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CHAPTER I
INTRODUCTION

Significant pollution problems of drinking water supplies, primarily
groundwater, have been of serious concern recently in the United States
and throughout the world. More than 407 of the U.S. population depends
on groundwater as the source of their drinking water supply (1). It is
currently estimated that approximately 17 of the nation's groundwater is
already contaminated (2). Dozens of wells serving several thousand
people in California, Wisconsin, New York, Pennsylvania, Florida, New
Jersey, Massachusetts, New Hampshire, and Connecticut have been found to
be contaminated with organic compounds (3, 4, 5, 6, 7, 8, 9, 10). These
compounds are not naturally occurring but are the result of accidental
leaks and spills, improper disposal of hazardous and non-hazardous solid
and liquid waste, septic systems, agriculture, and underground injec-
tion.

In general, there are five methods available for treating contami-
nated groundwater. Among the possible treatment alternatives are (11):

1. Reverse osmosis

2. Coagulation and clarification

3. Synthetic resin absorbents

4, Activated carbon adsorptiom

5. Air stripping



The first three are effective in treating particular organic compounds.
Activated carbon adsorption has been found to be successful in removing
a complex of organic compounds. However, most of the contaminants in
groundwater fall into a group of liquids considered to be volatile
organic compounds (VOCs). Because of their high volatility, air strip-
ping can be used to partially or totally remove most of these organic
compounds (11, 12, 13).

Stripping or desorption, as defined, by Treybal (14), is a "mass
transfer operation due to direct contact of two immiscible phases."
This mass transfer is a result of concentration differences between gas
and liquid phases. Aeration, or air stripping in the case of removing
volatile organic compqunds from water, can be represented as the trans-
fer of volatile organic compounds from the water phase into the gas
phase owing to intimate contact of water and air (11). There are
several means of'promoting air-water contact to enhance mass transfer of
volatile organic compounds. Some examples are diffused aeration, mechan-
ical surface aeration, spray tower aeration, and countercurrent packed
tower. Previous studies have shown that countercurrent contacting in a
packed tower is one of the most efficient in achieving mass transfer of
volatile organic compounds; this is accomplished with less expenditure
for energy than diffused aeration and mechanical surface aeration (15,
16, 17, 18, 19, 20). However, spray tower aeration, which has been
shown to be an effective method for removing volatile organic compounds,
are likely to have higher energy costs than a countercurrent packed
tower (15, 20, 21).

A countercurrent packed tower provides a continuous intimate contact

of water and air. The tower is a vertical column that has been filled



with packing material or devices possessing a large surface area
(raching ring, bearl saddle, intalox/metal, intalox saddle/ceramic,
tellerette, and pall ring) so that the water distributed over the top of
the packing trickles down the packing bed, displaying a large surface
area to contact the air that is forced upward (11).

Currently, air stripping is used to remove the highly volatile
contaminants such as toluene, trichloroethylene, ethylbenzene, and
tetrachloroethylene. Pakanati (11), at Oklahoma State University, found
that the water temperature had a gréater effect on removing a slightly-
volatile organic compound (nitrobenzene) than the air temperature.
Gosset (12) stated that future studies of stripping technology should
involve groundwater containing both volatile and slightly-volatile
organic compounds.

The purpose of this study was to determine the effects of water
temperature on air stripping of volatile and slightly-volatile organic
compounds from water. Fifteen different volatile and slightly-volatile
organic compounds all classified as priority pollutants by the United
States Environmental Protectiom Agency (USEPA) were used in this study.
The objectives of this research were as follows:

1. Evaluate the removal of organic substances by air stripping at
the variable experimental conditions of gas-to-liquid ratio, packing
depth, water temperature, and air temperature.

2. Measure the Henry's Law constant of substances by using batch
air stripping at water temperatures of 10, 25, 35, and 55°.

3. Compare the Henry's Law constants measured in this study with

the values obtained using Goldstein's predictive equations, solubility



and vapor pressure data as well as With values available in the litera-
ture.

4, Estimate the overall mass transfer coefficient for the sub-
stances at the experimental variables of gas-to-liquid ratios, packing
depth, water temperature, and air temperature.

5. Compare the estimated overall mass transfer coefficient for
the substances used in this study to various empirical equations and the

reference compound method.
Application of Research

High water temperature air stripping removes not only the volatile
organic compounds but also some of the slightly-volatile organic
compounds, which to date are removed only by more expensive treatment
techniques such as activated carbon absorption. The application of this
treatment technology to the fiéld of groundwater contamination is rela-
tively new and needs more work to evaluate its ability to remove organic
compounds that are not removed by normal stripping. This technology
offers the potential for a reasonable cost treatment method that can
remove both volatile and slightly-volatile organic compounds from
contaminated water. This same unit process could be used rather than
resorting to the use of mﬁltiple treatment processes (i.e., air strip-

ping followed by activated carbon adsorption).



CHAPTER II
LITERATURE REVIEW

Once an aquifer has become contaminated there are two basic methods
that can be used for restoration of an aquifer -- in-situ treatment or
withdrawal and treatment by physical and biological techniques. A
review of the current in-situ treatment technologies has been done by
Knox et al. (22). These authors also state that enhancement of the
native microbial population and withdrawal and treatment are the most
effective methods of aquifer restoration. The enhancement technique has
been mainly used to reclaim aqpifers contaminated by gasoline, but it
has also been fairly effective in treating organic solvents that have
contaminated a groundwater. The disadvantage of this method is that the
alternative source of oxygen, i.e., ozone or hydrogen peroxide, can be
toxic and are largely yet unproven.

Technologies available to separate organic compounds from water
that has been removed from an aquifer are listed in Table I (23). Many
times a physical unit such as air stripping is coupled with a biological
uﬁit to treat a contaminated groundwater that has been pumped to the
sur face.

One of the oldest processes of purifying water is air stripping.
Although its use to remove specific organic contaminants is relatively
new, air stripping has been effectively employed to remove carbon

dioxide, ammonia, hydrogen sulfide, and other taste and odor causing



TABIE I

COMMON PROCESSES FOR THE SEPARATION OF
ORGANICS FROM WATER (23)

Required Recovery Primary
Characteristic of Organics Cost
Process of Organic Achieved Dependence¥®
Biochemical Biodegradable No. Organics are Concentration of
Aerobic destroyed organics
Anaerobic

Solvent extraction
Membrane Ultra-filtration,
Reverse Osmosis

Adsorption
Carbon, Resin

Stripping

More soluble in solvent

than in water

High molecular weight
(ionizable)

Absorbs on selected
adsorbent

Volatile

Yes, by fractionating
the solvent

Concentrated aqueous
stream recovered

Not with carbon;
possible with resins

Not usually with air;
possible with steam
stripping

Water throughput
Water throughput
Concentration of

organics

Water throughput

*In addition to removal efficiency.



compounds from drinking water. Air stripping is recognized as an effec-
tive and inexpensive treatment method to purify water. Hazen (24)
stated, "...the simplest, cheapest, and most generally applicable method
of removing tastes and odors is by aeration."

The USEPA in the past had considered regulations for the control of
organic chemicals in drinking water (25, 26, 27). Recently the USEPA
established recommended maximum contaminant levels for eight VOCs (28).
At the same time, the USEPA proposed recommended maximum contaminant
levels for eight additiomal synthetic organic chemicals (28). This had
led over the past decade to widespread research on the removal of
organic compounds from water. Therefore, additional applications of
aeration have been developed. It has been established that air strip-
ping has the potential to treat groundwater as well as wastewater when
volatile organic contaminants are present.

Weinstein (29), discussing the ability of air stripping to treat
groundwater contaminated with halogeneted organic solvents, pointed out
that it is a potential method for decontamination of aquifefs. He also
suggested that air stripping can be applied to other wastewaters with
similar contaminants, either alone or in combination with some other
process.

Engelbrech et al. (30) confirmed the importance of air stripping as
a simultaneous removal method in the activated sludge process for petro-
chemical waste treatment. In cases where the waste consists primarily
of volatile compounds, air stripping might totally suffice as a treat-
ment method.

The ability of air stripping to remove trace organic contaminants

is no longer subject to question. McCarty (31), evaluating the full-



scale stripping tower at Water Factory 21, a facility operated by the
Orange County water district in southern California, concluded that an
80% removal could be achieved for more than a third of the organic
compounds on EPA's list of priority pollutants. However, it should be
noted that only when contaminants are highly volatile is air stripping
an effective process.

When contaminants other than the volatile compounds are present air
stripping should be used in combination with other treatment methods
(32). McKinnon (32) reported a 30 to 50% reduction in the operating
cost of a 2 million gallon per day water treatment plant by installing a’
9 foot diameter, 25 foot height packed air stripping tower ahead of the
granular activated carbon contactors, at Rockaway Township, New Jeréey.

The design of packed towers for stripping volatile organic com-
pounds from water depends on the type of contaminant, the desired
removal, and the air and/of water temperature. Gaudy et al. (33)
studied the factors affecting the stripping of the organic compounds.
Batch-stripping experiments using diffused aeration were employed to
study the effect of temperature, air flow rate, and tank dimensions.
They concluded that temperature has a significant effect on the mass
transfer coefficient, Kja. The tank dimensions also had an effect on
stripping. An increase in the cross section to volume ratio increased
the stripping, suggesting a large influence of surface are accessibility
on mass transfer. Air flow rates also had similar effects.

Dyksen (34) presented data from a pilot scale packed tower that was
1 foot in diameter and 12 feet tall. Results of air stripping tests,
conducted at several locations in the northeast, showed a strong

influence of Henry's law constant (4) and the gas/liquid ratios on the



removal efficiency. Experiments conducted at various water tempera-
tures, ranging from 4°C to 24°C, showed a need for an increase in
packing depth at lower temperatures to obtain equal removal efficiency.
To illustrate the effect of air temperature, a heat balance between air
and water for a gas/liquid of 20:1 was evaluated. Since the water
temperature changed by less than 1°C, Dyksen concluded that the tempera-
ture of the air has little or not effect on the removal efficiency.
However, it should be noted that the pgmpérature of the air could show a
significant effect when the gas/quuid ratios are high (200:1 or more),
the difference in the temperatures of the influent air and water is
large, and the contaminants have a low H. Dyksen (34) looked at the
effect water temperature had on the removal of trichloroethylene by air
stripping. Trichloroethylene removal was about 6% greater at 26°C as
opposed to 12°C. This increase in removal held true at both high and
low trichloroethylene 1evels.: Pakanati (11) stated that, for any given
liquid loading rate, the mass transfer coefficient for the 22°C water
was about 50% greater than for the 15°C water.

Gosset (35) examined the effects of water temperature between 10°C
to 30°C, ionic strength, and the presence of additional organics on the
aqueous solution/gas equilibria of six chlorinated organic compounds.
In this work Gosset noted that the Air Force routinely use trichloro-
ethylene and other chlorinated compounds as cleaning solvents during the
maintenance of aircraft and that trichloroethylene contamination of
groundwater has been found in the vicinity of several Air Force bases.
Gosset also noted that since the Air Force uses and disposed of a

variety of chlorinated and aromatic solvents, it is likely that future
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applications of stripping technology may involve groundwater containing
organics other than trichloroethylene.

In order to increase the removal efficiency of compounds removed by
stripping technology some investigators have used steam to elevate the
temperature of the influent air. Stover et al. (36) used steam strip-
ping, since many of the organics in the groundwater they examined had
Henry's law constants less than 1073 to 1074 atm.m3/mole. Volatile
organic compounds with Henry's law constants of 1072 to 1073 atm.m3/mole
are good candidates for air stripping (11). Steam stripping at tempera-
tures around 60°C showed better removal of the volatile organic
compounds than conventional air stripping. Steam stripping also reduced
the concentration of many of the more non-volatile, extractable organic
compounds (36).

Pakanati (11) investigatedrthe effects of both air and water temper-
ature on the removal of both volatile and a slightly-volatile (nitroben-
zene) compounds. He found the temperature of the influent air ranging
from 5 - 35°C had no effect on the removal of highly volatile compounds.
As the air temperature increased, the removal of the slightly-volatile
compound increased. While the temperature of the influent water did
affect the removal efficiency of all the compounds, lower removals were
obtained at lower water temperatures. The effects were greater at
higher gas-to-liquid ratios (175:1) than at the smaller ratios (46:1).

Lamarre et al. (37) reported on the use of high water temperature
(54 -~ 178°F) air stripping of organics, from a groundwater contaminated
by a hazardous waste site. Most of the compounds contaminating the
groundwater of this site were very soluble which made their removal at

ambient-temperature (54°F) by air stripping difficult. Their results
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indicated the following methylethyl ketone (MEK) removal:

Temperature G/L % Removal
54 °F ' 490 43
90 °F ' 513 92
136°F ' 469 99

Their results showed removal efficiency increased dramatically with
temperature and less sharply with gas-to-liquid ratio. Acetone, one of
the most difficult compounds to strip out of the groundwater, was used
as an indicator compound. Ninety percent removal of acetone was -
achieved at an operating temperature between 160 - 170°F and gas-to-
liquid ratio between 50 - 100.

Sullivan et al. (38) used water heated to 140°F and a gas-to-liquid
ratio of 200:1 to achieve a 99.995%7 reduction in MEK. This was the
first full scale (100 gpm) application of this new air stripping tower
that was designed to functionfat ambient air temperatures as low as
10°F.

The ability to predict performance due to the variations in the
temperature of the water and the air is required for proper design of
stripping towers. Becausé the gas/liquid partition coefficient (H) is
an important factor in the design of stripping towers, it is useful to
estimate the effects of temperatures on it. Very little can be found in
the literature concerning the temperature effect on H. Kavanaugh and
Trussell (39) gave a Van't Hoff-fype equation to model the relationship
of Henry's law constant with temperature. Gosset (35) experimentally
evaluated Henry's law constant, over a temperature range 10°C to 30°C,
for six organic compounds. He obtained equations for the dependence of

H upon the temperature by linear regression of the data.
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The stripping ability of a compound cannot be based only on H.
Although trichloroethylene has a higher H value than dichloroethane,
Signley et al. (40) found that at 25°C dichloroethane is more easily
removed. Therefore it is necessary to evaluate the mass transfer coef-
ficient and their dependence upon temperature for a proper design of a
stripping tower. Kavanaugh and Trussell (39) reported that, with
decreasing temperature, both the Henry's law constant (H) and mass
transfer coefficient (Kla) decreased. In a 1981 (41) paper by the same
authors, they reported a 50% decrease in H and 10% decrease in Kja for
chloroform as the temperature dropped from 20° to 10°C. Gosset et al.
(12) found a 507 decrease in H and 487 decrease in Kia for chloroform as
the temperature dropped from 20° to 10°C. They also reported a 547%
decrease in the Henry's constant for 1,2-dichlorobenzene as the tempera-

ture dropped from 20° to 10°C.
Theoretical Consideration

Gas-Liquid Equilibrium

When two phases such as air and water are placed into contact in
order to permit transfer of constituent substances between them, the
transfer of the substances present in excess take place until equilib-
rium is reached. The equilibrium accomplished is dynamic with the
molecules continuing to transfer simultaneously from ome phase to the
other, resulting in a zero net transfer. After the equilibrium is
reached, the concentration within each phase does not change. The
equilibrium situation in nonideal dilute solutions, such as water and/or
wastewater, is defined by Henry's law. 1In 1803, William Henry noticed

that the volume of a gas that will dissolve in a given volume of water
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is independent of pressure. Similarity, the mass of gas that dissolves
in a given volume of water is directly proportional to its vapor pres-
sure. The constant of proportionality between equilibrium gas partial
pressure and liquid concentration is now known as Henry's law constant,
which can be shown mathematically a number of ways. The various methods
used to express Henry's law constant along with the interconversion of
this form was recently summarized by Roberts and Munz (42). Two that

are commonly used in the environmental engineering literature are:

B o= B (2.1)
C1
where: H = Henry's law constant of the solute, m3.atm/mole
P = partial pressure of the solute, atm
Cy; = equilibrium liquid phase solute concentration, mole/m

and:

1 = g | (2.2)

where: H, = Henry's constant in dimensionless unit§
gas phase solute concentration, mole/m

Q
(13}
"

Henry's law is most closely followed at low-solute concentrations
(the mole fraction of the solute is not greater than 0.02) (42), and is
applicable only if the solute does not associate, dissociate, or undergo
chemical reaction with the solvent. At high concentration, the equilib-
rium gas phase partial pressure of the solute is greater than Henry's
law predicts (35). Kavanaugh and Trussell (41) reported that the
concentration at which deviations from Henry's law constant begin to
occur depends upon the chemicals in the system. For example, in the

water/ammonia system, a plot of equilibrium partial pressure versus
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aqueous concentration shows that a deviation occurs when the liquid
ammonia concentration is greater than 2.780 gm/l. They also state that
research is urgently needed to obtain values of Henry's constant for
low-contaminant concentrations typical of trace organic levels found in
water supplies. A knowledge of Henry's law constant (Hc) is necessary
to calculate both the direction of the mass transfer coefficient and the
distribution of resistance to mass transfer between the air and the
water. The larger the Henry's law constant of a compound, the greater
will be the concentration of the substance in air, at equilibrium, and,
therefore, it should be more easily removed by air stripping than a
compound with a lower Henry's constant.

One of the factors affecting Henry's law constant is temperature.
Kavanaugh and Trussell (42) pointed that the temperature dependencies of
equilibrium constants are generally modelled using a Van't Hoff-type

equation, which can be mathematically stated as:

Imu = AR ,x (2.3)
RT
where: AH = the standard enthalpy of reaction for the dissolution of the

component in water, kcal/kmole
= absolute temperature, °K
an empirical constant
= the ideal gas constant, 1.987 kcal/kmole °X

T
K
R

Equation 2.3 assumes that the enthalpy change caused by the disso-
lution of the contaminant in water is independent of the temperature,
because of the small temperature range of water that is normally
encountered in the field. |

If H and H; are Henry's law constants at any two temperatures of T
and T; respectively, then the equation can be expressed by the following

equation:
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lnH-1ng = -8H 1_1, (2.4)
1 R T Tl

Since In H - In H; = In H/Hl, the above equation can be written as:

mi = M l_1, (2.5)
Hl R T T

Since the enthalpies tend to be constant over short temperature

ranges, a regression of ln H versus 1/T should be linear and permit the

calculation of the Henry's law constant at any temperature if its value

at one temperature is known. The value of AH/R can be calculated from

vapor pressure and solubility data.
Principle of Mass Transfer Coefficients

Mass transfer occurs at the boundary between water and air. Accord-
ing to the Lewis-Whitman (43) two film theory, mass transfer across a
gas/liquid interface takes place by molecular diffusion through a thin
film at the phase boundary. This theory assumed that equilibrium condi-
tions exist at the interface, the thin film exists on each side of the
interface, and the bulk of each phase is completely mixed. Under these
assumptions one conclusion is that the rate of mass transfer is control-
led by molecular diffusion through each stagnant film or boundary layer.
This can be described by Fick's first law that says the total flux is a

function of the concentration gradient in each phase.

= -p 8¢ (2.6)
AB 8x
where: J = the molecular mass transfer flux of the solute, mole/mz.sec

diffusion coefficient (diffusivity) of a solute A into
solvent B, m“/sec

concentration gradient, mole/m4
Tx
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Figure 1 shows the two-layer model of gas-liquid interface. If the
concentration gradient is considered to be linear over the distance of

X, then equation 2.6 can then be written for the liquid phase as

follows:

= D - = -

where: Kk = 21 = local liquid phase mass transfer coefficient, m/sec
1
= liquid phase boundary layer thickness, m

x
1

¢, = liquid phase bulk solute concentration, mole/m3 3

C1;i = liquid phase solute concentration at the interface, mole/m
D, = diffusivity of solute concentration in liquid phase, m“/sec

- Molecular

Gas P
Film e ,_.T.m.né.&z_.l_ﬁﬁ,m
7|

Liquid - | Molecular

-
Film < L_:gggqgfg; _____

C1i

Figure 1. Two;Layer Model of Gas-
Liquid Interface

The concentration (Cli) in Equation 2.7 is that presumed to exist

at the air-liquid interface. A similar analysis is made for the air
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phase. Since the mass leaving the liquid phase must be equal to the
mass entering the air phase, the expressions for flux can be mathemati-

cally stated as:

D

J = . - = . - .
‘g (cgl cg) kg (cgl cg) (2.8)
X

g
where: kg = 25 = local gas phase mass transfer coefficient, m/sec
X

Xy = g%s phase boundary layer thickness, m 3
Cg = gas phase bulk solute concentration, mole/m
Cgi = gas phase solute concentration at the_interface, mole/m3
Dg = diffusivity of solute in gas phase, m“/sec

The Lewis-Whitman model essentially assumes steady state diffusion,
in forms such as (C; - C;;)%;, to replace the gradients (8c/6x) at the
interface. Since the concentrations at the interface cannot be measured,
the overall mass transfer coefficients of gas and liquid phases are
defined based on the difference between the bulk concentration in one
phase and the concentration that would be in equilibrium with the bulk

concentration in the other phase:

and
= - C* 2.10
J Ry (Cg = C¥)) | (2.10)
where: K; = overall mass transfer coefficient based on liquid phase
concentration, m/sec
Kg = overall mass transfer coefficient based on gas phase

concentration, m/sec

C*; = equilibrium concentration of the liquid phase with the
bulk gas concentration, mole/m

C*¥ = equilibrium concentration of_the gas phase with the bulk

liquid concentration, mole/m

Expanding Equation 2.9 to include the interfacial 1liquid phase

solute concentrations yields:
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Since equilibrium is assumed at the interface, -applying Henry's law and

substituting,

and

into Equation 2.11 results in:

I =R [(Cy = Cp3) + (Cyy - CyI/R] (2.12)

Substitute the right hand portion of Equation 2.7 and 2.8 to Equation
2.12, Therefore,

- J + J (2.13)
J = Kl (— _)
kl Hckg

This can be rearranged to yield:

+ 1 (2.14)

Expanding Equation 2.10 to include the interfacial gas phase solute

concentration yields:

J = Kg[(c*g - cgi) + (cgi - cg)] (2.15)

Applying Henry's law and substituting
Cgi = C1i-He

and

C*

g Hc.Cl

into Equation 2.15 results in:

J = Kg[Hc(Cl - Cy;) + (Cgi - cg)] (2.16)
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Substitute the right hand portion of Equations 2.7 and 2.8 to Equation

2.15. Therefore,

H.J
J =Ry =+ I (2.17)
kq kg
This can be rearranged to yield:

SRl (2.18)

1 ._c
Ry K K

g

Therefore, overall mass transfer coefficients of liquid and gas
phases can be defined in terms of the individual film coefficients of
gas and liquid phases and Henry's constant. ¥; and Kg are overall mass
transfer coefficients, and 1/K; and 1/Kg are overall resistance to mass
transfer. Included in the right hand term of Tquations 2.14 and 2.18
are the individual liquid and gas phase resistances respectively.
Therefore, the total resistance to mass transfer can be written as:

R, = Ry + Rg (2.19)

where: Rg the total resistance to mass transfer either considering a
liquid phase or a gas phase, sec/m
R; = the liquid phase resistance, sec/m
the gas phase resistance, sec/m

el
]

In modeling the behavior of packed towers for the removal of vola-
tile organic compounds, two phases of resistance, shown in the above
equations, have been used (12, 13). For example, the mass transfer of

oxygen is considered liquid phase limited, so Equation 2.14 becomes,

1 _1 (2.20)

!

~
[uiy

or

(2.21)

~
rt

[}

o
=
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For water, resistance lies in the gas phase, the transfer is said to be

a gas phase controlled transfer, so Equation 2,18 reduces to

1 .1 (2.22)
Kg kg

or
Ry =Ry (2.23)

Mass Transfer Models

Gosset et al. (12) pointed out that the area across which diffusion
occurs and the overall mass transfer coefficient cannot be determined
independently, in case of packed tower application, the two terms are
usually referred to as the volumetric mass transfer coefficient, X;a or
Kga. This K;a represents the two quantities combined: K;, the overall
mass transfer coefficient base@ on liquid phase concentration; and "a"

referring to the effective area of the contact between two phases per

unit bed volume (12).

Reference Models

Mumford and Schnoor (44) suggested that the mass transfer coeffi-
cients could be found to be directly proportional to the diffusion
coefficient raised to some power n. The two-layer (film) theory, under
the highly turbulent and steady state conditions in packed towers,
admits a dependence on diffusivity to the 1.0 power (43). Dobbins (45),
Tamir and Merchuk (46) and Smith et al. (47) reported that the penetra-
tion and surface renewal theories do not occur in turbulent systems,
such as the interfaces in packed towers, and the value of n lies between

0.5 and 1.0. The penetration and surface-renewal theories are two other
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mass transfer models that have been proposed by Higbie (48) and
Dancwerts (49). 1If diffusion is considered to be similar to effusion,
then the proportional effusion rate of two substances is the same as the
proportional diffusion rate of the same substances between two phases.
Effusion, as defined by Atkin (50), is the
flow of material from one region to another is an example

of a transport property. For example, if a gas is confined to

a container but open to a low-pressure region through a small

hole, the gas will flow through the hole until the pressures

are equal on both sides (this process is called effusion).
This idea has been used with some success, since the diffusion coeffi-
cient is mainly a function of solvent properties. The diffusion
coefficient is considered to be inversely proportional to the square

root of molecular weight of its subatance. This concept is based on

Graham's law of effusion, and can be calculated as (44):

Do, (.w)~0+3 - (2.24)
where: D = diffusion coefficient, mz/sec
M.W = molecular weight of substance, gm/mole

As mentioned previously, the mass transfer coefficient is directly

proportional to the diffusion coefficient

ko (D)T (2.25)

where: &k = mass transfer coefficient individual phase, m/sec
n= 1.0 in the two film theory

Substituting this for n = 1.0 and combining with Equation 2.24

k= (Mw)702 (2.26)
This equation can be used to calculate the individual phase mass trans-
fer coefficient by using a reference compound. For liquid phase mass

transfer coefficient of compound c
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0.5
M.Wy. o
(M. W)
c
where: (kl)c = mass transfer coefficient of liquid compound interest,
m/sec
(kl)HZO = mass transfer of reference liquid water, m/sec
(M.W)Hzo = molecular weight of water, gm/mole
(M.W)c = molecular weight of compound interest, gm/mole
Similarly, for the gas phase mass transfer coefficient:
iy 0 o
M.W
(kg)e = (kg)o, 02 (2.28)
ZM.W)c
where: (kg)c = mass transfer coefficient of gas compound interest,
m/sec
(kg)o = mass transfer coefficient of reference gas, oxygen,
2 m/sec

(M.W)O2 = molecular weight of oxygen, gm/mole

Tamir and Merchuk (46) reported that in the penetration and surface
renewal theories the mass transfer coefficient is directly proportional
to the 0.638 power of the diffusion coefficient. However, Smith et al.
(47) found that the mass transfer coefficient is proportional to the
0.61 power of diffusivity. Therefore, the averagé power of the diffu-
sion coefficient was chosen for use in this study. Substituting this

value (0.624) for n in Equation 2.25 and combining with Equation 2.24.
k= (M.w)~0-312 (2.29)

The above equation can be used to estimate the individual phase mass
transfer coefficient by using a reference compound. For the liquid

phase mass transfer coefficient of compound c:
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0.312
M.W °
(ky) g = (kply,g C1.Wy0 (2.30)
L),
For the gas phase mass transfer coefficient of compound c:
0.312
M.w *
(k). = (k ¢1.Wo, (2.31)

)
8702 CADN

Liss and Slater (51) established, using field data measurements of
total resistance for transfer from sea to air, that a value of ky or
(kl)Héo = 0.00333 m/min for oxygen and kg or (kg)02 = 0.50 m/min for
water. These values were obtained by considering that the entire resis-
tance to the transfer of water across the interface occurs in the gas
phase while for the oxygen, all the resistance is in the liquid phase.
Therefore, oxygen and water serve as the reference compounds. Knowing
the individual phase mass transfer coefficients (kl and kg), the overall
mass transfer coefficients (Kl and Kg) can be calculated using Equations
2.14 and 2.18. The K,a, overall mass transfer coefficient Ky times the
specific interfacial area (a) of the packing material, of any compound
can be calculated, if the K;a of reference compound is known, using the

following expression (44).

(Kl)c (2.32)

(Kla)c = (Kla)r —
&),

volumetric mass transfer coefficient of compound of
interest, 1/sec

volumetric mass transfer coefficient of reference, 1/sec
overall mass transfer coefficient of compound of
interest, m/sec

(Kl)r = overall mass transfer coefficient of reference, m/sec

where: (Kla)c

(X,a)
&),

c
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Sherwood-Holloway Model

In 1940, Sherwood and Holloway (52) studied the desorption of
hydrogen, oxygen, and carbon dioxide from water in a countercurrent
packed tower using air in columns filled with Raschig rings and Berl
saddles packed. Water temperature varied from 5 to 40°C, water mass
loadings from 0.2712 to 43.39 kg/sec.m2 (200 to 32000 lb/hr.ftz), and
mass loadings from 0.0407 to 1.763 kg/sec.m2 (30 to 1300 1b/hr.ft2).
The experimental results showed little variation in the volumetric
liquid mass transfer coefficient with size and type of packing, liquid
and gas mass loading rates, packing height, and solute concentration.
From this work, Sherwood and Holloway developed a model to estimate kqa,
assuming gas phase resistance was negligible. The Sherwood and Holloway

model can be written as:

k 0.3048 L. |1™™ 0.5
(kD2 _ 107660 n Hy (2.33)
Dy M1 P10

where: (k;)a = volumetric liquid mass transfer coefficient, 1/sec

D, = solute liquid diffusivity, m“/sec

L, = liquid mass loading rate, kg/sec.m

My = liquid viscosity, kgésec.m

Py = liquid density, kg/m

o,n = constants which are a function of packing type and size

Values of 0 and n were measured for 0.5, 1.0,‘1.5, and 2.0 in.
Raschig rings and 0.5, 1.0, and 1.5 in. Berl saddles (52). However, it
should be noted that the Sherwood-Holloway model may not be suitable for
moderately volatile compounds such as THMs, due to a significant gas-

phase resistance.
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Shulman Model

The Sherwood-Holloway model is limited to determining the mass
transfer coefficients, where the gas phase resistance is negligible and
the packing constant (0 and n) are available for the packing type used.
Thus, to overcome these limitations, Shulman et al. (53) developed two
resistance models where both liquid and gas phase resistance are
considered. They separated the estimation of individual phase mass
transfer coefficient and the effective interfacial area. The following
expressions were developed by Shulman for both liquid and gas phase mass

transfer coefficients:

0.45 0.5
k_d d L : :
ls=25.1| sm s (2.34)
Dy L PPy
0.36 0.64 0.333
k d : d¢ |9 :
g s =1.195 (1 - E) s m Hg ' (2.35)
Dg ]Jg Dgpg
where: |_ = gas viscosity, kgésec.m
g _ .
Pg = zas density, kg/m )
Dg = solute gas diffusivity, m“/sec
Lg = gas mass loading rate, kg/sec.m
d; = diameter of a sphere having the same surface area as a unit
of packing, m
E = fractional void volume in a dry packed bed, volume void/

volume bed, dimensionless

The liquid phase expression, Equation 2.34, is valid for liquid mass
loading from 0.65 to 9.7 kg/sec.m2 (500 to 7500 1b/hr.ft?). Equation
2.35, the gas phase expression, is limited to air mass loadings ranging
from 0.26 to 1.4 kg/sec.m2 (200 to 1000 1b/hr.ft2) with volumetric gas
to liquid ratios of 1 to 100 (53). Shulman defined the effective inter-

facial area, a as a function of gas and liquid loading and packed

e’

typed, and this value is smaller than the value of the wetted
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interfacial area of the packing. For Raschig rings and Berl saddles,
the effective areas are given in an extensive series of graphs in the

original works (53, 54).
Onda Model

Laboratory studies by Robert et al. (19) and Riojas et al. (55)
have shown the Onda correlations (56). To better estimate the mass
transfer coefficient of organic solutes in a countercurrent packed
column as compared to the estimate of other empirical models, Onda et
al. (56) assumed that the effective interfacial area equals the wetted
interfacial area. They estimated the gas and liquid mass transfer
coefficient (k1 and kg) by using correlated values with various dimen-
sionless groups of operational variables. The Onda correlations (55)

expressions for both liquid and gas phase mass transfer coefficients

are:
2/3 -0.5
L
k]. (p]. )1/3 = 0‘0051 m “1 (atdp)o'l" (2.36)
Y8 a P1D1
0.7 1/3
G -

fg 5.3 |_m —&_ (apd,) 2 (2.37)

3tDg athg PgPg
where: g acceleration due to gravity = 9.81 m/sec2

wetted interfacial area per unit bed volume, mz/m3

aw=
a, = total dry packing area per unit bed volume, m /m
dp = nominal diameter of a piece of packing, m

Onda defined the wetted surface area, a,, as a function of the
liquid mass loading rate, physical properties of the liquid and packing,
the surface tension of liquid, and the critical surface tension with

respect to the packing (56):
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0.75
%w=1-exp | -1.45 [3] (Re)?-1 (Fr)70-05 (we)0-2 |  (2.38)
at 0]

where: o, = critical sugface tension with respect to the packing mater-
ial, kg/sec
0 = surface tension of liquid, N/m
Re = Reynold number, L /a, 1,
Fr = Froude number, Lmz.at/plz.g

= 2
We = Weber number, L “/P;.0.a,

Equation 2.36, the liquid phase expression, is valid for liquid
mass loading from 1.0 to 15.0 kg/sec.m2 (700 to 11000 1b/hr.ft?). Equa-
tion 2.37, the gas phase expression, is valid for air mass loading
ranging from 0.02 to 1.7 kg/sec.m2 (15 to 1250 1b/hr.ft2),

In addition to Onda's expressién for wetted interfacial area, a_,
there are two more generally adaptable expressions for e Yoshida and

Koyangi (57) presented the following equation for wetted interfacial

area:
a 3 1/3
¥ = 0.079 Lm[_g_] 1 (2.39)
ap 20

where: q = -0.74 (dp)-o'70 (2.40)

Meda et al. (58) developed the following expression for interfacial

area:

a = 3-34 (Fr)'llz (we)2/3 (2.41)
P

Estimation of Liquid Phase Diffusivities
Owing to the difficulties of experimental measurements and some

confusion in the experimental results, empirical correlations for

predicted liquid phase diffusivities have been established by Wilke and
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Chang (59), Scheibel (60), Othmer and Thaker (61), and Hayduk and Laudie
(62). These correlations assume an infinitely dilute solution and no
solute-solvent interaction in a mixture of solutions.

Based on hydrodynamic theory (63, 64), the Stokes-Einstein equation

states:

D; = _RT (2.42)
61”.1er

the radius of spherical solute, °A
solvent viscosity, cp

The Dlul/T has been stated to be ,relatively constant for many
solutes and an accurate method for making temperature corrections to
diffusion coefficients (65). Thus, many investigators have used the
form Dlul/T as a starting point in developing correlations when the

solute and solvent are of an unknown molecular radius.

Wilke-Chang Correlation

In 1955, Wilke and Chang (59) developed an empirical modification of
the Stokes-Einstein equation. They used available data on the Stokes-

Einstein to support their analysis. The resulting expression was:

p=_T (2.43)
Dy ¥y

where: F = diffusion factor

Wilke and Chang (59) demonstrated that F was a smooth function of
the molar volume of the solute and molecular weight of the solvent. The

resulting correlation was:

-8 0.5
_7.48 x 10 (M.W .Y) T (2.44)

1 0.6
My

D
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where: V, = molar volume of the solute at its normal boiling point,
cm”/mole
M.W = solvent molecular weight, gm/gm.mole
Y = association factor of the solvent

Wilke and Chang (59) recommended that Y be chosen as 2.6 if the solvent

is water.

Scheibel Correlation

In 1954, Scheibel (60) developed an equation similar to the Wilke
and Chang expression by eliminating the association factor for the
solvent (Y). The resulting correlation was:

p = KT (2.45)
1L )y

v 2/3
a

where: K = (8.2 x 1078) [1 + (T a) "]
b
When water is the solvent and Vi < V,, use K = 25.2 x 1078,
V, = solvent molar volume at its normal boiling point.

Othmer-Thaker Correlation

In 1953, Othmer and Thaker (61) found that the rate of diffusion in
dilute aqueous solutions could be established by using the solvent
viscosity for temperature correction and solute's molar volume to the

0.6

0.6 power. Othmer-Thaker retained vy as in the original Wilke-Chang

correlation, resulting in the following equation:

14.0 x 107 (2.46)
(LT (75)0:6

where: DW
Hy

diffusivity in an aqueous solution, cmzlsec
viscosity of water, cp

This expression was created primarily for estimating diffusion in water.
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Hayduk-Laudie Correlation

In 1974, Hayduk and Laudie (62) re-evaluated the aqueous diffusiv-
ity data obtained by the Wilke-Chang and the Othmer-Thaker correlations.
They found the average error of the Wilke-Chang correlation could be
reduced by decreasing the association parameter for water from 2.6 to
2.26. They also proposed an expression of diffusion very similar to
Othmer and Thaker (61). The resulting correlation was:

13.26 x 107>

D =22

v 1.4  0.586 (2.47)
W b

Estimation of Gas-Phase Diffusivities

In 1951, Chapman and Enskog (66) independently derived the formula
for viscosity and thermal conductivity. The results produced the corre-
sponding formula of diffusion coefficients for binary gas systems at low

pressure. The resulting correlation was:

1 1
T3(M + My
D_ = 0.0018583 1 2 (2.48)

g /,
12 D,12

gas phase solute diffusivity, n?/sec
absolute temperature, °K
molecular weight of solute, gm/mole

= molecular weight of solvent gas (air = 28.97 gm/mole)
= absolute pressure, atm

Lennard-Jones characteristic collision diameter with
respect to components 1 and 21, °A

QD,IZ = collision integral, dimensionless

where: D

U RRA
N
Lo

For nonpolar, nonreacting, molecular pairs, Oj9 can be estimated by

combining the Lennard-Jones parameters of species 1 and 2 empirically:

_ 1
Olp = 2(01 + 0,) (2.49)
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Values of 0; and 0, are tabulated in‘Bird et al. (67) or may be esti-

mated as:

o =1.83 v 173 (2.50)

where: Vy = molar volume of the solute at its normal boiling point,
cm>/mole

The collision integral, QD 12> is a function of the dimensionless
3
parameter of Tk/ElZ’ where k = Boltzman constant = 1.38 x 1070 erg °K,

and E;, = energy of molecular interaction, in erg:

B2 _ | En | B2y |03 (2.51)
K K K

Values of E; and E, are tabulated in Hirschfelder et al. (68), or can be
estimated as:

E=1.15T, (2.52)

-~

where: T, = temperature at normal boiling point, °K

Once the values of Tk/Elz are known, the values ofSZD’lz can be found as
a function of Tk/E;, by using tables in Hirschfelder et al. (69)(page
205).

Over the temperature range of interest, the temperature variation
of the QD,12 parameter are known, therefore, solute diffusivity in the
gas phase can be estimated by using Equation 2.48,

The effects of temperature on gas and liquid densities, gas and
liquid viscosities, gas and liquid diffusivity, gas and liquid viscos-

ity, and liquid surface tension are presented in Appendix A.
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Design Equations of Countercurrent Air

Stripping Towers

Air stripping can be effectively performed in a packed tower in
which air and water flows are countercurrent to one another, with the
water flowing downward over the packing material as a film, while the
air flows upward\as the continuous phase. The design equations for air
stripping have been developed in the field of chemical engineering and
are given in standard texts on mass transfer, for example Treybal (14),
Sherwood, Pigford, and Wilke (70), and Perry and Chilton (71). These
design equations are more proper for handling concentrated solutions.
However, lately, Singley et al. (40), Kavanaugh and Trussell (39), and
Mumford and Schnoor (44) have developed equations for analyzing and
designing countercurrent packed columns for water treatment, in which
the liquid solution is dilute. The expressions developed below are a
slight modification of those presented by Mumford and Schnoor (44).
Figure 2 shows a countercurrent packed column having a cross-section
area X. If "a" is the specific interfacial surface area of the packing
material, then the interfacial surface area accessible for mass transfer

in a differential depth dZ of the packing is given by:

dA = aX dz (2.53)
The molecular mass transfer flux of the solute in this volume

element 1is

PR [ S DI QA D) (2.54)
dA aX 4z

where Q; is the volumetric flow rate of 1liquid (m3/hr) and Cq is the

bulk concentration in the liquid (mole/m3). Combining Equation 2.54
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with Equation 2.9

24l _ — (2.55)
3= =iy - op)

For the dilute solutions of concerns, Q can be considered constant,

so Equation 2,55 can be rearranged as

Q. (dacy) *

S1 Y = ga (6 - c]) az (2.56)
X
It should be noted that Q1/X = L,, the liquid loading rate (m3/hr—

mz), rearranged, and then integrate

c2 ‘ 2
' i e
1 1 dz (2.57)
1 CI-CT Lm
cl 1

where 1 refers to the bottom of the tower and 2 to the top. The left
side of Equation 2.57 is defined as the number of overall liquid phase
transfer unit (NTU). The integral term on the right is the column
height per transfer unit (HTU). Hence, a general equation for the total
height needed for the desired removal can be written as

Zz = (4TU)(NTU) (2.58)
The above equation which says that the number of transfer units times
the height per transfer unit is equal to the total column height. The
term Kja/L  in Equation 2.57 is equal to 1/4TU.

Equation 2.57 can not be integrated in its present for because it
involves two variables, ¢y and CT. However, CT may be expressed in
terms of C; using equilibrium relationship, and then Equation 2.57 can

be integrated. Consider the packed column depicted in Figure 2. Over a
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Counter Current Packed Tower
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differential height dZ, the mass of solute leaving the liquid and

entering the air must be the same.

dGy C, = diy Cy (2.59)

In water treatment the solutions are dilute, the volume change due
to solute leaving or entering the liquid or air stream is not signifi-

cant, thus

Gy 4Cg = Ly dCy (2.60)

rearranging,

¢ L
—£&__= (2.61)
dc, T G

The term ng/dcl is the slope of the operating line, a plot of Cg
versus C, at each location in the column. The definition of Henry's law

is the slope of the equilibrium line, a plot of C_ versus Cr, the liquid

g
concentration in equilibrium with each Cg
dcC
T =_¢ (2.62)
dC;
dividing Equation 2.62 by Equation 2.6l
dC dC L
&/ _8 o] =—
aci/ dc; G :
rearranging,
dcC H G dcC
g - c¢m g ‘ (2.64)
dcy Ly 40

. * ., .
The equilibrium concentration C,1 1s determined from Henry's law as
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H, = e (2.65)
%
C1
or
*—
C] = C,/H, (2.66)

e s e q o9 _» . o e * .
Substituting the equilibrium concentration of liquid, C,, into

Equation 2.64.

dcC G dc
8 =H m _g (2.67)
dcg/Hc Lm dC1

rearranging,

dc G
He _1=H, m (2.68)
ng Lm
separating variables
H_dC, = H_ ®m dcC (2.69)
c 1 c— g
La
Integrating
2
¢ (2.70)
g, [ dc{ =H, _m dc, :
L
1 1
2 2
1 G
<C1 =H, m C, (2.71)
La
1 1
io(c2-ch = a a-ch (2.72)
c 1 ~1 c _E; g g .

For clean air, C_ = 0



G
— g
Ln

2 1y =
HC (Cl - Cl) - HC

Equation 2.73 holds for any C% and Cé so subscripts 2 are dropped

H G
e(c-ch =, m (2.
Cg Lo
rearranging Equation 2.65
H
< =_1 (2.
*
Cg Cl
Substituting this in Equation 2.74
! G
c c
1 - 1 = HC —m (2-
Cf Ln
rearranging,
L
= m_ (¢ -¢ch (2.
Hch

This can be substituted into the left side of Equation 2.57,

expression for NTU

NTU = L (2.

2
ac
NTU = ~ 1 (2.
L L
]. C m - Cl - C].

or

m c2 ' (2.
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73)

74)

75)

76)

77)

the

78)

79)



2 dc
NTU = ~
L L
1 C ( m - l) - Cl - m
H.Gy UGy
The integration gives
- 1
NTU = L In |Cy ( Im -1) - C%
m -1 H.G
c’m
HoGy
- 1
—_— 2 1
NTU = N In |cj(_tm -1)y-¢c T
m -1 H.G, H.G
H .G )
c’m
L1 L
- 1n Cl( m -1)-C_ "m
Hch Hch
rearranging,
-
1
- 1 C]. ( Lm - 1) - Cl
NTU = L 1n e HG
m -1 ‘cm
Hch - Ci
2
- 1 El
NTU = L 1n C (_ Lm + 1) +
m -1 1,6,
Hch
2
-1 |2 L
NTU = T n|cl g - Mmy Ln
m -1 HeGp H.Gy
Hch

38

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

(2.85)

Since the column height Z is known, HTU can be calculated by

rearranging Equation 2,58

HTU = _%_
NTO

(2.86)
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from Equation 2.57

512 _ 1 (2.87)
Lm HTU
thus,
Kia = Ln (2.88)
HTU

Noting that H, = H/RT, substituting H, to Equation 2.86

1 of
—_— —_— RTL RTL
1-_m e, G,
HGm

Previous Evaluation of Mass Transfer Correlations

Lately several researchers have worked out the different correla-
tions, Reference, Sherwood and Holloway, Shulman and Onda, used in the
design of countercurrent packed towers for stripping highly, moderate,
and a few slightly volatile organic compounds. Most of these studies
indicate that for moderate and slightly volatile organic compounds the
two-resistance correlations of Shulman and Onda are much better predic-
tors of the overall volumetric mass transfer coefficient, Kja, values
than the single- and double-resistance correlations of Sherwood and
Holloway and Reference Methods, respectively.

Using the Reference model expressions, Pakanati (11), in pilot
plant studies of moderate and slightly volatile organic compounds,
reported that the correlations of the Reference model does not agree
with measured values of Kja The results of this variation may be
caused by the equations in the Reference model which rely only on the

molecular weight of the substances.
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Robert et al. (72) reported that by using the Sherwood and Hol loway
single-phase resistance correlation the agreement of Kja values were
within the 20% range between the predicted and measured values for
highly volatile organic compounds. However, Sherwood and Holloway's
correlation overestimated K;a values for the moderate volatile organic
compounds at low air mass loading rates.

Umphres et al. (73) measured Kja values of trihalomethanes removed
in a 30 cm diameter column packed with 2.54 cm Ceramic Intalox saddles.
Liquid mass loadings ranged from 1.358 to 21.73 kg/sec.m2 at gas-to-
liquid ratios of 40, 90, and 100. These studies used the Sherwood and
Holloway equation for comparison between measured and predicted K,a
values. They reported that there was agreement between measured and
predicted Kja values for highly volatile organic compounds, but poor
agreement for less volatile organic compounds.

Singley and Billeo (74) meésured K;a values of highly and moderate-
ly volatile organic compounds in a 38 cm diameter column packed with 2.5
cm Berl saddles. The maximum mass gas loading rate was 680 kg/sec.mz,
the maximum mass liquid rate was 28.52 kg/sec.mz, and gas-to-1liquid
ratios ranged from 7 to 30. The measured and predicted Kia values from
the Sherwood and Holloway correlation agreed except for the least vola-
tile organic compounds.

Using the Sherwood and Holloway expression to evaluate pilot plant
performance for air stripping of five volatile organic compounds, Ball
et al. (75) reported agreement between measured and predicted K;a values
for highly volatile organic compounds except for bromoform which was
overestimated by 50% The author (75) concluded that the assumption of

negligible gas phase resistance may be invalid for compounds of moderate
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and less volatility and that two-phase resistance models of Shulman and
Onda are needed. Both Shulman and Onda estimate overall mass transfer
coefficients based on gas and liquid phase resistances (75).

Robert et al. (72) pointed out that K,a values predicted from
Shulman's correlations underestimated the actual measured values by 307%.
The results of this variation may be caused by the effective area.
However, they reported that the Onda correlations did agree closely with
the actual measured K;a values within t‘ZQ%.i The wetted surface area,
a,, may be the source of this accurac?. The author (72) concluded that
the Onda correlations were the best of the four models evaluated.
Tables II and III are summaries of the K;a values of the organic

compounds used in this study that have been reported by other investiga-

tors (11, 44).



TABLE II

SUMMARY OF SELECTED K,a VALUES REPORTED
BY PAKANATI (11)

Water Air Packing Packing Column
Organic Temp. Temp. Size Height  Diameter Kia
Compound (°c) (°c) G/L  (mm) (m) (cm) (ar~1)
Toluene 15 15 46 9.5 0.91 7.52 41.5
15 15 108 9.5 0.91 7.52 23.7
15 15 175 9.5 0.91 7.52 17.7
22 22 46 9.5 0.91 7.52 53.6
22 22 108 9.5 0.91 7.52 29.9
22 22 175 9.5 0.91 7.52 21.6
Nitrobenzene 15 15 46 9.5 0.91 7.52 1.20
15 15 108 9.5 0.91 7.52 1.10
15 15 175 9.5 0.91 7.52 1.60
22 22 46 9.5 0.91 7.52 2.00
22 22 108 9.5 0.91 7.52 1.50
22 22 175 9.5 0.91 7.52 2.70

Packing type:

Ceramic Intalox Saddles
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TABLE TII

SUMMARY OF SELECTED K;a VALUES REPORTED
BY MUMFORD (44)

Water Air Packing Packing Column

Organic Temp. Temp. Size Height  Diameter Klal
Compound (°c) (¢) G/ (mm) (m) (em) (hr™)
Toluene 10 10 5 6.4 1.81 10.16 24.9
10 10 15 6.4 1.81 10.156 28.2
10 19 30 6.4 1.81 10.16 30.56
Chlorobenzene 10 10 5 6.4 1.81 10.16 10.4
10 10 15 6.4 1.81 10.16 22.5
10 10 30 6.4 1.81 10.16 28.4
Ethylbenzene 10 10 5 6.4 1.81 10.16 29.8
10 10 15 6.4 1.81 10.16 31.0
19 10 30 6.4 1.81 10.16 31.0
m-Dichlorobenzene 10 10 15 6.4 1.81 10.16 14.1
10 10 30 6.4 1.81 10.16 22.56
o-Dichlorobenzene 10 10 5 6.4 1.81 10.15 12.0
19 10 15 6.4 1.81 10.156 12.1
10 10 30 6.4 1.81 10.15 18.1
Naphthalene 10 19 15 6.4 1.81 10.16 8.1
10 10 30 6.4 1.81 10.16 1.3

Packing type: Berl Saddles



CHAPTER III
MATERTALS AND METHODS
Program of Study

This research project was conducted in two separate phases that
were mentioned in the objectives defined previously. The chemical
compounds studied were: toluene, chlorobenzene, ethylbenzene, tetra-
chloroethane, 1,3-dichlorobenzene, 1,2-dichlorobenzene, nitrobenzene,
napthalene, 1l-chloronapthalene, 2,6-dinitrotoluene, fluorene, 2,4-
dinitrotoluene, hexachlorobenzene, phenanthrene,Aand fluoranthene.

Phase one of this study examined the effect of temperature on
Henry's constant. The Henry's constant of a compound is an important
parameter affecting the design and performance of an air-stripping

tower. Its effects on the values of K;a and K, a (Equations 2.14 and

g
2.18), along with its appearance in Equation 2.85, are testimony to its
impact. Thus, the water temperatures of 10°, 25°, 35°, and 55°C (each
of 15 organic compounds in distilled water) were chosen to assess the
effects of temperature on Henry's constant. The experimental results
were compared to the results of other methods (equations) used to
predict the Henry's constant dependence on temperature.

In a second major phase of this study, the overall volumetric mass

transfer coefficients (Kla) were measured for 15 volatile and slightly-

volatile organic compounds. These Kja values were determined using

44
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Ceramic Intalox saddles packing, while varying the temperature of water
from 15° to 55°C, the temperature of air from 5° to 25°C, and the gas-
to-liquid ratios from 30 to 150. These data were used to estimate the
accuracy of the Reference Method (48) and the Onda correlations (56) for

predicting K;a values.

Gas Chromatography Analysis

Samples collected during both phases of this research were analyzed
using a Tracor 565 Gas Chromatograph (GC) equipped with an FID and a
1.83 m by 6.4 mm o.d. glass column packed with 47 SE-30/6% SP-2301 on
100/120 mesh Supelcoport. The oven temperature was programmed from 40°C
(isothermal, 4 minutes) to 250°C (isothermal, 5 minutes) at a rate of
9°C/minute. The helium carrier gas flow rate was 35 ml/minute. The

injection temperature was 230°C and the FID temperature was 250°C.

Dilution Curve

Dilution curves (standard curves) were developed to show that the
peak areas, for both volatile and slightly—-volatile organic compounds
used in this study, could be linearly related to the known mass. These
dilution curves were made only to confirm that they were linear through-
out the mass ranges used in this study.

In these experiments, the volatile and slightly-volatile organic
compounds were dissolved in aqueous methanol. These dissolved compounds
were injected into the gas chromatograph in quantities of 12.5, 25, 50,
75, 125, 175, 200, 250, 500, and 750 ng. The dilution series of the
various compounds was tested for a correlation between the gas chromato-

graph peak areas and masses by linear correlation analyses. The results
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showed that the gas chromatograph response for all the compounds used in

this research were linear over the mass range of interest.

shows the linear correlation coefficients of these experiments.

TABLE IV

DILUTION CURVE LINEAR REGRESSIONS
CONTAINING 12.5 - 750 NG OF

EACH COMPOUND

Correlation
Compound (r)
Toluene 0.9463
Chlorobenzene 0.9500
Ethylbenzene 0.9766
Tetrachloroethane 0.9217
1,3-Dichlorobenzene 0.9455
1,2-Dichlorobenzene 0.9977
Nitrobenzene 0.9442
Napthalene 0.9982
1-Chloronapthalene 0.9411
2,6-Dinitrotoluene 0.9947
Fluorene 0.9315
2,4-Dinitrotoluene 0.9923
Hexachlorobenzene 0.9919
Phenanthrene 0.9909
Fluoranthene 0.9406

Effect of Temperature on Henry's Constant

Table 1V

Gosset et al (12) determined Henry's constant for six organic

compounds in batch air stripping over a limited temperature range of 10°

to 30°C.

In this study,

the measurement of Henry's constant was

conducted in a manner very similar to the procedure used by Gosset et
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al. (12) and MacKay (76). The most noticeable differences were the

temperature ranges and type of chemical compounds used.

Preparation of the Stock and Feed Solutions for

the Effects of Temperature on Henry's Constant

Two stock solutions were prepared for use in determining the effects
of temperature on Henry's constant. The first stock solution contained
toluene, chlorobenzene, ethylbenzene, 1,3-dichlorobenzene, 1,2-dichloro-
benzene, nitrobenzene, napthalene, and l-chloronapthalene (organic-un-
saturated stock solution). The concentration of each of these compounds
in the stock solution was 4.0 mg/ml. This stock solution was made up in
methanol. Only 1 ml of this solution was prepared and it was stored at
4°C in a 1 ml glass vial, to minimize available head space, with a Tef-
lon lined cap. The second stock solution was composed of 2,6-dinitroto-
luene, fluorene, 2,4-dinitrotoluene, hexachlorobenzene, phenanthrene,
and fluoranthene (organic-saturated stock solution). Each of these
compounds are solid and are only slightly soluble in water. The concen-
tration of each of these compounds in the stock solution was 4.0 mg/ml.
This stock solution was also made up in methanol. Only 1 ml of this
solution was prepared and it was stored at 4°C in a 1 ml glass vial.

The feed solution was prepared by combining and diluting the two
stock solutions. The second stock solution (1 mi) was added to 1600 ml
of distilled water in a 2000 ml volumetric flask. The flask was capped,
shaken vigorously for 10 minutes, and allowed to stand undistributed for
1 hour. This solution consisted of a layer of saturated water floating
over a layer of undissolved organic compounds. In order to obtain a

composite (feed) solution that contained all 15 compounds, 1 ml of the
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first stock solution was introduced into the 2 liter volumetric flask
containing the second stock solution. The flask was capped tightly and
shaken for a few minutes. Only 1 liter of this composite solution was
withdrawn from the center (top layer) of the 1 liter flask and placed
into a 1 liter volumetric flask. This flask was capped tightly and

stored at 4°C.

The Stock Solution

It is felt that a short word of explanation about the stock solu-
tion is in order. The first stock solution contained toluene, chloro-
benzene, ethylbenzene, tetrachloroethane, 1,3~dichlorobenzene, 1,2-
dichlorobenzene, nitrobenzene, napthalene, and l-chloronapthalene at a
concentration of 2.5 mg/1l. Due to the relatively high solubility of
these compounds in water (Taﬁle VI), this concentration is easily
achievable.

The second stock solution contained 2,6-dinitrotoluene, fluorene,
2,4-dinitrotoluene, hexachlorobenzene, phenanthrene, and fluoranthene.
Each of these compounds are only slightly soluble in water. In fact,
the exact water solubility of some of these compounds has not been
determined (Table VI). This posed a potential problem. In order to
avoid this problem, organic-saturated stock solutions were prepared.
This technique of using organic-saturated stock solutions for hydro-
phobic compounds was also used by Gosset et al. (12) in their work on
stripping towers,

To prepare the organic-saturated stock solution, 4.0 mg of each of
the six compounds (second stock solution) was placed in a 2000 ml

volumetric flask containing 1600 ml of distilled water. The flask was
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shaken vigorously for 10 minutes then allowed to sef-undistributed for 1
hour. Upon inspection, it could be seen that some of the solids that
had previously dissolved in methanol had precipitated to the bottom of
the flask. However, it was believed that enough of each compound had
remained dissolved to form a saturated solution. While this means that
the initial concentrations of the six compounds in this stock solution
are unknown and can only be estimated from available solubility data,
this can be dealt with. An advantage of using a saturated solution of
these low solubility compounds is that it allows the investigators to
view a larger range of percent removals due to part of the detection
limits of the GC.

In the stripping tower experiments, three influent samples were
taken and the average concentration in the feed solution could be deter-
mined from these samples. Whereas in the tests for the Henry's constant
a sample was taken at time 0 aﬁd this was used to determine the initial
feed concentration. At any given water temperature the concentration of
the constituents of both stock solutions (first and second) in the feed
solution varied by # 20%. Since solubility is influenced by tempera-
ture, the concentration of the compounds making up the organic-saturated
stock solution appeared in larger concentrations in the warmer feed
solutions (i.e., 55°C).

Table IV presents the linear regression coefficients (between peak
area and mass) for the standard curve (dilution curves) developed in the
project. Since the correlation coefficients are very strong and most of

/C

the calculations used in this investigation use ratios, i.e., C

in/ Yout?

knowledge of the relative concentrations or mass should suffice. In

this case, the relative peak areas were used in the calculation since
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coqcentration over concentration or area over area both yield a dimen-
sionless ratio. This was done as a time saving step due to the vast
amount of data collected and calculation requifed in this project.
However, this procedure was adopted only after it was compared against
calculations made using concentration (or mass) ratios for tetrachloro-
ethane. Tetrachloroethane has the weakest correlation coefficient, r =
0.9217, of all compounds tested and would, therefore, introduce the most
error into the calculations using area ratios instead of mass ratios.
For percent removal calculations, the area ratio method yielded results
only 3.7% less than those using the actual mass. It was felt that this
was well within the errors of the analytical procedures used in this

project.

Determination of Henry's Constant by Batch

Air Stripping

A tube reactor in 1 liter capacity was used for all batch air
stripping Henry's constant determinations. The apparatus is shown in
Figuré 3. When the stripping column was full, the distance from the
air stone to the liquid surface was approximately 50 cm. The entire
reactor was operated isothermally, with water run continuously through a
water jacket., The temperature of the system was controlled by recircu-
lating hot or cold water from a 57 liter water bath (Precision
Lo/Tembtrol). The gas temperature was measured., During the longest
stripping run, 30 minutes, in the batch reactor, the maximum variation
of gas temperature observed was 0.4°C. The air was saturated with water
vapor before entering the batch stripping reactor to prevent any loss of

volume by evaporation.
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Figure3. Batch Air-Stripping. Apparatus
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The following basic procedure was used in the temperature studies
of Henry's constant for all air stripping experiments. One liter of
distilled water containing the 15 saturated and unsaturated organic
compounds was placed in the reactor. The controlled water temperature
and water jacket were adjusted to the desired study temperature. The
system was thermally equilibrated for approximately 1 hour to allow it
to reach the correct experimental temperature. The air flow was turned
on and adjusted to within the range of 350 to 400 ml/min. To confirm
thermal equilibration of the system, the water and air temperatures were
rechecked. Also, the inlet and outlet air flow rates were rechecked.
Using a graduated cylinder, eight 25 ml samples were collected from the
sample port for each Henry's constant determination, a 0, 1, 3, 5, 10,
15, 20, and 30 minutes. The samples collected were poured into 25 ml
glass vials with teflon septum, capped sealed, labeled, and stored at
4%J-unti1 analysis. The same procedure was repeated three times at the
same water temperature.

The apparatus, shown in Figure 3, used for Henry's constant deter-
minations, depends upon two critical assumptions (76): (1) the liquid
in the reactor must be completely mixed, (2) the concentration of
organic compound in the exiting gas must reach equilibrium with the
surrounding liquid before leaving the liquid surface. Under these
assumptions, expressions can be derived which describe the removal
efficiencies of volatile and slightly~volatile solvents from the batch
reactor with time,

When the volume of the sample (25 ml) in the batch reactor was
removed at each time interval, the liquid volume was reduced with each

sequential sampling. From the previous assumptions regarding being
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completely mixed and gas/liquid phase reaching equilibrium, purging

during the ith interval can be defined as (12):

Vi (E = -_P;G_ (3.1)
dt RT
g
where: V. = reactor sample volume during the ith interval, m

G = volumetric of air flow rate5 m~/min

R = gas constant = 8.2056 x 107° (m’-atm)/(mole-°K)

P = partial pressure of the solute substance in the gas phase,

atm
T_ = temperature at which gas flow measured, °K

Equilibrium between a solute and its vapor is given by Henry's law
as
P = HC (3.2)

where: C = solute concentration in the liquid phase, mole/m3
= Henry's constant, m~.atm/mole

=
|

Substitute partial pressure of the solute, P, into Equation 3.1

RT

Vi d¢y - -HC G : (3.3)
dt g :

rearranging,

dc _ -H Gdt (3.4)
C RTgvi
Integrate:
-HG At
C; =C; exp . i (3.5)
g'i
where: C; = reactor concentration at the end of the ith interval,
mole/m
t; = time of ith interval, minutes
Thus:
i At
InC; = 1nC, - HG z i (3.6)
RTg i=1 Vi

initial concentration at time = 0, mole/m3

where: C
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Vi

A plot of 1n(Ci/Co) versus %El At; should yield a straight line with a
slope equal to —HG/RTg. Therefore, H can be calculated.

The Temperature Dependence on Henry's Law

Constant Equation

Goldstein (77) has presented equations to predict Henry's law
constant by using a relationship with temperature. The following equa-
tions related to the compounds used in this study ‘were developed by

Goldstein (77).

Toluene

log H(mm Hg) = 6.950 - @ 132i9) + T 11333)
Chlorobenzene

log H(mm Hg) = 6.845 - @ i42i8) + T 12;§3)
Ethylbenzene

log H(mm Hg) = 6.286 - i4§?3) - 15333)
Tetrachloroethane

log H(m Hg) = 7.540 - 1683 ., 960

(T + 234) (T + 273)

1,3-Dichlorobenzene

1782 1407
log H Hg) = 7.300 - +
og f(mm Hg) (T + 230) (T + 273)

1,2-Dichlorobenzene

1650 1421
1 Hg) = 7.070 - +
og H(mm Hg) (T + 213) (T + 273)

Nitrobenzene
1740 1141
log H Hg) = 6.856 - +
og H(mn Hg) (T + 200) (T + 273)
Napthalene
log H(mm Hg) = 7.010 - 1734 1473

(T + 202) (T + 273)
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1-Chloronapthalene
1644
log H Hg) = 9.930 - ———— _
og H(m Hg) T + 273)
2,6-Dinitrotoluene
log H(mm Hg) = 7.450 - 1238

(T + 273)

Fluorene

log H(mm Hg) = 8.060 - TT_%2%%§7
2,4-Dinitrotoluene

log H(mm Hg) = 7.450 - TT‘%zggii
Hexachlorobenzene

log H(mm Hg) = 9.836 - G 26326) + 1 Elggiy
Phenanthrene

2379 2022
7.260 - +
(T + 204) (T + 273)

log H(mm Hg)

Fluoranthene
Data uncertain

where: T = temperature in °C
Packed Tower Air Stripping Studies

This study is an outgrowth of preliminary work conducted by Pakanati
(11) at Oklahoma State University, in which he found water temperature
to be more dominant than air temperature for the removal of volatile and
a slightly-volatile (nitrobenzene) organic compounds. Specifically this
study intends to examine the process of using elevated water tempera-
tures for removing volatile and slightly-volatile organic compounds.
The project is aimed toward compounds that are predominmately liquid
phase controlled, Henry's law constant less than 6 x 1073 ammm3/mole.
By increasing the energy state of the controlling phase, liquid, the
volatility of the lesser volatile compounds will be raised, therefore,

making them amenable to removal by stripping. The data collected in
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this work were used to evaluate the accuracy of the Reference Methods
and Onda correlations for predicting overall mass transfer coefficients
in packed tower air stripping of dilute, volatile and slightly-volatile
organics over a range of water temperaturés. A list of the chemical
compounds used in this study along with their volatility are shown in
Table V. Volatility was based on type of GC column to elute the

compound (i.e., volatile or non-volatile column) (78).

TABLE V

CHEMICAL COMPOUNDS AND THEIR VOLATILITY

Compound Volatility
Toluene Volatile
Chlorobenzene Volatile
Ethylbenzene Volatile
Tetrachloroethane Volatile
1,3-Dichlorobenzene Volatile
1,2-Dichlorobenzene Volatile
Nitrobenzene Slightly Volatile
Napthalene Slightly Volatile
1-Chloronapthalene Slightly Volatile
2,6-Dinitrotoluene Slightly Volatile
Fluorene Slightly Volatile
2,4-Dinitrotoluene Slightly Volatile
Hexachlorobenzene Slightly Volatile
Phenanthrene Slightly Volatile
Fluoranthene Slightly Volatile

Equipment

Packed Column

The experimental apparatus is shown in Figure 3. The system was

composed of a glass column with an inside diameter of 7.52 cm (3 in) and
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a length of 1.83 m (6 ft). The column consisted of three different
sections, a 1.4 m (4 £t) high center piece, open at both ends, and two
0.35m (1 £ft) long end pieces each sealed at one end. The inlet and
outlet ports for the gas and liquid streams and the manometer ports were
placed in the end pieces. The three pieces were connected with two 88
mm (3 in) stainless steel clamps having teflon gaskets. A 6mm (1/4 in)
hardware cloth having a diameter equal to the inside diameter of the
column was fixed in place between the center column and the lower end
piece to hold up the packing. The teflon gasket in the stainless clamp
supported the hardware cloth., The entire column was insulated and then
mounted at the top and bottom with steel clamps on an 0.91 m x 1.22 m @3
ft x 4 ft) sheet of plywood. The plywood board was supported by verti-
cal cross members to form a stand.

A water-filled manometer was connected to the column by two pieces
of tygon tubing as shown in Figure 4, A three-way valve was placed in
the tubing connecting the lower section of the column. The pressure
difference across the packing was measured as the difference between the
water levels in the two manometer arms when the three-way valve
connected the manometer with the lower section of the column. The
column pressure, above ambient, at the end of the column was measured by
opening the manometer, connected to the lower section of the column, to
the atmosphere using the three-way valve. The manometer also was

mounted on the plywood board.

Liquid Flow System

Twenty—-five liter glass bottles were used as the liquid feed reser-

voirs. The water in the bottles was adjusted to the desired feed water
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temperature. The bottles were positioned at a height about 7.5 cm (3
in) higher than the liquid feed pump to provide a positive pressure on
the pump. A variable speed Masterflex peristaltic pump, with a 7018
head, was employed to pump ;he feed solution. Liquid was withdrawn
through a glass tube extending to the bottom of the glass bottle,
through a two-holed rubber stopper. Through the other hole, a short
glass tube packed with glasswool was inserted to serve as a vent. An 8
mm (5/16 in) i.d. teflon tube was employed to carry the liquid to the
top of the column. A Dwyer "Rate-Master" flow meter, model RMB-84-SSV,
with a stainless steel float and a control valve at the inlet, was
placed in the line above the pump to measure the water flow rate. The
flowmeter was able to measure from 0.2 to 2.4 liters/min. The flowmeter
was mounted on the plywood sheet. Ahead of the flowmeter a glass "T"
was inserted in the line. A glass valve was connected to the free end
of the "T" to facilitate feed éampling. Stainless steel clamps were
employed at all joints.

The influent was introduced into the column through a 6 mm (1/4 in)
steel pipe passing through a screw-type glass adaptor, placed at the top
center of the upper end piece of the column. The adaptor provided an
airtight seal. A 6,35 cm (2 1/2 in) 0.D. steel shower spray nozzle was
connected to the end of the steel pipe. This pipe extended down into
the column and allowed a 15 cm (6 in) distance between the nozzle and
the packing. To hold the steel pipe (and the nozzle) at the center and
away from the sides of the column, it was passed through a 6 mm (1/4 in)
hardware cloth fixed in the upper steel clamps. An even distribution of
the liquid over the top of the packing, for different liquid flow rates,

was maintained by adjusting the orifice of the nozzle.
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The effluent from the column exited through a glass port at the
bottom of the lower end piece of the column. The effluent flow was
controlled by raising the effluent tube to an appropriate height over
the glass port. Liquid flow rate was measured at the column drain using
a 2 liter volumetric flask and a stopwatch to calibrate the flowmeter

exactly at each flow rate.

Gas Flow System

Laboratory compressed air was employed as the gas supply to the
column. The gas was first passed through a Dwyer "Rate-Master" flow-
meter, model RMB-57-SSU, mounted on the plywood board next to the water
flowmeter. Teflon tubing, 8 mm (5/16 in) in diameter, was employed to
carry the gas from the flowmeter to the column.

From the flowmeter the gas was passed through a heat exchanging
coil. The coil consisted of two 15 m (50 f£t) long, 1 cm (3/8 in) copper
tubing wound side by side into a 0.3 m (1 ft) diameter ring. The two
coils were brazed together for better heat conductivity. Hot or cold
water from a 57 liter "Precision Lo/Temptrol" water bath was circulated
through one of the tubes, while the gas passed through the other tube in
the opposite direction. The heat exchanger was located in a corrugated
box filled with styrofoam packing peanuts to serve as insulation. Once
equilibrium was reached, the heat exchanging system was éapable of
maintaining the required constant gas temperature for an extended period
of time, at all combinations of temperatures and gas flows.

The gas from the heat exchanger was then entered the column through
a 2 cm diameter glass bulb connected to the inlet port of the column. A

thermometer was inserted into the center of the glass bulb through an
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airtight thermometer adaptor to measure the gas temperature. The
complete gas line system from the heat exchanger to the inlet port of
the column was insulated with pipe wrap.

The gas which was introduced above the liquid level, in the lower
end piece of the column, passed through the packing and exited the
column through a 2 cm exit port placed in the upper end piece of the
column. A 2 cm rubber hose connected to the exit port removed the off-
_ gas'out of the room, through a nearby window, and released it to the

atmosphere.
Procedures

Packing the Column

The following procedure was employed to pack the column. The upper
end of the column was removed. The manometer port and the liquid exit
port in the lower end piece of the column were clamped shut. The gas
inlet line to the column was temporarily disconnected at the glass "T"
near the gas sampling port and held at a height of about 15 cm below the
top of the center piece of the column. The column was filled with water
until it was overflowing through the disconnected end of the gas line.
Ceramic Intalox saddles, 0.95 cm (3/8 in) in diameter, were used as
packing material. The packing material was poured through the standing
water in small batches until a 0.6 m depth of the packing was reached.
A plastic funnel, with the bottom cut off, having a diameter at the top
equal to the inside diameter of the column, was positioned at the mid-
depth of the packing to serve as a redistributer. The water from the
overflow was collected and meésured. This gave the volume displaced by

the packing alone. The void volume was calculated from this and the
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total volume of the packed bed, and was found to average 78% of the
total bed volume. The tower was then drained, the gas line reconnected,
and the upper end piece of the column replaced. The same procedure was

repeated at 0.9 and 1.2 m bed depths, and the average void volumes were

determined to be 75 and 80%, respectively.

Gas and Liquid Loading Rates Studies (Flooding)

At 0.6 m bed depth, the liquid feed pump was turned on and set at a
flow rate of 18.95 1/hr (5 GPH) on the flowmeter. The pump was al lowed
to run for sufficient time to warm up and reach a constant pumping rate.
The flow rate was measured at the column drain using a 2 liter volume-
tric flask and a stopwatch. Keeping the liquid flow rate constant, the
gas flow rate was increased in increments of 708 1/hr, starting from
zero to a point at which column flooding was observed. At each gas
flow, the pressure drop acrosé the packing and the column pressure at
the top of the packing were measured and recorded. The gas flow rate at
the column flooding was noted and the gas—-to-liquid ratio at the point
of flooding was calculated. The liquid flow rate was raised in incre-
ments of 18.95 1/hr until it reached 151,6 1/hr; the entire process was
repeated at each flow rate. The same procedure was repeated at 0.9 and

1.2 m bed depths.

Preparation of Stock and Feed Solutions for

Packed Tower Air Stripping Studies

Two stock solutions were prepared and combined to make the feed
solution for packed tower air stripping studies. The first stock solu-

tion contained toluene, chlorobenzene, ethylbenzene, 1,3-dichlorobenzene,
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1,2-dichlorobenzene, nitrobenzene, napthalene, and l-chloronapthalene
(organic-unsaturated stock solution). The concentration of each of
these constituents in the stock solution was 2.5 mg/ml. This stock
solution was made up in methanol. Twenty-five ml of this solution was
prepared and it was stored at 4°C in a 40 ml glass vial with a teflon
line septum cap. The second stock solution was composed of 2,6-dinitro-
toluene, fluorene, 2,4-dinitrotoluene, hexachlorobenzene, phenanthrene,
and fluoranthene. Each of these compounds are solids and are only
slightly soluble in water. The concentration of each of these constitu-
ents in the second stock solution was 2.5 mg/ml. This stock solution was
made up in methanol. Twenty-five ml of this solution was prepared and it
was stored at 4°C in a 40 ml glass vial with a teflon lined septum cap.
To make the composite (feed) solution, the second stock was added
to 25 liters of tap water in.a 26.5 liter bottle. The bottle was
capped, shaken vigorously for 10 minutes, and allowed to stand undis-
tributed for 1 hour. This solution consisted of a layer of saturated
water floating over a layer of undissolved organic compounds. In order
to obtain a composite solution that contained 15 compounds, 25 ml of the
first stock was introduced into the 26.5 liter bottle containing the
second stock solution. The bottle was capped tightly and shaken for a
few minutes. Twenty liters of composite solution was withdrawn from the
center (top layer) of the 26.5 liter bottle and transferred to a second
26,5 liter bottle. To provide an adequate volume of feed to the air
stripping tower, four 26.5 liter bottles were used to composite and mix
the two stock solutions. Twenty liters from three of these bottles were
then transferred into three clean 26.5 liter bottles. Five liters from

the remaining fourth bottle was transferred into each of the three
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bottles containing 20 liters to give them a total of 25 liters per
bottle. The composite solutions were capped and stored at 4°C. A list

of feed solution compounds and their properties is shown in Table VI.

TABLE VI

FEED SOLUTION COMPONENTS AND THEIR PROPERTIES

Estimated*
Boiling Molecular Vapor Henry's
Point Weight Solubility Pressure Constant
Compound (°c) (gm/gm.mole) (mg/1) (mm. Hg) (4,)
Toluene 111.0  92.14 515 28 0.27P
Chlorobenzene 132.0 117.6 448 15 0.19¢
Ethylbenzene 136.0 106.1 152 7 0.272
Tetrachloroethane 147.0 167.9 3000 6.5 0.02P
1,3-Dichlorobenzene 172.0 147.0 123 2 0.132
1,2-Dichlorobenzene 179.0 147.0 100 1 0.0812
Nitrobenzene 210.0 123.0 1900 0.15 0.00052
Napthalene 127.7 128.2 30 0.87 0.0172
1-Chloronapthalene 259.3 162.6
2,6-Dinitrotoluene 285.0 182.1
Fluorene 298.0  166.2 1.90 0.012 0.0564P
2,4-Dinitrotoluene 300.0 182.1
Hexachlorobenzene 332.0 284.8 0.100 0.0034 0.0006b
Phenanthrene 340.0 178.2 1.18
Fluoranthene 384.0 202.3

*Innovative and Alternative Technology Assessment, EPA-430/9-73-009.
a20°c.
basec.
€30°c.

The following procedure was followed to obtain the three different
temperatures for the feed water. The cold and hot water from the tap
had an average temperature of 15° and 60°C, respectively. For the 15°C
feed solution, about 25 liters of cold tap water was collected directly

in a 25 liter glass bottle. The water temperature remained constant at
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this temperature for a long time period and at most increased 1°C over a
period of 3 hours. To prepare the 35°C water, 14 liters of hot water
were added to about 11 liters of cold tap water in a 25 liter glass
bottle. TFor 55°C water, about 22.5 liters of hot water were added to
about 2.5 liters of cold tap water in a 25 liter glass bottle. After
the feed water was adjusted to the desired study temperature, a 2 in
long teflon coated magnetic stirring bar was then placed at the bottom
of the bottle and the stirrer was turned on. The water was stirred
about 6, 3, and 1 hours for the feed water temperatures 15°, 35°, and

55°C respectively.

Column Operation

The stripping of the volatile and slightly volatile organic com-—
pounds were studied under several different conditions: three different
gas-to—-liquid ratios, three water temperatures, three air temperatures,
and three different bed depths. The gas and liquid flow rates used were
obtained from the hydraulic loading studies and were one~half those that
would cause flooding at each ratio. Table VII contains the experiment
values of gas-to-liquid ratios (G/L), tower depths, water temperatures,
and air temperatures.

To begin each run, the water batch was turned on and the thermostat
was adjusted to the required temperature. When the water batch reached
a temperature close to the desired air temperature, the gas flow was
turned on and the desired flow rate set. The gas was allowed to run
through the system until the thermometer in the gas line showed a steady
temperature. At this point, the temperature of the air entering the

column was adjusted exactly to the desired temperature by a trial-and-



TABLE VII

EXPERIMENTAL VALUES

Bed Depth = 0.6 m

Water Temperature Air Temperature
°c) (°c) G/L Ratio
15 5 30
15 5 90
15 5 150
15 15 30
15 15 90
15 15 150
15 25 30
15 25 90
15 25 150
35 5 30
35 5 90
35 » 5 150
35 15 30
35 15 90
35 15 159
35 25 30
35 25 90
35 25 150
55 5 30
55 5 90
55 5 150
55 15 30
55 15 90
55 15 150
55 25 30
55 25 90
55 25 150

All studies were repeated at 0.9 and 1.2 m bed depths.
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error adjustment of the thermostat on the water bath. When a steady
state temperature was reached, the system was capable of delivering gas
to the column at the set temperature for an extended period of time.
Once adjusted, the gas flow system was not disturbed until the comple-
tion of the run. By adjusting the variable speed controller, the feed
pump was set to pump the desired flow. Twenty-five liters of feed water
having the same water temperature as the feed solution was first pumped
into the column to bring the liquid feedline and the packed cqlqmn to a
thermal equilibrium., The suction tube was then moved to thé feed solu-
tion bottle and the flow rate of gas and liquid were rechecked.

The sample collection began after 5 liters of the feed solution was
pumped into the column. Twenty-five ml glass vials with teflon lined
septum caps were used to collect samples to be analyzed for both vola-
tile and slightly-volatile compounds. The influent and effluent of
samples were collected in pairs. The influent samples were collected
immediately after the effluent samples. Three pairs of samples were
collected for each run. At least 5 liters of feed solution was permit-
ted to run through the column between the sample collection tq allow
adequate time (5 to 10 minutes) for steady state to be reached again.
During this period, the pressure drop across the packing, the column
pressure at the time, and effluent temperature of water and air were
measured., After all samples were collected, the liquid flow rate was
rechecked and in all cases was found to be nearly the same as the flow
rate set initially. The gas flow was turned off and the feedline
suction tube was moved to amother 25 liter bottle, and about 15 liters
of tap water was pumped into the column to rinse the packing. The

samples collected were labeled and stored at 4°C until analysis.
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Analytical Techaniques

Glassware Cleaning

All glassware was first washed with "Alconox" detergent and rinsed
with warm tap water. The glassware was then filled with cleaning nitric
acid (1:1) and soaked overnight (12 hours). The acid was removed by
sequential rinsing several times with tap and distilled water. The
glassware was then oven dried at 200°C for at least 6 hours.

All caps and teflon seals were washed with detergent and rinsed
several times with tap water. They were then submerged in distilled
water for 24 hours, rinsed several times with distilled water, and oven
dried at 50°C at least 6 hours. The cleaned glassware was then sealed

with the appropriate caps or stoppers.

Microextraction

Microextraction techniques have been developed to aid in the analy-
sis of organic chemicals. These techniques, coupled with gas chromato-
graphy (GC), have been used to analyze a wide variety of volatile and
slightly-volatile organic compounds. Rhodes and Nulton (79) stated that
four advantages of the microextraction over multiple extractions are:
(1) technique is easy to perform, (2) requires minimal use of glassware
and sample handling, (3) solvent concentration is not needed, therefore,
both volatile and slightly-volatile organic compounds can be analyzed in
the same extract, and (4) reliable data is generated with one step
extraction method.

In this study, pentane was chosen as the extracting solvent because

of its low solubility in water (0.04 gm/1) (79) and its low polarity
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which favors easy extraction of an organic solute. Pentane is also a
very volatile compound, which is a very suitable quality for GC

analyses.

Microextraction Procedure

The same microextraction technique was used on samples obtained in
both phases of this study (79, 80). Al1l 25 ml samples were stored at
4°C in glass containers with teflon lined lids. Each 25 ml sample was
poured into a 50 ml volumetric flask. Prior to extraction, the sample
was saturated with Na,80,. This salt was added to clean water sample.
In this experiment, the sample was saturated with approximately 4 gm
Nay80,. Next, 100 ul of pentane was added and the volumetric flask was
capped tightly with a teflon stopper and shaken very vigorously for 3
minutes, This sample was allowed to stand quietly in an ice bath in
contact with extracting solvént pentane for 15 minutes. The teflon
stopper was then removed and the volumetric f£lask was backfilled rapidly
with 4°C water until the lower level of pentane rose to the lower part
of the neck. The sample was allowed to stand in an ice bath again for
10 minutes. A few microliters of pentane in the neck of the extraction
flask could be removed by a microsyringe and injected directly into the
‘column of the gas chromatograph, or the extracted compounds could be
removed with a 1 ml (100 ul of solvent plus 900 ul of liquid) syringe
and stored at 4°C in a 1 ml glass vial with a teflon lined septum cap

for later analysis.
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Quality Assurance Studies

Standard Solutions

The standard solutions used in this study, along with the USEPA
quality control standards from the USEPA Repository for Toxic and
Hazardous Materials standards, were made up in methanol so that they
contained approximately a 2.5 mg/l concentration of the compounds of
interest. Both standards were analyzed by directly injecting. 2 ul of
the solution into the gas chromatograph. The electronic integator
calculated the peak areas versus mass of the standards injected. Quali-
tative determination of the standard compounds in this study was made
comparing the peak retention times with that of USEPA standard
compounds, while quantitative determination was based on the peak areas.
Table VIII shows the average (average of 3) percent difference in the
mass between the known USEPA sfandard (250 ng) and the value obtained
from the standard curve developed in this project along with the percent

difference in area at the 250 ng mass level.
Recovery Test

Sample Solution

Two new stock solutions were prepared for use in determining the
extraction efficiency (percent recovery) of the microextraction proce-
dure used in the study. The first stock solution contained toluene,
chlorobenzene, ethylbenzene, 1,3-dichlorobenzene, 1,2-dichlorobenzene,
nitrobenzene, napthalene, and 1l-chloronapthalene (organic-unsaturated
stock solution). The concentration of each of these constituents in the

stock solution was 2.5 mg/ml. Only 1 ml of this solution was prepared
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TABLE VIII

AVERAGE PERCENT DIFFERENCE IN MASS AND AREA
BETWEEN STANDARD CURVE DEVELOPED FOR
THIS STUDY AND EPA'S QUALITY
CONTROL STANDARDS

EPA Mass
Read From % Difference
EPA Mass Standard Curves mass % Difference
Compound (ng) (ng) (ng) area
Toluene 250.90 287.5 - 15.0 6.5
Chlorobenzene 250.0 230.0 8.0 2.8
Ethylbenzene 250.0 287.5 - 15.0 11.9
Tetrachloroethane 250.0 225.0 11.1 13.4
1,3-Dichlorobenzene 250.0 287.5 - 15.0 5.1
1,2-Dichlorobenzene 250.0 289.5 - 15.0 - 2.6
Nitrobenzene 250.0 230.0 8.0 - 10.6
Napthalene 250.0 240.0 4,0 2.5
1-Chloronapthalene 250.0 235.0 6.0 2.8
2,6-Dinitrotoluene 250.0 270.0 7.4 - 1.8
Fluorene 250.0 287.0 - 15.0 6.8
2,4-Dinitrotoluene 250.0 245.0 4,0 3.0
Hexachlorobenzene 250.0 270.90 7.4 3.0
Phenanthrene 250.0 287.5 - 15.0 1.6
Fluoranthene 250.0 287.5 - 15.0 10.0

and it was stored at 4°C in a 1 ml glass vial to minimize available head
space, with a teflon lined septum cap. The.second stock solution was
composed of 2,6-dinitrotoluene, fluorene, 2,4-dinitrotoluene, hexa-
chlorobenzene, phenanthrene, and fluoranthene. Each of these compounds
are solids and are only slightly soluble in water. To insure total
dissolution of each of these compounds in the second stock solution,
only 0.1 mg of each of these compounds were added to 999 ml of tap water
in a 2000 ml voluﬁetric flask., The flask was stoppered and shaken

vigorously for 10 minutes. The flask was allowed to stand undistributed
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for 1 hour at which time the solution was inspected to verify that all
the compounds added had dissolved.

In order to obtain a composite solution that contained all 15
compounds, 1 ml of the first stock solution was introduced into the 2
liter volumetric flask containing the second stock solution. The flask

was capped tightly, shaken, and stored at 4°C.

Analyze Organic Compounds in Sample Solution

Three 25 ml of the composite solution were extracted in accordance
with the microextraction procedure described previously. The precent
recovery shown in Table IX is the average of the three samples
extracted. In addition, three samples of a staﬁdard solution (2.5
mg/ml) obtained from the USEPA were also extracted as a cross check

against the standard prepared by the author.



TABLE IX

RESULTS OF THE AVERAGE PERCENTAGE RECOVERY BY
MICROEXTRACTION IN THIS STUDY AND
PREVIOUS STUDIES

Average % Average 7% Average 7%
Recovery from Recovery in Recovery from

Compound USEPA Standards This Study Previous Studies
Toluene 80 87 952
Chlorobenzene 95 96 86P
Ethylbenzene 94 89 932
Tetrachloroethane 83 89

1,3-Dichlorobenzene 89 96

1,2-Dichlorobenzene 96 96 90P
Nitrobenzene 68 69 752
Napthalene 83 95 902
1-Chloronapthalene 87 97

2,6-Dinitrotoluene 77 72

Fluorene 87 9% 912
2,4-Dinitrotoluene 70 68

Hexachlorobenzene 86 81 872
Phenanthrene 84 90 952
Fluoranthene 88 9% 952

8Microextraction as an Approach to Analysis for Priority Pollutants
in Industrial Wastewater, Rhodes and Nulton (79).

Extraction of Organic Compounds from Water Using Small Amounts of
Solvent, Junk, Ogawa, and Svec (80).



CHAPTER 1V
RESULTS
Henry's Constant

Measurement of Henry's Constant Effect

g£ Temperature

The accurate measurement of Henry's constant requires that the
(experimental) system must be completely mixed and the gas exiting from
the liquid is in equilibrium with the liquid with respect to the com—
pound of interest. These requirements were assumed since the apparatus
and flow conditions used in tﬁis study were similar to those of Gosset
et al. (12) and Mackay et al. (76). These authors also assumed these
conditions to be met. The experimental derived Henry's constant from the
batch air stripping experiments are temperature dependent. The values
of 1n(C;/C,) and ;za (At;/V;) are presented in Appendix B, while Figures

i
5 through 19 show the relationship between 1n (Ci/Co) and > (Ati/vi)

i=1
for all the compounds used in this study. The plots of the natural log
of Henry's constant versus the reciprocal of absolute temperafure are
shown in Figures 20 through 34. These plots illustrate the temperature
dependence of the Henry's constant for each compound used in this study.
Table X lists the temperature regressioﬁ equations and correlation

coefficients for each of the compounds used in this study. In this

study, the high correlation coefficients obtained in all the experiments
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TABLE X

HENRY'S CONSTANT TEMPERATURE DEPENDENCIES
DETERMINED BY BATCH AIR STRIPPING

Temperature Dependence

Regression Equation Correlation
Compound (T, °K) Coefficient
Toluene H = exp ( 3.303 - 2602/T) -0.9375
Chlorobenzene H=-exp ( 4.173 - 2928/T) -0.9957
Ethylbenzene H = exp ( 3.483 - 2621/T) -0.9967
Tetrachloroethane H=-exp ( 1.280 - 2612/T) -0.9947
1,3-Dichlorobenzene H = exp ( 3.302 - 2765/T) -0.9765
1,2-Dichlorobenzene H =exp ( 3.172 - 2758/T) -0.9976
Nitrobenzene H = exp (-2.993 - 1860/T) -0.9686
Napthalene H = exp ( 3.800 - 2273/T) -0.9848
1-Chloronapthalene H = exp ( 0.546 - 2356/T) -0.9600
2,6-Dinitrotoluene H = exp (-3.584 - 1295/T) -0.9744
Fluorene H=-exp ( 0.188 - 2060/T) -0.9222
2,4-Dinitrotoluene H = exp (-2.623 - 1577/T) -0.9855
Hexachlorobenzene H=exp ( 2.104 - 2583/T) -0.9455
Phenanthrene H = exp ( 2.326 - 3060/T) -0.9545
Fluoranthene H= ( 2.976 - 3281/T) -0.9460
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agree with the results obtained in the model Equation 3.6 given by

Gosset et al. (12).

'Estimate Henry's Constant by Using Temperature

Dependence Correlation (11)

In Chapter II, the dependency of Henry's constant upon temperature

was given by

Imu="8,¢g (4.1)
The determination of AH, the change in enthalpy due to the dissolution
. of the component in water, requires knowledge of enthalpies of the solu-
tions at the same reference state, before and after dissolution. Since
this information is not easily available, the H can be determined by
plotting 1n H versus 1/T in accordance with Equation 4.2 which would
yield a plot like in Figure 35. The slope of these lines would give
A/R. The Henry's constant values at various temperatures can be calcu-
lated as the ratio of the vapor pressure to solubility at the same
temperature, as suggested previously (11). The following equation can
be used to evaluate H at any temperature if its value at some tempera-

ture is known.

(4.2)

Tables XI, XII, XIII, XIV, and XV list data on vapor pressure and
solubility as a function of temperature for toluene, chlorobenzene, 1,3-
dichlorobenzene, 1,2-dichlorobenzene, and tetrachloroethane respective-

ly. The Henry's constant (H) calculated as vapor pressure/solubility
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TABLE XTI

VAPOR PRESSURE AND SOLUBILITY AS A FUNCTION
OF TEMPERATURE FOR TOLUENE
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Vapor** Henry's Law
Pressure Constant
Temperature Solubiligy* (vp) H-VP/Sol 1/T

(°c) (mole/m>) (atm) (atm-m”/mole) (°xr) 1n H
15 4.30 0.02506 0.005828 0.00347 -5.14
20 4,88 0.03466 0.007102 0.00341 -4.94
25 5.43 0.04424 0.008147 0.00336 -4,81
30 5.90 0.05383 0.009124 0.00330 ~-4.69
35 6.53 0.06340 0.009709 0.00325 -4.63
40 6.9 0.07300 0.01052 0.00320 -4.55
45 7.46 0.08258 0.01107 0.00315 -4.50
50 8.00 0.09217 0.01152 0.00310 -4.46
55 8.51 0.1018 0.01196 0.00305 -4.40
60 9.03 0.1113 0.1232 0.00301 -4.39

*Solubility of Inorganic and Organic Compounds, Pergamon Press, New

York, 1963.

**R.H. Perry and C.H. Chilton, Chemical Engineer's Handbook, McGraw
Hill Co., New York, 1973.




TABLE XII

VAPOR PRESSURE AND SOLUBILITY AS A FUNCTION

OF TEMPERATURE FOR CHLOROBENZENE
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Vapor**  Henry's Law
Pressure Constant
Temperature Solubili%y* (ve) H-VP/Sol 1/T

(°c) (mole/m>) (atm) (atm-m3/mole) (°r) 1n 4
15 4.02 0.005526 0.001346 0.00347 -5.589
20 4.13 0.01295 0.003134 0.00341 -5.765
25 4.38 0.02037 0.004651 0.00336 -5.371
30 4.77 0.02779 0.005826 0.00330 -5.145
35 5.30 0.03521 0.006643 0.00325 -5.014
40 5.97 0.04263 0.007141 0.00320 -4.942
45 6.78 0.05005 0.007382 0.00315 -4.909
50 7.74 0.05747 0.007425 0.00310 -4.903
55 8.85 0.06490 0.007333 0.00305 -4,915
60 10.12 0.07232 0.007146 0.00301 -4.941

*Solubility of Inorganic and Organic Compounds, Pergamon Press, New

York, 1963.

*#¥R,H. Perry and C.H. Chilton, Chemical Engineer's Handbook, McGraw
Hill Co., New York, 1973.




TABLE XITI

VAPOR PRESSURE AND SOLUBILITY AS A FUNCTION
OF TEMPERATURE FOR 1,3-DICHLOROBENZENE
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Vapor** Henry's Law
Pressure Constant
Temperature Solubili%y* (ve) H-VP/Sol 1/T

(°c) (mole/m~) (atm) (atm-m~/mole) (°xr) in H
15 0.679 0.001566 0.002306 0.00347 -6.072
20 0.686 0.002972 0.004332 0.00341 -5.442 . .
25 0.719 0.004585 0.006377 0.00336 -5.055
30 0.773 0.005788  0.007488 0.00330 -4, 894
35 0.843 0.007196 0.008536 0.00325 -4.763
40 0.924 0.008604 0.009312 0.00320 -4.676
45 1.014 0.01002 0.009882 0.00315 -4.617
50 1.107 0.01142 0.01036 0.00310 ~4.574
55 1.198 0.01283 0.01071 0.00305 -4,537
60 1.284 0.01423 0.01108 0.00301 -4.502

*Solubility of Inorganic and Organic Compounds, Pergamon Press, New

York, 1963.
*¥*R,H. Perry and C.H. Chilton, Chemical Engineer's Handbook, McGraw
Hill Co., New York, 1973.




TABLE XIV

VAPOR PRESSURE AND SOLUBILITY AS A FUNCTION
OF TEMPERATURE FOR 1,2-DICHLOROBENZENE
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Vapor** Henry's Law
Pressure Constant
Temperature Solubili%y* (ve) H-VP/Sol 1/T

(°c) (mole/m>~) (atm) (atm-m”/mole) (°r) in H
20 0.944 0.0007526 0.0007972 0.00341 -6.234
25 0.99% 0.002196 0.002209 0.00336 -6.115
30 1.06 0.003639 0.003433 0.00330 -5.674
35 1.114 0.005083 0.004563 0.00325 -5.390
40 1.23 0.006526 0.005306 0.00320 -5.239
45 1.32 0.007970 0.006038 0.00315 -5.110
50 1.42 0.009413 0.006629 0.00310 -5.016
55 1.53 0.01086 0.007098 0.00305 -4,948
60 1.62 0.01230 0.007593 0.00301 -4.,881

*#Solubility of Inorganic and Organic Compounds, Pergamon Press, New

York, 1963.

*%*R.H. Perry and C.H. Chilton, Chemical Engineer's Handbook, McGraw
Hill Co., New York, 1973.




TABLE XV

VAPOR PRESSURE AND SOLUBILITY AS A FUNCTION
OF TEMPERATURE FOR TETRACHLOROETHANE
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Vapor** Henry's Law
Pressure Constant
Temperature Solubiligy* (ve) H-VP/Sol 1/T

(°c) (mole/m”) (atm) (atm~m~/mole) (°x) 1n H
20 16.39 0.0015789 0.0009633 0.00341 -9.248
25 17.15 0.007303 0.0004258 0.00336 -8.761
30 17.91 0.01303 0.0007275 0.00330 -7.226
35 18.67 0.01896 0.0010053 0.00325 -7.902
40 19.42 0.02447 0.0012718 0.00320 -6.667
45 20.18 0.03019 0.001496 0.00315 -6.505
50 20.94 - 0.03592 0.001754 0.00310 -6.368
55 21.70 0.04154 0.001919 0.00305 -6.256
60 22.46 0.04737 0.002109 0.00301 -6.162

*Halogenated Hydrocarbon, A.L. Harvath, New York, 1982.

*¥R,H. Perry and C.H., Chilton, Chemical Engineer's Handbook, McGraw
Hill Co., New York, 1973.
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and the calculated 1/T and ln H are also presented in these tables. The
slope (AH/R) for each organic compound can be obtained by linear regres-
sion of these values (1/T and H). The results are presented with the
correlation coefficients in Table XVI. Table XVII shows Henry's constant
values at 15° and 55°C determined experimentally in this study from
Goldstein's equation, and the ratio of vapor pressure to solubility at
the same temperature. The Henry's constant at the two temperatures for
toluene, chlorobenzene, and 1,3-dichlorobenzene obtained by using exper-
imental H from this study, Goldstein's equation, and the ratio of vapor
pressure to solubility at the same temperature are all close (65%) to
each other. Henry's constant at the two temperatures for ethylbenzene,
tetrachloroethane, 1,2-dichlorobenzene, napthalene, l-chloronapthalene,
fluorene, and hexachlorobenzene obtained by using experimental H from
this study and Goldstein's equation are also close to each other. There
are significant differences between the Henry's constant at the two
temperatures for nitrobenzene, 2,6-dinitrotoluene, 2,4-dinitrotoluene,
and phenanthrene obtained by using an experimentally determined H from
this study and the Goldstein's equation. Table XVIII shows Henry's

constant values as a function of temperature for oxygen.
Tower Characteristics

Determination of the operating gas and liquid flow rates at various
gas—-to—-liquid ratios is necessary for operating a countercurrent packed
column. Both gas and liquid operating flow rates are generally chosen
so the pressure drop across the packing is well below the flooding

point.



TABLE XVI

CORRECTION FACTOR AH/R FOR THE TEMPERATURE
DEPENDENCE OF HENRY'S COWNSTANT H

Correction Factor Correlation
Compound AH/R Coefficient
Toluene -1857 -0.9430
Chlorobenzene -2908 -0.9220
1,3-Dichlorobenzene -2866 -0.9505
1,2-Dichlorobenzene =4706 -0.9311
Tetrachloroethane -6332 -0.9277
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TABLE XVII

HENRY 'S LAW CONSTANT AS A FUNCTION OF TEMPERATURE

Experimental Pakanti (11)
Value Goldstein's Equation Corrected H

(atm-m~/mole) (atm-m”/mole) (atm—m”/mole)
Compound 15°C 55°C 15°C 55°C 15°C 55°C
Toluene 0.003236 0.009738 0.005192 0.01121 0.005828 0.01196
Chlorobenzene 0.002495 0.008619 0.003170 0.007274 0.005526 0.00733
Ethylbenzene 0.003635 0.01103 0.005295 0.01020 -— -—
Tetrachloroethane 0.0004139 0.001217 0.0003080 0.0010418 -— 0.001919
1,3-Dichlorobenzene 0.001839 0.005929 0.001934 0.0051463 0.002306 0.01071
1,2-Dichlorobenzene 0.00165% 0.005317 0.001385 © 0.004169 -— 0.007098
Nitrobenzene 0.0001573 0.0003457 0.00001257 0.00007684 -— -—
Napthalene 0.0005463 0.001430 0.0003086 0.001343 —-— -—=
1-Chloronapthalene 0.0004820 0.001303 0.0003949 0.001960 -— -—
2,6-Dinitrotoluene 0.0003095 0.0005353 0.00003353 0.0001222 - -—
Fluorene 0.0009451 0.002261 0.00008269 0.002938 -— -—
2,4-Dinitrotoluene 0.0003038 0.0005923 0.00003353 0.0001222 -— -
Hexachlorobenzene 0.001044 0.003118 0.001427 0.002908 -— -—
Phenanthrene 0.0002453 0.0008979 0.00006243 0.0004109 -— -—
Fluoranthene 0.0002213 0.0008878 NA NA - -—
Oxygen 0.6421

NA = Not Available.

STI1
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TABLE XVIII

HENRY'S LAW CONSTANT AS A FUNCTION OF
TEMPERATURE FOR OXYGEN

T Henry's Law Constant
(°c) (atm-m>/mole)

10 0.58015%*

15 0.6421%

20 0.7208**

22 0.7547%

25 0.7954%*

30 0.8677*

35 0.9399%*

*Mumford and Schnoor (48).
**Roberts et al., (72).
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The operating flow rates for this study were determined from the
hydraulic loading studies. Data from the hydraulic loading studies were
plotted on log-log plots with the pressure drop as an ordinate and the
gas loading rate as an abscissa. Each of the Figures, 36, 37, and 38,
are plots of the eight water loading rates that were selected to cover
the range of the liquid feed rate for 0.6, 0.9, and 1.2 M bed depths.
These figures show that at fixed water loading rates, the pressure drops
increase with ingrééééd gas flow rates. This is principally because of
the reduced free cross section area available for the flow of water.
There are three distinct regions which can be identified in the curve of
Figure 36 (0.6 M bed depth). 1Initially, the increase in the pressure
drop is gradual. Then, there is a sharp increase characterizing the
column. Finally, as the gas loading rate is further increased, a sharp
increase in the pressure drop occurs. At this point, called the "flood-
ing point", liquid holdup at the top of the packing and/or other places
of intermediate restriction in the packing (such as at the redistrib-
uter) begin to appear. At the same time, there was an increase in the
entrainment of liquid by the off gas. The same trends occurred at 0.9
and 1.2 M bed depths (Figures 37 and 38).

The air loading rates at flooding, obtained from the hydraulic
loading studies, are presented in Table XIX. Gas and liquid loading
rates for the operating conditions of the three bed depths were in the
range of 50-607% of the flooding points. The operating flow rates of air

and water are presented in Table XX.
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TABLE XIX

RESULTS OF HYDRAULIC LOADING STUDY

Water Loading

0.6 M Bed Depth 0.9 M Bed Depth 1.2 M Bed Depth

Air Loading Rate Air Loading Rate Air Loading Rate

R%tes (L) at3Flood1ng at Flgoding at Flgodlng
/m -hr) (m>/m?-hr) (w3 /m%-hr) (m3/m?-hr)
4,27 1920 1920 1920
8.53 1920 1920 1920
12.80 1920 1920 1760
17.07 1920 1760 1760
21.33 1760 1760 1760
25.66 1760 1760 1600
29.87 1600 1600 1600
34,13 1600 1600 1600
TABLE XX

OPERATING FLOW RATE OF AIR AND WATER
AT 0.6, 0.9, AND 1.2 M BED DEPTHS

Air Loading Liquid Loading

G/L (m3/m%-hr) (m3/m2-hr)
30 960 32

90 960 10.7
150 960 6.4
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Effect of Water Temperature, Gas-to-Liquid Ratio,
Air Temperature, and Bed Depths on Percent of
Removal for Volatile and Slightly-Volatile

Organic Compounds

The results of the percent removal of the volatile compounds at
all combinations of water temperatures, bed depths, gas-to-liquid
ratios, and air temperatures are presented in Appendix C (for toluene,
"-" is a symbol of percent removal greater than 99.5). The range of
percent removal of toluene for water temperatures 15°, 35°, and 55°C
measured at all combinations of bed depths (0.6, 0.9, and 1.2 M), gas-
to-liquid ratios (30, 90, and 150), and air temperatures (5°, 15°, and
25°C) was 76.3 to >99.5, >99.5 to >99.5, and >99.5 to >99.5 respec-
tively.

The range of percent removal of chlorobenzene for water tempera-
tures 15°, 35°,and 55°C measured at all combinations of bed depths, gas-
to-liquid ratios, and air temperatures was 66.2 to 94.7, 90.2 to 99.5,
and 94.0 to 99.5 respectively. The range of percent removal of ethyl-
benzene for water temperatures 15°, 35°,and 55°C measured at all combi-
nations of bed depths, gas-to-liquid ratios, and air temperatures was
65.6 to 94.1, 90.2 to 99.2, and 94.01 to 99.3 respectively. The range
of percent removal of tetrachloroethane for water temperatures 15°,
35°,and 55°C measured at all combinations of bed depths, gas—to-liquid
ratios, and air temperatures was 19.7.to 58.3, 52.3 to 96.0, and 74.7 to
95.4 respectively. The range of percent removal of 1,3-dichlorobenzene
temperatures 15°, 35°,and 55°C measured at all combinations of bed
depths, gas-to-liquid ratios, and air temperatures was 64.9 to 95.0,

86.3 to 98.8, and 91.4 to 97.1 respectively. The range of percent
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removal of 1,2-dichlorobenzene for water temperatures 15°, 35°,and 55°C
measured at all combinations of bed depths, gas-to-liquid ratios, and
air temperatures was 58.2 to 95.0, 86.6 to 98.8, and 90.4 to 98.9
respectively.

The results of the percent removal of slightly-volatile compounds
(operational defined as H less than that of napthalene) at all combina-
tions of water temperatures, bed depths, gas—-to-liquid ratios are
presented in Appendix C. The range of percent removal of nitrobenzene
for water temperatures 15°, 35°,and 55°C measured at all combinations of
bed depths, gas—-to—-liquid ratios, and air temperatures was 7.1 to 25.6,
20.3 to 59.6, and 21.8 to 73.8 respectively. The range of percent
removal of napthalene for water temperatures 15°, 35°,and 55°C measured
at all combinations of bed depths, gas—-to-liquid ratios, and air temper-
atures was 31.1 to 81.7, 65.7 to 96.9, and 80.5 to 99.1 respectively.
The range of percent removal of l-chloronapthalene for water tempera-
tures 15°, 35°,and 55°C measured at all combinations of bed depths, gas-
to-liquid ratios, and air temperatures was 30.2 to 81.4, 63.1 to 96.9,
and 75.8 - 98.1 respectively. The range of percent removal of 2,6~
dinitrotoluene for water temperatures 15°, 35°,and 55°C measured at all
combinations of bed depths, gas-to-liquid ratios, and air temperatures
was 8.5 to 33.1, 11.9 to 45.5, and 27.1 to 39.9 respectively. The range
of percent removal of fluoreme for water temperatures 15°, 35°,and 55°C
measured at all combinations of bed depths, gas—-to-liquid ratios, and
air temperatures was 19.2 to 62.1, 39.31 to 67.6, and 38.4 to 80.0
respectively. The range of perceant removal of 2,4-dinitrotoluene for
water temperatures 15°, 35°,and 55°C measured at all combinatioms of bed

depths, gas-to-liquid ratios, and air temperatures was 7.6 to 33.3, 12.8
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to 40.8, and 25.9 to 47.4 respectively. The range of percent removal of
hexachlorobenzene for water temperatures 15°, 35°,and 55°C measured at
all combinations of bed depths, gas—-to-liquid ratios, and air tempera-
tures was 19.0 to 56.6, 26.8 to 71.6, and 34,1 to 73.7 respectively.
The range of percent removal of phenanthrene for water temperatures 15°,
35°,and 55°C measured at all combinations of bed depths, gas-to-liquid
ratios, and air temperatures was 13.4 to 56.7, 22.0 to 52.6, and 26.2 to
46.3 respectively. The range of percent removal of fluoranthene for
water temperatures 15°, 35°,and 55°C measured at all combinations of bed
depths, gas—to-liquid ratios, and air temperatures was 19.1 to 51.1,
21.9 to 52.6, and 24.4 to 53.3 respectively.

The percentage removal of the volatile and slightly-volatile organic
compounds at a constant 0.6 M bed depth and an air temperature of 5°C
are presented in Table XXI as a function of gas-to-liquid ratio and
water temperature. Table XXII shows similar information for a 0.6 M bed
depth and air temperature 25°C. These results for each organic compound
are explained as follows.

The removal of toluene ranged from 76.3 to 85.2, 79.1 to 99.2, and
85.7 to 94.1% at the gas—to-liquid ratio of 30, 90, and 150, respective-
ly. These pércent removals were determined at a water temperature at
15°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.
The removal of toluene ranged from 92.9 to 98.9, 95.9 to 99.2, and 98.8
to > 99.5% at the gas—to-liquid ratio of 30, 90, and 15, respectively.
These percent removals were determined at a water temperature at 35°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C. The
removal of toluene ranged from 95.7 to 99.5, 95.5 to >99.5, and 96.2 to

>99,5% at the gas-to-liquid ratio of 30, 90, and 150, respectively.



TABLE XXI

THE PERCENT REMOVAL OF ORGANIC COMPOUNDS AT 5°C
AIR TEMPERATURE, 0.6 M BED DEPTH, AND ALL
COMBINATIONS OF WATER TEMPERATURES
ALONG WITH GAS-TO-LIQUID RATIOS

(G/L)

%Z Removal % Removal % Removal
0.6 M Bed Depth 0.6 M Bed Depth 0.6 M Bed Depth

G/L = 30 3/L = 90 G/L = 150
‘ Water Temperature Water Temperature Water Temperature
Compound 15°C 35°C 55°C 15°C 35°C 55°C 15°C 35°C 55°C
Toluene 76.3 92.9 95.7 79.1 95.9 95.5 85,7 98.8 96.2
Chlorobenzene 66.2 88.1 94.0 75.8 90.0 95.6 84.1 92.8 96.7
Ethylbenzene 65.6 90.2 92.1 77.7 92.3 95.6 80.7 94.2 95.7

Tetrachloroethane 19.7 52.2 72.7 27.1 76.2 85.8 29.5 80.9 88.6
1,3-Dichlorobenzene 64.9 86.3 91.4 81.8 90.0 95.1 82.0 91.7 96.3
1,2-Dichlorobenzene 58.2 86.5 90.4 79.1 88.3 95.8 83.4 90.3 97.4

Nitrobenzene 7.1 20.3 21.8 7.9 29.5 40.4 10.8 31.9 40.4
Napthalene 31.2 65.6 80.5 57.9 83.5 93.6 68.9 87.8 94.9
1-Chloronapthalene 30.2 63.1 75.8 53.3 83.1 92,2 66.4 86.5 94.0
2,6-Dinitrotoluene 8.5 11.9 27.1 11.7 12.3 29.4 15.4 21.6 30.4
Fluorene 19.2 38.3 38.4 37.8 50.5 40.5 42.9 60.9 76.3
2,4-Dinitrotoluene 7.6 12.8 25.9 14,0 22.4 20.5 18.1 20.2 29.2
Hexachlorobenzene 19.0 26.9 34.1 22.9 25.1 38.7 27.8 38.9 52.9
Phenanthrene 13.4 22.0 26.2 22.6 33.0 40.7 26.4 36.7 45.7
Fluoranthene 19.1 21.9 24.4% 20.7 24.3 34,2 24.8 30.0 41.5

174}



TABLE XXII

THE PERCENT REMOVAL OF ORGANIC COMPOUNDS AT 25°C

AIR TEMPERATURE, 0.6 M BED DEPTH, AND ALL

COMBINATIONS OF WATER TEMPERATURES
ALONG WITH GAS-TO-LIQUID RATIOS

(G/L)
% Removal % Removal % Removal
0.6 M Bed Depth 0.6 M Bed Depth 0.6 M Bed Depth
G/L = 30 G/L = 90 G/L = 150

Water Temperature

Water Temperature

Water Temperature

Compound 15°c  35°C 55°C 15°¢  35°C 55°C 15°¢c  35°C 55°C
Toluene 85.2 98.9 99.5 91.5 ' 99.2 99.5 94.1 99.5 99.5
Chlorobenzene 75.0 88.9 94.1 79.6 95.6 97.1 85.5 95.7 97.0
Ethylbenzene 71.5 90.5 92.7 78.3 94.2 96.8 83.1 96.9 97.4
Tetrachloroethane 33.6 72.9 78.9 34.0 80.1 93.1 43.6 83.6 95.1
1,3-Dichlorobenzene 69.4 90.0 95.7 84,2 94,1 98.0 86.8 94.1 99.1
1,2-Dichlorobenzene 68.0 89.6 92.9 83.8 92.5 97.1 86,1 93.8 97.4
Nitrobenzene 14.5 23.3 28.3 16.3 29.4 40.0 21.6 36.7 45.3
Napthalene 47.7 77.4 87.0 64.3 87.0 94.0 70.3 90.6 96.2

1-Chloronapthalene
2,6-Dinitrotoluene
Fluorene
2,4-Dinitrotoluene
Hexachlorobenzene
Phenanthrene
Fluoranthene

45.8 70.0 80.6
11,7 25.7 40.3
31.8 41.6 50.4
11.3 26.5 44.6
29.1 29.3 43.6
25.6 43.3 43.3
26.9 33.2 33.2

64.2 84.3 92,6

15.0 26.4 45.7
42.3 52.2 63.1
17.8 28.3 46.8
33.1 41.7 56.7
27.% 35.1 47.9
27.0 34,3 38,6

68.1 89.5 94.7
22,1 29.9 46.0
47.0 62.1 73.6
41.9 35.3  45.7
31.8 49.0 58.2
31.6 38.3 47.9
33.9 40.5 44.8

91
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These percent removals were determined at a water temperature at 55°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C.

The removal of chlorobenzene ranged from 66.2 to 85.2, 75.8 to
79.6, and 84.1 to 85.67 at the gas—to—-liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water tempera-
ture at 15°C, a packing depth of 0.6 M, and air temperatures 5 to 25°C.
The removal of chlorobenzene ranged from 88.1 to 88.9, 90.0 to 95.6, and
92.8 to 95.7% at the gas—to-liquid ratio 30, 90, and 150, respectively.
These percent removals were determined at a water temperature 35°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C. The
removal of chlorobenzene ranged from 94.0 to 94.1, 96.5 to 97.1, and
96.7 to 97.0% at the gas-to-liquid ratio of 30, 90, and 150, respective-
ly. These percent removals were determined at a water temperature at
55°C, a packing depth of 0.6 M, and air temperatures 5 to 25°C.

The removal of ethylbenzene ranged from 65.6 to 71.5, 77.7 to 78.3,
and 80.7 to 83.1% at the gas to liquid ratio of 30, 90, and 150, respec-
tively. These percent removals were determined at a water temperature
at 15°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.
The removal of ethylbenzene ranged from 90.2 to 90.5, 92.3 to 94.2, and
94.2 to 96.9% at the gas—to-liquid ratio of 30, 90, and 150, respective-
ly. These percent removals were determined at a water temperature from
5to 25°C. The removal of ethylbenzene ranged from 92.1 to 92.7, 95.6 to
96.8, and 95.7 to 97.47% at the gas—to—liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water temper-
ature at 55°C, a packing depth of 0.6 M, and air temperatures from 5 to
25°c.

The removal of tetrachloroethane ranged from 19.7 to 33.6, 27.1 to
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34.0, and 29.4 to 43.67% at the gas-to-liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water temper-
ature at 15°C, a packing depth of 0.6 M, and air temperatures 5 to 25°C.
The removal of tetrachloroethane ranged from 52.2 to 72.9, 87.2 to 80.1,
and 80.9 to 83.67% at the gas-to-liquid ratio of 30, 90, and 150, respec-
tively. These percent removals were determined at a water temperature
at 35°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.
The removal of tetrachloroethane ranged from 72.7 to 78.9, 85.8 to 93.1,
and 88.6 to 97.67% at the gas-to-liquid ratio of 30, 90, and 150, respec-
tively. These percent removals were determined at a water temperature
at 55°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.

The removal of 1,3-dichlorobenzene ranged from 64.9 to 69.4, 81.8
to 84.2, and 82.0 to 86.8%7 at the gas-to-liquid ratio of 30, 90, and
150, respectively. These percent removals were determined at a water
temperature at 15°C, a packing depth of 0.6 M, and air temperatures from
5 to 25°C. The removal of 1,3-dichlorobenzene ranged from 86.3 to 90.0,
90.0 to 94.1, and 91.7 to 94.17 at the gas-to-liquid ratio of 30, 90,
and 150, respectively. These percent removals were determined at a
water temperature at 35°C, a packing depth of 0.6 M, and air tempera-
tures from 5 to 25°C. The removal of 1,3-dichlorobenzene ranged from
91.4 to 95.7, 95.1 to 98.0, and 956.3 to 99.1%7 at the gas-to-liquid ratio
30, 90, and 150, respectively. These percent removals were determined
at a water temperature at 55°C, a packing depth of 0.6 M, and air
temperatures from 5 to 25°C.

The range of percent removal of 1,2-dichlorobenzene 58.2 to 68.0,
79.1 to 83.8, and 83.4 to 86.1% at at gas—to-liquid ratio of 30, 90, and

150, respectively. These percent removals were determined at a water
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temperature at 15°C, a packing depth of 0.6 M, and air temperatures 5 to
25°C. The removal of 1,2-dichlorobenzene ranged from 86.5 to 89.6,
88.3 to 92.5, and 90.3 to 93.8% at the gas-to-liquid ratio 30, 90, and
150, respectively. These percent removals were determined at a water
temperature 35°C, a packing depth of 0.6 M, and air temperatures from 5
to 25°C. The removal of 1,2-dichlorobenzene ranged from 90.4 to 92.9,
95.8 to 97.1, and 97.4 to 98.4% at the gas-to-liquid ratio of 30, 90,
and 150, respectively. These percent removals were determined at a
water temperature at 55°C, a packing depth of 0.6 M, and air tempera-
tures 5 to 25°C.

The removal of nitrobenzene ranged from 7.1 to 14.5, 7.9 to 16.3,
and 10.8 to 21.6% at the gas-to-liquid ratio of 30, 90, and 150, respec-
tively. These percent removals were determined at a water temperature
at 15°C, a packing depth of 0.6 M, and air temperatures 5 to 25°C. The
removal of nitrobenzene ranged from 20.3 to 23.3, 29.4 to 29.5, and 31.9
to 36.7% at the gas-to-liquid ratio of 30, 90, and 150, respectively.
These percent removals were determined at a water temperature 35°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C. The
removal of nitrobenzene ranged from 21.8 to 28.3, 40.0 to 40.4, and 40.4
to 45.3% at the gas-té-liquid ratio 30, 90, and 150, respectively.
These percent removals were determined at a water temperature at 55°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C.

The removal of napthalene ranged from 31.2 to 47.7, 57.9 to 64.3,
and 69.9 to 70.37% at the gas-to-liquid ratio of 39, 99, and 150, respec-
tively. These percent removals were determined at a water temperature
at 15°C, a packing depth of 0.6 M, and air temperatures 5 to 25°C. The

removal of napthalene ranged from 65.6 to 77.4, 83.5 to 87.0, and 87.8
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to 90.67% at the gas-to-liquid ratio 30, 90, and 150, respectively.
These percent removals were determined at a water temperature 35°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C. The
removal of napthalene ranged from 80.5 to 87.0, 93.6 to 94.0, and 94.9
to 96.2% at the gas-to-liquid ratio of 30, 90, and 150, respectively.
These percent removals were determined at a water temperature at 55°C, a
packing depth of 0.6 M, and air temperatures 5 to 25°C.

The removal of lfchloronapthalene*ranged from 30.2 to 45.8, 53.3 to
64.2, and 66.4 to 68.1% at the gas—to-liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water temper-
ature at 15°C, a packing depth of 0.6 M, and air temperatures from 5 to
25°C. The removal of l-chloronapthalene ranged from 63.1 to 70.0, 83.1
to 84.3, and 86.5 to 89.5%7 at the gas—-to-liquid ratio of 30, 90, and
150, respectively. These percent removals were determined at a water
temperature at 35°C, a packing depth of 0.6 M, and air temperatures from
5 to 25°C. The removal of l-chloronapthalene ranged from 75.8 to 80.6,
92.2 to 92.6, and 94.0 to 94.7%Z at the gas-to-liquid ratio of 30, 90,
and 150, respectively. These percent removals were determined at a
water temperature at 55°C, a packing depth of 0.6 M, and air tempera-
tures from 5 to 25°C.

The removal of 2,6-dinitrotoluene ranged from 8.5 to 11.7, 11.7 to
15.0, and 15.4 to 22.1% at the gas-to-liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water temper-
ature at 15°C, a packing depth of 0.6 M, and air temperatures 5 to 25°C.
The removal of 2,6-dinitrotoluene ranged from was 11.9 to 25.7, 12.3 to
26.4, and 21.6 to 29.0% at the gas—-to-liquid ratio of 30, 90, and 150,

respectively. These percent removals were determined at a water
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temperature 35°C, a packing depth of 0.6 M, and air temperatures from 5
to 25°C. The removal of 2,6-dinitrotoluene ranged from 27.1 to 40.3,
29.4 to 45.7, and 30.4 to 46.0% at the gas-to-liquid ratio of 30, 90,
and 150, respectively. These percent removals were determined at a
water temperature at 55°C, a packing depth of 0.6 M, and air tempera-
tures 5 to 25°C.

The removal of fluorene ranged from 19.2 to 31.8, 37.8 to 42.3, and
42,9 to 47.0%7 at the gas—to-liquid ratio of 30, 90, and 150, respective-
ly. These percent removals were determined at a water temperature at
15°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.
The removal of fluorene ranged from 38.3 to 41.6, 50.5 to 52.2, and 60.9
to 62.1% at the gas—to-liquid ratio of 30, 90, and 150, respectively.
These percent removals were determined at a water temperature at 35°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C. The
removal of fluorene ranged from 38.4 to 50.4, 40.5 to 52.2, and 73.3 to
76.3% at the gas-to-liquid ratio of 30, 90, and 150, respectively.
These percent removals were determined at a water temperature of 55°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C.

The removal of 2,6-dinitrotoluene ranged from 7.6 to 11.3, 14.0 to
12.8, and 8.1 to 41.9%7 at the gas-to-liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water temper-
ature at 15°C, a packing depth of 0. 6M, and air temperatures 5 to 25°C.
The removal of 2,6-dinitrotoluene ranged from 12.8 to 26.5, 22.4 to
28.3, and 20.2 to 35.3%7 at the gas—-to-liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water temper-
ature 35°C, a packing depth of 0.6 M, and air temperatures from 5 to

25°C. The removal of 2,6-dinitrotoluene ranged from 25.9 to 44.6, 20.5
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to 46.8, and 29.2 to 48.7% at the gas—to-liquid ratio of 30, 90, and
150, respectively. These percent removals were determined at a water
temperature at 55°C, a packing depth of 0.6 M, and air temperatures 5 to
25°C.

The removal of hexachlorobenzene ranged from 19.0 to 29.1, 22.9 to
33.1, and 27.8 to 31.8% at the gas-to-liquid ratio of 30, 90, and 150,
respectively. These percent removals were determined at a water temper-
ature at 15°C, a packing depth of 0.6 M, and air temperatures from 5 to
25°C. The removal of hexachlorobenzene ranged from 26.9 to 29.3, 25.1
to 41.7, and 38.9 to 49.0%7 at the gas—to-liquid ratio of 30, 90, and
150, respectively. These percent removals were determined at a water
temperature at 35°C, a packing depth of 0.6 M, and air temperatures from
5 to 25°C. The removal of hexachlérobenzene ranged from 34.1 to 43.6,
38.7 to 56.7, and 52.9 to 58.2% at the gas-to-liquid ratio of 30, 90,
and 150, respectively. These percent removals were determined at a
water temperature at 55°C, a packing depth of 0.6 M, and air tempera-
tures from 5 to 25°C.

The removal of phenanthrene ranged from 13.4 to 25.6, 22.6 to 27.4,
and 26.4 to 31.67 at the gas—-to-liquid ratio of 30, 90, and 150, respec—
tively. These percent removals were determined at a water temperature
at 15°C, a packing depth of 0.6 M, and air temperatures 5 to 25°C. The
removal of phenanthrene ranged from 22.0 to 33.9, 33.0 to 35.1, and 36.7
to 38.1% at the gas-to-liquid ratio of 30, 90, and 150, respectively.
These percent removals were determined at a water temperature at 35°C, a
packing depth of 0.6 M, and air temperatures from 5 to 25°C. The
removal of phenanthrene ranged from 26.2 to 43.3, 40.7 to 47.9, and 45.7

to 47.9% at the gas—to-liquid ratio of 30, 90, and 150, respectively.
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These percent removals were determined at a water temperature at 55°C, a
packing depth of 0.6 M, and air temperatures 5 to 25°C.

The removal of fluoranthene ranged from 19.1 to 26.9, 20.7 to 27.0,
and 24.8 to 33.9% at the gas-to-liquid ratio of 30, 90, and 150, respec-
tively. These percent removals were determined at a water temperature
at‘15°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.
The removal of fluoranthene ranged from 21.9 to 32.2, 24.3 to 34.3, and
30.0 to 40.5% at the gas-to-liquid ratio of 30, 90, and 150, respective-
ly. These percent removals were determined at a water temperature at
35°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.
The removal of fluoranthene ranged from 24.4 to 33.2, 34.2 to 38.6, and
41.5 to 44.8% at the gas-to-liquid ratio of 30, 90, and 150, respective-
ly. These percent removals were determined at a water temperature at
55°C, a packing depth of 0.6 M, and air temperatures from 5 to 25°C.

Tables XXI and XXII show the effect of the temperature of water and
gas—-to-liquid ratio on the removal of both volatile and slightly-vola-
tile compounds. The percentage removal of each of the contaminants
increased as the water temperature, gas—-to-liquid ratio, and air temper-
ature increased. The results of the percent removal of volatile and
slightly-volatile compounds at 0.9 and 1.2 M bed depths, as shown in
Appendix C, at all combinations of water températures, gas—-to-liquid
ratios, and air temperatures were higher than the 0.6 M bed depth by 4

to 12% and 6 to 16% respectively.



Effect of Water Temperature, Gas-to-Liquid Ratio,
Air Temperature, and Bed Depth on Measured
Overall Mass Transfer Coefficients

(X1a)

In Chapter II, equations were presented to design a packed column.
Using these equations and the experimental data of Henry's constant
along with the percent removal, the overall mass transfer coefficients
(Kla) of the 15 study compounds were calculated. The procedure is out-
lined in Table XXIII. The K;a values, number of transfer units (NTU),
and height transfer unit (HTU) are presented in Appendix C. The range
of measured K;a values for all organic compounds at constant gas-to-
liquid ratios, 30, 90, and 150, at all combinations of water tempera-
tures, air temperatures, and bed dépths are listed in Table XXIV, All
of the compounds in this study show the range of the Kja values decreas-
ing with increasing gas-to-liquid ratio.

A plot of the mass transfer coefficients show a positive slope
versus water temperature, which suggests that a linear regression can
correlate mass transfer coefficients with water temperatures. The data
for mass transfer coefficients (Kja) and water temperatures at all
combinations of bed depths, air temperatures, and gas-to-liquid ratios
for toluene, chlorobenzene, ethylbenzene, tetrachlorbethane, 1,3-
dichlorobenzene, and 1,2-dichlorobenzene exhibit approximately the same
range of values (as seen from the data in Table XXIV). Plots of these
compounds (Kla's) versus water temperatures displayed the same trends.
Thus, chlorobenzene can be selected as representative to show the

behavior of the mass transfer coefficients as a function of water
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TABLE XXIIT

SUMMARY OF PROCEDURE USED TO CALCULATE THE
EXPERIMENTAL MASS TRANSFER COEFFICIENT
(Rqa)

Calculate NTU, using G/L, measured H, and the fraction of the influent

contaminant remaining:

c? RTL RTL
NTU = — 1 1n L o -_—_m) 4 m
RTL cl HG, HG,
1 - m 1
e

Calculate HTU as:

HTU = _2_
NTU

Calculate the mass transfer coefficients:

Kja = Lm_
HTU




TABLE XXIV

THE RANGE OF MEASURED OVERALL MASS TRANSFER
COEFFICIENTS K;a VALUES FOR ORGANIC
COMPOUNDS AT CONSTANT GAS-TO-LIQUID

30, 90, AND 150 CALCULATED AT
ALL COMBINATIONS OF WATER
TEMPERATURES, BED DEPTHS,

AND AIR TEMPERATURES

The Range of K;a Values The Range of Kja Values The Range of K;a Values

Measured at a Constant G/L Measured at a Constant G/L Measured at a Constant G/L

= 30 and All Combinations = 90 and All Combinations = 150 and All Combinations

of Water Temperatures, Bed of Water Temperatures, Bed of Water Temperatures, Bed
Compounds Depths, and Air Temperatures Depths, and Air Temperatures Depths, and Air Temperatures
Toluene NA NA NA
Chlorobenzene 68.91 - 152.30 27.81 - 46.80 20.44 - 27.84
Ethylbenzene 64.18 - 129,50 28.93 - 42.28 18.05 - 25.14
Tetrachloroethane 15.67 - 248.80 , 6.55 - 43.09 4.01 - 21.73
1,3-Dichlorobenzene 70.70 - 166.70 34.58 - 47.25 19.31 - 25.55
1,2-Dichlorobenzene 58.48 - 148.50 31.73 - 44,57 20.42 - 25.40
Nitrobenzene 5,19 - 35,54 1.66 - 15.52 1.30 - 11.25
Napthalene 28.82 - 259.20 19.62 - 50.16 14.50 - 30.39
1-Chloronapthalene 29.81 - 229.50 16.91 - 49.59 13.78 - 25.56
2,6-Dinitrotoluene 5.47 - 26.76 2.42 - 5,58 1.8 - 3.01
Fluorene 12,70 - 93,51 9.36 - 23.92 6.26 - 11.00
2,4-Dinitrotoluene 4.80 - 20.32 2.99 - 6.41 2,25 - 3.54
Hexachlorobenzene 12.51 - 27.99 4,98 - 9,05 3.56 - 7.47
Phenanthrene 10.90 - 55.14 5.62 - 6.73 3.66 - 3.71
Fluoranthene 24,52 - 101.10 5.09 - 8.87 4,00 - 4.68

NA = Not Applicable.

9¢1
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temperatures. Figures 39 through 47 present the plotted graphs of mass
transfer coefficients versus water temperatures for chlorobenzene at all
combinations of bed depths, air temperatures, and gas-to-liquid ratios.

The data for mass transfer coefficients (Kla) and water tempera-
tures at all combinations of bed depths, air temperatures, and gas-to-
liquid ratios for napthalene, l-chloronapthalene, and fluorene exhibit
approximately the same range of values (as seen from the data in Table
XXIV). Plots of these compounds (Kla's) versus water temperatures
displayed the same trends. Thus, napthalene can be selected as repre-
sentative to show the behavior of the mass transfer coefficients as a
function of water temperatures. Figures 48 through 56 present the plot-
ted graphs of mass transfer coefficients versus water temperatures for
napthalene at all combinations of bed depths, air temperatures, and gas-
to-liquid ratios.

The data for mass transfer coefficients and water temperatures at
all combinations of bed depth, air temperatures, and gas-to-liquid
ratios for nitrobenzene, 2,6-dinitrotoluene, 2,3-dinitrotoluene, hexa-
chlorobenzene, phenanthrene, and fluoranthene exhibit approximately the
same range of values (as seen from the data in Table XXIV). Plots of
these compounds (Kla's)- versﬁs water temperatures displayed the same
trends. Thus, 2,6-dinitrotoluene can be selected as representative to
show the behavior of the mass transfer coefficients as a function of
water temperatures. Figures 57 through 65 present the plotted graphs of
mass transfer coefficients versus water temperatures for 2,6-dinitro-
toluene at all combinations of bed depths, air temperatures, and gas—-to-

liquid ratios.
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Figure 57. Measured Mass Transfer Coefficients Versus
Influent Water Temperature
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Figure 58. Measured Mass Transfer Coefficients Versus
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In Figures 39 through 65 it can be noted that compounds with higher
Henry's constant (chlorobenzene), have higher mass transfer coeffic-
ients. These wvalues are higher at higher temperatures and lower at
lower temperatures. The results also show that as the gas—to-liquid
ratio increases, the mass transfer coefficients for all compounds become
similar. This is because of the turbulent conditions at higher gas-to-
liquid ratios. At low gas-to-liquid ratios, the flows in the packed
column are closer to the liminar conditions. Under these conditions,
the mass transfer occurring is mostly due to molecular diffusion and,
hence, the mass transfer rate will differ from compound to compound to a
maximum extent (although not a large value). When turbulent conditions
occur in the packed column (such as flooding or high gas-to-liquid
ratios), the mass transfer is mainly caused by eddy diffusion and the
mass transfer coefficients become similar for all compounds (11).

The resulting linear regression equations and correlation coeffi-
cients of overall mass transfer coefficients (Kla) with water tempera-
ture at all combinations of bed depths, air temperatures, and gas-to-
liquid ratios for toluene, chlorobenzene, ethylbenzene, tetrachloroe-
thane, 1,3-dichlorobenzene, 1l,2-dichlorobenzene, nitrobenzene, naptha-
lene, l-chloronapthalene, 2,6-dinitrotoluene, fluorene, 2,4-dinitroto-
luene, hexachlorobenzene, phenanthrene, and fluoranthene are listed in
Tables XXV, XXVI, XXVII, XXVIII, XXIX, XXX, XXXI, XXXII, XXXIII, XXXIV,
XXXV, XXXVI, XXXVII, XXXVIII, AND XXXIX, respectively. Because all
these expressions possess high correlation coefficients, the 1linear
correlation between water temperatures and ¥;a values measured at all

combinations in this study seem applicable.
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TABLE XXV

LINEAR CORRELATION OF OVERALL MASS TRANSFER
COEFF ICIENTS (Kla) WITH INFLUENT WATER
TEMPERATURE FOR TOLUENE

Water Temperature

Influent Air Dependence Linear Correlation

Bed Depth Temperature Regression Equation Coefficient

(m) G/L (°c) (1/nr) (r)
0.6 30 5 Kqa = 60.17 + 2.559T 0.9617
0.6 90 5 Kja = 23.57 + 0.7395T 0.8934
0.6 150 5 Rqa = 11.20 + 0.6958T 0.9966
0.6 30 15 Kija = 63.44 + 3,140T 0.3894
0.6 90 15 Kia = 29.48 + 0.8772T 0.8351
0.6 150 15 Ria = 18.90 + 0.6102T 0.9387
0.6 30 25 - -
0.6 90 25 - -
0.6 150 25 - -
0.9 30 5 : - -
0.9 90 5 - -
0.9 150 5 - -
0.9 .30 15 - -
0.9 90 15 - -
0.9 150 15 - -
0.9 30 25 - -
2.9 90 25 - -
0.9 150 25 - -
1.2 30 5 - -
1.2 90 5 - -
1.2 150 5 - -
1.2 30 15 - -
1.2 90 15 - -
1.2 150 15 - -
1.2 30 25 - -
1.2 90 25 - -
1.2 150 25 - -

"-" js a symbol of percent removal greater than 99.5.
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TABLE XXVI

LINEAR CORRELATION OF OVERALL MASS TRANSFER
COEFFICIENTS (Kla) WITH INFLUENT WATER
TEMPERATURE FOR CHLOROBENZENE

Water Temperature

Influent Air Dependence Linear Correlation
Bed Depth Temperature Regression Equation Coefficient
- (m) G/L (°c) (1/hr) (r)
0.6 30 5 Kia = 33.66 + 2,6820T 0.9873
0.6 90 5 Kya = 15.55 + 0.8315T 0.9997
0.6 150 5 Kia = 13.88 + 0.4358T 0.9994%
0.6 30 15 Ria = 48.67 + 2.4455T 0.9952
0.6 90 15 Ksa = 15,18 + 0,9085T 0.9972
0.6 150 15 Kya = 16.18 + 0.4212T 0.9731
0.6 30 25 Kqa = 56.64 + 2,1150T 0.9953
0.6 99 25 Ria = 20.41 + 0.9392T 0.9473
0.6 150 25 Kia = 15.18 + 0.4518T 0.9593
0.9 30 5 Ria = 41.34 + 2,3268T 0.9906
0.9 90 5 Kia = 19.77 + 0.7702T 0.9822
0.9 150 5 Rqa = 11,08 + 0.4535T 0.8167
0.9 30 15 Kia = 42.99 + 2.9575T 0.9999
0.9 90 15 Kqa = 26.53 + 0.6685T 0.9681
0.9 150 15 Kia = 16.95 + 0.3668T 0.9793
0.9 30 25 Kia = 39.88 + 2,0883T 0.9848
0.9 90 25 Kia = 23.07 + 0.8355T 0.9947
0.9 150 25 Kia = 13.95 + 0.9715T 0.9579
1.2 30 5 Kia = 59,49 + 1,0642T 0.9064
1.2 90 5 Rqia = 14,16 + 0,6108T 0.9119
1.2 150 5 Rya = 17.10 + 0.1627T 0.8248
1.2 30 15 Rqa = 43.44 + 1.3925T 0.9879
1.2 90 15 Kja = 15.87 + 0.6250T 0.9721
1.2 150 15 Kqa = 13.38 + 0.3170T 0.9984
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