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Removal of Refractory Organics by Aeration. V.
Solvent Sublation of Naphthalene and Phenanthrene

SHANG-DA HUANG,* KALLIAT T. VALSARAJ,
and DAVID J. WILSON'

DEPARTMENTS OF CHEMISTRY AND OF CIVIL AND ENVIRONMENTAL ENGINEERING
VANDERBILT UNIVERSITY
NASHVILLE, TENNESSEE 37235

Abstract

Naphthalene and phenanthrene are readily removed from aqueous systems by
solvent sublation into mineral oil. The process is slightly enhanced by added salts,
and slightly retarded by acetone and ethanol. The naphthalene results are used to test
a mathematical mode! for solvent sublation column operation; satisfactory agreement
is obtained.

INTRODUCTION

Solvent sublation, a surface chemical separation method originated by
Sebba (1), has shown promise for the removal of some classes of organic
compounds from wastewaters. Lemlich’s book on adsorptive bubble separa-
tions includes a review on solvent sublation by Karger (2), and the subject is
also covered in our recent book (3). Shorter reviews are included in our
earlier papers (4-7). In solvent sublation a surface-active solute is trans-
ported from an aqueous phase to an overlying immiscible layer of a
nonvolatile liquid on the air-water interfaces of bubbles rising through the
solvent sublation column. Volatile solutes of low solubility in water may be
removed in the interior of the bubbles in similar fashion by air stripping into
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the organic layer. Lionel studied the sublation of volatile 1,1,1-trichloro-
ethane and modeled the sublation of volatiles (4); Womack et al. analyzed
the solvent sublation of neutral molecules, ion pairs, and ion triples from a
single-stage, well-mixed system (5). We have modeled the sublation of
surface-active substances from multistage columns in which axial dispersion
is not sufficient to make the assumption of a single well-stirred pool a suitable
approximation (6). Valsaraj has investigated the solvent sublation of
dichlorobenzenes, a commercial polychlorinated biphenyl mixture, lindane,
endrin, and two nitrophenols (7).

In a number of industrial processes wastes containing (possibly carcino-
genic) polynuclear aromatic hydrocarbons are generated. We were interested
in assessing the feasibility of using solvent sublation for removing these
compounds from dilute aqueous systems, particularly in anticipation of
synfuels development in this country in the future. We present here some
experimental results on the solvent sublation of naphthalene and phen-
anthrene from water, including the effects of added salts and organic
solvents. This is followed by the development of mathematical models
describing the removal by solvent sublation of a solute which is both volatile
and surface-active (as is the case with napthalene, for example). A method
for estimating Langmuir parameters for hydrophobic solutes is then extended
to these polynuclear aromatics, and the mass transfer rate coefficient is
estimated. Finally, a comparison is made between the experimental and the
calculated results.

EXPERIMENTAL

Apparatus

The apparatus consisted of a 3.5-cm diam X 85-cm high Pyrex column
fitted with a stopper at the bottom through which passed a “fine” fritted glass
gas dispersion tube and a sampling stopcock. House air was passed through a
water saturator and glass wool filter before going to the gas dispersion tube.
Air flow rates were adjusted with a needle valve and measured with a soap
film flowmeter. Air flow rates were kept at 97 mL/min for all runs.

Fisher laboratory grade naphthalene or Eastman phenanthrene were
“dissolved’ in distilled water by stirring with a magnetic stirrer for 24 h. The
solutions were filtered through a sintered glass filter to remove suspended
solids. The concentrations of the sample solutions so prepared were 21 to 30
mg/L. naphthalene or 1.3 to 1.4 mg/L. phenanthrene. The solubilities of
naphthalene and phenanthrene listed in the literature (8, 9) were 30 and 2.7
mg/L, respectively.



13: 33 25 January 2011

Downl oaded At:

REMOVAL OF REFRACTORY ORGANICS. V 943

The volume of the sample solution used was 200 mL for the runs made
with naphthalene and 250 mL for the runs made with phenanthrene. The
solution was poured into the column, and 5 mL of paraffin oil (Fisher
Laboratory grade) was added immediately and the timer started. Five
milliliters of naphthalene solution or 200 mL of phenanthrene solution was
taken for analysis. The standard solutions were prepared by dissolving
naphthalene or phenanthrene in hexane (Fisher pesticide grade). The
concentrations of the samples were measured with a Shimadzu GC-MINI 2
Gas Chromatograph with a C-R1B Chromatopac integrater and a flame
ionization detector. A 52-m Chrompack glass capillary column, coated with
SE-30, was used. The capillary column temperature was set at 200°C.

Data were plotted as percentage of sample remaining in solution versus
time in minutes on a semilog scale to clearly display any deviation from first-
order kinetics, which would yield linear plots.

All runs were made at room temperature.

RESULTS

The rates of separation of naphthalene from aqueous solutions by solvent
sublation and by aeration (without an organic layer on the top of the
separation column) are shown in Fig. 1. The runs followed first-order
kinetics approximately; 98% of the naphthalene was removed by solvent
sublation in 2 h. The residual naphthalene concentration was less than 1
ppm. Only 88% of the naphthalene was removed by simple aeration for 2 h.
The first-order rate constants for the separations are listed in Table 1. The
rate constant for solvent sublation is more than twice as large as that for
simple aeration. The improvement in separation is presumably due to the
surface adsorption of surface-active napthalene on the surface of the bubbles;
the surface-adsorbed naphthalene and the naphthalene in the vapor phase
inside the bubble are carried into the organic layer on the top of the
separation column during solvent sublation. Only the naphthalene vapor
inside the air bubble is removed by simple aeration. Naphthalene is fairly
volatile; its vapor pressure at room temperature is 0.165 mmHg (Z0).

The effects of added salts on the solvent sublation of naphthalene are
shown in Fig. 2 and in Table 1. We see that the presence of salts increases
the rate of the separation somewhat. Presumably this is due to the same
mechanism that causes the widely used “‘salting out” effect in which organics
are made less soluble in aqueous phases by the addition of salts. These tie up
water molecules in ion hydration shells, thereby decreasing the amount of
water available for solubilizing the organic.
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The influence of organic solvents, such as ethanol, is exhibited in Fig. 3
and Table 1. The rate of separation decreased somewhat with increasing
ethanol concentration. This is probably due to attractive forces between
naphthalene and ethanol molecules, which would increase the solubility of
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FiG. 1. Removal of naphthalene from aqueous solution by solvent sublation (O) and by
aeration alone (X).
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TABLE 1
Separation Rate Constants for Solvent Sublation and Aeration of
Naphthalene Aqueous Solutions

Composition of aqueous phase Rate constant K X 104 (s™h
H,0 5.00
H,0 2.38
2% NaNO; 5.58
2% AgNO; 5.58
20% NaNO; 9.31
2% Ethanol 4.40
5% Ethanol 4.16
10% Ethanol 351
2% Acetone 4.87

naphthalene in the solution. The value of the separation rate constant for a
solution containing 10% by volume ethanol is 71% of its value for
naphthalene removal from water alone. We found 92% removal of
naphthalene in 2 h from the solution containing 10% ethanol.

Acetone produces a smaller effect on the rate of separation than does
ethanol, as seen in Fig. 4 and Table 1. The value of the separation rate
constant for the solution containing 2% acetone is 97% of its value for
naphthalene removal in the absence of acetone. The corresponding figure for
the removal of naphthalene from water—2% ethanol is 88%. The difference
between ethanol and acetone may be due in part to increased volatilization of
low-boiling acetone.

The removal of phenanthrene by solvent sublation is shown in Fig. 5 and
Table 2. The rate constant for the separation by solvent sublation is three
times as large as that for removal by aeration alone.

MODELS OF SOLVENT SUBLATION

Here we first examine mathematical models for the operation of a single-
stage (well-stirred pool) solvent sublation apparatus; we assume that the
process is equilibrium controlled. Batch and steady-state continuous flow
modes are analyzed. Then we develop a substantially more complex model
for the operation of a multistage column in which the process is limited by the
rate of diffusion of solute through the boundary layers of liquid around the
rising bubbles.
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FiG. 2. Effect of salts on solvent sublation of naphthalene: (O) water, (A) 2% AgNO;3, (X) 2%
NaNO;, (@) 20% NaNO;.
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FiG. 3. Effect of ethyl alcohol on solvent sublation of naphthalene: (O) water, (X) 2% alcohol,
(A) 5% alcohol, (@) 10% alcohol.
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F1G. 4. Effect of acetone on solvent sublation of naphthalene: (O) water, (X) 2% acetone.
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F1G. 5. Removal of phenanthrene from aqueous solution by solvent sublation (O) and by
aeration alone (X).

TABLE 2
Separation Rate Constants for Solvent Sublation and Aeration of
Phenanthrene Aqueous Solution

Composition of aqueous phase Rate constant K X 104 (s_l)

H,0 3.24
H,0 1.08
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Single-Stage, Equilibrium-Controlled Operation

We assume that the concentration of solute in the vapor within a bubble is
given by Henry’s law,

¢, = Ke, (1)

where ¢, = vapor-phase solute concentration, g/ cm®
K = Henry’s law constant
¢, = aqueous phase solute concentration, g/cm’

The surface concentration of solute we take as
r = Iﬂmcw/(cl/Z + cw) (2)

where I, = Langmuir parameter, g/cm’
¢, = Langmuir parameter, g/cm’
I = surface concentration, g/cm’

The mass of solute carried out of the solution by one bubble is then given
by

m= VKCM' + Srmcw/(cw + cl/Z) (3)
where V = (4/3)nr;

S = 4nr}
r, = bubble radius

For an apparatus operating in the batch mode, the rate of change of ¢, with
time is given by

de,/dt = —Nm/V, (4)
where N = number of bubbles formed per sec
=Q/V (5)

Q, = airflow rate
V,, = volume of the column’s aqueous phase

On substituting Eqs. (3) and (5) into (4), we obtain

ST,c. ]

¢yt e

de. =0

6
dt VvV, (6)

[ VKe, +
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Rearrangement of this equation yields

¢, t e de, —0,
= dt (7
Cyp VKCW + (VKCI/Z + Srm) VVW
This can be integrated by partial fractions to give
(14 A) log "t + A(1 + 4) " log b8 - ZKQt (8)
og— =
5 R
where A = 3T,,/(rKc; ) %)
B= Ci2 + (3rtrz/rK)
& = initial solute concentration (10)

From Eq. (8) we can readily determine the time required to remove, say,
999% of the initial solute.

We turn next to a single-stage continuous-flow apparatus operating in a
steady-state. For this we have

Qa Sb rm Cyw

wCinfl = wCw + ch +
Q fl Q Qa Vb CW+C1/2

(11)

as the mass balance. This equation rearranges to give a quadratic equation in
Ch's

0=(Q, + Q.K)ci. + (Quera + QuKeyyy + 3Q.Tn/ 1,
- chinf'l)cw - chinﬁcl/Z (12)

We introduce a more abbreviated notation,

a=Q, t Q.K (13)
B=(Q.cip + Q.Key;, +3Q,0,,/r, — Qucinn) (14)
Y = &wCinnCi2 (15)
Then
c,‘,=[—ﬁ+(ﬁ2 +4ay)'?])/2a (16)

gives us the steady-state effluent concentration.
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Multistage, Kinetically Controlled Operation

The above treatment assumes that diffusion of solute to the bubbles
through their boundary layers is sufficiently rapid that it maintains the bubble
in equilibrium with the bulk solution surrounding it. That treatment also
approximates the aqueous phase in the column as a well-stirred pool. In this
section we relax both these constraints.

We partition the aqueous phase in our solvent sublation column into N
equal-sized slabs, and do the usual material balance on each slab to
obtain

dC,‘ 2
ETTR Ah= Q. (ciyy —¢;) +J(mi—y — my)

mR*D,,
+T(Ci+1 —2¢; +¢;-1) (17)
4 RA=0 T, + D
dln W(C — 1) n, A c; —¢p)

dCN 5
?TTR Ah = Q,(ciun — cn) T J(my—y — my)

where R = column radius
Ah=Hn/N
h = height of aqueous column
J = number of bubbles discharged per second
¢; = solute concentration in the ith slab
m,; = mass of solute associated with a bubble at the top of the ith slab
D,, = axial dispersion constant
@, = influent flow rate

We assume that the m; are determined by
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L/ Sy 3 (18)
— = 4mrk(c; — ¢
dt

where & = mass transfer rate coefficient, cm/s
r; = bubble radius in /th slab

Here ¢; is the concentration of solute in the inner side of the bubble boundary
layer, immediately adjacent to the air-water interface. The relationship
between ¢ and m; is given by

m; = 4nrT,ci/(c; + ¢, ) +iriKe! (19)
/

Here T, = Langmuir parameter, g/cm’
¢y = Langmuir parameter, g/ cm’
K = Henry’s law constant, dimensionless

The first term in this equation gives us the mass of solute on the surface of the
bubble; the second, the mass of solute in the vapor phase. Equation (18)
assumes that Fick’s first law is applicable to calculating diffusional mass
transfer through the bubble boundary layers. We let

S, = 4nr (20)
V,=4nr} (21)

We next make the approximation that the change in the ¢; during the time
interval required for a bubble to traverse one slab is negligible, so that ¢; may
be treated as a constant in Eq. (18). It is then possible, by use of Eq. (19), to
integrate Eq. (18) over the time interval required for a bubble to rise through
a slab, thereby determining the increase in solute mass associated with the
bubble as it transits the slab. This can be done by noting that

dm; dm;dc;
—_—— = (22)
dt dC,‘ dt
and that
dm,- S,Tmcl/z
= + V,K (23)

de, (¢, +c})?

These relationships allow us to transform Eq. (18) into
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de;}
dt

S:Lcin
(erp + Cf)2

= S;k(c; — c})/ [ + V,~K] (24)

This is readily integrated by separating the variables and use of partial
fractions; the final result is

Sl () + ; — ¢i(0 i —¢i(0
o, {[c'( )+ ealle ~ €i(0)] } VK 10g SO
(¢; T ¢1p2) [¢i/(0) + cipalles — ci(D)] ¢ — ci(t)
SiLncin 1 1
+ , - =Skt (25)
¢, +ein Lej(0) Fep ci(2) + e

This can be solved numerically for ¢j(¢); the value of ¢/(0) to be used is the
value obtained from Eq. (19) by replacing m; by m— (Ah/u;—,), i > 1, or by
0, 7= 1, and solving for ¢/. Here u; is the bubble rise velocity in the jth slab,
calculated iteratively from

2gpr
== £0% (26)
priu 1/2 priu
9n |1 +1/4 +0.34—
2n 129

where g == gravitational constant
p = liquid density
r; = bubble radius in the jth slab
7 = viscosity, poise

The numerical solution of Eq. (25) is rather time consuming, since it involves
the calculation of many logarithms; this must be done very many times
during the computer simulation of a run. We therefore seek an alternative
approach.

We rewrite Eq. (19) as a quadratic in ¢;, obtaining

I/I'K(Cf)z + (S + ViKey )y — mi)e; — micy =0 (27)
or
Afc))?* + Biel +C, =0

Then
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¢i =[—B;+ (B —44,C)'*|/24; (28)

One sees that the positive sign in the quadratic formula is needed in order
that

lime} = 0
m; = 0 (29)

The bubble volumes in the various slabs, V;, are related to the bubble
volume at one atmosphere, V, by

_ VX 1.013 X 10°
1.013 X 10° + (N — i + 1/2)pgAh + p.gh,

(30)

i

where 1.013 X 10° = atmospheric pressure in dyn/cm?
p, = density of the organic solvent on top of the water column, g/cm’
h, = thickness of the organic solvent layer

Then the bubble radii and surface areas are given by
re=rn(Vy/V)"? (31)
Si=S(V/ V)" (32)

where r and S are the radius and the surface area of a bubble at atmospheric
pressure, respectively.

Now the time scale required for the integration of Eq. (18) is relatively
short, and is determined by the bubble boundary layer thickness and the
solute diffusion constant. This dictates small values of 8. The duration of a
column run, however, may be an hour or more, so we see that computer costs
may be quite large. We can reduce the amount of computer time required
very substantially by the following procedure. We use two time increments, a
small one (8f) and a large one (Ar). We select ¢ to be suitable for the
integration of Eq. (18) over the time intervals 7; = u,/Ah required for a
bubble to rise through one slab. We select At to be suitable for integrating
Eq. (17): during the time interval At the fractional changes in the ¢; should be
small. Typically, 6 might be roughly 7;/20 while Az might be of the order of
10z, Thus, the time intervals over which we must use the short time
increment &t in integrating Eq. (18) are (0, 7)), (Af, At +1),..., (rA,
nAt+7),.... We see that this eliminates about nine-tenths of the
numerical integration of Eq. (18) which would be needed if we used the same
time interval for integrating both Eqs. (17) and (18). This results in an
increase in program speed by a factor of the order of five.
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Mass Transfer Rate Coefficients

The diffusion equation in the case of spherical coordinates is
dc D0 < i ) i<y (33)
— == \r—1, a<r=
ot r or or

where D = diffusion constant
a = bubble radius
b = radius of bubble plus boundary layer

This equation is readily solved by separation of variables to yield

A, 1 ) A
e(r, t)=-—r— + B, + P 2 | 4, sin 1—)r+B)‘ cos Br exp (—Af)

(34)
Mass balance considerations give
dmb 60
— =4na*D—,r=a (35)
dt ar
where m, = mass of solute in, and on the surface of, the bubble
Recall
4na*lc(a, 1) s
p=———— +ira’Kc(a, t) (19"
c(a, t) t ey
)
dm de(a, t 4na’T ¢ de(a, t
amyp =ing ( )+ m 1/2 : ( ) (36)
dt ot IC(a, t)+cl/2] ot

To make further progress we must assume that ¢, > c(a, ), which
linearizes Eq. (36),

dm,
dt

47ra2F,,,J de(a, t) (37)

= [3’#(13](-{- Y

Ci2

Equating Eq. (35) to Eq. (37) then yields
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dela, t): D dc(a, 1)

38
ot o or (38)
where
aK m
o =— +—
3 C1/2

Equation (38) serves as one of our boundary conditions. The boundary
condition at ¥ = b is simply

c(b, ty=rc. (39)

where ¢, is the bulk concentration.

From here on the analysis is straightforward. Substitution of Eq. (34) into
Eqgs. (38) and (39) gives a pair of linear homogeneous equations for A, and
B\; nonzero values for these dictate that the determinant of the coefficients of
this system be zero. This yields the following eigenvalue equation.

2 (5)
172
tan [ < ) (b—a)] :g'—D“ (40)

A
D
We next relate the smallest positive eigenvalue of Eq. (40) to the mass
transfer rate coefficient £. From Eq. (18) we have
d.mb

haddid- I 2 —
1 drra‘klc. — c(a, t)] (41)

We also have

dZ,, [4na31< L 477(121“,”}6('((1, r) (37)

3 Ci/2 ot

On keeping only the first eigenvalue A, in Eq. (34) and using the initial
condition ¢(a, 0) =0, we find

ela, 1) =c.|1 —exp (—A,1)] (42)
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Differentiating yields

de(a, t)

5~ N T he(a 0 (43)

Substituting Eq. (43) into Eq. (37') yields

dt

dm, 4ra’K  4na’T,
+ Mle. — c(a, 1)) (44)
3 C12

Comparison of this with Eqg. (41) gives

" 4na’K  4wa’l,
dra‘k = + )\]
3 €12

or

k=X [ﬂ(+—li] (45)

3 Ci/2

as the relationship between our least positive eigenvalue and the mass
transfer rate coefficient, Equation (40) is readily solved graphically or
numerically for A;.

THEORETICAL RESULTS

In this section we discuss first the dependence of the behavior of a solvent
sublation column upon various parameters appearing in our mathematical
model of column operation. We then explore the possibility of duplicating the
experimental results presented earlier in this paper for naphthalene and
phenanthrene. The algorithm used for integrating the differential equations
forward in time was Heun’s predictor-corrector method (/7). The standard
set of parameters used in testing the program is listed in Table 3. We note
that the Henry’s law constant is given by

P,,, X (mol. wt.)/760 X 82.05 X T
K:

aqueous solubility of solute, g/mL

(46)

where P,,, is in mmHg
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TABLE 3
Standard Input Parameters for Program Simulating Solvent Sublation of a Volatile Surface-
Active Solute

Parameter Value
Number of slabs into which the column is partitioned 2
At 40 s
Number of cycles between printouts 25
Air flow rate 5.0 mL/s
Flow rate of influent 0.0 mL/s
Height of an aqueous slab 50.0 cm
Radius of the column 1.6 cm
Initial radius of the bubble 0.02 cm
Influent concentration 2.03 X 1077 mol/mL
Axial dispersion coefficient 0.0
2 1.08 X 10™° mol/mL
I’ max 4.2 X 106710 mol/ecm?
Solubility in water at 25°C 3.0 X 1073 g/mL
Vapor pressure at 25°C 0.1652 mmHg
Density of aqueous solution 0.9952 g/mL
Density of organic solvent 0.8450 g/mL
Viscosity of water 0.01002 P
Viscosity of organic solvent 0.2366 P
Height of the organic layer 2.0 cm
Mass transfer coefficient 4.83 X107 cmy/s
Molecular weight of the solute 128.16 g/mol

The solute parameters were selected to correspond to naphthalene, and the
column parameters corresponded to our lab scale batch apparatus.

The effect of varying the bubble radius (at 1 atm) is shown in Fig. 6. We
see that decreasing the bubble size results in a very marked increase in the
rate of removal. This is due both to the increased surface area of the bubbles
(per unit volume of air) and to the increased contact time of the bubbles with
the liquid as the bubble radius is decreased. Exponential curves give quite
good fits to the calculated results, as indicated in Table 4.

The effects of varying the mass transfer rate coefficient are shown in Fig.
7. The expected increase in removal rate with increasing & is seen. It is
evident that even the largest values of k£ used are not large enough to result in
the process being equilibrium-controlled, under which circumstances the
plots would approach a limiting curve. Table 5 gives the removal rate
constants for exponential fits to the calculated curves.
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100

% removal
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0 2 ' 4 6xI0® sec

FiG. 6. Effect of bubble radius r;, on solvent sublation. r; = 0.010, 0.015, 0.020 c¢m (top to
bottom); other parameters as in Table 3.

As one would expect, the rate of removal was directly proportional to the
air flow rate. We see in Fig. 8 the effect of increasing the Langmuir
parameter ¢, ,;, which corresponds to weakening the binding of the adsorbed
molecules. This produces a decrease in removal rate. The effects of
increasing T, are shown in Fig. 9; increasing I, increases the maximum
number of solute molecules which can be adsorbed at the interface, and so
increases the rate of removal of solute, as seen.

We chose three different vapor pressures (0.001652, 0.1652, and 1.652
mmHg) from which to calculate the Henry’s law constant; the effects of

TABLE 4
Effect of Bubble Radius on Removal Rates
7 (cm) Removal rate constant &' (s™1) Standard deviation oy (s™1)
0.01 2.802 X 1074 3.128 X 1078
0.015 1.423 2,128 X 107?

0.02 0.8228 7.100 X 10710




13: 33 25 January 2011

Downl oaded At:

REMOVAL OF REFRACTORY ORGANICS. V 961

100

% removal

A A A

0 2 4 6x10® sec

F1G. 7. Effect of mass transfer rate coefficient & on solvent sublation. k = 4.83, 2.50, 1.00, and
0.483 X 1077 cm/s (top to bottom); other parameters as in Table 3.

varying K in this way are shown in Fig. 10. The removal shown in the bottom
curve is associated almost completely with the surface activity of the
solute.

The number of slabs into which the column is partitioned can be profitably
used to take into account the extent of axial mixing in the column; the more
slabs, the less axial mixing, This is a much more economical way of dealing
with axial mixing than using a large number of slabs and adjusting the axial
dispersion constant D,,. In Fig. 11 we see (on a logarithmic scale) the results
of increasing the number of slabs from 1 to 10. This results in a modest

TABLE 5
Effect of Mass Transfer Rate Coefficient on Removal Rates
k (cm/s) K(sh oy (s;l)
0.483 X 1076 0.5075 X 1074 0.07195 X 10™8
1.00 0.9577 0.04608
2.50 1.905 0.6562

4.83 2.802 3.128
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FiGg. 8. Effect of Langmuir parameter cj;, on solvent sublation. c¢;» =0.108, 1.08,
10.8 X 10™° mol/cm? (top to bottom); other parameters as in Table 3.

{00y
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50

% removal

0 2 4 6x10%sec

FiG. 9. Effect of Langmuir parameter I',, on solvent sublation. [, =42, 4.2, 0.42 X 10710
mol/cm? (top to bottom); other parameters as in Table 3.
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Fic. 10. Effect of Henry’s law constant K on solvent sublation. K=38.61, 3.861,
0.03861 X 1072 (top to bottom); other parameters as in Table 3.

increase in removal rate in these batch runs, but it is evident that the
dividends resulting from careful reduction of axial dispersion in batch solvent
sublation columns will be relatively slight.

Comparison of Theory and Experiment

Here the mathematical model for solvent sublation described above is
tested against the data reported in this paper on the solvent sublation of
naphthalene into mineral oil. The column dimed#sions used were as listed in
Table 3, and an air flow rate of 1.6 mL/s was used. The physical constants
for naphthalene which are needed are given in Table 6.

In order to estimate the Langmuir parameter ¢,,, for naphthalene, we need
the interfacial tension of the naphthalene—water system. This was calculated
using the Girifalco-Good equation (/6)

Yas = Ya + Yy — 2¢(Ya7b)l/2 (47)

where v, and v, are the surface tensions of the pure species against air and ¢
is a constant which is approximately 0.7 for aromatic hydrocarbons. On
using Y(H,0)=72.75 and y(naphthalene) =40.07, we obtain y(naph-
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log, c(t)

-6.0 ‘ - .10 ©
~0 2 ; 4 6X10%sec

Fic. 11. Effect of number of slabs (axial dispersion) on solvent sublation. The number of slabs
used to represent the column in each simulation is indicated in the figure; other parameters as in

Table 3.
TABLE 6
Physical Constants for Naphthalene at 25°C
Parameter Value

Molecular weight 128.16
Density (12) 1.145 g/mL
Solubility in water (13) 30 mg/L
Surface tension against air? (14) 40.07 dyn/cm
Vapor pressure? (15) 0.1652 mmHg

2The value at 25°C was obtained by extrapolating the data given.
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TABLE 7
Derived Parameters for Naphthalene
Parameter Value

y(Naphthalene/H;O) 37.2 ergs/cm?
Molecular area 39 A?
Molecular volume 1.858 X 10722 cm?
Molecular adsorption energy, Vg —2.76 X 10713 erg/molecule
e 1.08 X 1075 mol/em?
T, 4.2 X 10719 mol/em?
Diffusion constant D 6.16 X 1076 em?/s
Henry's law constant, K 0.03861

thalene/H,O) = 37.2 ergs/cm?. We estimate from models that the area
occupied by a naphthalene molecule lying flat on the air—water interface is
39 A Values of ¢ ,» and T,, were then calculated by the prescription
described in an earlier paper (7). Henry’s law constant was calculated from
Eq. (46). The derived parameters for naphthalene are given in Table 7.

We can use these values of ¢, I, and K to calculate the amount of
naphthalene that would be carried in the vapor phase and on the surface of a
bubble at equilibrium in a saturated solution of naphthalene in water. If the
bubble has a radius of 0.0125 cm,

m(vapor) = $mr; Kc(satd)(mol. wt.)
~9.32X 10712 g

4nril,.c
m(surface) = — (mol. wt.)
Ci/2 + e

=224X10"2¢g

We see that about 80% of the naphthalene is carried in the vapor phase. We
warn that this estimate is only rough, since the value of ¢, selected has a
marked effect on the extent of surface adsorption. The value of this
parameter is rather uncertain, since it depends exponentially on 1, the
molecular adsorption energy, which in turn depends on the accuracy of Eq.
(47} in estimating y(naphthalene/H,0O) and on our estimate of the surface
area occupied by a molecule. Nevertheless, the calculations indicate that
naphthalene is both volatile and surface-active.

Other parameters needed are the bubble radius, the boundary layer
thickness around the bubble, and the mass transfer rate coefficient. We
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TABLE 8
Mass Transfer Rate Coefficients for Naphthalene
Bubble radius (¢cm) k (cm/s)
0.010 4.15X 1077
0.015 5.00
0.020 5.72

estimated the range of bubble radii photographically, observing a range of
diameters from 0.02 to 0.1 cm, with a preponderance of small bubbles,
especially in the lower portion of the column. We therefore decided to carry
out our calculations using bubble radii between 0.01 and 0.02 c¢cm. The
boundary layer thicknesses for these bubbles were then calculated using the
procedure described earlier (7). The boundary layer thicknesses were
approximately 0.01 c¢cm, and showed little variation for bubbles having radii
in the range 0.01 to 0.02 ¢cm (0.0101 to 0.0118 cm, respectively). The mass
transfer rate coefficients were calculated for these bubbles by solving Eq.
(40) graphically, with the results shown in Table 8.

These values of the mass transfer rate coefficient and the bubble radius
were used in the mathematical model, which was then fitted to the
experimental results by adjusting ¢, the parameter which we felt had the
greatest uncertainty. The experimental column appeared to have a good deal
of axial mixing, so we used only two slabs to represent the column (which
gives a great deal of axial mixing), and then set D, = 0. Figure 12 shows a
plot of an experimental run for naphthalene (circles) together with simula-
tions for bubble radii of 0.01 and 0.015 cm. The values of ¢, and V}
required to get these fits are given in Table 9, together with the percent
discrepancy between the fitted value Vy(expt) and the value of V} calculated
by the procedure outlined above, Vy(calc).

CONCLUSIONS

We conclude that the agreement between the theory and the experimental
data is quite satisfactory, especially when one considers the uncertainty
inherent in our estimation of the surface binding energy V. We note that the
model predicts markedly increased rates of removal with decreased bubble
size, due to (a) more surface area per unit volume of air, which facilitates
removal through surface adsorption, and (b) longer contact times of the
smaller, more slowly rising bubbles, which facilitates mass transport through
the bubble boundary layer. The model developed earlier (7) for estimating
Langmuir parameters appears to be a useful (though hardly a highly precise)
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F1G. 12. Simulation of experimental results for the solvent sublation of naphthalene at 25°C. In

Run I: ry, =00l cm, ¢)p =2 X 10~ mol/mL, e(initial) = 2.03 X 1077 mol/mL, @, = 1.6

mL/s. In Run 2: 7, = 0.015 em, ¢, = | X 107® mol/mL, c(initial) = 2.03 X 10”7 mol/mL,
Q, = 1.6 mL/s. Other parameters as in Table 3.

tool for estimating the feasibility of the removal of hydrophobic compounds
of low volatility.

The ready removal of naphthalene and phenanthrene by solvent sublation
suggests that this method should be suitable for the removal of other
polynuclear aromatic hydrocarbons, including those resulting from coal-
synfuels technology, some of which are carcinogens.
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TABLE 9
Parameters Used to Simulate Experimental Data on Naphthalene
Bubble radius arn Vo(expt) _100f Vp(expt)]
(cm) (mol/cm?) (ergs) Vo(cale)
0.01 200X 1073 —2.51x10713 -9.0

0015 1.00 X 1076 —-3.71x10713 +34.4
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