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Appendix A
Clay and Analysis method

A.l Deﬁnition of Clay

Clay is used as a rock term and also as a particle-size term in the mechanical
analysis of sedimentary rocks, soils, etc. As a rock term it is difficult to define
precisely, because of the wide variety of materials that have been called clays.
In general the term clay implies a natural, earthy, ﬁne—gra.iﬁed material which
develops plasticity when mixed with a limited amount of water. By plasticity is
meant the property of the moistened material to be deformed under the application
of pressure, with the deformed shape being retained when the deforming pressure
is removed. Chemical analyses of clays show them to be composed essentially of
silica, alumina, and water, frequently with appreciable quantities of alkalies and
alkaline earths.

The term clay has no genetic significance. It is for material that is the
product of weathering, has formed by hydrothermal action, or has been deposited
as a sediment. As a particle-size term, the clay fraction is that size fraction

composed of the smallest particles. The maximum size of particles in the clay size
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grade is defined differntly in different disciplines. The term “clay” is here applied
to the finely divided crystalline material. In soil science the term “clay” is often
used for the soil farction with an equivalent Stokes diameter < 2u (18].

So, it is convenient is use the expression clay material for any fine-grained,

natural, earthy, argillaceous material.

A.2 Composition of Clay Material

In 1924 the U.S.Geological Survey began a study of the miperal composition of
clays thaf led to a series of monumental papers on the subject. Working particu-
larly with bentonites at first, but within a few years with a variety of clays used in
industry and a variety of soils, it was showﬁ, on the basis of extremely careful and
painstaking optical work with a petrographic microscope supplemented by excel-
lent chemical data, that the components of clay materials were largely essentially
crystalline and that there was a limited number of such crystalline components,
to which the name clay minerals was applied. A classification of the clay minerals
was suggested [19).

According to the clay-mineral concept, clays generally are essentially com-
posed ‘of extremely small crystalline particles of one or more members of a small
group of minerals which have come to be known as the clay minerals. The clay
minerals are essentially hydrous aluminum silicates, with magnesium or iron prox-
ying wholly or in part for the aluminum in some minerals and with alkalies or

alkaline earths present as essential constituents in some of them. Some clays are
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composed of a single clay mineral, but in many there is a mixture of them.

A.3 Calssification of Clay Minerals

The classification of clay minerals have been discussed both nationally and
internationally for many years. At the present time, suggested the classification
shown as below. 1t is based distinctions on the shape of the clay minerals and the

expandable or nonexpandable character of the 2:1 and 1:1 layer silicates.

1. Amorphous
e Allophane group

2. Crystalline

2.1. Two-layer type (sheet structure composed of units of one layer of silica
tetrahedrons and one layer of alumina octra.hgdrons
2.1.1. Equidimensional such as Kaolinite group(e.g. Kaolinite, nacrite)
A2‘1.2. Elongate (e.g. Halloysite group)
2.2. Three-layer types (sheet structures composed of two layers of silica
tetrahedrons and one central dioctahedral or trioctahedral layer
2.2.1. Expanding lattice

2.2.1.1. Equidimensional such as Montmorillonite group (e.g. Montmo-

rillonite, sauconite, Vermiculite)
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2.2.1.2. Elongate such as Montmorillonite group (e.g. Nontronite, saponite,

hectorite)

2.2.2. Nonexpanding lattice such as Illite group

2.3. Regular mixed-layer types (orderd stacking of alternate layers of differ-

ent types such as Chlorite group

2.4. Chain structure types (hornblende-like chains of silica tetrahedron linked
together by octahedral groups of axygens and hydroxyls containing Al

and Mg atoms such as Attapugite, Sepiolite, Palygorskite

A.4 Principle of Structure

The principle building elements of the clay minerals are two-dimensional ar-
rays of silicon-oxygen tetrahedra and two-dimensional arrays of aluminum- or
magnesium-oxygen-hydroxyl octahedra. In most clay minerals, such sheets of
tetrahedra and of octahedra are superimposed in different fashions.

In the silicon-oxygen sheets, the silicon atoms are coordinated with four
oxygen atoms. The oxygen atoms are located on the four corners of a regular
tetrahedron with the silicon atom in the center Figure A.1(a). In the sheet, three
of the four oxygen atoms of each tetrahedron are shared by three neighboring
tetrahedra. The fourth oxygen atoms of each tetrahedron is pointed downward
in the sketched arrangement in Figure A.1(b). Projections of this arrangement
are shown in Figure A.1(c) and (d). These figures demonstrate the hexagonal

symmetry of such a sheet, in which rings of six oxygen atoms appear. The holes in
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O OXYGEN

© SILICON

(a) Tetrahedral arrangement of Si and O
(b) Perspective sketch of tetrahedron linking
(c) Projection of tetrahedron on plane of sheet

(d) Top view of tetrahedral sheet

Figure A.1: Structure of the tetrahedral sheet
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these rings are clearly visible in the picture of a three-dimensional model sketched
in Figure A.3(a). The silicon-oxygen sheet is called the tetrahedral sheet or the
silica sheet.

In the Al-, Mg-O-OH sheets, the Al or Mg atoms are coordinated with six
axygen atoms or OH groups which are located around the Al or Mg atom with
their centers on the six corners of a regular octahedron Figure A.2(a). The sharing
of oxygen atoms by neighboring octahedrons results in a sheet such as that shown
in perspective in Figure A.2(b). The oxygen atoms and hydroxyl groups lie in
two parallel planes with Al or Mg atoms between these planes. The projection
of the sheet Figure A.2(d) shows that the oxygen atoms and hydraxyl groups
form a hexagonal close packing. This sheet is called the octahedral sheet or the
| alumina or magnesia sheet, also called gibbsite layer or brucite layer respectively.
A three-dimensional model is shown in Figure A.3(b).

The analogous symmetry and the almost identical dimensions in the tetra-
hedral and the octahedral sheets allow the sharing of oxygen atoms between these
sheets. The fourth oxygen atom protuding from the tetrahedral sheet is shared
by the octahedral sheet. This sharing of atoms may occur between one silica and
one alumina sheet, as is the case in the so-called two-layer minerals. In the three-
* layer minerals, one alumina or magnesia sheet shares oxygen atoms with two silica
sheets, one on each side. The combination of an octahedral sheet and one or two

tetrahedral sheets is called a unit layer. Most clay minerals consist of such unit
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(a) Octahedral arrangement of Al or Mgg with O or OH
(b) Perspective sketch of octahedron linking
(c) Projection of octahedron on plan of sheet

(d) Top view of octahedral sheet

Figure A.2: Structure of the octahedral sheet
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Si-0 Al-O

Figure A.3: Model of silicon-oxygen tetrahedron and aluminum-oxygen octahe-
dron

layers, which are stacked parallel to each other.

Wiithin each unit ‘la.yer a certain unit of structure repeats itself in a lateral
direction. For easy reference, this unit structure will be called the unit cell in the
following discussion. ﬁowever, the crystallographically defined unit cell extends
from a certain plane in one unit Jayer to the corresponding plane in another parallel
unit layer of the crystal. In this way, the featu;es of the geometry of sta.cking‘of
- unit layers are included.

A schematic representationv of the atom arrangements in a “unmit cell” is
shown in Figure A.4 for a two-layer clay and in Figure A.5 for a three-layer clay.
The latter structure is usually refered to as the Hofmanp structure. In these figure
the atoms are not designed to scale in order to show the arrangement of the atom
bonds. However, the scale model Figure A.3(a)and(b) give an indication of bthé
packing of the atoms in the lattice

The dimensions of the unit cell (a0 ~ 5.15 A; by ~ 8.9 A) determined from

the X-ray diffraction patterns.

The neutral three-layer structure of Figure A.5 represents the structure of the
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Figure A.4: Atom arrangement in the unit cell of a two-layer mineral



65

Distance

between
atom centers

Tetrahedral
Sheet
@ ")
Octahedral : : : !
] [} t [}
A K A X
Sheet 220A /:\ /:\ /:\ /:\
1 [ 1 '
o V]
Tetrahedral
Sheet
o 0]
G OH
° Si
A Al

Figure A.5: Atom arrangement in the unit cell of a three-layer mineral
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mineral pyrophyllite. Since in this mineral two of the three possible octahedral
positions are occupied by trivalent Al, this structure is called dioctahedral. | If
the three octahedral positions are filled by three divalent Mg atoms, the elec-
troneutral structure of the minefal talc is represented. This arrangement is called

trioctahedral.

A.4.1 Formation of montmorillonite

Conditions leading to the formation of montmorillonite contrast with those un-
der which kaolinite is developed. It is expected that the chemical system in which
montmorillonite is formed will be characterized by a high Si:Al ratio, and a small
amount of Mg, Fe, Ca, Na, and K. In terms of parent material, mafic rocks and
volcanic ash of intermediate composition, which are relatively rich in Mg, Fe, and
Ca, supply the cations which occur between the O-Si-Al sheets of montmorillonite
clay minerals, and therefore are more likely to alter to montmorillonite than to
kaolinite. Furthermore, the divalent cations tend to ﬂocculafe silica and thus tend
to retain the high Si:Al ratio in montmorillonite.

The climate of the weathering environment and the efficiency of drainage
are just as important as parent material in the following ways. If the climate
is semi-arid (i.e.,precipitation less than potential evaporation) hydrolysis of the
silicate occurs while it is wet, but as drying ensues, the solution of cations orig-
inally diiute becomes saturated with respect to Mg, Ca, Fe, Na, etc., and their

combination with O-Si-Al during drying can develop montmorillonite.
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Thus, by utilization of the divalent ions in the ground water even granitic rocks
(rich in K and Na, but typically in Ca) can alter to montmorillonite in a semi-
arid climate, whereas if rainfall on them had exceeded evaporation they would
have given rise to kaolinite. At the other extreme in climate, excess of rainfall
over evaporation, if the drainage is poor so that the concentration of Mg, Ca,
etc., builds up, the chemical system again produces montmorillonite. Hence, the
interplay of materials and energy governs the precise product formed, and climate
and material are descriptive of the process and product only to the degree of

precision with which they describe the chemical system.

A.4.2 Structure of Montmorillonite

The structure of the minerals of the montmorillonite group of clay minerals
is derived from that of the prototypes pyrophyllite and talc by substitution of
certain atoms for other atoms. The following types of atom substitutions have
been observed in representative minerals of this group.

In the tetrahedral sheet, tetravalent Si is sometimes partly replaced by trivalent
Al. In the octahedral sheet, there may be replacement of trivalent Al by divalent
Mg without complete filling of the third vacant octahedral position. Al atoms may
also replaced by Fe, Cr, Zn, Li, and other atoms. The small size of these atoms

permits them to take the place of the small Si and Al atoms.
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Size and Shape of Clay

A serious difficulty in the evaluation of particle size is fhat natural samples
always contain particles of a wide range of sizes, even after the sample is fraction-
ated by sedimentation in a centrifuge by which the size range is only narrowed.
Therefore, with the various technique, only an average value for the dimensions is
obtained, depending on different methods.

Surface Area of Clay

For clays with platelike particles, the total surface area per gram of clay, in-
 cluding each side of such unit layer in the stack, may be computed from unit-cell
dimensions and from the unit-cell weight [20]. In Montmorillonites, this unit-layer
surface area per gram of clay represents both the external and the internal surface
areas which are accessible to adsorb organic molecules. This total surface area is
as high as 800 m?/g.

The total external afea. of the flat part of the surfaée per gram of clay is
found by dividing the total unit-layer surface area by the number of unit layers
which are stacked in the particle. This number derived from the thickuess of the

particle.

The total edge surface area per gram of clay would be computed if the
diameter of the particles is known from a direct method. The direct method
for the determination of the surface area of a powderd solid from the adsorption

isotherm for a vapor on the solid has been developed by Brunauer, Emmett, and
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Teller. When the data are plotted in a certain way (the "BET” plot), the weight
of gas or vapor may be determined at which the surface of the solid is covered
with a monomolecular layer of the vapor. Since the surface area which is covered
by one molecule of the vapor is known the surface area can be computed from the
weight of the monolayer. The surface area per molecule is obtained by calibration
using different types of solids with émples of known surface area. Vibrations of
surface area per molecule with different types of solids are observed, and the value
applied in the BET evaluation is an average value.
Commonly, nitrogen gas is used in the routine BET method. When applied
to clay, the total external surface area per gram of clay including the edge sur-
face area is determined. This is alsotrue for Montmorillonites since the nitrogen

molecules do not penetrate between the layers.
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A.5 Calculation

A.5.1 Concentrations of Toluene and Acetone Vapors.

The concentrations of toluene and acetone vapors are calculated from the ratio
of vapor pressure and total pressure of the system.
The adsorbate concentration were sufficiently low that the equilibrium re-
lationship between the gas and adsorbed phase concentrations could be assumed
linear.

Toluene vapors,

Vapor pressure of toluene at 30° C [21]. = 37.31 mmHg
Total pressure = 760 mmHg + 1.33 mmHg
= 761.33 mmHg

$7.31

0o
B

Hence, mole fraction

~3

01

8

Acetone vapors,

Vapor pressure of toluene at 30° C [21]. = 286.90 mmHg

Total pressure = 760 mmHg + 1.58 mmHg
= 761.58 mmHg

Hence, mole fraction = 28439
= 0.377

A.6 Approximated Concentration in column

Average minimum flowrate = 10 ml/min
Amount of the injection = 50 ul
Time of the injection = 2 gec
Volume of carrier gas within 2 sec = 0.33 ml
Amount of acetone in 50 ul = 0.37/50
= 0.0074 ml
Percent by volume of acetone = 0.0074/0.33
| = 0.022
Amount of toluene in 50 ul = 0.049/100
= 0.0049 ml
Percent by volume of toluene = 0.0049/0.33

= 0.0148
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A.7 Adsorption equilibrium constants

A.7.1 Calculation of Adsorption equilibrium Constants

The first absolute moment, t5 characterizes the position of the center of gravity
of the chromatogram. For linear isotherm system, first moment data give resonably

accurate a.dsorptioh as belows

o ottt
BT Ec(t)a

And can be rearranged as

w L 590

When rearrange this equation, we obtained the adsorption equilibrium con-

stant.

— slope
T 1+ ({=9)

€
Adsorption equilibrium constant can be calculated from the plot of {-’ versus

tr as belows.

Where slope of the straight line obtained from the plot of tr versus % is equal

to 1+ ({32) K. With bed porosity = 0.5636. Hence,

K = (slope—-1) ((1—:._))
(m~1) (555)

= (143.52 1) (2p888)
= 184
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t g(sec)

Figure A.6: The first moment plot of adsorption of acetone on pumice 80-100
mesh at 90 ° C

A.8 Heats of adsorption
A.8.1 Calculation of heats of adsorption

From Van't Hoff Equétion

dinK AH

dT =~ RT?

When this equation was integrated, it became

K = Kgyerp (_I?TH)
InK = InKy + (_—RATE)

Slope of the plots of InK versus 1/T determined heat of adsorption

So,
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1000/T (X-1)

Figure AT: Adsorption equilibrium constants of toluene on Perlite and Pumice

volcanic rocks

-AH

slope x R
3259.56x 8.314 J/mol
27.10 kJ/mol

A.9 Overall mass transfer coefficients

From the equation of

o' o Dy v e 1 € -2

202, vL+Z(1-e) kK (”(1-91{)
or

i R 1R S (P

2t v ~ oL  \1-¢/ kK (1-eK

’1
The plot of £

provides

< versus gy as shown in Figure A.8 had yield a straight line

1. The overall mass transfer coefficient determined from the intercept.
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Figure A.8: The second moment plot of adsorption of acetone on pumice 80-100
mesh at 90° C

2. Axial dispersion coefficient determined from the slope of the plot.

From

=i
N
[y
..|.
~~
ot
' (13
o
Ed
.
4

a’L__&_’_( 6)
2y wL  \l-—¢/ kK

intercept = ( £ )—1— 1+;~ -
POk ' T oK

slope = Dy
Hence, the overall mass transfer coefficient of acetone on Pumice 80-100 mesh
can be determined from

1 € 1 € -2
k= intercept (1 - c) kK (1 + (1- c)K)




-2
-2 _ € L €
356x10? = (=) (1+—(1_6)K)

k = szeme=Tisa(1.291)(0.986)
k = 11.52 min™?!
k = 0192 sec™!
Axial dispersion
Dy, slope

19.8 cm?/min
0.33 cm?/sec
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Appendix B

Experimental Data

B.1 Weighted mean residence time and Variances

Table B.1: The weighted mean residence time and variances on various flowrate of
toluene on pumice 40-60 mesh

T v tg o T v tr P
°C) | (em/sec sec sec? (° C) | (cm/sec) | (sec) sec?)
40 3.118 | 317.480 | 94063.520 || 80 2.759 | 129.612 | 17634.130

5.316 | 207.197 | 47025.045 5496 | 68.595 | 8696.460
8.161 84.184 | 10872.290 8.167 75.469 | 8110.769
10.833 | 70.975 | 9481.730 10.505 | 68.704 | 7373.963
13.550 | 64.990 | 9327.230 12.833 | 64.590 | 6561.327
50 2770 | 316.490 | 92158.980 || 90 2.797 | 94.305 | 11358.870
5.584 | 168.890 | 22993.800 6.442 67.515 | 7680.080
8.174 |[102.640 | 18725.010 9.282 | 65.300 | 9331.320

9.610 85.450 | 13083.520 12.666 | 61.150 | 9028.310
13.550 | 67.040 | 10633.610 ’ ’
60 2.742 | 203.330 | 51309.870 | 100 | 2.798 89.553 | 10686.686

5.709 | 127.870 | 24459.260 5.496 73.701 | 8421.125
8.372 94.760 | 7849.190 8.286 65.742 | 6151.153
10.643 | 84.224 | 6663.090 12.970 | 55.579 | 4669.250

13.510 | 71.960 | 5163.090
70 2.880 | 111.019 | 13229.427 || 110 2.714 75.487 | 5399.310

- 5.797 71.448 |, 7658.425 5.287 57.2564 | 5364.985
8.147 52.917 | 5327.840 8.133 53.886 | 4926.190
10.713 | 50.800 | 4033.245 10.979 | 50.818 | 4717.620

13.399 | 48.288 | 3733.245 13.362 | 48.738 | 4499.420
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Table B.2: The weighted mean residence time and variances on various flowrate of -
toluene on pumice 60-80 mesh

T v tr ot T v tr o’
°O) | (cm/sec) | (sec) | (sec’) || (°C) | (cm/sec) | (sec) | (sec?)
40 2.063 | 141.073 | 24684.140 || 80 1.829 ([ 91.244 | 18223.640
3.675 79.080 | 9800.560 3.622 | 74.158 | 6686.910
5.428 70.289 | 9558.540 5.296 | 65.050 | 6351.090
7.434 59.930 | 8035.590 7.400 | 53.530 | 5903.950
9.157 | 44.827 | 6274.570 9.209 | 49.800 | 3709.760
50 2.031 | 127.700 | 22007.170 | 90 1.820 | 86.690 | 16980.570
3.734 69.130 | 9255.590 3.680 | 63.090 | 6912.020
5.701 55.100 | 7175.120 -5.366 | 54.070 | 6632.630
7.285 54.620 | 4675.050 7.237 | 52.140 | 6447.450
9.081 49.770 | 5242.700 8.957 | 49.760 | 6230.480
60 2.050 | 118.977 | 21444.920 || 100 1.858 ([ 71.660 | 14611.580
3.675 75.524 | 8862.760 3.523 | 60.347 | 7773.250
5.575 66.135 | 8450.780 5.137 | 55.228 | 6790.830
7.142 59.300 | 8221.040 7.100 | 53.830 | 6280.890
9.081 57.665 | 7558.990 8.802 | 45.120 | 5865.400
70 1.806 | 101.848 | 20853.990 || 110 1.785 | 60.390 | 11868.360
3.642 | 70.781 | 12023.890 3.563 | 53.120 | 7317.030
5.437 | 56.327 | 8732.590 5.401 | 51.180 | 6868.360
7.005 53.130 | 6617.720 7.367 | 44.470 | 5241.690
9.106 52.082 | 6390.490 8.812 | 42.120 | 4356.920

Table B.3: The weighted mean residence time and variances on various flowrate of
toluene on pumice 80-100 mesh

T v ta o2 [ T v tr o
(° C) | (cm/sec) [ (sec) | (sec?) | (°C)| (cm/sec) | (sec) | (sec?)

40 1.927 75.080 | 7862.470 | 80 0.843 84.440 | 6599.760
3.183 53.040 | 4796.470 4.015 28.730 | 686.230
5.803 37.920 | 2588.510 6.514 24.690 | 514.170
6.436 30.940 | 1424.060 11.710 | 19.850 | 446.710
50 2.204 62.730 | 6827.210 90 | 0.935 59.780 | 1794.840
3.570 43.370 | 3303.410 2.021 31.710 | 423.710
5.240 36.500 | 2375.370 3.817 26.330 | 521.900
7.457 29.280 | 2136.310 6.801 18.535 | 368.530
8.605 28.760 | 2102.230 11.880 | 14.075 | 382.410
60 2.038 61.080 | 6727.210 || 100 0.670 60.290 | 2455.280
2971 46.420 | 3296.990 2.801 25.290 | 382.660
5.300 34.190 | 2369.910 4.720 19.470 | 421.030
7.597 30.780 | 2235.390 6.210 18.780 | 578.390
continued on next page
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continued from previous page

T v tn | O3 T v tr o*

(° C) | (cm/sec) | (sec) | (sec?) || (° C) | (cm/sec) | (sec) | (sec?)
9.036 | 25.610 | 1756.360 8.650 17.230 | 346.650

70 2.101 52.236 | 4128.130 || 110 3.089 | 26.830 | 4904.080
4.331 37.180 | 2093.738 4.252 23.960 | 731.730
6.041 30.100 | 1959.650 6.411 21.375 | 826.570
6.716 29.270 | 1573.608 10.490 | 20.560 | 725.000

Table B.4: The weighted mean residence time and variances on various flowrate of
acetone on pumice 40-60 mesh

T v tr al T v tr o

(° C) | (cm/sec) | (sec) (sec?) °C) | (cm/sec) | (sec (sec?)

40 3.880 | 335.100 | 121638.730 || 80 3.130 [ 178.530 | 43972.620
5.880 | 165.740 | 43559.810 5.880 | 168.100 | 61783.200
8.270 | 120.690 | 21636.540 8.080 | 107.480 | 26125.750
12.470 | 78.300 | 12470.990 11.030 | 68.720 | 12333.050

50 4.263 | 264.670 | 84478.270 | 90 3.500 [ 112.740 [ 17271.350
5.710 | 115.080 | 17113.430 6.150 | 71.190 | 8937.450
6.300 | 103.900 | 19023.100 8.150 | 41.140 | 3292.320
11.980 | 75.510 | 11214.030 12.870 | 40.890 | 4216.550

60 3.490 [ 263.120 | 81084.990 ﬂ 100- | 2.960 | 126.420 | 31299.960
6.300 | 182.380 | 55215.380 5.590 | 70.760 | 9293.780
8.780 | 141.560 | 40643.170 7.720 | 46.200 | 3862.540
11.280 | 64.330 | 8477.620 10.220 | 34.860 | 2601.200
13.400 | 54.050 | 5580.430 15.490 | 31.580 | 2358.530

70 2.730 [ 199.380 [ 66666.400 || 110 3.44 | 60.050 | 4522.470
5.690 | 89.300 | 14719.560 4938 | 43.390 | 2847.550
8.160 | 58.510 | 6842.240 7.448 | 34.480 | 2422.160
10.305 | 45.820 | 4664.390 9.747 | 29.670 | 1895.770
13.220 | 37.630 | 3328.200

Table B.5: The weighted mean residence time and variances on various flowrate of
acetone on pumice 60-80 mesh

T v ta ol T v o’

t
(° C) | (cm/sec) | (sec) (sec?) (° C) | (cm/sec) (s::) (sec?)

40 2.420 | 225.640 | 92593.250 | 80 2.380 | 114.960 | 18770.430

3.830 | 141.560 | 33405.430 4.080 52.650 | 4643.020
6.210 | 104.870 | 23613.330 6.340 43.780 | 4483.010
8.980 51.640 | 6271.790 8.957 39.670 | 4329.820
12.610 | 42.220 | 5297.240 10.310 | 38.460 | 4208.570

continued on next page
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continued from previous page
T v tr o? T v tr P
(°C) | (cm/sec) | (sec) | (sec?) || (°C) | (cm/sec) | (sec) (sec?)
50 1.750 | 249.650 | 69684.540 | 90 1.590 136.080 | 19255.120
4.052 174.140 | 53760.480 4.454 72.820 | 9870.360
6.820 79.730 | 15792.530 6.430 53.650 | 7121.480
9.370 60.440 | 10330.110 8.719 39.750 | 4270.970
11.670 42.000 | 6085.740 11.750 35.370 | 3615.870
60 1.670 262.110 | 89314.590 | 100 2.035 67.910 | 7482.840
4.650 137.960 | 41113.280 3.911 49.940 | 4979.300
6.430 86.480 | 16517.100 6.530 46.950 | 4393.660
9.210 48.550 | 6458.310 8.566 43.220 | 4381.710
10.820 47.010 | 6692.760 10.410 36.650 | 4030.980
70 2.170 147.960 | 25814.520 || 110 1.570 64.540 | 4153.930
4.187 59.570 | 6089.600 3.610 45.090 | 3875.890
6.280 49.430 | 7405.340 5.100 -30.360 | 1587.320
8.560 39.730 | 3816.040 }[ 10.860 29.690 | 2006.390
10.930 35.830 | 3414.910 12.810 26.590 | 1563.550

Table B.6: The weighted mean residence time and variances on various flowrate of
acetone on pumice 80-100 mesh

T v tR 02 T v tn 0‘
| CC) | (cm/sec) | (sec) | (sec?) | (° C) | (cmy/sec) | (sec) | (sec?)
40 1.960 | 124.360 | 28628.770 || 80 1.570 | 51.380 | 3942.380
4.487 62.930 | 7756.740 2.990 | 39.570 | 2155.910
6.348 43.330 | 3736.920 4.790 | 31.200 | 2004.340
8.605 39.300 | 3317.250 6.348 | 30.130 | 1902.900
50 1.390 | 123.470 | 21256.180 | 90 1.820 | 48.600 | 3864.410
3.800 53.920 | 4569.100 4.340 | 34.360 | 2357.740
- 6.720 37.100 | 2902.420 6.501 | 32.850 | 2052.410
8.690 32.080 | 2256.070 8.605 | 30.760 | 1751.060
11.260 | 28.160 | 1763.270 9.090 | 28.110 | 1688.410
60 1.530 1 100.120 | 16242.320 || 100 1.710 | 46.200 | 3058.300
4.290 38.620 | 1924.570 3.910 | 39.990 | 2494.980
6.540 32.890 | 1573.100 5.440 | 35.210 | 1538.270
8.610 27.800 | 1588.420 7.590 | 27.250 | 1250.470
10.430 | 26.570 | 1444.250 8.190 | 25.180 | 1158.320
70 1.880 64.310 | 6186.180 || 110 1.880 | 43.350 | 2995.640
3.630 38.470 | 2399.510 4.390 34.530 | 1928.950
6.830 29.120 | 1239.510 5.660 | 32.100 | 1458.260
8.150 23.970 | 986.790 6.5640 | 27.950 | 1049.610
10.920 | 20.860 | 726.480 8.360 | 26.430 | 989.360
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Table B.7: The weighted mean residence time and variances on various flowrate of
toluene on perlite 40-60 mesh

T v tr a* T v tr o?
(°C) | (cm/sec) | (sec) | (sec?) | (° C) | (cm/sec) | (sec) | (sech)
40 1.970 300.720 | 9017.270 80 1.970 55.650 | 207.590
4.022 159.490 | 4205.360 2.960 | 47.300 | 120.810
6.020 119.930 | 2934.010 5.910 29.390 | 47.690
7.760 90.280 | 1081.940 7.830 27.460 | 49.060
10.000 | 80.630 | 1203.490 9.850 22.380 | 32.770
50 1.800 153.480 | 4449.050 a0 0.985 78.350 | 291.130
4.020 77.090 | 749.720 1.950 53.010 | 104.510
6.020 68.740 | 1708.480 4.940 35.950 | 34.820
7.980 52.670 | 451.430 6.840 29.920 | 21.650
10.013 | 43.690 | 275.540 8.790 | 20.340 | 12.170
60 1.970 92.760 | 1721.920 | 100 0.980 | 66.100 | 180.420
2.950 71.010 | 647.400 3.960 28.540 | 7.890
- 3.920 53.650 | 319.200 5.910 24.800 | 8.160
5.870 42.360 | 216.640 7.830 23.750 | 12.190
7.850 35.060 | 167.100 9.770 18.220 | 2.990
70 0.990 112.560 | 1256.440 | 110 0.930 63.440 | 275.330
2,950 56.890 | 193.720 1.920 44.100 | 64.740
3.950 45.360 | 145.020 3.930 29.840 | 20.160
4.910 37.990 | 135.100 5.870 | 24.420 | 3.120
5.890 33.150 | 100.540 7.820 | 23.210 | 5.280
7.890 30.890 | 65.460 9.880 18.350 | 4.060

Table B.8: The weighted mean residence time and variances on various flowrate of
toluene on perlite 60-80 mesh

T v ta o3 T v tr o*
(° C) | (cm/sec) | (sec) | (sec?) || (° C) | (cm/sec) | (sec) | (sec’)

40 0.790 | 322.280 | 30541.580 || 80 1.060 | 80.250 | 1164.190

2.480 | 135.810 ( 7346.760 2940 | 35310 92.450
4.110 86.750 | 2950.520 5.460 | 21.160 | 34.620
6.542 66.390 | 2435.320 7.720 |19.150 | 21.410
50 1.270 | 150.190 | 4644.120 90 0.930 | 89.620 | 1715.970
4.240 62.350 | 1043.610 3.500 | 35.910 | 104.140
6.100 46.430 | 652.290 5.840 | 22370} 56.510
8.410 38.260 | 442.600 7.360 | 21.230 | 24.730

10.040 | 33.500 | 379.870
60 0.7710 | 142.470 | 10954.080 | 100 0.810 | 69.990 | 454.180
2.800 59.780 | 1004.200 1.800 | 37.870 | 69.290
4.880 44.610 | 618.480 3.580 | 25.500 | 28.680

continued on next page
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contipued from previous page
T v tr o* T v tr o
(° C) | (cm/sec) | (sec) (sec?) ° C) | (cm/sec) | (sec (sec?)
| 6.190 [ 33.430 | 266.260 5100 [19.310 ] 13.950 |
8.580 25.750 | 313.360 7.150 | 18.480 | 18.180
70 0.960 | 105.270 | 3128.590 [ 110 0.840 | 58.310 | 194.270
2.540 48.500 | 360.890 2.560 | 28.680 | 27.330
4.530 32.330 | 175.460 4070 |19.840 | 18.590
6.320 29.170 | 111.830 6.0530 |17.430 | 14.490
8.920 23.580 71.130 8.320 |13.240( 10.340

Table B.9: The weighted mean residence time and variances on various flowrate of
toluene on perlite 80-100 mesh

T | v 17 T v ta o

(° C) | (cm/sec) | (sec) | (sec?) || (° C) | (cm/sec) | (sec) | (sec?

40 0.92 101.86 | 782.14 80 1.22 49.72 | 62.08
1.49 71.22 | 302.13 2.46 3159 | 17.11
2.56 49.49 | 78.76 3.64 28.156 | 16.78
3.60 40.64 | 56.76 7.07 1868 | 5.34
6.16 30.16 | 28.34

50 0.92 83.73 | 206.30 90 1.18 53.47 | 234.19
1.32 50.84 | 81.12 2.54 42.45 | 52.06
2.74 39.00 | 53.07 3.50 29.61 | 50.13
4.47 30.23 | 13.97 4.53 25.99 | 13.32
6.97 23.37 | 10.20 6.96 21.26 | 12.37

60 0.87 73.69 | 140.66 || 100 1.43 3898 | 31.33
1.35 56.69 | 78.43 3.22 37.24 | 9.23
2.74 35.02 | 24.95 4.37 1864 | 7.12
3.26 29.56 | 15.06 5.32 18.37 | 7.57
5.46 24.05 | 14.51 7.03 1824 | 1.27

70 0.85 75.22 | 237.56 || 110 0.74 62.40 | 222.29
1.28 45.74 | 84.46 1.11 50.24 | 50.22
3.88 30.38 | 11.89 3.39 25.42 | 14.24
5.88 20.70 | 17.88 4.35 19.33 | 15.91
7.20 18.89 9.31 6.34 15,24 | 9.26

Table B.10: The weighted mean residence time and variances on various flowrate of
acetone on perlite 40-60 mesh

T

40

tr

v tr o* T v ot
° C) | (cm/sec) | (sec) sec? °C) | (cm/sec) | (sec sec?
1.73 188.69 | 18804.72 || 80 1.57 105.67 | 10630.56

continued on next page
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continued fram previous page
T v tr P T v tr o’
(°C) | (cm/sec) | (sec) | (sec®) [ (°C) | (cm/sec) | (sec) | (sec?)
3.74 | 56.74 | 2658.79 324 | 71.84 | 5790.51
6.21 | 46.27 | 2621.44 493 | 47.07 | 2356.48
7.70 | 32.50 | 1593.29 702 | 42.13 | 2786.98
50 1.59 |150.56 | 16056.96 | 90 1.85 | 85.90 | 8240.87
3.34 | 81.97 | 7034.85 3.28 | 51.59 | 2417.55
495 | 88.74 | 9425.89 6.54 | 41.41 | 2664.81
6.75 | 59.21 | 5943.41 8.05 | 33.62 | 1402.16

8.09 61.84 | 6308.37
60 181 | 121.88 | 9643.50 || 100 1.66 78.26 | T172.65 |

3.24 76.84 | 5281.29 3.13 46.59 | 1842.57
5.2 59.66 | 4514.00 4.88 32.89 | 1133.06
6.64 50.56 | 4029.32 6.59 32.00 | 1031.22
8.07 50.99 | 3988.22 7.78 28.55 | 870.65
70 1.75 110.92 | 11351.87 || 110 1.37 64.05 | 2713.39
3.17 71.42 | 4889.18 3.42 39.45 | 1240.79
5.17 57.64 | 3895.75 4.68 30.63 | 902.55
6.48 48.74 | 3801.68 6.51 30.12 | 877.75
8.16 50.78 | 3342.26 7.60 2196 | 567.65

Table B.11: The weighted mean residence time and variances on vaﬁous flowrate of
acetone on perlite 60-80 mesh

[T v ta o T v tr o

(° ©) | (cm/sec) | (sec) sec?) ° C) | (cm/sec) | (sec) | (sec?)
40 12.03 2256.29 | 35818.16 80 2.01 90.53 | 5778.04
412 162.60 | 17667.56 4.00 59.97 | 32239.06
6.10 134.00 | 14454.71 6.05 54.34 | 3553.86

7.79 113.89 | 8710.54 8.07 44.49 | 2247.57

9.87 86.96 | 10839.17 9.77 39.52 | 1849.19

50 2.13 160.97 | 19083.58 90 2.011 77.34 | 3481.60
7.63 115.10 | 17169.13 3.98 46.87 | 1988.47

10.12 104.76 | 10938.30 5.88 42.82 | 1981.66

60 2.06 101.73 | 6924.93 100 2.03 61.97 | 2057.39
3.96 81.39 | 6872.09 3.99 43.62 | 1530.67

5.93 58.49 | 4075.98 6.03 36.58 | 1186.71

7.84 52.75 | 2913.73 7.95 31.53 | 1017.06

9.08 48.08 | 5725.03 9.72 31.36 | 837.71

70 2.16 92.53 | 5710.44 110 2.21 51.81 | 1908.94
3.95 69.23 | 4156.91 3.98 | 39.79 | 1264.20

598 | 59.52 | 5665.03 5.86 30.13 | 690.16

7.61 44.13 | 2284.43 7.77 28.18 | 585.35
continued on next page
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continued from previous page
T v tr o2 T v tr o’
(° C) | (cm/sec) | (sec) (sec?) || (° C) | (cm/sec) | (sec) | (sec?)
| 9.98 43.09 | 4151.00 : 9.79 23.18 | 505.66

Table B.12: The weighted mean residence time and variances on various flowrate of
acetone on perlite 80-100 mesh

T v tn o1 T v tr o*
(¢ C) | (cm/sec) | (sec) | (sec?) | (°C) | (cm/sec) | (sec) | (sec?)

40 1.775 | 120.021 | 14369.760 || 8C 1.551 | 57.230 | 457.124
3.465 96.690 | 10202.260 2.544 | 39.510 | 260.160
5.179 70.490 | 3527.267 3.403 | 36.683 | 167.440
6.741 59.176 | 2690.081 4604 | 31.263 | 162.360
8.778 52.413 | 2091.390 6.086 | 23.090 | 75.440

50 1.737 82.442 | 4399.336 90 1.613 | 50.070 | 233.860
3.558 55.390 | 2173.222 2.415 | 36.655 | 159.830
5.316 47.594 | 1829.640 3.374 | 28.601 | 85.280
6.916 40.174 | 1105.030 4407 | 27.840 | 78.270
8.802 33.868 | 844.156 5.616 | 21.470 | 49.660

60 1.789 62.352 | 2097.040 || 100 1.286 | 52.296 | 224.650
3477 46.580 | 1394.490 2,591 | 29.830 | 83.310
5.247 39.360 829.010 3.421 25.620 | 71.830
7.007 29.890 | 527.284 4233 | 23.680 | 50.470
8.730 25.360 | 409.446 5.481 | 21.435 | 33.910

70 1.910 54.320 | 1290.970 | 110 1.219 | 51.440 | 174.690
3.507 38.310 | §81.022 2.3256 | 33.560 | 77.500
5.334 31.571 | 475.050 3.250 | 27.190 | 38.310
6.813 26.905 | 281.430 4.210 | 24.960 | 27.460
8.321 25.540 | 250.660 5.056 | 19.780 | 17.680




B.2 Pressure drop and flowrate

Table B.13: Pressure drops and flowrates of each adsorbent

Mesh size Pumice " Perlite
AP Q AP Q
(kg/cm®) | (ml/min) [ (kg/cm?) | (ml/min)
40-60 0.0021 20.1572 0.1177 82.7974
0.0111 26.7463 0.2201 | 137.8296
0.0165 37.3459 0.3166 | 201.3422
0.0224 47.619 0.4075 272.727
. 0.0262 60.4047 0.5016 | 339.6354
0.0320 70.8717 0.5952 407.249
60-80 0.0015 20.979 0.1617 19.9111
0.0047 34.5502 0.2892 39.0472
0.0062 50.142 0.4157 59.8026
0.0071 66.6661 0.5376 86.9565
0.0111 79.3021 0._6601 113.2075
0.0124 95.2569 0.7911 127.302
80-100 0.0016 6.7643 0.0299 6.9686
0.0037 21.8451 0.1618 19.8242
0.0071 35.1576 0.2924 34.4827
0.0109 48.0000 0.4237 48.387
0.0108 65.6958 0.5528 65.2173
0.0123 81.4553 0.6807 83.7287
0.0149 95.7548 0.7963 120.00




Appendix C

Plots of residence times with the
Reciprocal Velocity



350

300

250

200

tr (sec)

150

100

1,000 L/v

Figure C.1: The plot of Weighted mean residence times of Toluene on Pumice
40-60 mesh

180 T 20 N ' 1 !
- g oo s S S R
140
120
100

tr (sec)
=3

60
40

20

0 20 40 60 80 100 120 140 160 180 200

1,000 L/v

Figure C.2: The plot of Weighted mean residence times of Toluene on Pumice
60-80 mesh
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Figure C.3: The plot of Weighted mean residence times of Toluene on Pumice

80-100 mesh
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Figure C.4: The plot of Weighted mean remdence times of Acetone on Pumice

40-60 mesh
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Figure C.5: The plot of Weighted mean residence times of Acetone on Pumice
60-80 mesh
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Figure C.6: The plot of Weighted mean residence times of Acetone on Pumice
80-100 mesh
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Figure C.7: The plot of Weighted mean residence times of Tolvene on Perlite 40-60
mesh
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Figure C.8: The plot of Weighted mean residence times of Toluene on Perlite 60-80
mesh
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Figure C.9: The plot of Weighted mean residence times of Toluene on Perlite
80-100 mesh
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Figure C.10: The plot of Weighted mean residence times of Acetone on Perlite
40-60 mesh
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Figure C.11: The plot of Weighted mean residence times of Acetone on Perlite
60-80 mesh
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Figure C.12: The plot of Weighted mean residence times of Acetone on Perlite
80-100 mesh
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