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ABSTRACT OF THE DISSERTATION

Volatilization of Organic Compounds

in an Aerated Stirred Tank Reactor
by

Judy Ann Libra
Doctor of Philosophy in Civil Engineering
University of California, Los Angeles, 1991

Professor Michael K. Stenstrom, Chair

Volatilization must be considered as a removal mechanism when treating waste-
waters containing volatile organic compounds (VOC’s). This study investigated
the simultaneous mass transfer of oxygen and three organic compounds in an
aerated stirred tank reactor to determine if the ratio of the two mass transfer coef-
ficients, K;ayoc/kiag,, can be used to predict volatilization rates for semi-volatile
compounds. This work expands the range of compound volatility and the types
of waters investigated to semi-volatile organic compounds in water containing

an anionic surfactant over a larger power range than previously studied.

The mass transfer coefficients of oxygen and three VOC'’s: toluene, dichlorome-
thane, and 1,2-dichlorobenzene, were determined in three water systems: tap
water, tap water with an anionic surfactant, dodecyl sodium sulfate (DSS), and
tap water with biomass (k;ag, only). A steady state method was used. Experi-

ments were made to span the range of mass transfer coefficients found in both

xviii




municipal and industrial wastewater treatment processes. The results were

analyzed using dimensional analysis.

As power density increased, the liquid film mass transfer coefficient (k;a) in-
creased, while the gas film mass transfer coefficient (kga) remained constant.
Thus, the gas side resistance became important for compounds with lower
volatility, and K;ayoc approached a constant. The ratio of the two mass transfer
coefficients, K ayoc/kiao, (¥,.), therefore, decreased over the range of power stu-
died. Because K;ayoc approached a constant as power increased, the volatiliza-
tion rates became independent of power. Using the two resistance theory, ¥,
can be calculated for a VOC for the reactor operating conditions from its Henry’s
constant, the ratio of the VOC and oxygen liquid diffusion coefficients and the
ratio of the gas and liquid film coefficients (kga/k;a). The rate can be predicted

using ¥, and k;ap,.

The effect of an anionic surfactant (DSS) on mass transfer varied according to the
hydrodynamic conditions in the reactor. In the moderately turbulent region both
mass transfer coefficients were reduced in the presence of DSS, recovering to the
values found in tap water as power increased. In the highly turbulent region,
k,ag, increased significantly. The VOC mass transfer coefficients recovered only
to the values found in tap water. Therefore, ¥, ;¢ = ¥npp , in the moderately tur-
bulent region and ¥, . < ¥,.pp in the highly turbulent region.

The effect of biomass on k;a, was not correlatable with the surface tension of the

mixed liquor.

xix




1 Introduction

The activated sludge process is a popular method to treat wastewaters. It is used
extensively for both municipal and industrial wastewater treatment and is being
investigated for the treatment of contaminated groundwaters, landfill leachates,
and soils. The process theoretically relies on aerobic microbial degradation (con-
version to CO, and H,0) to remove toxic compounds and other dissolved or-
ganic matter. Therefore, the activated sludge process is preferred over physical

processes that concentrate the contaminant in one phase, which must then be

disposed of properly.

However, there are other possible removal mechanisms besides biotransforma-
tion or biodegradation in the process, so that the ultimate fate of the compound
is important to consider when evaluating the effectiveness of the activated
sludge process in removing organic contaminants. Often pollutant removal from
wastewater is the result of transferring the problem from one of water pollution
to one of air pollution, or indirectly, through sludge disposal, transferring the
pollutant from water to solids and back again by leaching of the pollutant from
the sludge at a landfill or to the air by volatilization when drying the sludge.
Which mechanisms are involved and the magnitude of their contribution is im-

portant to know when trying to decrease pollution effects from a wastewater.

Removal of toxic compounds in an activated sludge system can be accomplished
in three ways:

1. transfer to the solid phase

2. biotransformation/degradation

3. transfer to the air




This study focuses on the transfer of organic compounds from water to air, often
called volatilization or stripping. The more volatile the compound, the larger the
probability that the compound will be transferred to the air before it can be bio-
degraded. However, not only the type of compound, but also the type of process
determines which removal mechanism dominates. A summary of the unit
processes that make up the activated sludge treatment train and the major re-

moval mechanisms of each unit is found in Table 1.

Table 1. Removal mechanisms in the activated sludge system.

UNIT EXITING STREAM REMOVAL MECHANISM
Preliminary screening, grit  Gas Volatilization
removal Solids Adsorption
Primary sedimentation Gas Volatilization
Solids Adsorption
Aeration Basin Gas Volatilization
Biotransformation/
degradation
Secondary sedimentation Solid Adsorption
Chlorination ~ Gas Chemical reaction
Effluent discharge Liquid Pass Through

Adsorption to solids and subsequent sedimentation as a removal mechanism for
volatile organic compounds (VOC’s) has been found to be of little importance in
the aeration basin (Kincannon and Stover, 1983; Dixon and Bremen, 1984). Al-
though adsorption to primary sludge as a removal mechanism was found to be
significant for some VOC's, e.g. up to 33% of the ethylbenzene found in the

primary clarifier was removed by adsorption to the sludge (Dixon and Bremen,




1984), a study of 50 publicly owned treatment works (POTW's) (USEPA, 1982)
found the total removal due to sludge streams was generally <5% for most of the
VOC’s investigated. Biological transformation of the VOC can be the major re-
moval mechanism depending on whether the bacteria are acclimated, or have
time to produce the enzymes necessary to degrade the compound, i.e. the
residence time of the VOC's in the water is long enough. The fate, then, of a VOC
can be viewed as being a competition between volatilization and biotransforma-

tion.

Chang et al. (1987) provide a good review of the work published on the fate of
volatile organic compounds (VOC’s). In their study of POTW’s in southern Cali-
fornia, they found that VOC emissions from POTW’s can potentially be a major
point source of air pollution. In discussing the results, Corsi et al. (1989) pointed
out that the exposure to the emissions of people working around the plant and in
the immediate vicinity could be a potential health hazard. The study used a
worst case scenario where all the VOC's entering the POTW were removed due
to volatilization. This may possibly be the case in POTW'’s where the biomass in
the aeration basin has little chance to acclimate to the varying influent concentra-
tions. VOC losses from the units other than aeration have been reported to be as
high as 50% (Berglund et al., 1985). The following conclusions can be drawn from
their study: 1) All unit processes in the treatment train have to be evaluated for
VOC losses and 2) VOC losses from POTW'’s can be substantial air pollution

point sources.

In order to measure the VOC losses exactly, the gas emissions from the various
units must be trapped and analyzed for VOC’s. Taking representative samples of

gas streams with changing concentrations is a problem that has to be solved in




order to evaluate the volatilization from gas concentrations. The other possibility
would be to determine the VOC over-all mass transfer coefficient, K;ayoc, for the
units and this in conjunction with the liquid concentration can be used to calcu-
late the VOC losses. Since determining the K;ayoc for each unit can be very work
and time intensive, requiring much analytical chemistry, a simpler method

relating easily measured parameters to VOC loss is needed.

The relationship between the mass transfer coefficients for VOC’s and oxygen,
Kiavoc and Kjag,, has been shown to be very useful in natural bodies of water
(Smith et al., 1983). Work on relating K;ayoc to K;ap, for engineered systems has
produced good results for clean water (Roberts and Daendiliker, 1983). In work
done with a surface aerator, they showed that the ratio K;ayoc:Kiap, is constant
for highly volatile organic compound over a range of turbulence (0.8-320 W/m®

in distilled water and filtered secondary effluent.

The relationship between K;ayoc and K;ap, is desirable as a method of calculating
the volatilization losses, because K a, is usually known. If this relationship is
valid for all types of water, and its magnitude and the liquid concentration of the
organic compound were known, we would be able to calculate the maximum
volatilization losses possible for a certain engineering process. To calculate the
real losses, the biotransformation and adsorption of the compounds by the
bacteria must also be quantified. In order to use the ratio of the mass transfer co-
efficients to quantify volatilization in real wastewater situations, this relationship

must be validated for contaminated waters.

In order to do this, the effect of wastewater contaminants on mass transfer must

be known, qualitatively and quantitatively. Mass transfer of oxygen in clean wa-




ter/air systems has been extensively investigated and correlated with success.
However, many parameters change in real wastewaters. Three of the important
parameters are 1) the coalescence behavior of the bubbles, 2) the presence of sur-
factants in the water, and 3) the presence of a solid phase (biomass). In the treat-
ment of municipal wastewater, an increase in mass transfer over the length of the
aeration basin is found corresponding to degree of treatment (Stenstrom, 1990).
Typical changes in the surface tension of the wastewater are from ~40 mN/m of
the basin influent to ~65 mN/m of the effluent. The organic concentration de-

creases from ~200 to 20 mg BOD/L.

The purpose of this study was to investigate the effect of these parameters on the
mass transfer coefficients. By using model wastewaters, the effect of changes in
bubble coalescence, and the presence of surfactants and biomass on mass transfer
was studied. The mass transfer coefficients of three volatile organic compounds
and oxygen were measured with a steady state method in a continuous flow
stirred tank reactor (CFSTR) with a sparged turbine aerator. The three com-
pounds were chosen to span the range of volatility to include both liquid and gas
side resistance. The compounds investigated were: toluene, dichloromethane,
and 1,2-dichlorobenzene. They have dimensionless Henry’s constants ranging
from 0.240 to 0.095. The surface tension was changed through the addition of an
anionic surfactant, dodecyl sodium sulfate (DSS); the bubble coalescence was af-
fected by m-cresol, as well as DSS; and waste sludge from a municipal wastewa-
ter treatment plant was used to study the effect of biomass. The experimental
work was performed at the Technical University of Berlin, Federal Republic of

Germany.




2 Theory and literature review

Bird, Stewart, and Lightfoot in their 1960 edition of Transport Phenomena said:
"Two-fluid mass-transfer systems offer many challenging problems: the flow be-
havior is complicated, the moving interface is virtually inaccessible to sampling,
the interfacial area is usually unknown, and many of the practically important
systems involve liquid-phase chemical reactions. A better basic understanding of

these systems is needed." Thirty years later, the statement is still valid.

The transfer of mass between two phases depends on the properties of each of
the two phases and the interface between them, on the properties of the material
to be transferred, and on the fluid dynamics of the apparatus used to carry out
the transfer. These influences are generally divided into two groups: a mass
transfer coefficient and driving force. The driving force is the concentration gra-

dient between the phases and the mass transfer coefficient represents the rest of

the influences.

The following section discusses the mass transfer theory, the parameters that in-
fluence the mass transfer coefficient and the driving force, and the methods used

to measure the mass transfer coefficient.

2.1 Mass transfer coefficients

When material is transferred from one phase to another across a separating in-
terface, resistance to mass transfer causes a concentration gradient to develop in
each phase (Figure 1). The resistance in each phase is made up of two parts: the
diffusional resistance in the laminar film and the resistance in the bulk fluid.
There is also another resistance to transfer; the interface itself. This resistance is

thought to be negligible in most cases, however, exceptions do occur, e.g. when




surface active species concentrate at the interface, or when the mass transfer rate
is very high (Treybal, 1968). All current theories on mass transfer, i.e. film, sur-
face renewal, and penetration theory, assume that the resistance in the bulk

fluid is negligible and the major resistance occurs in the laminar films on either

side of the interface.

Fick’s law of diffusion forms the basis for these theories and leads to various re-
lationships between the mass transfer coefficient and the diffusion coefficient,
D, depending on the assumptions and boundary conditions used to integrate
Fick’s law. In the film theory, the concentration gradient is assumed to be at
steady state and linear, (Figure 2) (Lewis and Whitman, 1924). However, the
time of exposure of a fluid to mass transfer may be so short that the steady state
gradient of the film theory does not have time to develop. The penetration
theory was proposed to account for a limited, but constant time that the fluid
eddies are exposed to mass transfer at the surface (Higbie, 1935). The surface re-
newal theory brings in a modification to allow the time of exposure to vary
(Danckwerts, 1951). The three theories then predict the film mass transfer

coefficient is a function of D", with n varying from 0.5 to 1.
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The mass transfer flux is defined as:
N =kg(cg—cg) =k (cy,—cL) (1)

where: N = mass transfer flux

k, = liquid film mass transfer coefficient
k. = gas film mass transfer coefficient
c,; = liquid interfacial concentration
cg; = gas interfacial concentration

¢, ¢ = bulk phase concentration

The concentrations of the diffusing material in the two phases immediately
adjacent to the interface are generally unequal, but are usually assumed to be

related to each other by the laws of thermodynamic equilibrium.

In order to calculate the specific mass transfer rate, mass per unit time and unit
volume, the specific surface area, a, defined as transfer surface area/volume of

liquid, is needed in addition to k;.

m = k,_a (CL'. - CL) (2)
where: m = specific mass transfer rate

A .. .
= V = volumetric interfacial area

The transfer interface produced by most of the mass transfer apparatus we will

be considering is in the form of bubbles. Measuring the surface area of swarms




of irregular bubbles is very difficult. This difficulty in determining the interfa-
cial area is overcome by not measuring it separately, but rather lumping it

together with the mass transfer coefficient and measuring k;a as one parameter.

The concentration of the transferred material in each phase, i.e. the driving
force, should theoretically be included in the list of parameters on which the
mass transfer coefficient depends (Spalding, 1963). The relation between mass
transfer rate and driving force in certain cases, e.g. high mass transfer rates, is
non-linear; therefore, the mass transfer coefficient itself depends on the mass
transfer rate. This effect arises from the distortion of the velocity and concentra-
tion profiles by the flow of the material through the interface (Bird, Stewart, and
Lightfoot, 1960). In the limit of small mass transfer rates, which is the case for all
of the mass transfer encountered in aeration applications, the distortion may be
neglected. This distortion is negligible especially in the direction from the gas
phase into the liquid phase, because a much higher transfer rate is required to

distort the liquid concentration profile.

2.1.1 Over-all mass transfer coefficients

The experimental determination of the coefficients k;a and kga is very difficult.
When the Henry’s absorption isotherm is linear, over-all coefficients, which are
more easily determined by experiment, can be used. Over-all coefficients can
be defined from the standpoint of either the liquid phase or gas phase. Each
coefficient is based on a calculated over-all driving force, defined as the differ-
ence between the bulk concentration of one phase and the equilibrium concen-
tration corresponding to the bulk concentration of the other phase. When the
controlling resistance is in the liquid phase, the over-all mass transfer

coefficient K; a is generally used.
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3)

where: ¢, = liquid concentration in equilibrium with the bulk gas concentration

For dilute non-reacting solutions, Henry’s law is used to describe the equilib-

rium distribution between the bulk liquid and gas phase (Figure 3):

t ]
Cc—Cqg; Cg;,—Cg

 J
CL—Cy; Cri—CL

c =

and since the function passes through the origin:

where: H_ =dimensionless Henry’s constant

(4)

Slope = H,
S Slope = -k, /k 4 \
: \
E Copr— — — — — —ex —{— — — — — —
3
5 Cei|— — — — — — -+ - — - = I
@ | [ I
8 * | |
_g- CG ______ l |
0 | I
5]
O] | | |
| | I
CL Cyi L

Liquid phase concentration

Figure 3. Over-all and interfacial concentration differences (after Sherwood et

al., 1975).
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Rearranging equation 3 and substituting in the Henry’s constant:

Rp=R,+Rg=—m— = —— 4 — ©
=L G_KLa—kLa H,_.-k(;a
or:
k.a )]
K,a= P
L+

where: R, = total resistance
R, =liquid phase resistance

R = gas phase resistance

The ratio of k;a/kga to H. is important in deciding where the major controlling
resistance lies. When k;a << kga'H,, the liquid side resistance dominates and
K;a = k;a . This is usually true for oxygen transfer, but may not be true for vol-
atilization of organic compounds. K;a is defined and valid for systems where
kia=kgaH, ; however, the over-all mass transfer coefficient is no longer a
function of only the liquid phase parameters, but also of the gas phase parame-

ters.

Since the film coefficients are functions of the system fluid dynamics, it is clear
that the controlling resistance can be influenced by conditions other than the

Henry’s constant.
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2.1.2 Dimensional analysis of mass transfer in a stirred tank
Listing the variables that affect the mass transfer between two phases in a
stirred tank, considering the liquid phase resistance, the complexity of the

problem becomes clearer:

mass transfer rate =m =k,a - (driving force) (7)
and .

(8

P
k.a =/(V’ Vs & V1, P Vs Pes D> 01, 8i;  Reactor geometry)

process parameters physical properties

2
where: P =power (M 2L )
T
V =reactor volume (L?)

v, = superficial gas velocity (%)
. . L
g = gravitational constant F
L2
v = kinematic viscosity T
(M
p =density [7
M
o = surface tension (—;]
T

2
D =diffusion coefficient (%)

Si = coalescence behavior of the bubbles

13




Carrying out a dimensional analysis of the above parameters, we find the fol-

lowing relationship for a certain reactor geometry (Zlokarnik, 1978):

113 v . 9
kLa(XEJ _ F v % 1 > P_G—’ ;’E’SCL’ G, Si
g VpL(g'v.) (gv)’ L

where: Sc = Schmidt number, g—

. . . o
¢ = dimensionless surface tension, -
K
p(v'gy

Si" = Coalescence number, not yet defined

If we want to compare the simultaneous mass transfer of oxygen and a dis-
solved organic compound in the same liquid/gas system, realizing that the
physical properties (except diffusivity) of the phases are the same for both

mass transfer coefficients, the above relationship reduces to:

Al
ka|— | = 8 1],8¢,
8 Vpog*v)'l Lgv.)

A similar analysis could be made for ksa. The dependence of the over-all mass

transfer coefficient on these parameters can then be calculated from the two

film coefficients, and H, using equation 5.

Dimensional analysis has been applied to the results of oxygen transfer experi-
ments to develop scale-up factors. In oxygen transfer the liquid-side resistance
dominates and K;a=k;a. Therefore, no information about ksa is needed. In

clean water/air systems equation 10 reduces to:
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el 2
kLa — =A % . 1
g VpL(gtvy) gv.)

The factor A and the exponents a and b depend on the system geometry.
Figure 4 shows the typical geometry of standard stirred tanks. For Rushton
turbines, the assumption: b= 1-a, is often made for the water/air system, then

equation 11 can be rearranged:

; (12)

kya (v 5_A[ P ]
Vv, g VpLng)

where:

1

ka* ka(vY
L = (&‘-J = Sorption number

\A Ve L E

P -

(V,) = P = Dispersion number
Vs VpLgv.r

In analyzing the kjan,’s reported in 12 publications found by nonsteady state
reaeration tests in geometrically similar stirred tanks using water/N2/air sys-
temns, Judat (1982) used this equation to correlate the data within +30% (Figure

5).
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2.1.3 Empirical correction factors for k;a

When evaluating the oxygen mass transfer rate in geometrically similar reac-
tors for various gas/liquid systems, the correlations based on dimensional
analysis presented above can be used to predict the mass transfer coefficient
for each system. However, in the treatment of wastewater, the constituents of
the liquid phase are highly variable depending on the source of the wastewa-
ter. The differences between wastewater and tap water may not effect a notice-
able change in the density or viscosity, but may drastically change the mass
transfer coefficient. This change may be due to changes in surface tension or
bubble coalescence behavior; unfortunately, no reliable correlations exist for
the dependence of k;a on surface tension and a method of quantifying the

coalescence behavior of bubbles has yet to be developed.

Another correction necessary for the comparison of k;a’s measured under vari-
ous conditions is the temperature correction to 20°C. Viscosity, density, surface
tension, and diffusivity are all affected by temperature. The dependance of
these physical properties on temperature is well-known and correlations exist.
The influence of temperature on the mass transfer rate should be described by
relationships similar to equation 9, however, the influence of the dimensionless
groups of physical properties are normally unknown.

In order to aid in the design of wastewater treatment facilities, empirical fac-
tors, . and 6, have been developed to quantify the change in the mass transfer

coefficient due to contaminants and temperature variations in the wastewater.

The alpha factor, o, has been defined to quantify the effect of contaminants on

the mass transfer coefficient. It is the ratio of the mass transfer coefficient mea-

sured in the wastewater to the mass transfer coefficient measured in tap water.

17




ki Gww (13)

kiare

The mass transfer rate in full scale reactors used in treating wastewater is often
measured in tests using tap water. The o factor can be used to adjust this mass
transfer rate to the mass transfer rate expected for the wastewater. Stenstrom
and Gilbert (1981) present a comprehensive review of the literature on a for
aeration. The disadvantages of using a lumped empirical correction factor

becomes clear when one considers that a has been found to change depending

on:

1) intensity of mixing or turbulence.
2) concentration of contaminants
3) method of aeration:

fine bubble < coarse bubble < surface aerators

Obviously the hydrodynamic conditions of the system affects mass transfer
differently in wastewater than in tap water. Especially difficult to quantify
with the o value is the effect of wastewater on the interfacial area. Clearly, a
better understanding of the relationship between physical properties and k;an,
and the quantification of these physical properties in wastewater is necessary,

so that correlations based on dimensional analysis can be made.

Correct determination of k;a is, of course, always essential. Brown and Baillod
(1982) point out that the o value from the ratio of two incorrectly measured
mass transfer coefficients, apparent mass transfer coefficients, is different from
the o of true mass transfer coefficients. However, for k; ag, values typically

found in municipal aeration basins, they find the error introduced is about 6%
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and within the accuracy of the ¢ measurement (10%).

Temperature affects all the physical properties: viscosity, density, surface ten-
sion, and diffusivity. The empirical factor most often used to account for the

temperature changes in all these parameters is the theta factor, 6:

k ay=ka;- 6% " (14)
where:
kia,, =k a at 20°C

k ar =k, a at temperature T

0 = temperature correction coefficient
In reviewing the literature on temperature corrections, Stenstrom and Gilbert

(1981) found values for 6 range from 1.008 to 1.047, and suggested 6 = 1.024
should be used. Various researchers have proposed that the temperature de-
pendence of k;a is not only a function of the physical properties, but also of
turbulence. This would suggest that each type of mass transfer apparatus, i.e.

surface, diffused, and turbine aerators, has a different correction factor.

Khudenko and Garcia-Pastrana (1987) investigated a temperature correction
factor for mass transfer coefficients based on the critical energy required for
molecules to penetrate the gas-liquid interface. Although this is still an over-
simplified approach considering all the variables dependent on temperature,
they made an interesting analysis of the reasons why the temperature
correction factor 6 has often been found to be dependent on hydrodynamic

conditions.

They postulate that the main reason for the substantial variations in the tem-

perature correction factor found in the literature is that the temperature correc-
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tion factors were developed from apparent mass transfer coefficients, not true
mass transfer coefficients. Using computer simulation, they show that the
observed temperature correction factor depends on the mass transfer coeffi-
cient itself when the apparent mass transfer coefficient is used. Thus explaining
the reported dependence of the temperature correction factor on turbulence. In
order to examine the effect of surface tension on the temperature correction
factor, they added surfactant to the water; the temperature correction factor
was not affected. For the temperature range normally found in wastewater
treatment plants, 5-30° C, Khudenko and Garcia-Pastrana found their correc-
tion factor and the temperature correction factor used in equation 13 (with

0=1.024) to be comparable (+5%).
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2.1.4 Two component transfer

Now we can consider the transfer of two compounds in opposite directions in
the same mass transfer apparatus, compound A in the gas phase and com-
pound B in the liquid phase. Examining the factors influencing mass transfer

with liquid-side resistance only:

(15)

P
ka= /(V’ Ve & VP, Ver Pes D1, 01,81, Reactor geometry)

It is easy to see that the reactor geometry and the fluid flow rates, therefore, the
fluid dynamics of the total system, are the same for both compounds; the
interfacial area, along with the bubble coalescence and physical properties of
the phases are the same for each compound; and the presence of a solid phase
should also have the same effect on both compounds, unless there is mass
transfer enhancement due to simultaneous depletion in one of the phases, i.e.

fast chemical reactions.

Therefore, the ratio of two liquid film mass transfer coefficients (often called ¥

for the ratio between VOC’s and O, mass transfer coefficients) reduces to:

L (16)
kpag D,

When the liquid film resistance dominates (K;a = k; a), then only the ratio of
the liquid diffusion coefficients affects the ratio of the overall mass transfer

coefficients for the simultaneous transfer of two compounds in one system.

As discussed in Section 2.1.1, the assumption that the liquid side dominates de-
pends on the ratio of the film coefficients kgsa/k;a. In work on volatilization

from natural bodies of water, Mackay and Leinonen (1975) report typical
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kca/k,a ratios range from 50-300. Assuming kca/k;a = 200, the resistances be-
come approximately equal when H, = 0.005 and the liquid side resistance dom-
inates (kia/K;a = 0.95) for H. > 0.10. This is valid for natural bodies of water,
the system for which the film coefficients were determined. For engineered
systems with much more turbulence, i.e. surface and bubble aeration, Munz
and Roberts (1984) found kca/k;a to be closer to 20 and Hsieh (1990) found a
ratio of 6. In such systems, the compounds must be more volatile (H, > 0.95, or
3.17 respectively) in order to assume the liquid side resistance dominates. Only

very volatile compounds fulfill this requirement.

If we consider an example for toluene:

Given: Kayoc =0.00025s™
kca/kia=6
He =024
subst.in eqn 5: 1/0.00025=1/x+1/(0.24"y)
where: 6x=y
then: kia =0.00042 s and kca = 0.00252 s
and: Hckea = 0.24 ° 0.00252 = 0.00060 s™

The requirement that k;a << Hckga is not fulfilled, in fact, k;a = Hckga. There-
fore, the assumption that liquid side resistance dominates is not valid here.
Looking at a hypothetical case where kga remains constant, but k; a increases
ten-fold, we find that K;a = 0.00052 s™. Thus, a ten-fold increase in k;a results
in only a doubling of K;a when Hckga is on the same order of magnitude as

k,a.
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In the relationship between the mass transfer coefficients, ¥, developed above,

the assumption was liquid phase resistance dominates and K;a = k;a:

b kLavoc (D Lvoc}'l (17)

N kao, - Dy,
Since this does not hold true for the less volatile compounds studied here in

engineered systems, a new ¥ can be defined (Hsieh, 1990):

(18)

_Kiayoc
ki ao,

m

In order to find the relationship between the two ¥’s, we must go back to the

over-all mass transfer coefficient:

combining equations 17 and 18:

_Kiavoc kLavoc ) Kiayoc v, K ayoc (19)
" ko, kao, kiayoc kLavoc
rearranging equation 6:
R, K,a 1 (20)
Ry ka ke
T INEE
and substituting in equation 19:
1 R, (21)
VY,=¥ —————=%-—
1+ L3oc RT
H, - kgayoc
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The over-all mass transfer coefficient, K;ayoc, will be used to denote the mea-
sured VOC mass transfer coefficients in the following sections, while for the
oxygen mass transfer coefficients, the film coefficient k;an, will be used to

emphasize the difference.

In summary, if the liquid side resistance dominates for VOC transfer, then the
ratio between the over-all mass transfer coefficients for oxygen and the VOC’s
(‘) should remain approximately constant as power density varies and pro-
portional to the ratio of the diffusion coefficients raised to a power n. If both
gas and liquid side resistance play a role, then the ratio of the over-all mass
transfer coefficients will vary as power density varies, because of its depen-

dence on the ratio of liquid side to total resistance.

To illustrate the possible variation in ‘¥ just due to the variation in the expo-

nent n predicted by the three common theories, from (Dpyoc/Dyoy)' to
(Drvoc/D1op)®’, the calculated W for the three compounds used in this study
are listed in Table 2. Since the Wilke-Chang correlation used to calculate the
diffusion coefficients is only considered valid within + 15%, the possible varia-
tion in ¥ due to the error in the VOC diffusion coefficient is also listed. For ex-
ample, (Dyyoc/ Dy for toluene is 0.42. The possible range of ¥ due to a
change in the exponent n from 1.0 to 0.5 and the + 15% error in Dy, is

0.36-0.70.
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Table 2. Variation in ¥ according to mass transfer theories.

THEORY Two-film Surface renewal
Compound [exponent (n) = 1.0 0.5

% error -15% ¥ +15% | -15% ¥ +15%
DCM 0.51 0.60 0.69 0.72 0.78 0.83
Toluene 0.36 0.42 0.49 0.60 0.65 0.70
1,2-DCB 0.34 0.40 0.46 0.58 0.63 0.68

2.1.5 Volatilization in engineered systems

In surface aeration studies on the relationship between the oxygen and organic
compound mass transfer coefficients in clean water for six volatile chlorinated
hydrocarbons, Roberts et al.(1984a) found the ratio of the two mass transfer co-
efficients to be constant, ¥ = 0.6, and independent of power input over the
range of P/V = 0.8 to 320 W/m”. They also ran the experiments in filtered
secondary effluent from a wastewater treatment plant and found the ratio re-
mained the same. Comparing the mass transfer coefficients for the clean water
to those for the filtered secondary effluent, they found cy,c = 0.89, while oy, =

0.77, and they both increased with increasing power input.

Roberts et al. (1984) also made bubble column experiments to simulate diffused
aeration basins. The column had a diameter of 22.5 cm with the liquid height
varying from 35 to 60 cm. They found that for all but the most volatile com-
pound, CCLF,, the gas phase was substantially saturated upon exiting the col-
umn. Using the differential gas phase mass balance and integrating over the

height of the column, they developed a model to estimate the mass transfer
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coefficient when gas phase saturation is negligible, or the Henry’s constant
when saturation is complete, or either k;a or H, (if the other is known) for the

intermediate range of gas phase saturation.

Truong and Blackburn (1984) investigated the volatilization of several volatile
as well as non-volatile compounds in a bubble column. Various contaminants
were added to tap water: surfactants, an oil phase, a pulp mill wastewater, and
nonviable biomass to investigate their effect on volatilization. In analyzing
their work, Allen et al.(1986) found that the Henry’s constant for benzene cal-
culated from their experimental data was comparable to values reported in the
literature, suggesting that equilibrium for the organic compounds was reached
in their apparatus. Therefore, a true mass transfer coefficient was not measured
in their experiments and the relationship between the mass transfer coefficients

cannot be checked with their data.
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2.2 Driving force

Before considering how mass transfer coefficients are measured, we have to first
delve deeper into the mass transfer theory and discuss the driving force. The
driving force is the difference in the concentration of the compound in the phase
itself and at the interface. As discussed above, the driving force can be defined

in either phase, and if the Henry’s absorption isotherm is linear for desorption:

m=K,a(c,—c;) (22)
since:
Ct; Cg
‘e C,:

In a mass transfer apparatus if the receiving phase reaches the equilibrium
concentration, e.g., in volatilization if the gas becomes saturated such that
(c;-¢;)=0, a mass transfer coefficient can no longer be used to calculate the mass
transfer rate. For the case of nonsteady state with a saturated gas phase, the

mass transfer rate can be calculated from:

dc (23)

L
VL—E;-:_QG'CL'Hc

. *
since: cg=c;=c,-H,
where: O = gas flow rate

V, =reactor volume

Mackay et al. (1979) suggests calculating Henry’s constants with this equation
from data collected in a bubble column. Figure 6 illustrates the rapid approach
to equilibrium for air bubbles rising in a benzene/water solution (Allen et al.,

1986).
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Figure 6. Approach to equilibrium as a function of liquid depth for benzene ab-

sorbed during bubble rise in water (Allen et al., 1986)

Since a mass transfer coefficient can only be measured in phases not at equilib-
rium, care must be taken to insure that samples of the gas and liquid phases col-
lected for the evaluation of K;ayoc are not saturated. The experimental ratio of
the K a’s cannot be constant for varying operating conditions if one of them is

measured incorrectly, i.e with the phases in equilibrium.

2.2.1 Equilibrium concentration - ¢*

Bringing in the equilibrium concentration (c*), we introduce a source of error in
the calculation of the driving force. This applies to both oxygen and VOC's.
The correction of ¢* for the change in the oxygen saturation concentration in

contaminated water is often made with an empirical factor, the beta factor. The

beta factor has been defined as:
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5 (24)

*
Crp

where:

- . . .
Cyw = OXygen saturation concentration in wastewater

Crp = OXygen saturation concentration in tap water

The beta factor has been found to be correlated to the total dissolved solids
content of the water. Another common problem in determining c* for oxygen is
correctly accounting for hydrostatic pressure. In CFSTR’s used in this study,
this effect is negligible, but can be quite significant in deep diffused aeration

systems. Campbell et al. (1976) present a good review of the problem.

In calculating the equilibrium concentration for VOC'’s, the error caused by
using an inappropriate Henry’s constant can be significant since the relation-
ship ¢; '=cc/Hc is used. The determination of the Henry’s constant in clean
water is difficult and the difference in values found by various investigators
can be large. Mackay and Shiu (1981) reviewed published Henry’s constants
for environmentally relevant compounds and found that considerable discre-
pancies exist in the literature, even for fairly common compounds. The use of a
Henry’s constant obtained for a substance dissolved in a pure water in the
calculations for a heavily contaminated water can lead to false estimates of the
mass transfer rate. Two methods are commonly used for measuring Henry’s
constants, the bubble column as mentioned previously, and the equilibrium
partitioning in closed systems (EPICS) method (Lincoff and Gossett, 1984) as

described in Section 3.5.
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For six chlorinated volatile organic compounds, Roberts et al. (1984b) found
differences of up to 50% between the H, found for filtered effluent from a
wastewater treatment plant and for clean water in measurements in a bubble
column. If we write the beta factor defined above for oxygen in terms of Hen-

ry’s constants, we find:

(25)

=
cww ColHeyny Hegp

=—=
crp Cc/Herp  Heyy

Using this definition and the values of H, reported by Roberts et al. for volatile
chlorinated hydrocarbons, beta factors for the filtered secondary wastewater
used in the study can be calculated that range from 0.62 for chloroform to 0.99
for carbon tetrachloride. They did not report a beta factor for oxygen. Accept-
ing these values for the moment, and considering the wide range of beta
factors found for the various compounds in the same waters: 0.62-0.99, it seems
that the oxygen beta factor cannot be used to adjust for changes in H_ for other

compounds.

Yuteri et al. (1987) investigated the effect of additives in distilled water on Hen-
ry’s constants for trichloroethylene (TCE) and toluene using the EPICS method.
They found differences in the Henry’s constant for TCE of ~+15% when the
ionic strength of the water was increased and ~-15% when surfactants were
added. In experiments with natural waters, they found the H, for toluene var-
ied as much as 24%, but there was no apparent trend with alkalinity, pH, or
TOC. They warn that unpredictable deviations from the pure water values of

the Henry’s constants should be expected in contaminated water because of
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such molecular phenomena as association, solvation, and salting-out. In con-
sidering the significance of these variations, one must keep in mind that their
comparison of their H, data for 15 compounds in distilled water with other

published experimental values shows deviations of up to 30%.

Lincoff and Gossett (1984), in comparing the two methods, found that the Hen-
ry’s constants from the EPICS method was consistently higher than the bubble
column results (~14%). An interesting explanation for this may be the equation
proposed by Lord Kelvin in 1871 relating the change in vapor pressure with
drop curvature as a function of surface tension. The interface for the EPICS
method is a plane surface and the interface for the bubble column is spherical.
If we consider that the vapor pressure of a small drop of liquid is greater than
that of a liquid with a plane surface and that the vapor pressure inside a
bubble surrounded by bulk liquid is less than that at a plane surface, then theo-
retically, Heyrop > Heprane > HCpumiee Padday (1969a) explains this by supposing
that the attraction forces on a molecule in a convex surface are less than those
at a plane surface. The attraction is diminished because, on the average, there
are fewer molecules in the immediate vicinity to contribute to the total attrac-
tion. In a similar way, the vapor pressure at a concave surface is less than that
at a plane surface because the number of molecules contributing to the total
attraction is greater at a concave than at a plane surface. Therefore, theoreti-
cally, a compound is more volatile in surface aeration than in fine bubble aera-
tion. The question, of course, is the magnitude of this difference. Looking at the
values of Henry’s constants gathered by Yuteri et al. (1987) from the literature,
there is no clear trend in the values from the two methods; the variation in the

same method used by various researchers is sometimes greater than the varia-
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tion between the two.

2.3 Surface tension

Many studies of the effect of surfactants on mass transfer have found mass
transfer to decrease with decreasing surface tension. Reports of increased mass
transfer have also been made. In order to understand the effect of surfactants
on mass transfer, we have to understand the general concept of surface tension.
This is discussed below, as well as the factors affecting surface tension, followed

by a discussion of literature results relevant to the effect of surface tension on

mass transfer.

Surface molecules possess energy in excess of the energy they already possess in
the bulk liquid state. In order to create new surface, work has to be done on the
system to overcome the excess energy. This surface free energy equals the sur-

face tension of a pure liquid.

Padday (1969a) presents an interesting review of the historical development of
surface tension starting from Leonardo da Vinci’s observation of capillarity to
the present day theoretical and experimental results. Studying the historical de-
velopment helps understand the theory of surface tension. The following table

summarizes some of the historical highlights.

That contaminants, such as soap and grease, lower the surface tension of water
has been known since the first measurements were made with capillary tubes; it
took much longer before it was discovered that the addition of inorganic elec-
trolytes increased the surface tension of water. This phenomenon, however, is

not of interest in this work, because such large quantities are required that
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Table 3. Historical development of the theory of surface tension.

Leonardo da Vinci (1452 -observed and recorded rise of liquid in a tube of
-1519) small bore

Sir Isaac Newton 1721  -explained rise of liquid in a capillary tube as the
product of cohesive and adhesive forces.

-recognized that the forces were intermolecular in
origin and that mutual attraction gave rise to a
pressure inside the liquid.

J.A. von Segner 1751  -proposed the first theory of capillarity:
cohesive forces create a pressure which is re-
sisted by a uniform tension in the surface (sur-

face tension).

-surface tension denoted the presence of a con-
tractile skin at the surface of a liquid.

Thomas Young 1804 -proEosed articles of matter act on one another
with two kinds of forces, attraction and repul-
sion, the former acting over greater distances
than the latter.

P.S. de Laplace 1805 -the attraction force gives rise to a pressure on
surface particles: the surface tension as pro-
posed by von Segner.

J.D. van der Waals 1899 -showed existence of physical forces of attraction
between molecules.

Lord Rayleigh 1902  -related the physical forces of attraction to surface
tension.

J. Willard Gibbs 1906  -developed quantitative thermodynamic relation-
ships between the energetics of surface forma-
tion and intensive properties of the liquid.

increases in surface tension due to salts in wastewater applications are not ex-
pected. The discussion here will be limited to the effect of surface active agents
on surface tension. Various methods exist to measure surface tension; Padday

(1969b) and Masutani (1988) present good reviews of the methods.

The addition of organic liquids or surface-active agents lowers the surface ten-
sion of water. The ability of an organic molecule to lower the surface tension is

due to its tendency to adsorb at the liquid /air interface, orienting itself with the
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hydrophobic group at the air interface and the hydrophilic group in the water
phase. Characteristic of surface-active agents is their ability to lower the surface
tension at relatively low bulk concentrations by adsorbing strongly at the sur-

face.

2.3.1 Effect on mass transfer

Surfactants can affect mass transfer in two ways, changing the interfacial area
or the mass transfer coefficient k;. A small amount of a surfactant can poten-
tially cause a large change in interfacial area. Bubbles break away from an ori-
fice when the ascending force is greater than the force due to surface tension;
therefore, a decrease in surface tension can reduce the size of primary bubbles,
increasing the interfacial area. Bubble coalescence is also hindered by surfac-
tants, thereby, preserving the increase in interfacial area. This phenomena is

discussed more thoroughly in Section 2.4.

Two theories are commonly used to explain the effect of surfactants on the
mass transfer coefficient: the barrier effect and the hydrodynamic effect. In the
barrier theory, the presence of the surfactants at the phase interface creates an

additional resistance to mass transfer due to diffusion through the surfactant

layer.

In studies of the effect of surfactants on the absorption of SO, in water in a
stirred system, Springer and Pigford (1970) found that surface films of a solu-
ble surfactant (sodium lauryl sulfonate) showed no barrier effect, though the
insoluble 1-hexadecanol surface film showed definite resistance. Llorens et
al.(1988) in studying CO, absorption into solutions of various surfactants in a

wetted area column determined that the barrier effect was insignificant com-

34




pared to the hydrodynamic effect.

The hydrodynamic theory is based on two limiting cases. Considering a bubble
in a pure water/gas system, the bubble behaves like a fluid sphere; it has a
moving interface, retarded only by the viscosity of the gas, with a strong inter-
nal recirculation of the gas. Addition of surfactants retards the interface motion
because surfactants have a strong tendency to adsorb on the bubble interface,
accumulating at the bottom of the bubble. At high surfactant concentrations
the bubble is thought to behave like a solid sphere, a Ping-pong ball with a

rigid interface and no internal gas recirculation.

The mathematical model developed by Andrews et. al (1988) illustrates the hy-
drodynamic theory. Their model describes the hydrodynamics and mass trans-
fer of bubbles rising through contaminated liquids using boundary layer and
wake type hydrodynamics. The model divides the bubble into an upper
boundary layer region where surfactant adsorbs and a lower wake region from
where it desorbs. The model includes the mass transfer of surfactant from the
liquid to the upper part of the bubble, its transfer around the interface by inter-
facial motion and diffusion, its desorption from the bottom of the bubble and
the effect of these processes on the interfacial tension gradient in the boundary
layer region. The results from the model only apply strictly for surfactant con-
centrations greater than the concentration that causes interface saturation; thus,

the model may not be valid for very low surfactant concentrations.

The model predicts that at "low" surfactant concentrations the high concentra-
tion gradients produce large gradients of interfacial tension, which keeps the

bubble interface almost immobile. Conversely, at surfactant concentrations
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a. fluid sphere hydrodynamics b. solid sphere hydrodynamics  c. large wake hydrodynamics
no surfactants "low" surfactant concentration "high" surfactant concentration

Figure 7. Change in bubble surfactant layer in the two hydrodynamic regimes.

above those required to make a bubble behave as a solid sphere (solid-sphere
hydrodynamics), the gradients of adsorbed surfactant and interfacial tension

are small so the interface is mobile (Figure 7).

They introduced a third hydrodynamic regime to describe this phenomena: the
"large-wake" hydrodynamics, associated with the saturation of the interface in
the wake region with surfactant. In this regime increasing the surfactant con-
centration increases the mobility of the interface in the boundary region so the
boundary layer is thinner and the local mass transfer coefficients are
correspondingly larger. At the same time the boundary layer occupies less of
the total surface area of the bubble. Therefore, between the two hYdrodynamic
regimes the mass transfer coefficient from the bubble goes through a maximum
and then declines. This maximum has been observed experimentally (Ziemin-

ski, et al., 1967) with bubbles in a water/air system with low molecular weight
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surfactants (carboxylic acids and alcohols). With high molecular weight
surfactants, normally only the decline in k; with a leveling off at high surfac-
tant concentrations has been observed. Their explanation is the transition from
fluid-sphere to solid-sphere to "large-wake" hydrodynamics happens in such a

narrow range of surfactant concentrations that a maximum is not detectable.

In studying the mass transfer of acetone across a plane interface in a liquid /li-
quid system (water/carbon tetrachloride), Ollenik and Nitsch (1981) found that
below the critical micelle concentration (cmc) of dodecyl sodium sulfate the
interface was almost rigid and k; fell to approximately one third the value in
clean water. As the surfactant concentration neared the cmc, they observed an
increase in interfacial velocities and k;. Above the cmg, the values of k; and in-
terfacial velocity reached those of clean water. Assuming that the results from
a liquid/liquid system are extrapolatable to liquid/gas systems, it is possible
that this recovery corresponds to the maximum predicted by the bubble model
of Andrews et al.(1988). In their model, k; goes through a maximum as surfac-
tant concentration increases because the two trends, the decrease in surface
tension gradient and the decrease in surface area due to accumulation of
surfactants in the bubble wake, cause opposite effects on mass transfer. In a
system with a plane interface the decrease in the boundary layer due to accu-
mulation of surfactants is reduced, so that k; steadily increases due to the de-
crease in surface tension gradient and the resulting increase in interface mobil-

ity as discussed above.

Lee, Tsao, and Wankat (1980) investigated the hydrodynamic effect of surfac-
tants using an oxygen ultra-microprobe. They studied the effect of sodium lau-

ryl sulfate, bovine serum albumin, and glucose oxidase on oxygen transfer and
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found k; to decrease with increased surfactant concentration at a constant

power input. However, the hydrodynamic effect decreased with increase in

impeller speed.

The adsorption of surface active agents at the surface is time dependent. In
aqueous solutions, a freshly formed surface possesses a higher surface tension
than the value at equilibrium. Reports of the time required to reach equilib-
rium surface tension vary according to the surface active agent, from 0.01 s to
many hours. The time required for the compound to migrate to the surface
depends partly on the size of the molecule, its polarity, and the free energy of
the surface (Addison, 1944). In studies of n-alcohols, Addison (1945) showed
that the migrational velocity increases with chain length. He also found that at
very low concentrations the migrational velocity decreases with decreasing

concentration.

The difference between the dynamic and static surface tension may explain the
dependence of mass transfer on power input. In discussing their results, Lee et
al.(1980) point out that the common assumption that the surfactants recover
their equilibrium surface tension immediately after the disruption by the ed-
dies approaching the surface is an oversimplification. In reality, there may be a
time lag before the surfactant recovers its equilibrium surface tension. If so, it is
not the static but the dynamic value of surface tension that is responsible for
the hydrodynamic effect. This dynamic surface tension is expected to depend
on the properties of the surfactant. Springer and Pigford (1970) postulated that
the dynamic surface tension is related with the time constant of recovery to
equilibrium for a given surfactant, and stated that a surfactant with a fast re-

covery time exhibits the hydrodynamic effect even at high liquid turbulence.
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Attempts to correlate equilibrium or static surface tension with mass transfer
coefficients have been made with limited success (Stenstrom and Gilbert, 1981).
This lead Masutani (1991) to investigate the relationship between k;an, and dy-
namic surface tension. She studied the effect of two anionic surfactants on oxy-
gen transfer in a tank with fine bubble diffusers. The maximum bubble pres-
sure method was used to measure the change in surface tension with time and
the Du Noiiy ring method for the static surface tension values. She was able to
develop a correlation for k, ap, as a function of the air flow rate, dynamic sur-

face tension, and static surface tension.

A model proposed by Koshy et al. (1988) for drop breakage and mass transfer
in liquid/liquid systems offers insight into the dynamic/static surface tension
effects. The model can help explain gas/liquid transfer as well. When a pres-
sure fluctuation due to an eddy is experienced by a drop across its diameter,
the drop starts deforming. The deformation most probably starts by the
formation of a depression on the drop interface and this depression propagates
resulting in breakage. When the surfactants are present at the interface, the
pressure fluctuation, besides causing depression at the interface, also removes
the adsorbed surfactant molecules thereby exposing a fresh interface. This
fresh interface has dynamic interfacial tension which is higher than the static
interfacial tension. Thus, at the base of the depression, the interfacial tension is
higher. This difference in interfacial tension causes a flow towards the base and
this adds to the flow already taking place due to the pressure fluctuation. Thus
internal recirculation of the drop is generated due to the difference in dynamic
and static interfacial tension. This in turn increases the mass transfer between

the drop and its surroundings.
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The effect of increasing power input can be explained based on this model.
Since the effect of surfactants is to reduce the internal recirculation of a bubble
and to dampen turbulence, the increase in surface renewal of the bubble inter-
face due to increased turbulence, not only increases transfer by removing the
barrier, but also through the increased interfacial turbulence caused by the
difference in the dynamic and static surface tension at the point where the sur-

face is renewed.

2.4 Coalescence

Mass transfer is affected by the coalescence behavior of the bubbles because of
the decrease in interfacial area that occurs when the bubbles coalesce. As seen in
the development of equation 9 in Section 2.1.2, a term describing bubble coales-
cence is needed for the correlation of the mass transfer coefficient, however,
none is yet available. Therefore, separate correlations are made for coalescing
and non-coalescing systems. Water/air is a coalescing system. Addition of elec-
trolytes to water hinders bubble coalescence and increases the volumetric mass
transfer coefficient. Organic compounds, such as surfactants, acids and alcohols,
also affect coalescence, generally hindering it and thereby, increasing the volu-

metric mass transfer coefficient.

Osorio (1985) studied the influence of ionic strength with the steady state hydra-
zine method. He found k; ag, increased with increased ionic strength up to a
concentration of 0.2 mol/L NaCl where it then plateaus off with increased NaCl
addition. He called this the region of complete coalescence inhibition. The o
value was approximately 1.5. He also studied the effect of iso-propanol on mass
transfer, for the same energy input and superficial gas velocities, a "small"

amount of iso-propanol (0.04 mol/L) caused more than a two-fold increase in
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kiap; (o0 =~2-2.5). Although he said coalescence in the salt solution of 0.2 mol/L
was completely inhibited, he based this increase due to iso-propanol on the al-
most completely inhibited coalescence. Here it is possible that the amount of
iso-propanol was large enough that the primary bubble size was decreased by

the reduction in surface tension, although the surface tension was only reduced

1.5%.

The effect of coalescence inhibition on k;a depends on the type of aerator, the
greater the possibility of coalescence, the greater the effect. Zlokarnik (1978)
found a strong dependence of salt concentration on the increase in k; a,, stron-
ger than other published results, (a0 =5-7), which he explained on the basis of his
stirrer type (a self-aspirating stirrer) which produced very fine bubbles. Once
fine bubbles are formed they do not easily coalesce. Zieminski and Hill (1962)
developed a system which exploited this observation to increase oxygen trans-
fer with a very low organic concentration. They introduced a concentrated solu-
tion of 4-methyl-2-pentanol continuously at the surface of the porous plate dif-
fuser, and thus, compared to a system with the same bulk liqu;d concentration,

achieved a higher oxygen transfer.

Keitel and Onken (1982) studied coalescence inhibition with n-alcohols, ali-
phatic mono-carboxylic acids, ketones, bivalent alcohols. They found that the
compounds reduced the surface tension and with a certain concentration level
caused coalescence inhibition. This concentration is lower for carboxylic acids
than for alcohols and ketones. The presence of a second OH group pushes the
concentration level necessary higher. Increasing chain length in a homologous

group decreases concentration level necessary.
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Drogaris and Weiland (1983) studied the coalescence frequency and coalescence
times of bubble pairs in the presence of n-alcohols and carboxylic acids. They
found that if the contact time between two bubbles is larger than the coalescence
time, the bubbles coalesce. Since different reactors have different available con-
tact times, the degree of coalescence inhibition produced by a certain concentra-

tion of an organic compound depends on the type of reactor and aerator used.

Gurol and Nekouinaini (1985) investigated the effects of various organics on the
characteristics of oxygen transfer from air bubbles to water, (acetic acid, 8 phe-
nols, tertiary butyl alcohol, toluene and chlorobenzene). They used a bubble col-
umn with a glass frit or capillary to introduce the air. The effects of gas flow

rate, pH, and ionic strength were also examined.

Values of ki a in the presence of phenolic compounds, acetic acid and tertiary
butyl alcohol were consistently higher than those measured in pure water. Tolu-
ene and chlorobenzene (0.4mM = 36.8 mg/L toluene) did not affect the k;a. The
type of substitution on the phenol molecule made a significant difference on the
magnitude of a. Their attempt to correlation their a values for the phenolic com-
pounds at pH 2.5 with the octanol-water partition coefficient (Koy) showed the
general trend that the more hydrophobic the compound (higher Koy), the
higher the a value. The effect of acetic acid on k;ap, could not be explained with
this. The pH also had an influence on the change in k; a for the organics that de-
protonate: the protonated form of the molecule showed a much larger effect.
Above pH 7 acetic acid had little to no effect on o Because of the higher pKa of

m-cresol, its affect on k;ag, decreased only after ~pH 9 was reached (a=2.5, 21.6

mg/L).
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Because bubbles coalesce more rapidly at high gas flow rates in a water/air sys-
tem, the presence of substances that suppress coalescence becomes more impor-
tant the higher the flow rate: a increased with an increase in Q. As already dis-
cussed above, an increase in ionic strength increased k;ag,. They found ions and
organics have additive effect. This is probably due to the concept of total
coalescence inhibition, which was not yet reached by the addition of salts, so

kiag, increased until the complete inhibition was achieved.

In order to investigate whether the increase in k ag, was due to coalescence or
surface tension variations, Gurol and Nekouinaini (1985) studied the behavior
of single bubbles in the presence of the organics. In experiments in which
bubble coalescence was prevented by non-frequent formation of bubbles, nei-
ther k;ag, nor bubble size was affected by the organics. Measurements with a
tensiometer (Du Noiliy ring method) showed no significant change in surface

tension due to the presence of the organics in the concentration ranges studied.

They studied the effect of a surfactant in the system. The typical behavior of sur-
factants was seen-first k; ap, decreased with concentration (up to 6 =69 mN/m)
then it recovered (after 6 =62 mN/m) and increased to a=1.3 as the
concentration increased. (¢ =72.8->56 mN/m). They found the presence of both

a surfactant and an organic compound have an additive effect.

2.4.1 Increased coalescence

Certain compounds in very low concentrations can cause a large increase in
coalescence. Zlokarnik (1980) reported experimental results with a nonionic
surfactant that is often used as an antifoam agent. He found that certain anti-

foamers at concentrations as low as 3 mg/L can reduce the oxygen transfer to
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half that found in pure water. In experiments with biomass, he found an o
value of 0.5. He postulated that the activated sludge flocs act as "crystallization
seeds", promoting bubble coalescence and, thus decreasing the oxygen trans-
fer. In comparison, in experiments with 6 g/L cellulose and 6 g/L activated
carbon in pure water, the finely dispersed solids alone did not strongly

promote coalescence.

In diffused aeration systems increases in air flow rate can sometimes reduce
the volumetric mass transfer coefficient, because the increased gas flow and re-
sulting increase in liquid flow promotes bubble coalescence. Zlokarnik warned
that laboratory experiments have no validity, because the process of the gas
distribution and the opposing process of bubble coalescence are both extremely

dependent on the scale.




2.5 Determination of mass transfer coefficients

The various methods used to determine mass transfer coefficients are based on
the material balance on the reactor (Figure 8). The following equations are writ-
ten for absorption, however, the equations need only a slight modification for

desorption: (¢ -c;*) instead of (c *-c;).

liquid phase:

dc, . (26)
Vi @ Qulcr,—c)+Ka-Vi(e —c))— Ry,
gas phase:

dcg . (27)
V- a Qs(cg,—Cc)—K,a -V (c,—c,)
total material balance at steady state:
Qc(cg,—Cc) =0 (cr, —¢1) (28)

where:

¢., = influent liquid concentration (mg/L)

¢, =reactor and effluent liquid concentration (mg/L)
¢g, = influent gas concentration (mg/L)

¢ =reactor and effluent gas concentration (mg/L)
0, =liquid flow rate (L/h)
Q. = gas flow rate (L/h)

V, =reactor volume (L)

Ry, = biological reaction rate (mg/h)

Aerobic biological reactors are used for many applications, in treating wastewa-

ters, industrial or municipal, or in industrial fermentation processes. The oxy-
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Figure 8. Mass balance on the reactor.

gen transfer required varies depending upon the process. Wastewater treatment
plants generaily require less oxygen transfer than industrial fermentation
processes. This means that the mass transfer coefficient and therefore the energy
input for wastewater treatment plants is usually much lower than for the indus-
trial fermentation. The typical energy and mass transfer coefficient ranges are
shown in Figure 9. The experiments made in this study span both regions, since

the treatment of industrial wastewaters may require a higher oxygen transfer.

The following section presents the common methods used to determine the
mass transfer coefficient and the problems inherent in each. The errors asso-
ciated with the methods generally become large in the region of high power
densities and high mass transfer rates. This can be seen in Figure 9. Oxygen
absorption is used to discuss the methods, however, the methods and problems

are similar for VOC desorption.
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Figure 9. Typical ranges for mass transfer coefficients and energy input.
2.5.1 Nonsteady state methods

Batch model

A common approach in the laboratory or in new aeration basins is to use a
batch set-up (with respect to the liquid) where deoxygenated water is gassed
with air. The change in the liquid oxygen concentration over time is measured
with an oxygen probe. The mass balance reduces to:

dc, . (29)

P (cL—cp)

with the assumption that the gas and liquid phases are ideally mixed, and no

reaction takes place.
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The mass transfer coefficient can be found either from a linear or nonlinear

regression of the integrated form of the equation:

CL=Clo  Kau (30)

. =

CL—C

Continuous model

In operating systems with continuous flow, the nonsteady state approach is a
bit more complicated. A perturbation in the dissolved oxygen concentration
(DO) is made and the change in DO over time is measured as the system re-
turns to steady state. The change can be either an increase in DO, i.e. addition
of hydrogen peroxide or use of technical oxygen, or a decrease in DO, i.e. a
chemical reaction. The liquid phase mass balance, equation 26, is used. The in-

tegrated form of the equation is:

—c. (31)
1,{1_(M)]=_K2.,
Cre—Cy;

where: K, = % +K,a
L

¢,; = O0Xygen concentration at t =0

¢,..=OXygen concentration atf = ¢,

This equation can be used in systems with or without biological activity, as

long as the reaction is at steady state.

Gas phase oxygen concentration
In order to evaluate the experimental data, the correct ¢, * must be used. The

general problems with c;* due to changes in Henry’s constants from contam-
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inants, and the effect of hydrostatic pressure discussed in Section 2.2.1 apply
here as well, but one of the specific problems associated with nonsteady state

reaeration is the oxygen depletion of the gas phase.

In experiments using air, the oxygen concentration in the gas phase decreases
as the oxygen is transferred to the liquid phase. In the initial phase of reaera-
tion where the liquid oxygen concentration increases sharply, gas phase oxy-
gen depletion is the severest. Use of a constant ¢;* in the evaluation of the data
can produce a greatly underestimated k;a. Reports of k;a’s underestimated by
40% when gas phase depletion was neglected in stirred tank reactors have
been made (Chapman et al., 1982). The underestimation is more pronounced
with higher oxygen transfer efficiencies. In investigating coalescing and non-
coalescing systems, Osorio (1985) found the degree to which the nonsteady
state method underestimates k;aq, increases with decreasing superficial gas
velocity, and with increasing inhibition of coalescence. In the extreme region
of complete coalescence inhibition and low superficial gas velocity, k;a was
underestimated by 50%. In non-coalescing systems, an ideally mixed gas
phase can no longer be assumed, especially in bubble columns. A more com-
plicated model of the gas phase is then needed to include gas mixing and the

change in the oxygen concentration.

In systems using a gas, i.e N,, to deoxygenate the water, the problem of the
oxygen concentration change due to transfer into the liquid phase is com-
pounded by the dilution effect of the N, transferring into the gas phase. In-
stead of assuming that ¢, = ¢4,,/H, , a good model of the gas phase must con-
sider the simultaneous transfer of oxygen out of and nitrogen into the gas

phase. The reactor type determines the required complexity of the model; the
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assumption of no change over the height of the vessel is a good approxima-

tion for a lab-scale stirred tank, but may not be valid for a deep diffused aera-

tion system.

Various models describing the change in the gas phase oxygen concentration
have been proposed over the years since question of the effect of gas phase
depletion on k;a evaluation was first raised. Linek et al. (1982) provide a good
summary and review of the work done in lab-scale stirred tank reactors.
Brown and Baillod (1982) discuss this problem in evaluating k;a in large scale

aeration basins.

If pure oxygen is used there is no gas phase depletion as the oxygen is trans-
ferred, but to avoid the dilution effect, the water must be deoxygenated with-
out the use of another gas. Another possibility besides vacuum degassing, is
the use of a chemical reaction. Sodium sulfite and cobalt as the catalyst have
often been used. If a large amount of salt must be used, which is the case for
high mass transfer coefficients, the change in ionic strength due to the salt
causes a change in bubble coalescence, and in the liquid diffusion coefficient,
so that k;a’s determined with this method cannot be compared directly to

other methods (ASCE Standard, 1984).

Reactor hold-up

When a gas, e.g. N,, is used to deoxygenate the liquid, an instantaneous inter-
change between N, and air to begin the reaeration is usually made in order to
keep the fluid dynamics of the system constant. To account for the time it
takes for the gas hold-up interchange between N, and air to take place, addi-

tional equations describing this flush out must be used. Linek et al. (1982)
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found that the neglect of this hold-up interchange has caused the
inappropriate interpretation of experimental results as showing that k;a with

increasing power input reaches a maximum and then decreases.

A variant of the procedure without the above described problem of the
hold-up interchange involves stopping the stirring and gas flow after the lig-
uid has been deoxygenated to allow the bubbles to escape. Then the stirring
and the air flow are simultaneously started. The start up period, i.e. the time
required for the hold-up to reach the steady state value, must be included in
the process model. This method combined with vacuum degassing and pure
oxygen is the only nonsteady state one Linek et al. (1987) has found to give

correct results in the regions of large mass transfer coefficients.

Oxygen probe dynamics

Another problem specific to all nonsteady state tests is the influence of the re-
sponse time of the dissolved oxygen probe. Philichi and Stenstrom (1989)
showed that the importance of the probe time constant is negligible when the
product of the probe time constant, 1, and k;a is less than 0.02 for first order
probe dynamics. This means that for fine bubble diffusers where k;a is usu-
ally of the order of 0.001 s, the probe lag influence is negligible. If the initial
data in the reaeration test is truncated at ~20% of c*, they found that the error
in k;a was still less than 1% fc;r 7 k;a < 0.05 when using a nonlinear regression
to calculate k;ap,. Using a probe with a small time constant extends the range
of k;a to ~0.01 s™. But for mass transfer devices with k; a’s greater than 0.01 s,
the lag in probe response can significantly influence the determination of k;a.

Stirred tank reactors used in industrial fermentation have k;a’s that can range
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up to 0.2 s™. It is, therefore, important to consider the probe dynamics when
measuring k;a’s in these types of transfer devices. Various models have been

proposed to describe probe lag. (Dang, et al., 1977, Linek et al., 1987)

Nonsteady State Model

The complexity of the model necessary to determine k;a with the nonsteady
state reaeration method depends upon the range of the mass transfer coeffi-
cients measured. For the range normally found in wastewater treatment
plants (0.001-0.005 s™), the problems mentioned above are not serious. Brown
and Baillod (1982) found that error caused by neglecting gas phase depletion
was less than 10% for k;a < 0.0025 s'. Since a chemical reaction is used to
deoxygenate the aeration basins, the reactor hold-up interchange is nota

problem.

In investigating mass transfer coefficients typical for industrial wastewater
treatment or in the fermentation industry, Chapman et al.(1982) found the

ki a’s measured with nonsteady state reaeration tests using N,/air and assum-
ing a constant driving force were underestimated up to 40%. They suggest the
direct measurement of the gas phase oxygen concentration as a means of
correcting for the gas phase depletion. Linek et al. (1987) criticized this
method by pointing out the dynamics of both the gas and liquid phase probes
can then significantly affect the calculation of k;a. He recommends the use of
pure oxygen combined with vacuum degassing of the liquid to remove the
oxygen as discussed above, or the use of an appropriate model of the gas

phase oxygen concentration.
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Therefore, in industrial wastewater treatment or fermentation processes with
large mass transfer coefficients, the appropriate nonsteady state model
combines both a process and probe model to calculate k; a using a regression
method. The concentration profile calculated from the process model is con-
verted to a probe response which includes the distortion due to the probe dy-

namics (Linek et al., 1987).

2.5.2 Steady state methods

For investigations of the oxygen mass transfer coefficient under real process
conditions with biological activity, steady state tests are generally simpler to
perform than nonsteady state tests. No interruptions of the continuous process
are necessary. In laboratory investigations, the steady state method can be used
with a semi-batch set-up (gas phase continuous) or a continuous flow set-up
(both gas and liquid phases continuous). The semi-batch set-up uses a chemical
reaction to remove the absorbed oxygen, e.g. a sulfite or hydrazine reaction. In
the continuous flow set-up, the liquid is first deoxygenated and then flows into

the absorber. The liquid can then be recycled or discharged.

Two methods based on the liquid and gas phase steady state mass balances
(equations 26 and 27) are possible. The liquid phase steady state method re-
quires that an accurate determination of the reaction rate of oxygen is possible,
i.e. either the chemical reaction rate or the biological oxygen uptake rate _
(OUR). In the case of biological activity, the OUR is normally determined from
batch endogenous tests which often do not realistically project operating condi-

tions (Mueller and Stensel, 1990). Consequently, because the method based on

the gas phase mass balance eliminates the need for an accurate determination
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of the OUR, it is often used for evaluating the efficiency of aeration equipment
under process conditions with wastewater. This method is a variant of the off-

gas method (Redmon et al., 1983).

1. liquid phase:

- with biological or chemical reaction

K [QL ( )+ OUR] [ ] G2
a=|—(,—¢ | —
L Vi o L (cL—cL)
- without reaction
01 (cro—cy) (33)
Kia=—.—
Vi (cL—cL)
2. gas phase:
- with or without reaction
Qc (cgo—Cq) (34)

Ka=— —F—
L Vi (cL—cy)

Assumptions for both methods are:
-The phases are ideally mixed.
-Negligible oxygen transfer occurs at the liquid surface.

-The liquid and gas flow rates to the reactor are constant.

and specifically when nitrogen is used to produce oxygen free influent:
-the volume of nitrogen desorbed in the reactor approximately equals the vol-

ume of oxygen absorbed, so that Qg, =Qg. = Qc.

If the mixing deviates too far from ideality, k; a is no longer uniform through-
out the reactor. Neither method as described can then be used. Instead a more

complicated model of the mixing zones in the reactor would be necessary. The
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assumption of an ideally mixed phase can be checked by determining the resi-
dence time distribution in the reactor. Another aspect to be considered is that
the error associated with the steady state method becomes large as the liquid

phase concentration approaches the saturation concentration. Care must be

taken to avoid this region.

2.5.3 Method chosen for volatilization studies

Although the remedy for the deviations of nonsteady state batch methods
exist, i.e. use of vacuum degassing and pure oxygen or an appropriate model,
the method of the mass transfer coefficient determination must be evaluated
with the purpose of this study in mind: the investigation of the mass transfer
coefficients of oxygen and an organic compound and the relationship between
them. The method for the mass transfer coefficient determination must be ade-
quate to measure both coefficients accurately. The nonsteady state method in
the simplest form produces apparent mass transfer coefficients. Analogous to
Khudenko and Garcia-Pastrana’s analysis of the temperature correction factor
(discussed in Section 2.1.3) the ratio of apparent oxygen mass transfer coeffi-
cients is dependent on hydrodynamic conditions. In order to achieve a valid
relationship between the organic compound and oxygen mass transfer
coefficients, the true mass transfer coefficient for both substances must be used.
Linek et al. (1987) have shown that the "correct” method for nonsteady state
testing in STR’s produces good results for k,ap,. However, the validity of this

method for the determination of K;ayoc must be questioned.

Not gas phase depletion, but rather gas phase saturation may be a problem. As
seen in the work by Truong and Blackburn (1984), which was carried out to

consider the effect of solids, surfactants, and other water contaminants on the
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mass transfer rate in bubble columns, the saturation of the gas phase prevents
using their work to determine the effect of these substances on the mass trans-
fer coefficient. Even if a reactor designed to minimize the percent saturation

achieved in the gas phase is used, samples of the gas phase should be made to
ensure the assumption of ¢; = 0 is correct, or the appropriate model should be

used to account for the gas phase concentration change.

Another possibility is to circumvent the problems associated with changing
concentrations of the gas and liquid phases altogether. In the steady state
method, the streams sampled have a constant concentration. The oxygen gas
and liquid phases can be measured on-line with high accuracy (+1%). Enough
samples of the VOC concentration in the gas and liquid can be analyzed to pro-
vide statistical confidence in the values. In the studies of the effect of an anionic
surfactant on mass transfer, the advantages of the steady state method become
even more apparent. Surfactant gradients in the reactor and loss of surfactant
due to foaming have been found in nonsteady tests (Hwang, 1983, Masutani,
1988). In continuous flow reactors, a new supply of surfactant is constantly en-
tering the reactor and gradients can be detected by sampling the effluent and
the bottom of the reactor. Therefore, the steady state method was chosen as the
best method to obtain true mass transfer coefficients for oxygen and the or-

ganic compounds.
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3 Experimental methods

Oxygen mass transfer experiments were made in four water systems: water/air,
water/VOC/air, water/DSS/air, and water/biomass/air. VOC mass transfer ex-
periments were made in two systems: water/VOC/air and water/DSS/-
VOC/air. The nonsteady (batch and continuous flow) and steady state methods
were used and compared for oxygen mass transfer in the water/air system. The

steady state method was used for all the other systems and for VOC mass trans-

fer.

The liquid residence time distribution was measured in order to check that the
assumption of ideal mixing was valid for the liquid flow rates used. Values of the
Henry’s constants for the three VOC'’s used were necessary for the evaluation of
Kiayoc, S0 experiments using the EPICS method were made to measure H..
Surface tension measurements of dilutions of the anionic surfactant solution
(DSS) were made with a Du Noiiy ring tensiometer and compared to values mea-
sured by other authors.

A sensitivity analysis of the steady state method was made. The experimental
method and data evaluation were designed to minimize the error in the mass

transfer coefficients.

3.1 Equipment

Two identical reactors were used in this study. They can be operated separately,
or in series with gravity flow in between. The reactors were designed to operate
under pressure, so each reactor has a flanged cover with the appropriate open-
ings for the influent flow, gas outlet, and necessary instruments. Figure 10

shows the details of the reactor.
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The reactor is made of 0.12 cm thick plexiglass; the diameter and fill height are
both 28.8 cm. It has four baffles (baffle width to tank diameter, 1:10). The gas
flow is introduced into the vessel through a 9 holed ring sparger with a diame-
ter of 13.6 cm. The sparger pipe passes through the bottom of the vessel. An in-
clined tube clarifier is attached to the side of the reactor through which the efflu-

ent flows when the reactor is operated in the steady state mode.

The stirrer is a standard stainless steel Rushton turbine with 6 blades and a di-
ameter of 11.5 cm. The details of the stirrer are given in Figure 10. The two stir-
rers are connected by a belt and driven by a variable speed motor. The speed is
controlled with a voltage regulator. A stroboscope is used to measure the stirrer
speed. The power is calculated from a correlation from Judat (1976) (described
in the Appendix). The correlation is valid for a water/air system with Re >
2.6*10". To check its validity for this reactor, the correlation was compared to ex-
perimental values measured with a torquemeter, and a correlation from IThme

(1975).

The air was taken from the house supply. Nitrogen (technical grade) was
supplied from cylinders. The rotameters (Turbo-Werke, K&ln, 0-250 L/h) were
calibrated with a soap bubble meter at atmospheric pressure; the air flows were
then adjusted for the air pressure measured by a pressure gauge located before
the rotameter. The dissolved oxygen probe was inserted through an opening in

the side of the reactor at a 45° angle and located at a height of 24 cm.
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Figure 10. Reactor details. (dimensions in mm)
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The oxygen content of the off-gas in the continuous flow experiments was ana-
lyzed using a Magnos 4G from Hartmann and Braun. The principle of the ana-
lyzer is based on the different magnetic characteristics of gases. The Magnos 4G
is an on-line analyzer with 2 channels; one for a reference gas and one for the
off-gas. The reference gas used was a slipstream off the influent gas to the reac-
tor. Oxygen is strongly paramagnetic. All other gases, with the exception of ni-
trogen and chlorine oxides, are weakly diamagnetic and are not affected by a
magnetic field. By subjecting the gas to an inhomogenous magnetic field,
oxygen is drawn in the direction of the increasing field strength. Due to the dif-
ference in the oxygen content of the reference gas and off-gas, the magnetic field
causes a pressure differenée, which is proportional to the concentration
difference. The analyzer used has three ranges: 0-1%, 0-2%, and 0-5%(volume).

The ranges were calibrated with the appropriate gases. The instrument has a de-

tection limit of <1% of the range and a reproducibility of +0.5% of the range.

The gas streams must be dry and dust-free before entering the analyzer. In
order to ensure an accurate measurement of the oxygen concentration, the CO,
must either be removed when biological activity is present or else measured.
The gas analyzer has two parallel treatment trains (reference and off-gas). The
gas is first bubbled through a 10M NaOH solution to remove the CO,, then it is
dried in a gas cooler followed by a silica gel filter. The flow is controlled at 20
L/h with a rotameter. In the last step the gas passes through a membrane filter

and then into the analyzer.

3.2 Batch experiments
In the batch nonsteady state experiments one reactor with a liquid volume of

17.5 L was used. The reactor was filled with tap water, which was allowed to
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come to room temperature. Water temperatures ranged between 16.4° t0 24.2°C.
The water was first deoxygenated with N, to ~0.10 mg/1 O,. Then, through the
use of a three-way valve, the gas was switched to air and the change in the dis-
solved oxygen concentration over time was recorded with a MINC computer
(DEC). The oxygen concentration was measured with a WTW
(Wissenschaftlich-Technische Werkstdtten GmbH) oxygen probe (EO 166) with
a time constant on the order of 7 seconds. Visual observation of the probe
showed the bubbles did not lodge on the membrane. The air flow was varied

from 122 to 178 L/h and power input was varied from 195 to 3060 W /m’.

The data were evaluated using the nonsteady state regression program from the
ASCE Standard (1984). Because of possible probe lag effects, the data was trun-

cated at 20 % of c*.
3.3 Continuous flow experiments

3.3.1 Residence time distribution

In order to ensure the assumption of a well-mixed liquid phase was valid for
the high flow rates necessary for steady state operation, the liquid residence
time distribution was determined. The reactor was first filled with a NaCl solu-
tion (conductivity ~5 s). Tap water (conductivity = 0.63 s) was then fed to the
reactor and the change in conductivity of the effluent over time was recorded
for various flow rates and stirrer speeds. The reactor was not gassed. This op-
erating mode represents the minimum level of mixing; gassing increases the

turbulence and increases mixing.

The data were evaluated with the integrated form of the nonsteady state mass

balance on the system:
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(35
V2 =0, 0)

integrating fromt=0andc =c,tot=t and c=c¢,:

[ c,—-c 1)] t (36)
In

-0l 8

where:

¢, = conductivity of the tap water

¢, =initial conductivity of reactor contents

V, =reactor volume

Q, =liquid flow rate

V
. —Q—'i = hydraulic retention time

L

7 =dimensionless time

Plotting the ideal residence time distribution values calculated from equa-
tion 36 with the experimental data allows the approach to ideal mixing to be
judged. Figure 11 shows a typical plot. By reducing the stirrer speed and
increasing the liquid flow rate, a limit to the assumption of ideal mixing was
searched for. However, even with a high flow rate (Q;=124 L/h) and no
stirring, the experimental data approximate ideal mixing. A visual test with
a few drops of dye injected into the reactor content confirmed the exper-

imental data.
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Figure 11. Residence time distribution for typical experimental conditions.

6 =11 min, RPM = 331.
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3.3.2 Water/Air system

For the continuous flow experiments, the reactors were operated in series.
Each reactor had a volume of 19.2 L. In the continuous flow mode, reactor 1
was used to deoxygenate the tap water and reactor 2 was used to aerate the tap
water. Tap water was fed to reactor 1, which flowed by gravity into reactor 2.
The effluent flow rate from reactor 2 was measured manually with a graduated
cylinder. The temperature of the reactors ranged from 16° to 19°C for the vari-
ous runs. Figure 12 shows the experimental set-up including all the modifica-

tions made for later experiments.

The liquid oxygen concentration of each reactor was measured with an oxygen
probe (WTW EO 191), located as described in the nonsteady state section. The
EO 191 probe has a slighter faster response time than the EO 166 probe used in

the nonsteady state experiments. The time constant was ~3.5 s.

The gas phases of the reactors were kept separate through the use of pressure
equalizers. In order to measure the off-gas oxygen concentration, the reactors
were pressurized slightly (~0.07 bar gauge) to insure a constant flow to the gas

analyzer.




Steady state

Steady state was assumed to have been reached when ¢, and ¢; were constant
for at least 30 minutes. The average time required for the reactors to reach
steady state was ~1 hour, i.e. approximately five times the hydraulic retention
time. The mass transfer coefficient for oxygen was measured in reactor 2. Both
the liquid phase and gas phase mass balance as discussed in Section 2.5.2

were used to calculate a k;a for each run.
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Nonsteady state

The continuous flow nonsteady state measurements were made after the reac-
tors had reached steady state, as defined above. Then an appropriate amount
of cobalt catalyst (0.05 < Co*? mg/L < 0.1) was injected into both reactors; after
waiting one minute, the appropriate amount of Na,50; was injected into the
second reactor. An immediate fall in the DO concentration to ~0 mg/L indi-
cated that the Co catalyst and Na,SO, concentrations were correct. Enough
Na,S0; was added to keep a zero DO concentration for at least one minute.
The subsequent increase in DO was recorded by a strip chart and the MINC
computer. The data were evaluated according to the equation 31 in Section

2.5.1, the slope from the linear regression is -(Q / V +kiacy).
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3.3.3 Water/VOC/Air system

A slight modification of the reactor setup was necessary for the volatilization
experiments. To improve operation in the steady state mode, the inclined tube
clarifiers were removed and additional outlets drilled in the reactor wall, re-
sulting in reactor volumes of 18.5 L. A common pressure equalizer for both exit
gas streams ensured equal pressure in both reactors. The effect of temperature
on k; ac, is well-known and quantified, however, the effect on VOC mass trans-
fer has not been quantified. Therefore, in the VOC experiments, the tempera-
ture of the liquid was kept constant to exclude temperature influences. The
placement of a water bath between the tap water reservoir and the pump to

reactor 1 allowed the temperature in reactor 2 to be held at 20°+1 C.
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The first reactor was used to deoxygenate the water and to mix in the organic
chemicals, which were continuously added as a concentrated solution from a
separate 65 L tank. In order to ensure the tank remained mixed and the flow
rate constant during the experiments, the solution was first pumped into a
small vessel with an overflow back into the tank and an outlet to the peristaltic
pump. The concentration of chemicals in the tank was chosen so as to be below
the solubility limit of each chemical. The desired VOC concentration for the ex-
periments was achieved by adjusting the concentrate flow rate to the reactor.
The concentrate was prepared by adding the organic chemicals to 60 L warm
water in the tank, which was immediately closed and first manually shaken
and then mixed overnight with the pump/overflow system. Since stripping of
the VOC’s occurs in the first reactor as a result of the deoxygenation with N,,
the calculated VOC influent concentration from the concentrate flow rate to the
reactor and the concentration in the tank is only approximate, and thus, cannot

strictly be used as a control of the analyzed GC concentrations.
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The sample system was designed to minimize volatilization losses. This was
especially important since, in order to reduce disturbances in the steady state
operation, influent samples had to be drawn off slowly. The order of sampling
was chosen to avoid possible cross-influences: first the effluent, then the reac-
tor gas phase, then the influent. Sample points for the liquid phase were in-
stalled in the influent tubing to the second reactor and the effluent tubing as
shown in Figure 12. The sample point consisted of a tee with a valve attached
to screw cap for 100 ml glass sample bottles. For sampling, the bottles were
screwed onto the caps and filled to the brim. The bottles were rinsed three
times before a new sample was taken. The sample was then transferred with a
Pasteur pipette to two GC autosampler bottles (1.8 ml glass bottles with a
crimp top and teflon lined rubber septum). One bottle was analyzed the same
day, and one was frozen as a reserve. Samples were also stored in 100 ml
serum bottles with teflon lined rubber crimp caps, with no gas space, in the re-
frigerator. Four samples of the liquid phase were generally taken for each ex-

perimental run.

The gas phase of reactor 2 was sampled with a 10 microliter syringe inserted
through a valve and septum into the gas space. The plunger was removed to
allow the syringe to be purged with reactor gas and inserted to take the sam-
ple. The sample was then immediately injected into the GC. The 10 microliter
sample volume allowed good GC quantification. Again four samples of each

run were generally taken.

The mass transfer coefficients for both oxygen and the VOC’s were measured

in the experiments with the steady state method.
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3.3.4 Water/DSS/Air and Water/VOC/DSS/Air system

The reactor setup was identical to the VOC experimental setup, except for the
addition of a small vessel in the gas line to the gas phase oxygen analyzer in an
attempt to catch the foam caused by the surfactant. The 65 L tank was used to
mix a concentrated solution of dodecyl sodium sulfate (DSS) (99% purity) or of
DSS and VOC's in the same manner as explained above for the organic chemi-
cals, except that distilled water was used to avoid DSS precipitation. The liquid
sample program included two extra sample points: from the bottom of both
reactors. This was to check if there was a surfactant gradient in the reactor. No
gradient was found; the surface tension of the reactor effluent was the same as

that of the sample from the bottom of the reactor.

The samples for surface tension measurement were filled into 100 ml serum
vials with crimp caps and teflon lined rubber septums or 100 ml screw cap
bottles. The surface tension was usually measured the same day or within 24 h.

Gas and liquid phase sampling for GC analysis was as above.

3.3.5 Water/Biomass/Air system

Biomass from one of Berlin’s municipal wastewater treatment plants, Marien-
felde, was used. The concentrated waste activated sludge from the flotation
unit was diluted 1 to 10 in the 65 L tank to achieve a suspended solids
concentration of ~3 g/L. This was then pumped through the water bath into
reactor 1. Samples were taken for COD, TOC, IC (inorganic carbon), and sur-

face tension measurements.
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Since the gas phase balance can be used to calculate k; ap, in reactors with bio-
logical activity, the oxygen uptake rate (OUR) need not be measured. In fact,
the combination of the gas phase balance and the dissolved oxygen
concentrations in the influent and effluent allow the calculation of the OUR.
The OUR was also measured from a batch run and compared to the steady

state measurements.

3.4 VOC analysis

The three volatile compounds used in this study were: toluene, dichlorome-
thane, and 1,2-dichlorobenzene. All chemicals used were reagent grade. They
have Henry’s constants ranging from 0.240 to 0.095. A non-volatile compound,
m-cresol (Hc~10") was used as an internal standard. The Henry’s constants and

solubilities are listed in Table 4.

Table 4. Henry’s constants and solubilities for the compounds investigated.

Compound Hc" (dimensionless) | Solubility’
at293 K (mg/L)
toluene 0.240 520
dichloromethane 0.105 19,400
1,2-dichlorobenzene 0.095 140
m-cresol ~10* 23,500

* measured this study

" Mackay et al.(1981) and Verschueren (1977)
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The organic chemicals were analyzed by gas chromatography using a Hewlett
Packard GC Model 5890 A, equipped with an automatic sampler and a flame
ionization detector. A polar capillary column, FEAP-DF-0.25, was used from the
company Macherey-Nagel. The aqueous sample was put into a 1 ml (nominal)
vial with a teflon-lined rubber septum and a crimp cap and directly injected (2
microliters) with the autosampler; no pre-concentration of the samples was
required. The gas sample of 10 microliters was manually injected. The GC

operating conditions are found in Table 5.

Table 5. GC operating conditions.

column flow rate : 4.6 ml/min 18¢° 18¢°
split ratio : 24

Experiments were made to investigate the behavior of the VOC’s in the sample

vials. Aqueous standards (4 dilutions) were made and filled into the GC sample
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vials, and analyzed immediately, or frozen over a period of one week. The fro-
zen samples showed a loss of 10-30%. Therefore, all samples were analyzed in
the following 24 hours, except for one run, in which the frozen samples were
analyzed 3 days later. A four point standard curve with all four compounds was
made each time new GC samples were run. All but toluene had a linear re-
sponse over the concentration range, however, in the experimental range of tol-

uene concentrations used, the response was linear.

One method to make gas standards is to put a known amount of a substance
into a leak-tight vial and let it evaporate. Gas phase standards in the low con-
centration range proved to be difficult to make because the small size of the
available leak-tight vials (119 ml) required an accurate introduction of 0.1-2.0
mg of the chemicals into the vials. The use of the combination of volume and
weight of the substance added increased the reliability of the method. Another
possibility to find the response factor for the gas phase is to use the results from
Henry’s constant measurements in both the gas and liquid phase. This proce-
dure was used in the experiments and is described below. The response factors

from the two methods agreed quite well.

3.5 Henry's constants

Henry’s constants for the four compounds used in this investigation were mea-
sured in tap water using the equilibrium partitioning in closed systems (EPICS)
method. A detailed description of the method can be found in Lincoff and
Gossett (1984). Two 119 ml serum vials with different volumes of liquid and gas

(e.g. bottle 1-10 ml liquid, bottle 2-100 ml liquid), but with the same total mass,
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were allowed to equilibrate 24 h in a water bath at 20°C. From the mass balance

of the two bottles, an equation to calculate the Henry’s constant were made for

both phases:
Liquid phase:
C,
Ly
o =V,
H=""——r
V. —2
G~ Cy, "VG,
Gas phase:
CGx
e V=V,
2
H =——f
Ve, ¢, Ve,
2

If both the gas and liquid phases are analyzed by GC and the liquid response
factor is known, then the gas phase concentration and response factor can be

calculated from the measured H¢ and ¢;.

The mass introduced into each bottle need not be known to calculate the Hen-
ry’s constant nor must it be known to find the gas phase GC response factor;
however, it can be used as a check on the whole procedure. The H, measured
are listed in Table 6, as well as published values from studies using the EPICS

method.
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Table 6. Comparison of experimental and published values of H_ at 293 K.

H. (at 293 K) Reference

Compound This study | Kapartis Yuteri et Lincoff and
(1991) al.(1987) | Gossett(1984)

Toluene 0.240 0.260 0244

Dichloromethane 0.105 0.098 0.077 0.094

1,2-Dichlorobenzene 0.095 0.092

3.6 Surface tension measurements

The effect of the organic compounds and of dodecyl sodium sulfate (DSS) on
the surface tension was measured with a tensiometer (Kriiss GmbH, Hamburg)
using the Du Noiiy ring method. Since surface tension decreases with increasing
temperature, all measurements were made at 20°C. A calibration curve of sur-
face tension as a function of concentration was made for each compound, as
well as for a combination of the four organic compounds alone and with the
surfactant. Difficulties were encountered in finding a stable surface tension
reading. The surface tension increased with time for both the organic com-
pounds and surfactant. Volatilization as a cause was excluded by comparing
covered and uncovered dishes filled with the solutions. The value leveled off
after ~ 30 minutes. Differences were also found depending on the prehistory of
the sample, i.e. whether the bottle was shaken or not before filling the dish. The
results of these studies are illustrated in Figure 13. Comparison to other authors

(Hwang and Stenstrom (1979), Masutani (1988)) shows similar variations.
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Figure 13. Surface tension of dodecyl sodium sulfate solutions as a function of

sample treatment; and compared to other authors.

An experiment to see whether the surface tension values were reproducible
with the same method was made. A dilution curve for DSS was measured in
which the bottles were shaken before they were poured into the dish and the
surface tension was read immediately. The readings were repeated over 10 min-
utes. The values rose with time. The solution was poured back into the bottle,
shaken, and returned to the dish. The surface tension readings were repeated.
This procedure was repeated a third time. The values and the trend were repro-
ducible. The experimental error in the surface tension values is +3 mN/m (=dy-
ne/cm). This method, shaking the bottle with immediate reading, was then cho-

sen for use in the experiments.




3.7 Experimental design
The steady state method avoids many of the sources of experimental error asso-

ciated with the nonsteady state method, however, it has its own distinct sources
of error. Because data analysis of the nonsteady state method uses the form of
the response curve (with nonlinear regression) or the slope (with linear regres-
sion), the absolute value of the concentration is not important. A systematic
error in measuring DO or the VOC concentration does not affect the k;a value.
In the steady state method, error in the values of Qg, Qy, Vi, ¢, results in an
error in k;a of the same magnitude, i.e. 1% -> 1%. However, error in the liquid
concentration and equilibrium concentration is magnified. The amount of error
introduced into k;a by a certain error in concentration depends on the approach
of the liquid concentration towards the equilibrium concentration for oxygen
transfer, or the gas phase concentration towards saturation for VOC transfer, be-
cause it is the difference of the two concentrations that is used and it is in the
denominator, e.g. a 1% error in ¢, can cause a 10% error in k; a.

In the following section, the types of error in the variables and their effect on k;a
are examined. The data collection program developed to minimize error is dis-

cussed.

There are three different ways to calculate K;a depending upon which phase
was sampled (the following equations are written in terms of VOC mass trans-

fer).

If only the liquid phase is measured, the steady state mass balance can be used

to calculate c; (Method GB):

O (c—c) (37)

Ka= .
¢ Vi (cL—cL)
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where: 0,

cg=—(C,—CL)
G QG(Lo L
and:

* CG

cL—Hc

If both phases are measured, two methods are possible. One based on the liquid

phase mass balance (Method GA-Q,), and the gas phase concentration used to

calculate H_:
Q. (cL,—cL) (38)
K La = 7 c
Lic, — H_G

<

The third method (GA-Q) is based on the gas phase mass balance:

O ¢ (39)
K La -_— VL . o

CL=y
The error in K;a due to error in ¢, ¢, , and cg is affected by which equation is
used to evaluate it. Obviously ¢ has no effect on K a when equation 37 is used,
similarly ¢, has no effect on K;a when equation 39 is used. The effect of error in
the three variables on the error in K;a is analyzed in Table 7. Looking at Table 7,
it is evident that equation 37 based on the steady state mass balance is the most

sensitive to error in ¢, and ¢;.

The different effects of error in the variables on K;a due to method of calcula-
tion can be seen in Figure 14. The error bars in Figure 14 illustrate the variation
due to the three equations. The method based on the liquid phase mass balance
using the gas phase concentration to calculate ¢, * minimizes the error in K;a

(equation 38). It was, therefore, used in the data analysis.
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Table 7. Sensitivity of K;az, to concentration variations.

Conc. (mg/L) Kiar, (1/s) Change %
% error Cwo | Ce | Co GB | GA-Q. | GA-Q;| GB | GA- | GA-
Q | Qc
Ref.(0) | 19.1| 12.3| 2.0] 0.0015| 0.0015] 0.0015
-10%| 17.2| 12.3| 2.0 0.0007{ 0.0010{ 0.0015] -54 -28 0
-7% | 17.8| 12.3] 2.0 0.0008| 0.0012] 0.0015| -42| -20 0
CL | -3%| 185| 12.3] 20| 0.0011] 0.0013| 0.0015] -22 -8 0
+3%| 19.7| 12.3| 2.0{ 0.0019| 0.0016| 0.0015 31 8 0
+7%| 20.4| 12.3| 2.0 0.0029| 0.0017| 0.0015 98 20 0
+(;0 21.0{ 12.3| 2.0/ 0.0043| 0.0019 0.0015| 194 28 0
0
-10%| 19.1| 11.1} 2.0 0.0051}| 0.0025| 0.0021| 252 69 43
C| -3%| 19.1{ 12.0f 2.0| 0.0019| 0.0017| 0.0016 32 16 10
+3%| 19.1| 12.7| 2.0{ 0.0012| 0.0013| 0.0013] -21}| -13 -8
+;0 19.1} 13.6] 2.0| 0.0007| 0.0009| o0.0011{ -51} -37| -23
(2]
-10%| 19.1| 12.3| 1.8 0.0015| 0.0012} 0.0011 of -17y -25
Ce| 3% | 19.1| 12.3| 19| 0.0015| 0.0014| 0.0013 0 -6 -8
+3%| 19.1| 12.3| 2.0( 0.0015{ 0.0015| 0.0016 0 6 10
+¢;0 19.1{ 12.3] 22| 0.0015( 0.0018] 0.0020 0 25 37
(2]

Since both the gas and liquid phase oxygen concentrations were measured in

most of the experimental runs, it was possible to check the effect of the oxygen

depletion of the gas phase on k;a. Although gas phase oxygen depletion was

minor in this investigation, Ac; was always less than 1%, the effect of this small

change in ¢ * was examined. As expected, there was no effect in the region of

low power density where the driving force is large, however, as power density

increased, the effect increased because the difference between the saturated and

liquid concentration becomes very small (Figure 15). The steady state method
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must then be used with caution in the region where the driving force becomes
small. This problem may not be present in systems where chemical or biological

reactions consume the transferred oxygen.

In order to ensure statistical confidence in the GC values, an internal standard
was used in the experiments to compensate for GC variability. A non-volatile
compound was chosen, m-cresol. Four samples of each point were taken, with
two replicates, so that a total of eight GC values were made for each point. The
coefficient of variation ranged from 1.5 to 12% and the standard error varied
from 0.02 to 0.9 mg/L. Differences in liquid effluent concentrations of +10%

would be highly significant considering these values (t-test, alpha=0.95).

Because the DO probe needs a minimum flow past the membrane to give a cor-
rect reading, a small stirrer was used in the second reactor to ensure a correct

reading at the low power densities. The probes used required a minimum flow
of 15 cm/s. The VOC/m-cresol mixture caused the DO reading to oscillate; the

use of the stirrer smoothed out the signal.

The use of a continuous on-line method to measure the VOC ¢; and ¢ would
greatly enhance statistical confidence in K;ayoc. Since the concentrations studied
were high enough to measure without preconcentration of the samples, the lig-
uid concentration could be measured with a spectrophotometer equipped with

a flow-through cell and the gas concentration with a GC.
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Figure 14. Comparison of the three methods used to calculate K; a.
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Figure 15. Comparison of k;ap, values calculated with and without adjustment

of gas phase concentration.
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4 Results and discussion

The results of the experiments studying the mass transfer of oxygen into the lig-
uid phase and the experiments studying the mass transfer of the VOC’s into the
gas phase of the various water systems (tap water, m-cresol, DSS solutions, and
biomass) are discussed separately. First the results of the experiments using the
nonsteady and steady state methods to determine k; a, are presented and com-
pared to published correlations. Then the results of the experiments of mass

transfer into solutions of VOC/m-cresol and DSS solutions are discussed.

The results of the volatilization experiments are analyzed in terms of the two re-
sistance theory and the implications for predicting stripping loss from wastewa-
ter treatment plants during aerobic biological treatment are presented. Finally,
the effect of the anionic surfactant (DSS) on the mass transfer of the VOC’s is

compared to its effect on oxygen.
4.1 Oxygen transfer

4.1.1 Water/Air system

The transfer of oxygen into water has been the focus of much research over the
past decades. Many correlations exist describing the relationship between
power input, superficial gas velocity and k;a. In order to verify the reactor
set-up and evaluation methods before beginning the volatilization studies, oxy-
gen transfer experiments in tap water were made and compared to published

correlations.

Batch nonsteady state experiments
The data were evaluated and compared to published correlations that have

been used with a certain degree of success for correlating data obtained from
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nonsteady state experiments in tap water. In analyzing k;ac,’s reported in 12
publications found by nonsteady state reaeration tests in geometrically similar
stirred tanks using water/N2/air systems, Judat (1982) used the modified ver-
sion of the relationship developed from dimensional analysis (equation 12) to

fit the data within +30%. He found k;a* = A(P/V)**#y**%7,

A comparison of my data with the correlation developed by Judat is shown in
Figure 16. The agreement is acceptable considering that upon closer inspec-
tion of his graph of the 12 authors’ data (Figure 5), many of the groups of data
taken individually have a steeper slope than the given correlation. In fact
many of the authors themselves correlated their data with a larger exponent

for (P/ V)"

In reviewing published correlations, one must keep in mind that many inves-
tigations of k;a in stirred tank reactors, including this one, were based on non-
steady state experiments that contained error because the investigators ig-
nored gas phase oxygen depletion, hold-up interchange, or any of the other
problems discussed in Section 2.5.1. Such is the case for most of the published

values used by Judat (1982).

Another correlation available for geometrically similar reactors is the dimen-

sional inconsistent relationship from Linek et al.(1987):

pos3 (40)

0.4
Vv,

=4, 107
Ka 495xOV ;

The comparison to the correlation by Linek et al.(1987) seems less satisfactory

(Figure 17), however, the deviation is explainable in light of the fact that my
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Figure 16. Comparison of nonsteady state k;ag, values (this work) to the cor-

relation from Judat (1982).
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Figure 17. Comparison of nonsteady state k;ag, values (this work) to the cor-

relation from Linek et al.(1987).
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data were not evaluated using the gas phase depletion model, nor was the
flushing out period of the hold-up interchange considered. Since their correla-
tion is based on the "correct method" (vacuum degassing and pure oxygen),
both omissions could clarify the observed deviation. The plateau observed in
the last six data points can be explained by the observation of Linek et
al.(1987) that the error in k;a due to the phenomenon of the hold-up inter-

change becomes more pronounced at higher P/V values.
Continuous flow experiments

Steady state

Figures 18 and 19 compare the steady state data to the two methods dis-
cussed above, the correlations from Judat (1982) and Linek et al. (1987). On
first inspection, the scatter seems daunting. However, careful inspection of
the data shows that the scatter is systematic with increasing superficial gas
velocity. The development of the relationship used by Judat in Figure 16 re-
quires the assumption that the exponents of the power term, a, and gas ve-
locity term, b, sum up to one: a+b=1, and groups the superficial velocity term
with both the k;a and P/V terms. If the assumption is removed, and the
dimensionless k;a, (k;a*) is plotted versus P/V*, one can see in Figure 20 that
the k;a* can be correlated with the superficial velocity term, vs*. By plotting
k a* vs. vg*, the exponent b was determined to be one. Figure 21 shows the
good correlation for k;a*/vs*, with an r=0.979. Linek et al.(1987) did not mea-
sure k;a as a function of superficial gas velocity, but rather used the expo-
nent of 0.4 as reported by Robinson and Wilke (1973) and Smith et al.(1978).
Changing the exponent for v from 0.4 to 1.0, the plot of k;a/vs vs. P/V

becomes a straight line again, just as in Figure 21.
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Figure 18. Comparison of steady state k;ap, values (this work) to the correla-
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Figure 19. Comparison of steady state k;a, values (this work) to the correla-

tion from Linek et al.(1987).
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Figure 21. Plot of k;a*/vs* versus (P/V)*.
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A comparison of my nonsteady state and steady state data using the dimen-
sionless variables, k;a*/vs* and P/ V*, illustrates the problems in the exper-
imental methods (Figure 22). The data from both nonsteady state methods,
i.e. deoxygenation with N, and Na,SO;, do not agree in all regions. The
difference at the higher P/V* values can be explained with the observation of
Linek et al.(1987) discussed above that the hold-up interchange when switch-
ing from N, to air becomes important at high P/V values, since there is no
hold-up interchange with the chemical method. The importance of probe lag
time is illustrated in Figure 22 by the difference between the values obtained

from a probe with a lag time of 7 s and one with a lag time of 3.5 s.

102 ¢ . 5
F ¢ steady state method 35
[ nonsteady state methods :
. ©® NaySO,5 | X)%
| A N, T=35s SO |
@ A N, T=7¢ ¢ A
10 2 00 X b a
o VRPN
: S
5 X P2
I E x &
X ?
1 0'4 L A A 1 L1 l= 1 1 1 L2 L1 ]= 1 L 1 1.2 111
-1 0 1 2
10 10° pjyys 10 10

Figure 22. Results from the three experimental methods: nonsteady state

with N,, and with Na,SO, deoxygenation, and steady state (this

work).
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The difference between my nonsteady and steady state data can be explained
by considering all the problems in the nonsteady state method discussed in
Section 2.5.1. In comparing a steady state method, the hydrazine method,
with the nonsteady method using the N,/air method, Osorio (1985) also
found that the nonsteady state method gave lower k;a values. He observed
the greatest deviation between the two methods at small superficial gas velo-
cities and high energy input, the region where errors from both gas phase

depletion and probe lag time can be important.

One approach to avoiding the problems associated with the nonsteady state
method is to use an appropriafe model considering both the gas and liquid
phase mass balances (Linek et al., 1982). Another approach is to modify the
experimental method to overcome these problems. Comparing the results
from experiments using a modified method with the correlation from Judat
(1982), we see that they are higher than his correlation predicts (Figure 23).

The various correlations and the methods used are listed in Table 8.
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Table 8. Correlations developed from methods modified to account for error

sources.

Author Correlation Method improvement
Judat (1982) . TPT™ os

ka = [V] Vg
Linek et al. p 1% Vacuum degassing and pure oxygen
(1987) k.a=495%x10". [—] v>*  |Evaluation included probe and

Vv hold-up dynamics
Gibilaro et al. P 0.76 Double response/initial response
(1985) k.a=0.49- [—] .vi¥ |methods
1000-V Gas phase concentration measured

Osorio (1985) . P1 s Steady state method:

ka =A- v Vs ' hydrazine

Since two methods are available to measure the mass transfer coefficient in
the steady state mode, both were used and compared: the liquid phase mass
balance and the gas phase mass balance, equations 33 and 34. Another check
on the system is the total mass balance on the system. This can be used to
check if the measured values are consistent within themselves; for example,
the most unreliable parameter can be checked. The agreement between the
two k;a’s was good, <10% difference in most cases. The total mass balance
was used to check the dissolved oxygen concentration in the aerated reactor.

The k;ap,’s from the liquid and gas balances are compared in Figure 24.

Although the steady state method is free from the major problems caused by
the concentration changes over time of the nonsteady state method, it also
has regions in which error can become large. The sensitivity analysis of the
steady state method presented in Section 3.7 illustrated the problem caused

when the liquid concentration approaches saturation. Because the difference

91




* *
kLa / Vg

10% _

F x Steady state (this work) |

- O Nonsteady state (this work)

| = Chapman

| & Gibilaro be %

30%

10‘3 ‘.0 l )O& @ﬂ'}/

: -30%

Judat's: Correlation
10’4 1 1 1 t 3 101l 1 i L1 11t
10° 10 10? 103

(PIV)*/vg*
Figure 23. Comparison of Judat’s correlation to experimental k; ap, values

from various modified methods.
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Figure 24. Comparison of k;an, values calculated from the two steady state

methods: gas phase and liquid phase balances (this work).
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between the saturation and liquid concentration is in the denominator, a
small difference greatly magnifies the error. As the difference, i.e. the driving
force, approaches zero, the mass transfer coefficient becomes undefined, both

theoretically and mathematically.

In examining the correlations in Table 8, we see that most correlate the de-
pendence of k;ax, on power density to a power of 0.6, with the exception of
Judat who found the exponent to be 0.4. Analyzing my results using
dimensional analysis, k; a* as a function of (P/V)* and v¢*, it appears that
the curve can be broken into two regions, from 0.1 < (P/V)* < 2.0 and (P/V)*
> 2.0. The lower region has a slope of 0.64 (r*=0.965), while the higher region
has a slope of 1.0 (*=0.991). These parameters do not fully describe the mass
transfer process in the low power range (20-200 W/m?). In this region the
bubbles are not sheared as much by the stirrer; they remain large, and have a
higher velocity and shorter retention time than the smaller bubbles produced
at higher power densities. It is possible that the use of bubble velocities and
residence time distributions could correlate the data better. However, using
the superficial gas velocity, the results can be separated into two power re-
gions, with a=0.64 for 20-200 W/m?®, and a=1.0 for >200 W/m? b=1.0 for both

regions.

Different regions in the relationship between the mass transfer coefficient
and power density have been observed by various authors. A minimum agi-
tator speed for dispersing gas bubbles (n, (s)) was correlated by Van Dieren-
donck et al.(1968) in their work on the specific contact area in gas liquid reac-

tors.
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for pure liquids:
(41)

nodz 12
) (D) *“=0.07 forD<1.0m

Using this correlation, the minimum stirrer speed for the reactors used in this
study is n, = 154 RPM or (P/V)* = 0.4. Few data was taken below this speed,
so this minimum cannot be confirmed. This is not the point where the data in
this study can be broken into two regions. The break occurs at a higher

power density and is not explained by the minimum stirrer speed.

A similar increase in the mass transfer coefficient at high power densities
was observed by Figueiredo and Calderbank (1979). They postulated that
surface aeration was taking place. Van Dierendonck et al.(1968) also corre-
lated the characteristic stirrer speed for aspirating gas bubbles (n* (s")) in a

baffled stirred tank reactor.

M;dz (Pi 1/4_2(H_h)1/2 (42)
Do J\gp') "\ D

Calculating this characteristic speed n,* for the reactors used in this study,

we find that n,* = 330 RPM or (P/V)* = 3.7. Looking at Figure 24, we see that
this is where the second region begins. Therefore, it is probable that the
increased dependence on (P/V)* in the second region is due to the increased

gas flow into the reactor because of bubble aspiration.

Nonsteady state
Because of the difficulties experienced with the steady state method at high

power densities, i.e. the liquid concentration approached saturation, a non-
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steady state method to determine the oxygen mass transfer coefficient was
used. A comparison of the continuous flow nonsteady state and the steady
state method is shown in Figure 25. The two methods agree well at lower
power densities but deviate at k;ag,’s above 0.01 s”, the steady state k;ap, is
~30% higher. Some of the same problems associated with the batch non-
steady state methods are encountered here, i.e. gas phase depletion, but be-
cause the continuous nonsteady state method experiences a lesser rate of in-
crease in the dissolved oxygen concentration due to transport into the reactor
of deoxygenated water, the error introduced by DO probe lag time begins to
appear at higher k;a values than discussed in Section 2.5.1. The hold-up in-
terchange problem that caused large deviations in the high P/V region is no

longer present.

The use of this method allowed the steady state method to be used to deter-

mine the K;ayoc's and as well allowed as the k;ag, to be determined.
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Figure 25. Comparison of the steady state method with the continuous non-

steady state method.

4.1.2 Water/VOC/Air system

Estimating the simultaneous transfer rate of VOC’s and oxygen was the object
of this study. In the investigations of the volatilization of the three organic
compounds, k;ap; was measured with the steady state and continuous non-
steady state methods. As discussed in Section 2.4, organic compounds can af-
fect the coalescence behavior of bubbles leading to changes in the oxygen mass
transfer coefficient. Therefore, the effect of the organic compounds used in this

study on oxygen transfer must be considered.

During the course of optimizing the volatilization experiments, various organic
compounds and concentrations of the organic compounds were used. From
these experiments it was seen that the concentrations of toluene, dichlorome-

thane, and 1,2-dichlorobenzene studied had no effect on k; an,. The compound
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m-cresol was used in this study as an internal standard. Gurol and
Nekouinaini (1985) found m-cresol to increase k;ag, in diffused aeration ex-
periments. The increase was dependent on the concentration of m-cresol and
the hydrodynamic conditions of the experiment, i.e. & increased with
increasing concentration and air flow rate. Similar results were seen in this in-
vestigation. The runs without m-cresol or with a low concentration (< 25

mg/L) follow the k,ag, curve for tap water (Figure 26).
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Figure 26. Comparison of k;a, measured in tap water to those measured in

the presence of VOC'’s and VOC’s with m-cresol.

The dependence on the hydrodynamic conditions for the runs where m-cresol
had an effect is illustrated in Figure 26. At low power densities there is no ef-
fect on k ap,, the curves are the same. The sparger used to introduce the air

produces large primary bubbles; the coalescence hindering property of

97




m-cresol is not yet important. However, as the power density increases, the
curves diverge. The large primary bubbles are broken up by the stirrer at the
higher power densities and the coalescence hindering property of m-cresol
produces very fine bubbles. The k;ac, values rapidly increase due to the in-

crease in interfacial area.

4.1.3 Water/DSS/Air system

The anionic surfactant dodecyl sodium sulfate (DSS) was used to investigate
the effect of changes in surface tension on oxygen transfer. The surfactant de-
creased k;ag, at low power densities; the lower the surface tension, the more
effect. As the turbulence of the system increased, the k;an, values approached
those of tap water, and finally increased to four times the tap water values.
Looking at Figure 27, we can see that the region where the k;ap, values of the
surfactant become larger than those of tap water is the same region where the

k;ag, values with m-cresol also become larger than the tap water values.

Other authors have also found this decrease and recovery in k;ac, with increas-
ing power (Mancy and Okun, 1965, Eckenfelder and Ford, 1968, and Hwang,
1983). In discussing the results of Mancy and Okun (1965) and their own
results, Eckenfelder and Ford (1968) break the analysis into three hydrody-
namic regions. Under laminar conditions they found little to no effect on o
since the resistance in the bulk liquid to oxygen transport exceeds the
combined interfacial resistance. This region was not used in this study. Lami-
nar conditions are rarely encountered in aeration practice. They found the
maximum depression in k; occurs under moderately turbulent conditions.

They assume this is due to the barrier effect: the transfer rate is controlled by
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Figure 27. The effect of DSS on the oxygen mass transfer coefficient.
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Figure 28. Dependence of the effect of DSS on reactor hydrodynamics.
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the interfacial resistance to molecular diffusion caused by the adsorbed surfac-
tant. From the work of Llorens et al.(1988) and Ollenik and Nitsch (1981), it
seems that the hydrodynamic effect is more important: the suppression of the
interfacial turbulence and reduction in internal gas recirculation due to the sur-
face tension gradient. The magnitude of the effect on k; in this region depends
upon whether the life of the interface is sufficient to establish equilibrium with

respect to absorption of the surfactant.

The effect of the change in surface tension on k;an, is seen in Figure 28 for in-
creasing power densities. In the moderately turbulent region (P/V < 200
W/m?), as surface tension decreases, the mass transfer of oxygen decreases.
The recovery of the mass transfer coefficient to its original value (as discussed
in Section 2.3.1) at the critical micelle concentration could not be investigated
because of precipitation problems, i.e. at high concentrations, DSS formed a
precipitate in the tap water used. Looking at the data from the more turbulent
regions (P/V > 325 W/m?), we see that k;an, increases as surface tension de-

creases.

In this third region described by Eckenfelder and Ford (1968), the turbulence at
the higher power densities, in causing the same surface renewal experienced in
water/air systems, indirectly caused increased interfacial turbulence and inner
gas recirculation due to dynamic/static surface tension differences as dis-
cussed in Section 2.3.1 (Koshy et al., 1988). Therefore, the mass transfer coeffi-
cient measured in the presence of surfactants, k;, approaches that of k;p, the
mass transfer coefficient measured in tap water. However, the volumetric mass

transfer coefficient of the surfactant system, k; a,, exceeds that of the tap water
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Figure 29. Change in alpha factor with increasing power density for the DSS

solutions.

system at high power densities, i.e. a > 1. This is due to the increased interfa-
cial area, either caused by the formation of smaller primary bubbles or, in the

case of this study, the inhibition of coalescence after the primary bubbles are

broken up (Figure 29).

In studying the effect of DSS on surface aeration in three sizes of geometrically
similar tanks, Hwang (1983) was able to correlate his data using surface tension
as a parameter with the Weber number (=(pn*d’) /o) raised to the power 0.8.
The correlation was developed for a range of P/V from 3 to 40 W/m®, the low-
est region of this study. Although the reactors in the two studies are not geo-
metrically similar, a comparison can be made to see if the effect of surface ten-

sion can be described by this function. Figure 30 shows the data from this
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study plotted in a similar manner. The y-axis was modified using the
appropriate dimensionless numbers for a sparged turbine stirred tank,

k a*/vs*. The data is fairly well correlated with these parameters.

Osorio developed a correlation to describe his coalescence inhibited system
(from the addition of salt and iso-propanol) using the dimensionless surface
tension number, 6. He found ka to be inversely proportional to 6™ *. Plotting
my data in his form, we see that the low and high ranges are not well described
(Figure 31). His correlation was not developed for surfactants, so the reduction
in k; ap, at the lower P/V region due to hydrodynamic dampening is not con-
sidered in his correlation. The phenomena observed in his study are most
probably due to the change in coalescence behavior, not due to changes in

surface tension.
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Figure 30. Comparison of data to the correlation developed by Hwang (1983).
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Figure 31. Comparison of data to the correlation developed by Osorio (1985).
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4.1.4 Water/Biomass/Air system

Experiments were made to measure the oxygen mass transfer coefficient in the
presence of biomass. Thickened waste activated sludge was obtained from a
Berlin municipal wastewater treatment plant and diluted to a suspended solids
concentration of ~3 g/L. The mixed liquor was characterized in terms of sur-
face tension, suspended solids, COD, IC (inorganic carbon), and TOC (Table 9).
There was a reduction in k;ap, compared to tap water vales until high power
densities were reached (P/V* > 5) (Figure 32). Comparing the effect of surfac-
tant at this surface tension and the effect of the biomass showed that surface
tension was not enough to describe the changes in k;ac,. Since the presence of
biomass in the reactor appeared to dampen the turbulence, a study of the effect
of biomass on the hydrodynamics of the system may bring more insight into

the effect of biomass on mass transfer.

Table 9. Characteristics of the biomass suspension.

o SS COD TOC IC
mN/m g/L mg/L mg/L mg/L
63.2 3.15 48 6 27
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Figure 32. Comparison of k;ap, values measured in the presence of biomass to

those measured in tap water and a DSS solution.
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4.2 Volatile organic compound transfer

The data from the volatilization experiments were evaluated for consistency by
checking the mass balance closure, since both the gas and liquid phases were
sampled. The closure was generally good; only data with a closure +15% were
used. The coefficients of variation (standard deviation/mean) for the GC mea-
surements were good, varying from 1.5-12%. The VOC mass transfer coeffi-
cients were calculated with the steady state equations 37-39. The mass transfer
coefficient values from equation 38 were used in the discussion below because,
as discussed in Section 3.7, it is the most reliable of the three equations. How-
ever, in the experiments with a good mass balance closure, the agreement be-

tween the K ayoc's from the three equations was good.

4.2.1 Water/VOC/Air system

In contrast to k;ag,, the VOC mass transfer coefficients show little dependence
on the power input in the reactor (Figure 33). Since k;ap, increased with power
density, the ratio of the two over-all mass transfer coefficients, '¥,, decreases
with increasing power (Figure 34). The curve can be approximated as a line in
the log/log plot. However, the negative deviation at high power densities is
not due to scatter, but rather due to the exponential increase in k; a5, in non-

coalescing systems at high power densities.

Some experimental values of k;a,, K;ayoc, and ¥, are listed in Table 10. ¥,

varies from 0.13 to 0.66 for toluene, and from 0.03 to 0.28 for dichloromethane
and 1,2-dichlorobenzene. Comparing this to Table 2 in Section 2.1.4, we see

that these values are not within the range predicted based on the theory of a
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liquid film controlled mass transfer. The predicted range considering error in
the diffusion coefficient and the variation possible in the exponent n is between

0.34 and 0.83 for all three compounds.

Table 10. Experimental results: k;ac,, Kiayoc, and Kiayoc/kiag, (¥,) for three

power ranges.
Power | kiap Kiayoc Kiavoc/kiag,
W/md| 1/s 1/s ¥,
TOL | DCM |[1,2-DCB| TOL | DCM |[1,2-DCB
27 0.0023 | 0.0016 | 0.0007 - 0.66 0.28 -
113 0.0048 | 0.0015 | 0.0006 | 0.0007 0.32 0.13 0.14
555 0.0232 | 0.0031 | 0.0008 - 0.13 0.03 -
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Influence of gas phase resistance

Obviously, the resistance to mass transfer of the volatile organic compounds
does not just lie in the liquid side. The gas phase resistance must also play a
role in the over-all resistance. The importance of the gas side resistance is de-
termined by the hydrodynamic conditions in the reactor and the Henry’s con-
stant of the compound. Both influence the relationship of the over-all mass
transfer coefficients, Kjayoc/ ki ao,, because of the relationship of the film

coefficients and H_:

1 1 1 (40)

—=—

KLa _kLa HC 'kaa

Using this equation, it is possible to approximate the experimental ratio of

kca/k;a from a plot of 1/K;a versus 1/H..

The slope is the inverse of ksa and the y-intercept is the inverse of k,a. This
equation applies strictly only for compounds with the same Schmidt number.
The three VOC'’s have similar liquid diffusion coefficients, the diffusion coeffi-
cient of oxygen is only approximately two times larger, therefore, the varia-
tion in Sc is negligible. This method can be used to calculate the ratio kga/k;a
for the various power densities used. A drawback of this method is that it is
extremely sensitive to experimental error. The smallest and most error prone
K. a becomes very important, K;apcg, and a slight change in the slope (1/kga)
changes the y-intercept (1/k;a) from positive to negative. Not only is the un-
certainty of the mass transfer coefficient magnified, but also the uncertainty of
the Henry’s constant. Because of the limited number of compounds used and

the weight placed on the component with the most unreliable mass transfer
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coefficient (1,2-dichlorobenzene), this method can only be viewed as approxi-
mate, especially in the determination of k;a. However, since k;a0; = Kiag,, we

can estimate k;ayoc from k;ao, (Dyyoc/Dro)” -

In order to check the results, a second form of the equation was also used:

KLa —k K kGa (41)
I{c =Hd 14 kLa

This time the y-intercept is kqa and the slope is kga/k;a. This equation places

much more emphasis on the oxygen mass transfer coefficient.

Another possibility to calculate the ratio ksa/k;a is based on the theory devel-

oped in Section 2.1.4:
1 1 + 1 (42)
K. ayoc Pryoc Y' Doyoc 1"
kiao, - Dy, Hc - kgao, - b,

Smith et al. (1981) suggest using this equation to calculate Kiayoc from known

k;a0,’s when gas phase resistance is also present. They investigated volatiliza-
tion under conditions simulating natural bodies of water. Instead of ksac,
though they use kgagpo, Which is easy to determine experimentally in their
experiments. Other authors have used this equation to calculate ksa /kia
(Munz and Roberts, 1984, Hsieh, 1990) using nonlinear regression. Because
only three compounds were studied here, it was not possible to use this
method with any certainty. However, if a value of n=0.5 is assumed, ksa/k;a

can be calculated from the following equations:
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R L K, L8voc (43 )
ksa 1 1 (44)

Unlike the other methods, the compounds are evaluated individually here.
Therefore, although the ratio ksa/k;a should be the same for all compounds
regardless of their H, as in the other two methods, the ratio kga/k;a calculated
with this method for dichloromethane and 1,2-dichlorobenzene are similar,

but the ratio for toluene is higher in all cases.

The ratio ksa/k;a, kca, and k;a calculated from these three methods are
shown in Table 11. There is fairly good agreement between the methods. The
ratio of the two film mass transfer coefficients decreases with power input as
expected, while the gas film mass transfer coefficient remains constant (Figure
35). Experiments with more compounds covering a wider range of Henry’s
constants would be needed to reduce the scatter. Although there is scatter in

the values, the trend is evident. Figure 36 shows the contrasting trends in

kca/kia, kga, and k; ag,.

It is clear that kca/k a decreases with increasing power density because k;a
increases while kga remains constant. However, it is not clear why kga re-
mains constant with increasing power. No correlations exist for kga in stirred
tank reactors (Joshi and Pandit, 1981). Investigations have shown the

dependence of ksa on gas diffusivity in stirred cells (Versteeg et al., 1987) and
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the gas flow rate is certainly another important parameter for kca. Experi-
ments studying the effect of Q; and power density on kga are necessary to de-

velop a better understanding of kga.
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Determination of kca/k;a

The type of mass transfer contactor, the power input, and the gas superficial
velocity are the major parameters in determining the ratio ksa/ka. In this
study of a stirred reactor, the power input ranged from 22->2820 W/ m’, vg
from 3*10™* to 1.1*10° m/s, and kqa/k;a varied from 5 to 0.1. Munz and Rob-
erts (1984) reported values for surface aeration that range from 90 to 20, for
packed columns from 10 to 1, and for bubble aeration from 60 to 10, all with
increasing power input. Table 12 lists their correlations developed from the
experiments. Their correlation for surface aeration uses the Reynolds number.
The dimensionless power density would be more appropriate to use, because
at high Reynolds numbers the power number is actually independent of the

Reynolds number.

The value of the ratio kga/k;a depends on the value of both kga and k;a. The
value of kga depends on the gas velocity over the surface in surface aeration.
In the surface aeration experiments of Munz and Roberts (1984), forced air cir-
culation was used, but this dependence was not quantified. Therefore, their
correlation for surface aerators cannot be used to yield absolute values of
kca/k;a. It was not possible to develop a correlation for the stirred tank reac-
tor because the superficial gas velocity was not varied much in this study.
Therefore, the dependence of ksa on vg could not be determined. However,

the dependence on power was determined and is shown in Table 13.

All published reports on volatilization studies under conditions simulating
natural bodies of water and for surface and bubble aeration have found ¥,, to

be independent of power input. In a study on surface aeration with power
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Table 12. Correlations for the various types of mass transfer contactors.

Contactor Type Correlation Author

Surface Aerator kga 2 i Munz and Roberts (1984)
—=1.15-10"-Re ™™
kLa

Fine Bubble Dif- ksa pY112 "
—=389-| =

fuser ka 4

Packed Column kea 0, Y% "
—=132.|—
k.a Qg

Stirred Tank ksa [ pY-o7T b] this study

input ranging from 0.8-320 W/m?, Roberts et al.(1984) found ‘¥, to be con-
stant. In this investigation, power input was varied from 22-2820 W/m”. A de-
crease in ¥,, was observed at power densities as low as 50 W/m?. This can be
explained by the ratio kca/k;a. The surface aeration experiments of Roberts et
al. had kga/k;a values ranging from 90 to 20. In the stirred tank reactor in this
study, for the same range of power input, the ratio ranged from 5 to 1. Liquid
side resistance accounted for 90 - 50 % of the total resistance in surface aera-

tion, whereas in the stirred tank reactor it accounted for only 30 - 10 %.

Effect of Henry’s constant on ¥,

It is possible to calculate the influence of the Henry’s constant on Kjayoc, and
¥,, for a given k;ag, and ka/k;a from the relationships developed in Section

2.14.
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Rearranging equation 17:

DLvoc i (45)
k.ayoc =k a0, Dy,
2

Combining equation 17 and 21:

¥ —w :av _ [DLVOCJ" :av (46)
"= ° '‘L%oc - ¢ ‘L%oc
1+”c"‘6‘voc Dy,2 1+Hc"‘0“voc

If we look at the experimental stripping data of Hsieh (1990) for 20 organic

compounds at one set of hydrodynamic conditions and analyze it in terms of
the influence of H, on ¥,,, we see that it follows the predicted curves quite
well (Figure 37). The erratic course of the curves stems from the calculated
diffusion coefficients. As H, increases the value of K;ayoc tends toward kiayoc,

and ¥,, tends toward P.

Changing the hydrodynamic conditions changes the dependence of '¥,, on H..

Figure 38 illustrates this effect for three hydrodynamic conditions from this
investigation and one from Hsieh (1990). Again, as the compounds become
more volatile (H, T), P,, tends towards ¥ and as Dyyoc approaches D, ,
¥, —1. Increasing turbulence decreases ¥,,, because the ratio kga/k;a de-

creases.
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Figure 37. Relationship between K;ayoc, ¥,,, and H, (data from Hsieh, 1990).
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Figure 38. Dependence of ¥,, on H, for various power densities.
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Gas phase saturation

A constraint on the experimental evaluation of over-all mass transfer coeffi-
cients of VOC’s is that the gas phase must not be saturated with the organic
compound. Calculating the percent gas saturation (Table 14), we see that this
constraint is fulfilled for the experimental conditions used in this research. No
relation between power input and gas saturation is visible. Using the CFSTR
model, we can look at the predicted gas phase saturation for various hydrody-
namic conditions for the three compounds investigated. For a constant '¥,,, the
percent saturation is independent of the gas and liquid flow rates, but
dependent on the power input into the system and H.. The less volatile the
compound, the faster it approaches 100% saturation with increasing power
input. However, the gas saturation is also dependent on '¥,,. Remembering
that ¥,, decreases with increasing power input and following the line of the
experimental ¥, values across Figure 39, we see that as the power input in-

creases the percent gas phase saturation remains fairly constant.

Table 13. Experimental stripping loss and gas phase saturation.

Power | kiap, Exptl. Stripping Loss Gas Phase
Saturation
w/m*] s’ % %
TOL | DCM |1,2-DCB| TOL | DCM
27 0.0023 | 36.7 20.7 19.8 67 65
113 | 0.0048 | 35.0 18.8 14.8 68 67
555 | 0.0232 | 40.6 20.3 15.2 81 70
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Figure 39. Gas phase saturation as a function of power density.

Stripping loss

The stripping losses of the volatile organic substances from tap water for vari-
ous reactor hydrodynamic conditions are listed in Table 14. Although the
power densities used produce a range of k;ap, from 0.0023 to 0.0232 s7, the
stripping loss seems to be independent of power input. An order of magni-

tude increase in k; ap, shows no corresponding trend in stripping loss.

If we evaluate these results in light of the importance of both the gas and lig-
uid phase resistances, we see that the independence of the stripping loss from
kiag;, is predictable. Using a model of the CFSTR, the relationship between

stripping loss and k;ag;, as a function of ¥,, and H,, can be calculated. Figure
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40 shows the experimental results compared to the calculated results for tolu-
ene. From the preceding discussion we know that ¥,, decreases as k;ag, in-
creases, so that in following the decreasing ¥,, across the graph as k;ao, in-

creases we find that the percent stripping loss remains almost constant.

This can be explained in terms of the two resistance theory. Since the strip-

ping loss is dependent on K;ayoc, we can look at it as a function of power

input:
kLa02 (40)
Kiayoc =¥ ———
Hc -kgayoc
For small H_ and ksa/k;a:
k.ao, (40)
K ayoc =¥ - k—— H - kgayoc
LAvoc
and since: (40)
kLa02 _l
kiayoc ¥
then:

KLaVOC = HC . kGaVOC = constant
Therefore, K;ayoc becomes independent of power at the higher power inputs.

In order to expand these results to wastewater treatment design, we can con-
sider the experimental data in a different form. The variables that affect strip-
ping losses are: Qg, Qp, ¥,,, kjag,, H.. Because the hydraulic retention time, 6,
(VL/Qp), used in this study was small compared to those of wastewater

treatment processes, it is interesting to look at the effect of ¥,, on stripping
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Figure 40. Toluene stripping loss as a function of k;ap, for ¥, = 0.01-1.0.

loss as a function of 6. This allows us to see what would happen under full
scale conditions. The percent toluene stripping loss is plotted against Q, (or
08y) in Figure 41 for two different power densities (or k;a,) and ¥, for these

experimental conditions. Qg is held constant at 200 L/h and the H. of toluene

is used, 0.240.

As 8, becomes large (small Qp), the stripping loss increases to 100% for all

kiap,. The experimental points are shown for 64 = 0.3 h. For k;as, = 0.0023 s,
¥,, = 0.66; for kiap, =0.023 s, 'P,, = 0.13. These two curves are very close to-
gether, therefore, there is only a small increase in stripping loss for an order of
magnitude increase in k;an,. This can be explained by the increased

importance of the gas side resistance as power is increased.
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Considering stripping loss for one power density (P/ V=27 W/m’, k;a,=0.002
s, kqa/k.a=5) and for the range of ¥,, from 0.001 to 1.0, the influence of ¥,
on stripping loss is seen (Figure 42): as '¥,, increases, stripping losses increase.
This means as the gas side resistance decreases, more is stripped. The range of
compound volatility covered by this range of ¥,, can be calculated using
equation 46; '¥,, = 0.001 would be typical for m-cresol (He=0.0001) under these
experimental conditions, ¥, = 0.05 for naphthalene (Hc=0.020), *¥,, = 0.13 for
dichloromethane (Hc=0.105), and ¥,, = 0.66 for toluene (Hc=0.240). The in-
crease in compound volatility greater than that of toluene (Hc>0.240) does not

significantly increase ¥,, or stripping losses.

In summary, when estimating the potential stripping losses for one com-
pound at various power densities, the change in ¥,, with power must be taken
into consideration. An increase in power causes a decrease in ¥,,, thus causing
only a small increase in stripping losses.

For the case of one power density and various compounds, the less volatile
the compound, the more important the gas side resistance becomes, and the
more P, deviates from ¥, thus decreasing potential stripping losses.

The stripping losses in all cases must be calculated with ¥, to avoid overesti-

mation.
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Figure 41. Stripping loss as a function of liquid flow rate (or 6,,) for two
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Figure 42. Stripping loss as a function of liquid flow rate (or hydraulic reten-
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4.2.2 Water/DSS/VOC/Air system

The effect of surface tension on VOC mass transfer was studied by the addition
of the anionic surfactant dodecyl sodium sulfate (DSS). A DSS solution with a
surface tension of ¢ = 55 mN/m was used. The results are compared to the
Kiayoc's measured in tap water in Figure 43. The addition of DSS caused a de-
crease in K;ayoc over the range of P/V studied. However, the degree of de-
crease changes as power input increases, e.g. for toluene from 50% reduction to
15%. This behavior is similar to that of kjax,. A plot of the a values for oxygen
and VOC transfer in the presence of DSS illustrates this point (Figure 44). As
power density increases, o increases for all three compounds. However, the
Kiayoc's just approach the tap water values at P/V = 652 W/m®, while k;a,
exceeds the tap water value by a factor of 2.2. It seems the mechanism that re-
duces mass transfer at the lower power densities for O, exerts the same influ-
ence on the VOC’s. Because of the importance of gas side resistance, an in-
crease in power density above 700 W/m?® does not increase Kiayoc in tap water.

Therefore, an increase in o above one is not expected.

The gas film coefficient, kg, is not changed by the presence of DSS (Figure 45),
nor is the function of the ratio of ksa/k;a with power greatly changed. The
curve in the presence of DSS deviates somewhat from the curve found for the
water/VOC/air system, because of the decrease in k;a by DSS in the moder-

ately turbulent region and increase in the highly turbulent region.

The relationship between the mass transfer coefficients, '¥,,, seems to be little

changed by the surfactant. Figure 46 shows the decrease in ‘¥, compared to
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Figure 43. Comparison of KLaVOC values measured in tap water and in a DSS

solution (o = 55 mN/m).
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Figure 44. Alpha factors for oxygen and VOC’s as a function of power density

for the DSS solution (o = 55 mN/m).
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¥ as a function of dimensionless power density. The steeper fall in ¥, . oc-

mTpP
curs at the point where the k; ag, values in the presence of DSS become larger

than the tap water k;ao,’s. In coalescing systems the fall in ¥, should follow
the line. This deviation is similar to the curve in Figure 26 for VOC'’s in tap
water. It is important to remember that the addition of m-cresol hinders coales-

cence, thus causing an increase in k;ao, similar to the effect of DSS.

As discussed in Section 2.1.5, most studies have found ¥,, to be constant, inde-

pendent of power density, because of the relatively high ksa/k;a ratios used.
In studies on the effect of surface active agents on '¥,, in diffused aeration,
Matter-Miiller et al.(1981) found that there was no change in the value of '¥',,,
although the mass transfer coefficients were reduced by up to 46% in the pres-
ence of palmitic acid. This is similar to the results of Rathbun et al.(1978). They
studied the effect of phenol, an anionic surfactant, and an oil film on the ratio
of the mass transfer coefficients of propane and ethylene, and oxygen under
conditions simulating rivers. No significant effects of the additives on ¥, was

found.
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Lines are tap water. (c=71.8)
Points are DSS solution. (o =155)
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Figure 45. Comparison of the vales of kga, kca/k;a, and %R, /R; measured in

tap water and the DSS solution.
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Figure 46. Comparison of ¥,, in tap water and in the DSS solution.
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4.2.3 Application of results

The relationship Kjayoc = ¥*kiac, is being used to estimate stripping losses for

compounds of medium and low volatility in wastewater treatment processes.
As discussed in the previous sections, the mass transfer of semi-volatile com-
pounds is not controlled by liquid side resistance, but is a function of resistance
in both phases, so that '¥,, < '¥; therefore, the predicted VOC emissions using

this technique are being overestimated.

When upgrading aeration systems it is important to consider the effects of gas
side resistance on VOC emissions. If kqa/k; a is decreased (i.e. the turbulence is
increased due to increased power density or increased gas flow) ¥,, decreases,
and VOC emissions can remain unchanged, even though the oxygen transfer
rates are increased. If the method of aeration is changed, each method must be
evaluated in terms of ksa/k;a and ¥, in order to compare VOC emissions.
Subsurface aeration systems, such as the one used in this study, have lower
kca/k a ratios than surface aerators for the same oxygen mass transfer coeffi-
cients (Hsieh, 1991), so that '¥,, << ¥ for subsurface aerators, resulting in lower
VOC emissions. Care should be exercised with free surfaces, weirs, and other

high kca/k;a aeration devices.

VOC emissions from a reactor are also very dependent on the hydraulic reten-
tion time. The use of a process with a shorter hydraulic retention time and
higher oxygen mass transfer coefficient is preferable to a process with a longer

hydraulic retention time and lower oxygen mass transfer coefficient.
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5 Conclusions

Volatilization, the mass transfer of chemicals from water to air, is an important
phenomenon to be considered when accessing the effectiveness of an activated
sludge process in treating wastewater high in volatile organic compounds
(VOC’s). The aeration process can remove volatile compounds and less volatile
but not easily biodegraded compounds by the stripping effect. Volatilization can
also occur in other activated sludge unit processes, though theoretically the
major source of VOC emissions is the aeration process. This study investigated
the quantification of the simultaneous mass transfer of oxygen and volatile or-

ganic compounds in an aerated stirred tank reactor.

The mass transfer coefficients of oxygen and three VOC'’s, toluene, dichlorome-
thane, and 1,2-dichlorobenzene, were determined in three water systems: tap
water, tap water with an anionic surfactant, dodecyl sodium sulfate (DSS), and
tap water with biomass (oxygen only). A steady state method was chosen as the
appropriate method for studying the simultaneous mass transfer of oxygen and
VOC’s in a stirred tank reactor. Experiments were made to span the range of
mass transfer coefficients found in both municipal and industrial wastewater

treatment processes.

Water/Air

The experimental k;aq, values were compared to published correlations, which
describe the relationship between power input, superficial gas velocity and k;a.
Comparison of this study’s results to correlations made from data measured with
methods designed to avoid errors associated with gas phase depletion shows

good agreement.
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Analysis of the results using dimensional analysis, k;a* as a function of (P/V)**
and vg**, showed that the results can be separated into two power regions, with
a=0.64 for 20-200 W/m?, and a=1.0 for >200 W/m?; b=1.0 for both regions. The

mass transfer process in the low power range (20-200 W/m®) in the stirred tank
reactor is not well described by the superficial velocity. Using bubble velocities

and bubble retention time could possibly improve the correlation.

Water/VOC/Air

The addition of the three VOC’s studied, toluene, dichloromethane, and 1,2-dich-
lorobenzene, to the tap water had no effect on k;a, at the concentrations used.
However, the addition of m-cresol as an internal standard at concentrations >25
mg/L inhibited bubble coalescence, which became important at the higher

power densities and increased k;ap, dramatically.

Ratios of ka/k;a measured in the stirred tank reactor were low, ranging from
0.1 to 5. As power density increased, ksa/k;a decreased. The gas film mass trans-
fer coefficient, kca, was found to be constant over the range of power densities

investigated.

Kiayoc increased initially as power density increased and then became constant
(= H kga), because both gas and liquid side resistance become important for com-
pounds with lower volatility (H, < 1) under the experimental conditions studied.
The increase was a function of the Henry’s constant, H.. The K;a for toluene, the

most volatile compound, increased the most.

The stripping losses of the VOC’s became independent of power, because Kiayoc
approached a constant as power increased. Stripping loss becomes controlled by

the retention time, not by P/V. The range of power densities where K;a and

131




stripping loss become independent depended on the H, of the compound and the
value of kca, i.e. for toluene (H.=0.24), at P/ V>400 W/ m?, and for dichlorome-
thane (H,=0.105), at P/V>100 W/m’.

The ratio of the two mass transfer coefficients, K;ayoc/kiao, (¥,), decreased over

the range of power studied (20-2820 W/ m?); K ayoc approached a constant and
k;ac, increased with power. '¥,, can be calculated for a system from the Henry's

constant and the ratio of kga/k;a.

Water/DSS/VOC/Air

The effect of an anionic surfactant (DSS) on mass transfer varied according to the

hydrodynamic conditions in the reactor.

In the moderately turbulent region both mass transfer coefficients were reduced
in the presence of DSS due to the dampening of interfacial turbulence by the ad-
sorbed layer of surfactant on the bubble/water interface. As power increased,
both mass transfer coefficients recovered to the values found in tap water; the
increased turbulence caused increased surface renewal at the bubble/water in-
terface, thereby annulling the effect of the surfactant. Therefore, in this region,
Frpss =Fmrp -

In the highly turbulent region, k;ap, increased significantly, following the curve
of the Water/ VOC/ Air experiments in which coalescence was inhibited by m-
cresol. The inhibition of coalescence by the surfactant, as in the case of m-cresol,

increased the interfacial area. The VOC mass transfer coefficients recovered to
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the values found in tap water. No further increase was seen because of the im-
portance of the gas phase resistance, as discussed above. Therefore, ;5 < gy

due to the increase in k;ag,.

Water/Biomass/Air

The oxygen mass transfer coefficient was measured in the presence of biomass.
The k; a0, values were reduced at the lower to medium power densities, recover-
ing only at very high power densities. The mixed liquor was characterized in
terms of surface tension, suspended solids, and TOC. A comparison of the effect
of surfactant at this surface tension and the effect of the biomass showed that sur-

face tension alone was not enough to describe the changes in k; ac,.
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Appendix

Power input correlation

The power input into the reactor was calculated using the following correlation
from Judat (1976). The correlation is valid for the water/air system with

Re>2.6*10%

4.85A,B, + 1.87 - 10°Fr°%. (g)“-” QL% 46101
Ne = 1 D \-1.14 1.02
+136-10(5)"0

where:
A=1+1/(435D/d +5.11 - 10°(D/d)*™)
B =1-1/(3.46- 10D /d)** Fr®4+*1 1 79. 10" (D /d)* Fr™?)

and:
2
Fr=£—4—
8
P
Ne= g
O
T nd®
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Table 13. Experimental data for kLa-O2 evaluation in Water/VOC/Air System. |

Run | Temp [P-Rxr |P-Atm | QG | QI | CI* [Cl*adj | cLo | cL cG VL n
C_ |bar |bar LhilhimglL |mg/k mg/l| mg/l | Vol%; L [ 1/min
1.1] 21.0] 0.064| 0.993| 341| 76| 890 9.30] 0.2 9.3] 0.155| 18.5| 472
1.2] 21.1] 0.064] 0.993| 341; 76| 888 9.28) 0.2 9.3| 0.160; 18.5| 472
1.3] 21.2] 0.064| 0.993| 341| 76| 887 9.27] 0.2 9.2| 0.161] 185 472
1.4] 21.3] 0.064| 0.993| 341 76/ 885 9.24] 0.2 9.2] 0.162| 18.5 472
2.1 20.9] 0.064] 0.993| 341| 76| 892 932 04 8.9/ 0.150; 18.5] 250
2.2 20.6| 0.064| 0.993| 341| 76/ 897 937 04 8.9| 0.155| 18.5] 250
23| 20.8| 0.064] 0.993| 341| 76/ 894 934 04 9.0 0.160f 185 250
24| 20.9| 0.064| 0.993| 341| 76/ 892 932 04 8.9| 0.155| 185 241
3.1] 20.9] 0.058 1.034, 130/ 36| 892 9.63| 0.7 7.7| 0.063] 183 140
3.2 20.5] 0.058 1.034] 130 36| 8.99| 971 0.7 7.8/ 0.055| 183 138
3.3| 20.5{ 0.058] 1.034] 130/ 36| 8.99| 9.71| 0.7 7.7] 0.058 183 138
3.4 20.5| 0.058| 1.034] 130/ 36| 899 971 07 7.7/ 0.058 183 138
41| 20.9| 0.058| 1.032] 199| 36| 892 9.62] 0.2 8.6] 0.080/ 18.5! 292
4.2| 20.9| 0.058| 1.031; 199/ 36/ 8.92] 9.61 0.2 8.6, 0.078| 185 292
43| 20.9/ 0.058| 1.031] 199| 36/ 8.92 9.61] 0.2 8.6] 0.065| 18.5] 292
4.4 20.8{ 0.058| 1.034] 199| 36/ 8.94] 965 0.2 8.6/ 0.061| 185 292
5.1] 19.1| 0.064| 1.039| 199| 55| 9.24| 10.08] 1.7 7.7| 0.120/ 18.3] 107
6.1 19.1| 0.064| 1.039| 199! 55/ 9.24| 10.08 1.0 9.0/ 0.160/ 18.3| 187
6.2 19.0/ 0.064 1.039| 199; 55| 9.26| 10.10] 1.0 9.0/ 0.160/ 18.3| 187
6.3| 19.0/ 0.064; 1.039] 199| 55| 9.26| 1010/ 1.0 9.0| 0.160, 18.3| 187
7.1 19.6| 0.064| 1.039] 199| 55| 9.5/ 998 0.3| 103 0.200{ 185 411
7.2 19.8| 0.064| 1.039| 199| 55| 9.11] 994, 03| 103 0.200/ 185 411
8.1 20.0{ 0.063| 1.023| 201| 47} 9.08/ 9.75{ 1.5 7.7] 0.080] 18.3] 105
8.2 20.4| 0.064| 1.023| 201, 47 9.01] 968 1.5 7.7 0.080] 18.3] 105
9.1 20.6] 0.064] 1.025] 201 40| 8.97| 9.66| 0.7 8.9| 0.080; 183 192
9.2 20.8| 0.064] 1.025] 201 40| 894 963 0.7 8.9/ 0.080; 18.3] 192
9.3] 21.0] 0.064| 1.025] 201| 38 8.90| 9.58{ 0.6 8.9] 0.080/ 18.3] 192
9.4/ 21.1] 0.064| 1.025| 201| 35/ 8.88) 9.56| 0.6 8.9| 0.080| 18.3] 192
10.1] 22.1| 0.064] 1.025| 201| 35 8.71] 938 0.2 9.5 0.110f 183 410
10.2| 22.4| 0.064] 1.025/ 201, 35/ 8.66/ 933 0.2 9.4! 0.110; 183 410
11.1] 19.1] 0.063| 1.012] 249| 76| 9.24] 982 24 7.5 0.126/ 185/ 104
11.2] 19.0] 0.063| 1.014] 249| 76| 9.26] 986 24 7.5 0.126] 18.5] 104
11.3] 19.0/ 0.063| 1.014| 249| 76{ 9.26] 986 24 7.5 0.126] 18.5] 104
121] 19.2| 0.063| 1.014| 249] 76| 9.22| 982 0.9 9.1] 0.180| 18.5] 216
12.2| 19.2| 0.063] 1.016] 249 76| 9.22| 983 0.9 9.1] 0.180; 185 218
12.3] 19.3| 0.063| 1.016] 249| 76| 9.20| 981 0.9 9.1) 0.180/ 185 218
13.1 19.4| 0.063| 1.016; 249| 76| 9.19] 980, 0.5 9.9 0.240| 1838 391
13.2] 19.5/ 0.063| 1.016| 249| 76! 9.17[ 9.78 0.5 9.8| 0.240/ 18.8] 391
13.3] 19.6] 0.063| 1.016] 249| 76 9.15| 9.76| 0.5 9.7 0.240/ 18.8] 391
13.4] 19.7| 0.063! 1.016] 249| 76| 9.13] 9.74| 05 9.7| 0.240/ 18.8] 398
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Table 13. (cont) Experimental data for kLa-O2 evaluation in Water/VOC/Air System.

Run | Temp |P-Rxr [P-Atm | QG | QI | CI* |Cl*adj | clo | cL cG VL n
C |bar |bar Lh [Lhimg/lk [mg/k [mg/l| mgl | Vol% | L | 1/min
141 19.9| 0.063| 1.016] 249| 76{ 9.09| 9.70| 0.6 9.8 0.240| 19.0 462
142 19.9| 0.063| 1.016] 249 76| 9.09] 9.70[ 0.6 9.7] 0.240| 19.0 463
143| 20.0] 0.063| 1.018| 249| 76| 9.08)/ 9.70| 05 9.7/ 0.240| 19.0 464
144 20.0| 0.063| 1.018| 249 76{ 9.08| 9.70[ 0. 9.7] 0.240| 19.0 465
15.1| 20.5| 0.063| 1.018| 250 77| 8.99| 9.61 1
15.2| 20.6) 0.063| 1.018| 252| 77| 897 959 1
15.3| 20.6] 0.063| 1.018| 252| 77| 8.97| 9.59 1.
1
0

5

3 83| 0.150{ 185 175
3 8.3| 0.156| 185| 175
3

3

3

8.2| 0.160f 185/ 175
82 0.160/ 185 175

154| 20.6] 0.063| 1.018| 252| 77| 8.97| 9.59
16.1] 20.9] 0.063| 1.019| 252| 77| 8.92| 9.54 . 9.5| 0.222| 19.0/ 382
16.2] 21.0| 0.063| 1.020| 252! 77| 890/ 9.53| 03 9.5| 0.226| 19.0/ 382
16.3] 21.1] 0.063| 1.020] 252 77| 8.88 951 03 9.5| 0.226] 19.0; 390
16.4| 21.1| 0.063] 1.020; 252| 77| 8.88| 951 03 9.5| 0.226] 19.0f 390
17.1| 21.5| 0.063| 1.020) 252| 77| 8.82] 945 03 9.5| 0.226] 19.0/ 488
18.1| 19.8| 0.065| 1.025) 201| 59 9.11] 9.82 7.5| 0.140; 183 117
18.2] 20.1| 0.064| 1.025| 201| 59 9.06] 9.76 7.5| 0.170{ 183 117
18.3] 20.2] 0.064| 1.025| 201| 59| 9.04] 9.73 7.5| 0.170| 183} 107
18.4| 20.2] 0.064| 1.025| 201] 59| 9.04] 9.73 7.5 0.170| 183 107
19.1] 20.2| 0.064] 1.024| 201| 59| 9.04] 9.73 8.5| 0.200( 18.3| 177
19.2] 20.2| 0.064| 1.024] 201| 59| 9.04] 9.73 5| 0.200f 183 177
19.3| 20.2| 0.064] 1.024] 201| 59| 9.04] 9.73 8.5| 0.200{ 183 177
19.4| 20.2| 0.064| 1.024] 201| 59| 9.04| 9.73 8.5| 0.200f 183 177
20.1] 20.4| 0.064| 1.024| 201| 59/ 9.01| 9.69 9.4| 0.240] 185| 295
20.2| 20.5] 0.064| 1.024| 201| 59| 899| 9.67 9.3; 0.240| 185/ 295
20.3] 20.6] 0.064] 1.024] 201} 59| 897 9.65 9.4| 0.240( 185 298

OOt |k |k | ek | ek | ek | e | e
ala|B|ojo|oig|oo|iniN
®
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Table 14. Experimental data for klLa-O2 evaluation in Water/DSS/Air System.

I

Run | Temp |[P-Bxr [P-Atm | QG | QI Cl* |Cl*adj | clo cL cG VL n
C [ bar bar Lbh [ L/hmgh  [mgl | mglh | mgh | Vol% L 1/min
DSS2 | =39 mN/m Conc. = 60 mg/L
2.0f 21.6] 0.056| 1.029 75| 63] 8.80] 944, 0.2 9.4 0520/ 19.0 472
2.1 22.0{ 0.056( 1.029 75| 63 8.73 9.37 0.2 9.5/ 0.800 19.0 472
2.2 20.5| 0.056( 1.029 75| 63 8.99 9.64 0.4 9.1 0.760 19.0 293
2.3 20.9| 0.058]| 1.029 75| 63 8.92 9.59 1.7 6.8 0.380 18.5 200
2.4 21.0] 0.058| 1.029 75| €3] 8.90| 9.57 341 57| 0.240| 185 150
2.5 20.8| 0.058! 1.029 75| 63 8.94 9.61 0.3 9.1 0.860 19.0 312
2.6 21.1] 0.058] 1.029 75/ 63 8.88 9.55 0.3 9.2| 0.360 19.0 312
DSS3| =38mN/m_ | [Conc.= 83mglL |
3.0 19.9] 0.056{ 1.029 75| 54 9.09 9.75 0.3 9.5/ 0.455 18.8 408
3.1 19.9/ 0.055| 1.029 75| 65| 9.09] 9.74| 3.3 59| 0.188] 185 148
3.2 20.0{ 0.055| 1.029 75| 65| 9.08)] 9.73] 1.8 73] 0.320, 185 198
3.3 19.9] 0.055[ 1.029 75| 65 9.09 9.74 0.9 8.4/ 0.460 18.5 239
3.4 20.0{ 0.055 1.029 75| 65 9.08 9.73 0.6 9.1 0.575 19.0 279
3.5 20.5] 0.055| 1.029 75| 65 8.99 9.64 0.3 9.3] 0.830 19.5 325
DSS4| =47mN/m | [Conc.= 16 mg/L |
4.1 19.7/ 0.065| 1.022 78] 63] 9.13] 9.81] 3.2 57| 0175 185 108
4.2 19.8] 0.065 1.023 78] 63] 9.11 9.80, 3.0 6.0/ 0.185| 18.5 131
4.3 19.8| 0.065] 1.023 78| €3 9.11 9.80 2.6 6.3] 0.215 18.5 152
4.4 20| 0.065; 1.023| 78.15| 62.6 9.08| 9.7681 1.3 7.6 0.33 18.5 206
4.5 20.1] 0.065| 1.023]| 78.15| 62.6 9.06| 9.7467| 0.68 8.9 0.44 18.5 245
4.6] 20.4] 0.065 1.023| 78.15| 62.6] 9.01]| 9.6932| 0.35 9.4/ 0575 185 307
DSS5] =37mN/m | [Conc.= 116 mglL |
5 21.6| 0.056; 1.029| 75.04! 63.1 8.8] 9.4419| 0.19 9.4 0.52 19 472
5.1 19.4| 0.067| 1.023| 78.01| 64.4 9.19| 9.9043 3.8 5.8 0.14 18.3 112
52| 19.4] 0.067| 1.023| 78.01] 63 9.19][ 9.9043| 2.72 5.9 0.2 183 152
5.3 19,5/ 0.067| 1.023] 78.01| 63| 9.17| 9.8829| 1.32 75/ 036] 185 203
54| 19.7| 0.067| 1.023[ 78.01| 63| 9.13] 9.84] 0.6 89| 052 185 252
5.5 20| 0.067| 1.023| 78.01| 60.5{ 9.08| 9.7864| 0.27 9.5 074 185 310
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Table 15. Experimental data for comparison of steady /continuous nonsteady state kLa-O2

in Water/Air

Run | Temp |P-Rxr [P-Atm | QG | QI | CI* |Cl*adj | clLo cL cG VL n

C_|bar |bar Lh [Uhimg/k Img/l [ mg/l | mg/l | Vol% | L | 1/min
nst 21.1] 0.063| 1.038| 81| 55| 889 9.68 0.20 8.2| 0.380] 185 255
ns2 20.6| 0.063| 1.039] 73| 55, 897 9.78 0.20 8.1| 0.410] 185 254
ns3 20.7| 0.063| 1.039| 73| 55| 8.95 9.76] 0.20 8.2| 0.405{ 185 255
ns4 20.8/ 0.063| 1.039] 73| 55| 8.94| 9.74| 0.10 8.2| 0.410] 185 255
ns5 21.2) 0.063| 1.039| 81| 55| 887 9.67| 0.10 89| 0.430{ 185 345
nsé 215 0.063| 1.039| 81| 55 882 9.62 0.10 8.9/ 0.430] 185 350
ns7 20.11 0.066| 1.027| 81| 62| 9.06| 9.79| 2.00 6.3| 0.280] 18.3] 120
ns7a! 20.2| 0.066] 1.027| 81| 62| 9.04| 9.77| 1.75 6.3| 0.283| 18.3] 120
ns7b| 20.3| 0.066] 1.027| 79| 62| 9.02] 9.75/ 1.85 6.1] 0.280] 183/ 120
ns8 20.3| 0.066] 1.027] 79! 63| 9.02] 9.75] 1.95 7.8] 0.115| 183 120
ns8a| 20.3| 0.066; 1.027| 78{ 63| 9.02] 9.75 1.70 6.8 0.263] 18.3| 152
ns8b| 20.5| 0.066] 1.027] 78| 63| 899 9.72| 1.70 6.7 0.290] 18.3| 152
ns8c| 20.4| 0.066] 1.027| 78| 63| 9.01] 9.74| 1.75 6.8 0.290] 184 152
ns9a| 20.3| 0.066] 1.027| 78| 63| 9.02| 9.75| 1.22 7.6| 0.352] 18.4| 206
nsi10al 20.5| 0.066| 1.027 78| 63| 8.99] 9.72| 0.85 8.2| 0.440] 185 252
nsi0b| 20.6! 0.066] 1.027| 78 63| 8.97| 9.70| 0.85 8.2| 0.440{ 185 252
ns10c| 20.5| 0.066] 1.027| 78| 63| 8.99| 9.72 0.85 8.2] 0.440; 185, 252
nsiial 20.5{ 0.066] 1.027| 78/ 63| 8.99 9.72| 0.55 8.7| 0.448] 18,5, 307
ns12a| 20.6] 0.066] 1.029| 78, 63| 897| 9.71] 035 9.2 0478 185 355
nsi2b} 20.8{ 0.066] 1.029| 78/ 63| 894| 968 0.35 9.2 0.500| 18.5; 370
nsi3al 20.5| 0.066| 1.029| 78/ 63| 899| 9.74]| 0.25 9.3] 0.495| 185| 406
nsi3b] 21.1| 0.066] 1.029 78/ 63| 8.88 9.62| 0.25 9.3| 0.490| 185 410
nsi4a] 21.4| 0.066| 1.029] 78| 63| 8.83| 9.56| 0.20 9.3 0.495( 18.5{ 460
Table 15b. Experimental data for kLa-O2 evaluation with biomass

in Water/Air

Run | Temp |P-Bxr [P-Atm | QG | QI | CI* |Cl*adj | clLo cL cG VL n

C_|bar_|bar Lh | himg/l |mg/l | ma/t [ mg/ll | Vol% | L | 1/min
bm2.0] 22.4| 0.062] 1.084] 78| 65| 866/ 9.39| 0.05 3.5/ 0.280! 18.5] 115
bm2.1] 24.0| 0.062] 1.034] 81| 65/ 841 9.12| 0.74 47| 0.320f 185 150
bm2.2| 24.7| 0.062] 1.034] 82| 66| 830/ 9.00] 0.90 6.2] 0.345; 185 203
bm2.3| 25.3| 0.062! 1.034] 82| 66/ 821 891 0.66 7.1] 0.400{ 18.5 254
bm2.4 24.8| 0.062] 1.034] 85! 62| 828 898 0.30 7.9 0.520! 18.5| 319
bm2.5 26.2| 0.061] 1.032] 80| 60/ 8.08] 8.74| 0.02 7.9 0.615] 18.5| 365
bm2.6| 28.3| 0.061| 1.033] 80| 62/ 7.78 8.43| 0.20 8.1 0.560{ 19.0/ 420
bm2.7| 26.8| 0.061] 1.035! 80| 60/ 7.99| 8.67 0.10 8.4 0.600] 19.0f 486
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Table 16. Results for KLA-O2 im Water/VOC/Air System.

Run_|P vS KLAg _ |KLAl __ |KLAg 20 |KLAI 20 [diff
(W)_| (m/s) 1) (1) |(s1) (1) |%

1.1] 39.3] 1.45E-03 7.5

1.2] 39.3] 1.45E-03 10.4

1.3] 39.3] 1.45E-03] 0.1809] 0.1593] 0.1758] 0.1548] 11.9

1.4] 39.3] 1.45E-03] 0.2676] 0.2342] 0.2595] 0.2271] 125
21| 53] 1.45£-03] 0.0263] 0.0234] 0.0258] 0.0229] 11.2
22| 53| 1.45£-03] 0.0242] 0.0208] 0.0238] 0.0205]  14.1
23] 53| 1.45E-03] 0.0346] 0.0292] 0.0340] 0.0286] 15.8
24 47| 1.45E-03] 0.0272] 0.0234] 0.0266] 0.0229] 14.1
31| _1.1] 5.56E-04] 0.0009] 0.0020] 0.0009] 0.0019

32| 1.0 5.56E-04] 0.0008] 0.0020] 0.0008] 0.0020

33] 1.0 5.56E-04] 0.0008] 0.0019] 0.0008] 0.0019

3.4 1.0] 555E-04] 0.0008] 0.0019] 0.0008] 0.0019

41| 06| 8.48E-04] 0.0034] 0.0045] 0.0033] 0.0044

4.2 9.6 8.48E-04] 0.0033] 0.0045] 0.0032] 0.0044

43| 96| 848E-04] 0.0026] 0.0043] 0.0026] 0.0042

4.4 96| 8.48E-04] 0.0024] 0.0041] 0.0023] 0.0040

51| 0.4 8.47E-04] 0.0022] 0.0021] 0.0022] 0.0021] 3.9

6.1] 2.4 8.47E-04] 0.0064] 0.0061] 0.0065 0.0063] 3.9
6.2] 2.4 8.47E-04] 0.0063] 0.0060] 0.0064] 0.0062] 3.9
6.3] 24| 8.47E-04] 0.0063] 0.0060] 0.0064] 0.0062] 3.9
7.1 279 8.47E-04 3.9
7.2] 27.9] 8.47E-04 3.9
8.1] 0.4] 857E-04] 0.0017] 0.0021] 0.0017] 0.0021] -26.2
8.2 0.4] 8.58E-04] 0.0018] 0.0022] 0.0017] 0.0022] -26.2
9.1 26| 8.58E-04] 0.0046] 0.0066] 0.0045] 0.0065 -42.6
0.2 2.6 8.58E-04] 0.0048] 0.0069] 0.0047] 0.0067] -42.9
9.3] 26| 8.58E-04] 0.0051] 0.0070] 0.0050] 0.0068] -36.4
9.4] 2.6] 8.58E-04] 0.0053] 0.0066] 0.0051] 0.0065] -26.0
10.1] 27.6] 8.58E-04 2.5
10.2] _27.6] 8.58E-04 -0.1
11.1]_ 0.4] 1.06E-03] 0.0029] 0.0025] 0.0030] 0.0026] _ 13.0
11.2] __0.4] 1.06E-03] 0.0029] 0.0025] 0.0029] 0.0025] _ 13.0
11.3] _ 0.4] 1.06E-03] 0.0029] 0.0025] 0.0029] 0.0025 _ 13.0
12.1] __3.6] 1.06E-03| 0.0134] 0.0131] 0.0137| 0.0134] _ 2.4
12.2] 3.7 1.06E-03] 0.0131] 0.0128] 0.0134] 0.0130] 2.4
12.3]_ 3.7] 1.06E-03] 0.0135] 0.0132] 0.0137| 0.0134] 2.4
13.1] 23.0] 1.06E-03 16.9
13.2] 23.0] 1.06E-03 175
13.3] 23.0] 1.06E-03] 0.2111] 0.1723] 0.2131] 0.1739] 184
13.4] 24.3] 1.06E-03] 0.3273] 0.2672] 0.3296] 0.2691] _ 18.4
14.1] 38.8] 1.06E-03 17.9
14.2] 39.0 1.06E-03 18.8
143 39.3] 1.06E-03 18.4
14.4] _39.6] 1.06E-03 184
151] _ 1.9] 1.07E-03] 0.0062] 0.0062| 0.0061] 0.0062| -1.4
15.2] 1.9] 1.07E-03] 0.0065| 0.0064] 0.0065] 0.0063] 3.0
153]  1.9] 1.07E-03] 0.0062| 0.0058] 0.0061] 0.0057| 7.5
15.4] 1.9 1.07E-03] _0.0062] _0.0058] 0.0061] 0.0057] 7.5
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Table 16b. Results for KLA-O2 im Water/VOC/Air System.
Run |P vS KLAg KLAI KLAg 20 |KLAI 20 |diff
(W) {m/s) (s-1) (s-1) (s-1) (s-1) %

16.1 21.4| 1.07E-03 11.3
16.2| 21.4| 1.07E-03 12.8
16.3| 22.8| 1.07E-03 12.8
16.4| 22.8/ 1.07E-03 12.8
17.1] 45.9{ 1.07E-03 121
18.1 0.6/ 8.58E-04] 0.0026] 0.0022| 0.0026/ 0.0022 159
18.2 0.6 8.58E-04] 0.0033]| 0.0024| 0.0033| 0.0024 27.8
18.3 0.4| 8.58E-04| 0.0033| 0.0024| 0.0033| 0.0024 27.8
18.4 0.4 8.58E-04] 0.0033! 0.0024| 0.0033] 0.0024 27.8
19.1 2.0/ 8.58E-04| 0.0071] 0.0051] 0.0071| 0.0051 28.4
19.2 2.0/ 8.58E-04| 0.0068; 0.0049] 0.0068; 0.0048 28.9
19.3 2.0/ 8.58E-04| 0.0068, 0.0049| 0.0068; 0.0048 28.9
19.4 2.0/ 8.58E-04| 0.0068| 0.0049| 0.0068; 0.0048 28.9
20.1 9.9 8.57E-04| 0.0302] 0.0231| 0.0299| 0.0229 235
20.2 99| 8.57E-04| 0.0278| 0.0211| 0.0275] 0.0209 24.1
20.31 10.2| 8.57E-04] 0.0345| 0.0262| 0.0340| 0.0259 239
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Table 17. Results for KLA-O2 im Water/DSS/Air System.

Run [P |vS KLAg __|KLAl __|KLAg 20 |KLAI 20 |diff
W) | (m/s) (s1)  1(s1) (1) |(s1) %
DSS2| |Conc= 60 mg/L ]
21| 46.6] 3.20E-04| 0.1946| 0.2028| 0.1873] 0.1952 -4.2
22| 46.6 3.20E-04
23| 109/ 3.20E-04| 0.0219] 0.0147| 0.0216] 0.0145 32.8
2.4 3.4/ 3.20E-04| 0.0022[ 0.0017| 0.0021] 0.0017 21.4
2.5 1.4{ 3.20E-04| 0.0010| 0.0006/ 0.0010{ 0.0006 35.1
26| 13.2| 3.20E-04| 0.0265| 0.0159( 0.0260| 0.0156 39.9
DSS3| |conc.= 83 mg/L |
3.1 1.4 3.22E-04{ 0.0008/ 0.0007| 0.0008| 0.0007 16.1
3.2 3.3 3.22E-04{ 0.0021| 0.0022| 0.0021( 0.0022 -4.3
3.3 5.8/ 3.22E-04; 0.0055| 0.0055| 0.0056| 0.0055 1.1
3.4 9.4 3.22E-04; 0.0143] 0.0129] 0.0143] 0.0129 9.8
3.5 149| 3.22E-04] 0.0380] 0.0250] 0.0375| 0.0247 34.2
DSS4| [Conc =16 mg/L. |
4.1 0.5/ 3.33E-04/ 0.0007| 0.0006/ 0.0007| 0.0006 19.9
4.2 0.9 3.33E-04;, 0.0008/ 0.0007| 0.0008| 0.0008 8.4
4.3 1.5/ 3.33E-04| 0.0010/ 0.0010{ 0.0010/ 0.0010 3.5
4.4 3.7| 3.33E-04| 0.0026] 0.0027; 0.0026/ 0.0027 -7.0
4.5 6.3| 3.33E-04| 0.0087| 0.0091; 0.0087| 0.0091 -4.7
46| 125/ 3.33E-04] 0.0329| 0.0290| 0.0326] 0.0287 11.8
DSS5| [Conc. =116 mg/L |
5.1 0.6/ 3.33E-04| 0.0006{ 0.0005! 0.0006{ 0.0005 17.4
5.2 1.5/ 3.33E-04| 0.0008; 0.0008 0.0009] 0.0008 10.1
5.3 3.5/ 3.33E-04| 0.0025[ 0.0025| 0.0026] 0.0025 3.0
54 6.9 3.33E-04| 0.0093] 0.0084| 0.0093] 0.0084 9.8
55/ 129| 3.33E-04] 0.0432] 0.0293] 0.0432] 0.0293 323
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Table 18. Results for KLA-O2 im Water/Air System.

Comparison of nonsteady/steady state tests.

Run |P vS KLAg KLAI KLAg 20 |KLAI 20 |diff
(W) | (mvs) (s-1) (s-1) (s-1) (1) [%

nsi 7.1 3.4E-04] 0.0044| 0.0045| 0.0043| 0.0043 -0.3
ns2 7.1 3.1E-04| 0.0038| 0.0039| 0.0038| 0.0039 -3.1
ns3 71 3.1E-04] 0.0041| 0.0043| 0.0040| 0.0042 -5.6
ns4 7.1 3.1E-04| 0.0041| 0.0044| 0.0041| 0.0043 -5.7
nsS 17.8] 3.4E-04| 0.0097] 0.0095| 0.0094| 0.0093 1.7
ns6é 18.6] 3.4E-04| 0.0104] 0.0102] 0.0101] 0.0099 1.7
ns7 0.7| 3.4E-04| 0.0014| 0.0012] 0.0014| 0.0011 18.0
ns7a 0.7 3.4E-04| 0.0014| 0.0012] 0.0014| 0.0012 14.2
ns7b 0.7/ 3.4E-04| 0.0013] 0.0011] 0.0013] 0.0011 17.6
ns8 0.6 1.1E-03| 0.0034| 0.0029| 0.0034| 0.0028 16.7
ns8a 1.5| 3.3E-04] 0.0015| 0.0016| 0.0015| 0.0016 -9.1
ns8b 1.5/ 3.3E-04] 0.0016]| 0.0016] 0.0016] 0.0016 3.0
ns8c 1.5| 3.3E-04] 0.0017| 0.0016| 0.0016| 0.0016 2.1
ns9a 3.7 3.3E-04| 0.0028] 0.0028| 0.0027| 0.0028 -1.9
nsi10a 69| 3.3E-04] 0.0049| 0.0046| 0.0048| 0.0045 6.1
ns10b 6.9 3.3E-04| 0.0049| 0.0046| 0.0049| 0.0046 6.1
ns10c 6.9 3.3E-04] 0.0049| 0.0046] 0.0048] 0.0045 6.1
nsiia] 125/ 3.3E-04] 0.0074| 0.0075| 0.0073; 0.0074 -2.3
ns12a] 19.5| 3.3E-04] 0.0156| 0.0164| 0.0153]| 0.0162 -5.3
ns12b| 22.1 3.3E-04] 0.0174] 0.0175| 0.0170| 0.0172 -0.7
nsi3a] 29.4| 3.3E-04| 0.0190; 0.0198] 0.0188| 0.0195 -4.0
ns13b| 30.3] 3.3E-04| 0.0258, 0.0272] 0.0252| 0.0265 -5.1
nsida] 43.0, 3.3E-04] 0.0314| 0.0329] 0.0304/ 0.0318 -4.6
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Table 19. Results for KLA-O2 im Water/Biomass/Air System.

Run |P vS KLAg KLAI KLAg 20 |KLAI 20 |diff
(W) | (m/s) (s-1) (s-1) (s-1) (s-1) 1%

bm2.0| 11.8| 3.3E-04]| 0.0008| 0.0006| 0.0008| 0.0005 28.3
bm2.1 0.6/ 3.4E-04| 0.0013] 0.0009| 0.0011] 0.0008 30.5
bm2.2 1.4/ 3.5E-04] 0.0022) 0.0019] 0.0019| 0.0017 14.2
bm23 3.5/ 3.5E-04] 0.0039] 0.0035/ 0.0034/ 0.0031 10.0
bm24 70| 3.6E-04] 0.0088| 0.0066| 0.0078, 0.0059 25.1
bm2.5 14.0/ 3.4E-04] 0.0126| 0.0084| 0.0109| 0.0073 33.1
bm2.6f 21.2] 3.4E-04] 0.0287| 0.0217| 0.0235| 0.0178 24.5
bm2.7] 325 3.4E-04] 0.0374| 0.0273| 0.0318| 0.0232 27.2
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