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Diffusivity of Ozone in Water

Paul N. Johnson' and Richard A. Davis*

Department of Chemical Engineering, University of Minnesota—Duluth, Duluth, Minnesota 55812

The diffusivity of ozone in water was determined experimentally by measuring the rate of ozone absorption
into an aqueous laminar liquid jet. Penetration theory was used to interpret the results. Experiments
were conducted over the temperature range of 10 °C to 45 °C. The results for diffusivity were correlated
by an Arrhenius function for temperature dependence with a maximum deviation of +3.3%: D/m2-s™1 =

1.10 x 107 exp[—1896/(T/K)].

Introduction

Ozone (O3) has been widely recognized as a powerful
oxidizing agent, with applications in water treatment,
disinfection, bleaching, and odor control, among others
(Brink et al., 1991; Hill and Rice, 1982). Aqueous reactions
with unsaturated hydrocarbons are often mass transfer
limited due to the relatively low solubility of O3 in water
and fast reaction kinetics (Kuo and Yocum, 1982). Estima-
tions of mass transfer coefficients for proper design of Os
contactors require values for the diffusion coefficient of Os.
The diffusivity of O3 in water is also required to determine
reaction rate constants from gas absorption experiments
(Davis et al., 1995). In this work, new results for Oj
diffusivity in water are reported, which extend the range
of temperature beyond previously reported values (Matro-
zov et al., 1976). The diffusivity was determined by
applying penetration theory to experiments measuring the
rate of O3 absorption from the gas phase into a laminar
liquid jet stream of water. Experiments were repeated over
the temperature range of 10 °C to 45 °C. The results were
correlated to an Arrhenius function for temperature de-
pendence.

Gas Absorption Theory

According to Higbie's penetration theory, the average
rate of O3 gas absorption into liquid water is a function of
the diffusivity of the dissolving gas in the liquid, the gas—
liquid contact time, and the solubility of the gas in the
liquid (Danckwerts, 1970):

r = 2S(C* — C°)v/Dinf (1)

where C* is the concentration of Oz in water at the gas—
liquid interface, C° is the bulk water concentration of Og,
D is the diffusivity of O3 in water, 6 is the time of liquid
exposure to the gas, and S is the interfacial area of
absorption. In this work, liquid water is exposed to the
ozone-laden gas in the form of a cylindrical, rodlike,
laminar jet, where the interfacial area is

S = zdh @)

and where d is the jet diameter and h is the jet height.
The jet exposure time is calculated from the volumetric flow
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rate and jet dimensions:
0 = nd*h/4L (3)

where L is the volumetric liquid flow rate. For short
contact times, using pure solvent, the bulk concentration
of dissolving gas is essentially zero. Substitution for S and
6 from egs 2 and 3 into eq 1 results in an expression for
the average gas absorption rate, independent of jet diam-
eter:

r = 4C*/DLh @)

Local equilibrium between the gas and liquid is assumed
at the interface. Ozone is sparingly soluble in water such
that Henry's law is used to describe the physical equilib-
rium condition at the gas—liquid interface:

C*=PC,/H )

where P is the partial pressure of Oz in the gas, H is
Henry's constant for O3 solubility in water, and C,, is the
total molar concentration of liquid, approximately that of
water in this case. A correlation of Henry’s constant was
found from the results of Roth and Sullivan (1981):

H = 3.84 x 10"[OH 1°%% exp[—2428/T] (6)

where the dimensions of H, T, and [OH"] are atm-(mole
fraction) !, K, and mol-L%, respectively. Equation 6
applies for the conditions of 4 °C <t < 60 °C and 1 < pH
< 10. Gas phase mass transfer resistance was ignored due
to the relatively low solubility of Oz in water. From
boundary layer theory, the overall liquid phase mass
transfer coefficient is

K, = 1/(1/k,_+ Py/HKg) = k_ @

where k_ and kg are the average local liquid and gas phase
mass transfer coefficients and P+ is the total pressure.
Values for k. and kg were approximated from penetration
theory and a correlation for flow past a flat surface
(Incropera and DeWitt, 1996), respectively:

k.= 2vDI0 (8)

ks = 0.669(Dg/h)(4Lhpg/md%uc) *(us/Depe)™®  (9)
where the subscript G indicates gas phase properties, u is
the dynamic viscosity, and p is the density assuming ideal

gas behavior. For typical values of these parameters, k.
~1x103 ke~ 1x 102m-s! Pr~1atm, and H ~
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Figure 1. Laminar liquid jet absorber diagram: AC = gas
absorption chamber, D = liquid drain, FB = bottom flange, FT =
top flange, G1 = gas feed to water jacket and absorption chamber,
G2 = gas to vent or spectrophotometer flow through cell, L1 =
liquid feed to surge suppressor, L2 = liquid to water jacket and
jetorifice, L3 = exposed laminar liquid jet, L4 = liquid to constant
leveling ware or to spectrophotometer flow through cell, L5 =
liquid out, LW = liquid constant leveling ware, OP = orifice plate,
RC = liquid jet receiving tube, SS = liquid flow surge suppresser
tank, TG = gas thermocouple, TL = liquid thermocouple, WJ =
water jacket.

5000 atm-(mole fraction)™!, indicating from eq 7 that
essentially all mass transfer resistance resides in the liquid
phase.

Experimental and Analytical Procedures

A laminar liquid jet absorber, similar to the one de-
scribed by Al-Ghawas et al. (1989), was used to measure
the rate of absorption of O3 into water. Matrozov et al.
(1976) also used a liquid jet absorber to study O3 diffusion
in water. The liquid and gas flow paths through the
apparatus are illustrated in Figure 1. The materials of
construction were Teflon, glass, Viton rubber, and 316
stainless steel, to prohibit reactions with Os;. The device
was constructed by clamping concentric 0.10 m and 0.15
m diameter glass pipes between 0.05 m thick Teflon
flanges. Viton rubber gaskets were used to seal the glass
to the Teflon. The space inside the center pipe was used
as the gas—liquid absorption chamber. The annulus
between the pipes was used to control the temperature with
circulating water from a temperature-controlled bath.
Uniform liquid flow was maintained with a surge suppres-
sor tank. Volumetric liquid flow rates were approximately
4 x 1077 m3s71. A laminar liquid jet was created by
pumping the water through a 5.0 x 10~* m thin square-
edged orifice, constructed of stainless steel. The diameter
of the orifice was 8.0 x 107> m. This orifice design was
recommended by Raimondi and Toor (1959). The orifice
plate was mounted at the end of a 0.01 m glass liquid feed
tube with a Swagelok Teflon feruled nut. The liquid jet
was collected through the center of a stainless steel cone
at the end of a 0.01 m diameter glass riser tube. The inside
diameter of the liquid receptacle was just larger than the

diameter of the orifice in order to restrict gas absorption
only to the exposed liquid jet. The liquid level was
maintained at the tip of the cone to prevent entrainment
of gas, accomplished with a constant leveling ware posi-
tioned outside the device. The length of the jet was
changed by adjusting the vertical position of the glass feed
tube. Jet heights ranging from 0.010 m to 0.021 m were
measured with a Titan cathetometer attached to a Starrett
height gauge, precise to within +5.0 x 107 m.

Only distilled, deionized water was used in the liquid
feed. The water was first degassed by warming under
vacuum. The acidity of the feed stock and absorber effluent
was measured with a Mettler combination electrode pH
probe. The pH varied from 5.8 to 6.2 between runs. Ozone
was created by feeding 99% pure, dry O,, supplied by
GENEX, to a corona discharge type ozone generator,
manufactured by Ozone Research and Equipment Corp.
The O3/O; gas stream from the generator was continuously
introduced to the absorption chamber during any given run.
The pressure was maintained near atmospheric. The gas
and liquid streams were passed through coiled Teflon tubes
inside the annulus before being introduced to the absorp-
tion chamber for additional temperature control. The gas
and liquid temperatures were the same within £0.3 deg.
Experiments were conducted at 5 deg temperature incre-
ments over the range of 10 °C to 45 °C. Temperatures were
measured with thermocouples placed in the gas chamber
and liquid feed tube, precise to +0.1 deg.

The rate of O3 absorption was calculated from the
volumetric flow rate of the effluent water and the concen-
tration of Os in the effluent stream:

r=LC (20)

The volumetric flow rate was found from the mass flow rate
and liquid density, assumed to be that of pure water (Dean,
1992). The composition of the liquid was determined with
a Hewlett-Packard 8453 diode array UV—visible spectro-
photometer by measuring its absorbance at the 260 nm
wavelength in the ultraviolet spectral range (Kuo et al.,
1977). The aqueous O3 concentration was calculated from
Beer’s law:

C=Aleb, 1)

where A_ is the liquid absorbance, ¢ is the absorptivity of
O3, and by is the spectrophotometer light path length
through the liquid sample. A 0.1 m quartz flow cell was
used to measure the absorbance of Oz in the liquid water.
The partial pressure of O3 in the gas phase was also found
by spectrophotometry, assuming ideal gas behavior:

P = AGRT Jebg (12)

where Ag is the absorbance of the gas sample, R is the ideal
gas constant, T is the absolute temperature of the gas in
the spectrophotometer cell, and bg is the spectrophotometer
light path length through the gas sample. A 0.01 m quartz
flow cell was used to measure the absorbance of Oz in the
gas. Assuming that the absorptivity of O3 is the same in
the gas and liquid phases eliminates this parameter from
the calculations for diffusivity. Substitution from eqs 10—
12 into eq 4, yields the following expression for diffusivity.

D = (L/h)[0.1A, H/4AC,RTJ? (13)

A minimum of three experiments was performed at each
temperature. This direct spectrophotometric method of
analysis was confirmed by the indirect indigo dye method
of Bader and Hiogné (1982). The liquid residence time
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Figure 2. Arrhenius plot of O3 diffusivity in water: (®) experi-
ment; (—) eq 15 (R? = 0.993).

Table 1. Experimental Results for Oz Diffusivity in
Water, Experimental Standard Deviation, and
Stokes—Einstein Constant

TIK 10°D/m2-s~1 1011g/m2.s~1 10%5¢/Pa-m2-K~1t
283.5 1.33 6.1 6.16
288.1 1.50 4.4 6.00
293.1 1.76 8.4 6.13
298.2 1.89 4.1 5.78
303.3 2.14 8.5 5.77
308.0 2.39 4.7 5.73
312.9 2.56 8.2 5.48
318.2 2.76 11 5.30

between the absorption chamber and the spectrophoto-
meter cell was less than 1 min. At 25 °C and a pH = 7,
the half-life of O3 is 20 min to 30 min in relatively pure
water (Bablon et al., 1991). Therefore, the decomposition
of O3 was ignored in the analysis.

Results and Discussion

The mean experimental results for aqueous O3 diffusion
coefficients are listed in Table 1. The maximum error in
the diffusivity was estimated at +5%. At 20 °C, Bablon et
al. (1991) report a value for D of 1.74 x 107° m2-s~! that
compares favorably with the result of 1.76 x 1072 m2-s~1
reported here. The standard deviation from the mean (o)
is also reported in the table along with the Stokes—Einstein
constant:

c=DulT (14)

where u is the viscosity of water at the absolute temper-
ature T (Dean, 1992). These new results for O3 diffusivity
are up to 37% larger than previously reported values of
Matrozov et al. (1976) who give an average Stokes—
Einstein constant of ¢ = 4.3 x 10715 Pa-m2-K~1 compared

to ¢ = 59 x 107 Pa-m2-K~! reported here over the
temperature range of 20 °C to 30 °C. The discrepancy in
¢ may be explained by the difference in the latest O;
solubility results used in this analysis. Although these new
results obey the Stokes—Einstein equation over small
temperature ranges, they are better correlated by an
Arrhenius expression over the entire temperature range
of this study, as suggested by Reid et al. (1987). The
average results for diffusivity are plotted versus temper-
ature on a semilog plot in Figure 2. The error bars
correspond to the standard deviations reported in the table.
A least-squares regression of the data yielded the following
Arrhenius correlation:

D/m?s™' =1.10 x 10~ ® exp[—1896/(T/K)]  (15)

The maximum deviation of the correlation from the mean
data is £3.3%.
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