naphthalene ball buried in the sand) after a delay tdaelay=12 h. During the delay
time, no deposit was collected at the surface, which means that the entire vapor flux was
adsorbed in the sand bulk on the grain surfaces. Only when the adsorption process was fully
saturated, vapor could diffuse to the free surface and form the deposit there. The time listed in
the caption of Fig. 1 is reckoned from this delay time. It should be emphasized that the crystal

clusters seemingly continued to grow, i.e. the deposit density increased in time.



Figure 1. Morphology of naphthalene crystal deposits on transparent film at the free surface in

the case of a 1.9 cm naphthalene ball buried in the middle under h=3 cm of the original sand: (a)
at t=0, (b) at t=2 h, (c) at t=4 h, (d) at t=6 h, (e) at t=8 h, (f) at t=10 h. The time is reckoned from

the delay time tdelay=12 h.

The area occupied by the naphthalene crystal deposits was outlined as shown, for example,
in Fig. 2 and measured by counting the number of pixels inside. The cumulative results for all
four heights of sand layer for the entire time of deposit observation (10 h in all the above-
mentioned experiments) are shown in Fig. 3. It is seen that at least in the case of h=3 cm the area
growth had saturated in 8 h (after the corresponding delay time tdelay=12 h). At higher values of h,
the area saturation seemingly has not been reached, maybe because the area was not measured

accurately enough to distinguish the peripheral fringes.
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Figure 2. Measurement of the deposit surface area using the green outlines. The case of a 1.9 cm

naphthalene ball buried in the middle under h=3 cm of the original sand: (a) at t=0, (b) at t=2 h,

(c) at t=4 h, (d) at t=6 h, (e) at t=8 h, (f) at t=10 h. The time is reckoned from the delay time

tdelay= 12 h
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Figure 3. The measured deposit area for naphthalene crystal deposition. The case of the original
sand, and a 1.9 cm naphthalene ball buried in the middle. (a) The area versus time, with time
being reckoned from the delay times. (b) The area versus sand layer thickness. The experimental

data is shown by symbols and spanned by lines.

2.3. Quantification of the amount of collected crystals

The amount of naphthalene crystalline deposit collected on the film on the free surface of
sand layers was quantified via grayscale image intensity. The films with deposited naphthalene
crystals were photographed using a DSLR camera with setting of £ =7.1 and 1/5 exposition time.
All images were taken under the same conditions and settings. The intensity values of each pixel
in the deposition area of naphthalene crystals were measured by the open software Image J. The
area occupied by the deposited crystals varied in time and with the thickness of the sand layer (cf.

Fig. 3).

The original images were converted into 8-bit grayscale images. Then, the intensity
values in the deposition area with deposited crystals and at the blank locations on the same film
were measured. After that, the histograms of these two pixel intensities were plotted (cf. Fig. 4).
The horizontal axis of the histogram represents the pixel intensity values, which range from 0 to
255, and the vertical axis of the histogram represents the corresponding number of pixels. The
image in Fig. 4a corresponds to Fig. 2b. At location 1 (cf. Fig. 4a), where the crystals were
observed, the pixel intensity value varies from 18 to 205 (cf. Fig. 4b), and the mean intensity
value is 30.7683 £ 12.0811. No crystals were formed at location 2 (cf. Fig. 4a), and the
corresponding intensity values range from 22 to 51 (cf. Fig. 4c), while the mean intensity value
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is 26.6578 £ 1.5948. The values measured at location 2 were considered as the background,
which means that the latter pixel intensity values should be withheld from those measured at
location 1. Then, the result represents the intensity value of the crystals. This procedure was

applied to all experimental images.
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Figure 4. Measurement process of pixel values. a) The image corresponds to Fig. 2b. b)
Histogram of pixel intensity versus number of pixels at position 1. ¢) Histogram of pixel

intensity versus number of pixels at position 2.
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After measuring all pixel values of the deposited crystals, as described above, the total

intensity values were calculated by summing all pixel values, and then divided by the

corresponding deposition area to obtain the value of the total pixel intensity per unit deposition

area. Thus calculated total pixel intensity per unit area is depicted in Fig. 5 for different times

and sand layer thicknesses.
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Figure 5. Total pixel intensity per unit area covered with naphthalene crystals. A 1.9 cm

naphthalene ball was buried in the middle. The experiments with the original sand. (a) Total

pixel intensity per unit area versus time, with time being reckoned from the delay times. (b)

Total pixel intensity per unit area versus sand layer thicknesses. The experimental data is shown

by symbols and spanned by lines.

It should be emphasized that measuring albedo by using photography-based methods is

widely used in research and applications. However, this method can result in errors and
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inaccuracies being applied to quantify vapor deposition. To compare the accuracy of the albedo
method and the present image intensity method, an image taken in the experiments was used and
a white paper was applied as the albedo value reference, whose value is 0.95 [28] . The values of
the albedo and the corresponding total image intensity were measured at locations A and B (Fig.
6), whose areas were lcm? and 0.3 cm?, respectively. Note that the ratio of the value of an
unknown object albedo to the value of a reference object albedo equals to the ratio of the
brightness of the unknown object to the brightness of the reference object, and the brightness of a
grayscale image is the average intensity value of all pixels in the image. At location A, the
brightness value was measured as 43.507 + 30.815, the albedo value was 0.31, and the total
image intensity per unit area measured was 6208153 cm™. At location B, the brightness value
was measured as 31.000 + 24.557, the albedo value was 0.22, and the total image intensity per
unit area measured was 561916 cm™. It is seen that the albedo values corresponding to locations
B and A vary by only 41%, while the intensity values per unit area vary by the factor of 10
(about 1000%). These values show that the albedo method is much less sensitive to the physical

changes than the image intensity method used in the present work.
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Figure 6. Comparison of the albedo method and the image intensity method. Squares indicate

locations A and B used in the measurements.

2.4 Correlation of the image intensity with the deposited vapor mass

In this subsection, the correlation of the deposited vapor mass with the image intensity is
established. For this goal, nine naphthalene balls of the same diameter of 1.9 cm were placed in
nine separate beakers. Then, layers of h=2.0 cm thickness of sand were filled up in the beaker,
and the bottom temperature of the beakers was sustained at 78 °C (below the melting temperature
of naphthalene of 80.26°C)) to speed up the experiments. Nine transparent films, which were the
same as in the previously described experiments, were placed on top of sand to collect the
naphthalene crystals formed by the deposited vapor. The film weights were measured in 1 h, 1.5
h, 2 h and 2.5 h. The pure film weight was withheld from the measured values to find the weight
of the deposited vapor as a function of time. Simultaneously, the total pixel intensity and
deposition area were measured, as described in subsections 2.2 and 2.3. The mass of these
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crystals was linked to the total pixel intensity, as shown in Fig. 7. The linear fit of the measured

deposited mass m to the total intensity is given by the function m =6.61x107" I, +0.0005, and

the standard deviations of the slope and intercept are 1.18x107'" and 0.0001, respectively. The

free term in this correlation is negligibly small and the correlation reduces to
m=6.61x10"1, (1)

which was used in the data processing, where m is the vapor mass in g and It is the total pixel

intensity values.
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Figure 7. Deposited vapor mass versus the total intensity. The red line is the linear fit.

In addition to the experiments with naphthalene balls located at the bottom center, data was
collected in the cases where the vapor source was located under the original sand off-center.

These data is not discussed here for the sake of brevity.
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3. Experiments with kaolinite

Kaolinite is an earthy, very soft white clay mineral. SEM images reveal that this clay has
a plate-like structure (Fig. 8). Air and moisture could occupy the pores between kaolinite plates.
When kaolinite has been dried, only air would be contained in the pores and the mass M of a

certain volume of kaolinite would be

M = Vp + Vclaypclay (2)

ore p air

where Vpore is the volume of pores, Veiay is the volume of kaolinite plates, p,, is the air density

and p,,, is the kaolinite density.

Figure 8. SEM images of plate-like structure of kaolinite.

In this section, four compacted kaolinite clay layers of thicknesses h=3.0 cm, 4.5 cm, 5.5
cm and 7.0 cm were employed. The porosity of a sample of tightly compacted kaolinite was
found as 40.3%. Thus, to maintain the same porosity for four different kaolinite samples (of

different thicknesses) used in the experiments, dried kaolinite mass was chosen according to Eq.
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2. The clay was dried under 100 °C for 2 h. In the experiments, 397.3 g of clay was used in the
h= 3.0 cm case, 596.0 g of clay was used in the h=4.5 cm case, 728.5 g of clay was used in the
h=5.5 cm case and 927.1 g of clay was used in the h=7.0 cm case. The 1.9 cm naphthalene balls
were buried in the middle of the tank bottom, and transparent films described in Section 2 were
used to collect naphthalene depositions at the free surface of clay layers. After naphthalene
crystals were first detected on the film, experiments up to 6 h -long were conducted to collect
naphthalene crystals. Morphologies of the crystals at different time moments during the

experiment with the kaolinite clay layer of h=3.0 cm are shown in Fig. 9.

The amount of crystals found in the experiments with kaolinite was larger than the
amount in the corresponding experiments with the original sand in Section 2, and also the time
tdelay increased. On the other hand, the naphthalene crystal size in the experiments with kaolinite

was smaller compared to the experiments with the original sand in Section 2.
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Figure 9. Morphology of naphthalene crystal deposits on transparent film at the free surface in
the case of a 1.9 cm naphthalene ball buried in the middle under h=3.0 cm of kaolinite: (a) at t=1
h, (b) at t=2 h, (c) at t=3 h, (d) at t=4 h, (e) at t=5 h, (f) at t=6 h. The time is reckoned from the

delay time tdelay= 19 h.

The area of the film with deposited crystals in the case of kaolinite porous medium
obtained in 6 h reckoned after the delay time is shown in Fig. 10. The largest area values
obtained at t= 6 h in the cases of h= 3.0 cm and 7.0 cm in the experiments with kaolinite are
larger than those at t=8 h and 10 h in the cases of h= 3.0 cm in 7.0 cm, respectively, in the
experiments with the original sand. However, the largest values obtained in the cases of h= 4.5
cm and 5.5 cm in the experiments with the original sand at t=10 h are larger than those obtained

in the corresponding experiments with kaolinite.
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Figure 10. The measured area of the naphthalene crystal deposition. The case of the kaolinite

porous medium, and a 1.9 cm naphthalene ball buried in the middle of the tank bottom. (a) The

17



area versus time, with time being reckoned from the delay times. (b) The area versus the

kaolinite layer thickness. The experimental data is shown by symbols and spanned by lines.

The values of the total intensity per unit area with the deposited crystals in four cases in
the experiments with kaolinite are shown in Fig. 11. The values obtained in each case of the
layer thickness and each time moment in the experiments with kaolinite are larger than the

corresponding values in the experiments with the original sand (cf. Figs. 5 and 10).
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Figure 11. Total pixel intensity per unit area covered with naphthalene crystals. A 1.9 cm
naphthalene ball was buried in the middle of the tank bottom. The experiments with the kaolinite
layers. (a) Total pixel intensity per unit area versus time, with time being reckoned from the
delay times. (b) Total pixel intensity per unit area versus the kaolinite layer thickness. The

experimental data is shown by symbols and spanned by lines.

4. Theoretical
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Assume that the adsorption/desorption of vapor on porous medium grains has already
saturated, and the vapor transport in the pores is determined only by pure diffusion. In steady-

state the diffusion equation reads

10( oc) o
ror\ or) oz
where ¢ is vapor concentration, r is the radial coordinate, z is the vertical coordinate, and we

assume an axially-symmetric process corresponding to a source buried in porous medium in the

middle of the tank bottom.

Assume that a round vapor source of radius a is located at z=0 (at the bottom) with the
center at =0 (in the middle of the bottom). Over the source, the vapor concentration is known as
f(r), which corresponds to sublimation, where cw is the saturated sublimation concentration. Then,

the boundary conditions for Eq. 3 read

c,atr<a
o =f(1). eg f (r)={0 rsa (4)
cl_, <® %)
T—>00,Z—>®0 <0 (6)

Here we imply that the porous medium extends to infinity in the radial and vertical direction,
which forms a singular problem. The assumption that the medium extends to infinity is justified
by the fact that the source (naphthalene ball) size is sufficiently smaller than the tank size
(2a=1.9 cm versus 13 cm). The assumption that the medium extends to infinity formally holds

when the layer thickness h is much larger than the source size, which is better fulfilled with h=7
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cm. However, the comparison of the theory with the experimental data discussed below shows

that this approximation still works when h approaches 2a.

The solution of this singular problem possesses a continuous eigenvalue spectrum v and is

found using the variable of separation method as
c= J':Mve’”]o (vr)dv (7)

where J, ( g) is the Bessel function of the first kind of zero order. The Eq. 7 already satisfies Eq.

3 and the boundary conditions 5 and 6. The coefficient My is found using the boundary condition,

Eq. 4

cl, :f(r):IOwMVJO(vr)dv (8)
This yields

M, :v.f:f(p)pJO (vp)dp 9)

where p is a dummy variable.

In particular, using the function f(r) from Eq. 4, and combining Eqs. 7 and 9, we arrive at
c=c, IO e V], (vr)j0 pJ,(vp)dpdv (10)

The inner integral in Eq. 10 is easily evaluated, and Eq. 10 yields the following solution of the

problem

CZCWa‘[:e_szO (vr)J, (va)dv (11)
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At the axis of the vapor ‘jet’ rising by diffusion, i.e. at r=0, the integral in Eq. 11 can be

evaluated analytically, which yields vapor distribution over the vertical axis z as

C

=C, {1—%} (12)
y4 a

Accordingly, the vapor flux along the axis if found as

2
_ Dc a (13)

oc
-D
o (Z+a?)”

oz

where D is the diffusion coefficient.

Therefore, at a distance z from the source, at a small central area S during time t the

following mass m is expected to be deposited on an inserted (or an overlying) film

2
m— Dc a“St (14)

3/2
(z2 +a2)

This prediction is compared below with the experimental data for the deposit masses collected on

the overlying films at different distances z from the sublimating vapor source.

Note that the empirical Antoine equation,

log,,p=A- (15)

T+C

is used to evaluated the saturated pressure of naphthalene. Here p is pressure in mm Hg, T is the
temperature in°C, and A, B and C are the material-specific constants. Using the physical

parameters from references [28,29], in particular, A =6.89116 B=1551.4785, andC =168.879,

one can evaluate that saturated sublimation pressure of naphthalene at 78°C is p =4.2869 mm Hg,
21



which equals to 571.5396 Pa. Applying the ideal gas law, the saturated sublimation concentration

of naphthalene in the air at 78°C is evaluated as ¢, =2.5x107° g/cm’.

The diffusion coefficient of naphthalene vapor in open air D, in cm” /s at 101.325 kPa is

given by the following formula [30]

1.93 5
b, —0.0681( " 1.013x10 6
298.16 P

where T is temperature in °K. The corresponding diffusion coefficient in porous medium D in

cm’ /s could be calculated as [31]
D=Dg" (17)

where ¢ is the porosity of a dried porous medium. Hence, the diffusion coefficient of
naphthalene vapor in the dried sand with porosity € =0.191 (19.1%) filled with air at 352.15 °K
(78 °C) is 0.0104cm’ /s, and in kaolinite layer with porosity €= 0.403 filled with air at 352.15

°K (78 °C)is 0.0279cm* /s .

5. Comparison of the theory with experimental data

In terms of the deposited vapor mass, determined by Eq. 1, the experimental data from
Fig. 5 for the original sand layers is shown in Figs. 12 and 13 in comparison with the theoretical
predictions given by Eqgs. 14-17. The agreement is reasonable for all the sand layer thicknesses

and time moments.

22



—Theoretical results-2 hours —Thesretical results-2 hours
ajo.0o0s B) oo00s
===Theoretical results-4 hours B Expariementa] results-2 haurs

00007 ———Theoretical results-& hours o 0uo0a7

E =—=Thaaratical results-8 hours

‘Em Theoretical results-10 hours ‘Em

B 00005 - -

E E 0.0005

~ 0.0004 3 X

v

" ]

g oo 5 oovas|.

Emmz i aoonz |

]
] oot - 00001 \k—ﬁ‘
00000 00000 L
2 3 4 5 [ 7 B

Lx
w
-
un
L
=4
o

Sand Layer thicknass (cm | Sand layer thickness [ em )

c] {00008 —Theoretical results-4 hours ‘} 00008 — Theoretical results-& hours
B Ex perimental results-4 hours B Experimenta | results-6 howrs
== 00007 |
-~
E
-E 00006 |-
: 00005 |-
4
= oooos
ﬁ 00003
E
2 nooaz
Ed
0.00=01
0.0000
2 3 4 5 ] 7 B 8
Sand layer thickness [ cm ) Sand layer thickness [ em )
e "
] 0.0008 Thworetical results-3 hours f} 0.0008 —Thaeoretical results-10 hours

B Experimental results-8 hours B Experimental results-10 hours

i L 1

3 4 5 1 7 B
Sand layer thickness [ cm ) Sand layer thickness [ em )

Figure 12. Naphthalene vapor mass per unit area versus the original sand layer thickness at
different time moments after the adsorption/desorption process has been saturated, and vapor
transport is fully determined by diffusion. (a) Theoretical results at different time moments listed

in the panel. The deposited mass distribution versus the sand layer thickness. In the following
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five panels the theoretical results are shown separately by lines, while the corresponding

experimental data - by symbols. (b) t=2 h. (¢)t= 4h. (d) t= 6 h. (¢) t= 8 h. (f) t= 10 h.
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Figure 13. Naphthalene vapor mass per unit area versus time after the adsorption/desorption
process has been saturated, and vapor transport is fully determined by diffusion at different
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thicknesses of the original sand layers. (a) Theoretical results at different sand layer thicknesses
listed in the panel. In the following four panels the theoretical results are shown separately by
lines, while the corresponding experimental data - by symbols. (b) Sand layer thickness of 3.0
cm. (c) Sand layer thickness of 4.5 cm. (d) Sand layer thickness of 5.5 cm. (e) Sand layer

thickness of 7.0 cm.

The experimental data from Fig. 11 for the kaolinite layers is shown in Fig. 14 and Fig. 15
in comparison with the theoretical predictions given by Eqs. 15-18. The agreement is reasonable

for all the kaolinite layer thicknesses and time moments.
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Figure 14. Naphthalene vapor mass per unit area versus the kaolinite layer thickness at different
time moments after the adsorption/desorption process has been saturated, and vapor transport is
fully determined by diffusion. (a) Theoretical results at different time moments listed in the panel.
The distribution of the deposited mass per unit area versus kaolinite layer thickness. In the
following six panels the theoretical results are shown separately by lines, while the
corresponding experimental data - by symbols. (b)t=1h. (¢c)t=2h.(d)t=3 h. (e)t=4h. () t=5

h. (g) =6 h.
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Figure 15. Naphthalene vapor mass per unit area versus time after the adsorption/desorption
process has been saturated, and vapor transport is fully determined by diffusion at different
thicknesses of the kaolinite layers. (a) Theoretical results at different kaolinite layer thicknesses

listed in the panel. In the following four panels the theoretical results are shown separately by
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lines, while the corresponding experimental data - by symbols. (b) Kaolinite layer thickness of
3.0 cm. (c) Kaolinite layer thickness of 4.5 cm. (d) Kaolinite layer thickness of 5.5 cm. (e)

Kaolinite layer thickness of 7.0 cm.

It should be emphasized that Figs. 12 — 14 show the mass of naphthalene vapor released
from sand layer deposited on transparent film covering the beakers per unit area. No saturation
has been reached in any of these cases and currently there is no available information (either
theoretical or experimental), which can allow one to evaluate the maximum possible mass

collected on transparent film if the naphthalene ball would last forever.

6. Experiments with sand with coated grains

In this section vapor transport is studied using sand with coated grains, i.e. modified in
comparison with the original sand studied in the Sections 2 and 5. Four different kinds of coated
sand are used: sand with grains coated by naphthalene molecules, sand with grains coated by
camphor molecules, sand after silanization process (hydrophobic) and sand with grains coated by
a polymer. Only the latter case (polymer coating) is discussed in detail here, whereas the cases of
sand with grains coated by naphthalene molecules, sand with grains coated by camphor
molecules, and sand after silanization process are omitted from the discussion for the sake of

brevity.

Polyacrylonitrile (PAN, (molecular weight 150 kDa) is a synthetic, semi-crystalline

organic polymer. Evaporating a droplet of 5 wt% PAN dissolved in N,N-dimethylformamide
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(DMF) at room temperature for a long enough time on a glass slide on a shaker, a very thin
transparent film could be formed (Fig. 16). Also, being dipped into PAN solution and dried, the
original sand grains stayed apart and were wrapped by a thin polymer film. This film covered the
fractal-like structures on the sand grains and made them much smoother (see SEM images in Fig.

17), thus reducing the number of potential adhesion sites at the sand grain surface.

Figure 16. Transparent film formed after evaporating 0.1 g droplet of 5 wt% PAN solution in

DMF.
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— =
250 pm 250 pm

Figure 17. (a) and (b) SEM images of sand grains after they were dipped into 5 wt% PAN
solution and dried. The grains are covered by a thin PAN layer and are smoother than the

original sand grains in panels (c) and (d).

The polymer-coated sand was prepared using the pretreated original sand, which was
dipped into 5 wt% PAN solution, fully dried, gently crushed and sieved. Both PAN and DMF
were purchased from Sigma- Aldrich. The sieve opening selected was in the 0.212 mm to 1.4
mm range. Note that no DMF was left in the sand coating after drying. The average thickness of

PAN coating on sand particles was approximately 1 =10 pm.
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Four PAN-coated sand layers with thicknesses of h=3.0 cm, 4.5 cm, 5.5 cm and 7.0 cm
were used in the present experiments. A 1.9 cm naphthalene ball was used as a vapor source
which was buried in the middle of the tank bottom. In the case of h=3.0 naphthalene crystals
could be observed in 1.5 h; in the case of h=4.5 cm, naphthalene crystals could be observed in
2.5 h; in the case of h=5.5 cm naphthalene crystals could be observed in 3 h; in the case of h=7.0
cm naphthalene crystals could be observed in 4 h. The observed morphologies of crystals in the

case of the h=4 cm layer at different times are shown in Fig. 18.

In these four experiments, the film areas occupied by the deposited crystal increase as
time increases. The size of the clusters formed in the experiments with the PAN-coated sand is
larger than those observed in the corresponding experiments with the hydrophobic sand.
However, the number of crystals deposited in experiments with the PAN-coated sand is less than

in the corresponding experiments with the original sand (cf. Section 2).
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Figure 18. Morphology of naphthalene crystal deposits on transparent film at the free surface in

the case of a 1.9 cm naphthalene ball buried in the middle of the tank bottom under h=3.0 cm of

the PAN-coated sand: (a) at t=0, (b) at t=2 h, (c) at t=4 h, (d) at t=6 h, (e) at t=8 h, (f) at t=10 h.

The time is reckoned from the delay time tdelay=1.5 h.

The area of the film with the deposited crystals in the case of the PAN-coated sand

obtained within 10 h reckoned after the delay times is shown in Fig. 19. The area values

measured in the case of the PAN-coated sand were the largest among the three types of sand

explored in this work (including the original sand and the hydrophobic sand, cf. Section 2).
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100 ~ ——4,5cm PAN-coated sand
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Figure 19. The measured deposit area of the naphthalene crystals deposition. The case of the

PAN-coated sand, and the naphthalene ball buried in the middle of the tank bottom. (a) The area

versus time, with time being reckoned from the delay times. (b) The area versus the thickness of

the PAN-coated sand layers. The experimental data is shown by symbols and spanned by lines.
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The values of the total pixel intensity per unit area covered with the deposited crystals in
all the cases explored using the PAN-coated sand are shown in Fig. 20. The largest values of the
total pixel intensity per unit area obtained in the experiments with the PAN-coated sand are
smaller than the corresponding values in the experiments with the original sand (cf. Section 2)

and larger than the corresponding values in the experiments with the hydrophobic sand.

== 3.0cm PAMN-coated sand b}

a)
Oh

"; 150 ~ ——4.5cm PAN-coated samd ..g 150 -'-z hﬂ'ur
—;u;' 5.5cm PAN-coated sand E " —.—d hn-urs
= - s
= —A—7.0cm PAN-coated samd - sk & hours
g g , e

s = L & hours
i 2 —i—10 h

§ 8 100f ours:

. B -
~ e L

é E “S‘- E 0.75

g4 F

[ B L

s E Tosl

£ £

= 2 st

a o

g =

o PP | = 0.00 ,
= 12 14 - 2 .

Time { hour} Sand layer thickness [ cm )

Figure 20. Total pixel intensity per unit area covered with naphthalene crystals. The naphthalene
ball was buried in the middle of the tank bottom. The experiments with the PAN-coated sand. (a)
Total pixel intensity per unit area versus time, with time being reckoned from the delay times. (b)
Total pixel intensity per unit area versus sand layer thickness. The experimental data is shown by

symbols and spanned by lines.

The values of the total pixel intensity per unit area in all the cases studied using the original
sand (Section 2), the hydrophobic sand and the PAN-coated sand are summarized in Fig. 21. It is

clear that the delay time could be decreased by modifying sand, especially after coating it with 5
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wt% PAN solution, in comparison to the delay time corresponding to the original sand. The
delay time results from the adsorption of naphthalene vapor on sand grains, which precludes
vapor release to the free surface. Accordingly, the prolonged adsorption of vapor on sand grains

delays its detection at the free surface.

The very fact that the presence of PAN coating results in a faster vapor release to the free
surface means that such coating significantly diminishes retainment of the vapor inside sand
layer. Therefore, if there would be any adsorption of naphthalene vapor on PAN, it would be

much less than on sand. Also, vapor diffusion into PAN layer is hardly a factor. Indeed, the

characteristic time of such diffusion t, ~1°/D,,, , with Dpax being the diffusion coefficient in

solid PAN, is of the order 10 h, since D, ~107'°cm® /s [33]. This time is longer than the delay

in the significant vapor release to the free surface. Therefore, significant accumulation of
naphthalene vapor inside PAN layer is excluded. On the other hand, coating sand grains (e.g.
with PAN layer) significantly decreases the surface area of individual sand grains available for
the adsorption, since the grain surface is dramatically smoothened, as seen in Fig. 17 in the
revised version. Therefore, vapor almost immediately reaches by diffusion the free surface (Fig.

21) where it can be detected.
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Figure 21. Total pixel intensity per unit area covered with naphthalene crystals. A 1.9 cm
naphthalene ball was buried in the middle of the tank bottom. The experiments with the original
sand, the hydrophobic sand and the PAN-coated sand. The experimental data is shown by

symbols and spanned by lines.

7. Conclusion

A method of measurement of vapor mass deposited by vapor sublimated from a buried
source and diffused through a porous media, such as sand or a kaolinite layer is proposed. The
theory predicting mass deposition on a detector located at the free surface is also proposed and
compared with the experimental data with the original sand and kaolinite layers. The agreement

of the theoretical predictions with the experimental data is rather good. In addition, the
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experiments with two kinds of modified sands were conducted: with the hydrophobic sand with a
thin trimethylsilanol layer at the grain surfaces, and with the polymer-coated sand with a thin
PAN layer at the grain surfaces. It is shown that the deposited layers make the grains smoother
and significantly diminish the surface area available for molecular adsorption. The latter
significantly accelerates the release of the vapor sublimating from the buried source to the free

surface where it can be detected.
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