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CHAPTER |1
INTRODUCTION

Phenol is used as a reaction compound for many manufacturing pro-
cesses such as insulation, paint, plastics, and pharmaceuticals. It is
also found as a side product in coal gasification, shale oil recovery,
catalytic cracking units, foundries, and many other processes. The waste-
water from the different types of processes contain a high concentration
of phenol, causing phenol to be one 6f the most common aqueous pollu-
tants. Phenol produces a '""medicinal'' taste and affects the skin of fish
at concentrations as low as 2.5 ppb [30]. Larger concentrations not
only kill fish, but completely destroy all life in the stream. Pollu-
tion of municipal water supplies by phenol-bearing wastes has become

a serious problem in almost every major city in the United States [30].

The use of ozone has been proven to be one of the effective measures
of eliminating phenol. 0Ozone is a powerful oxidant second only to fluor-
ine among the readily avaiiab]e water treatment chemicals [35]. The use
of ozone in treating drinking water has long been accepted in Europe, and
is gaining acceptance in the United States. For wastewater treatment,
ozone is able to destroy the phenolic compounds but, in general, is con-
sidered to be uneconomical compared to biological treatment [16, 33]. In
certain cases, however, such as scarce availability of land, poor climate,
and short operating periods, the biological treatment may not be practi-

cal.



The reaction of phenol with ozone is a mass transfer limited reac-
tion, with ozone being transferred from the gas phase to the liquid phase.
Subsequent reaction of ozone with oxidation products may be kinetically
limited. The phenol is considered to react quickly with the ozone but
- many of the reaction products of pheﬁol react much more slowly. The reac-
tion between ozone and phenol is very complex. There are several multiple
reaction pathways between the phenol compound and the final carbon di-
oxide product with the exact pafhways not being quite clear. Among the
products of phenol ozonation are low molecular weight organic acids.

Some of these acids are stable and resistant to further oxidation with
ozone. They are considered to be nontoxic [30] and:are very easily bio-
degraded. In general, it is considered inefficient to oxidize phenol
completely to carbon dioxide.

| Wet air oxidation is a process that uses high temperatures (200-
315°C) and high pressures (4-15 MPa) to oxidize organic compounds with
oxygen. Usually for the process to be economical a minimal organic con-
centration of 1 to 4 percent is needed. At these concentrations the wet
air oxidation process can become‘thermally autogeneous. The wet air oxi-
dation process is similar to the ozonation process because it is a mass
transfer limited reaction. Additional similarities are that phenol is
easily oxidized and both produce low molecular weight organic acids that
resist further oxidation.

With the pollution laws becoming more stringent, there is a need for
more scientific information on the methods available for phenol destruc-
tion. The purpose of the present research is to attempt to improve the
efficiency of the ozonation process. Temperatures of 65, 70, and 90°C

are used. A pressure of 756 kPa is used. These conditions are used for



the following reasons. Pressure is increased to improve the absorption
of ozone and the concentration of dissolved diatomic oxygen. Tempera-
ture is raised to increase reaction rates and to approach conditions
similar to wet air oxidations. The initial phenol concentration in the
experiments is 0.0l m. Acetic acid is added in some experiments to in-
crease the organic concentration. The stoichiometry of the reaction,
the reaction products, and the mass transfer coefficients are studied to

determine if the efficiency of the process is improved.



CHAPTER ||
REVIEW OF THE LITERATURE
Stoichiometrf

Niegowski [31] was one of the earliest to study the oxidation of
phenol with ozone. A 500 mL gas washing bottle was used for the reactor.
Pure phenol was found to easily oxidize with ozone over a wide range of
pH. For a 100 mg/L solution at a pH of 12, 2.2 moles of ozone per mole
of phenol reduced the phenol concentration by 50 percent and 3.7 moles
of ozone per mole of phenol reduced the phenol concentration by 99 per-
cent. A 1000 mg/L sclution of pure phenol with pH 12 was used to study
the chemical oxygen demand (COD) reduction. The COD reduction was found
to be around 1.4 mg ozone per mg of change in chemical oxygen demand.

The oxidation of complex waste solutions was also studied by Niegow-
ksi [3]1]. To achieve a 99 percent phenol reduction, the lowest ozone to
phenol ratio was 1.96 moles ozone per mole of phenol for a refinery waste,
and the highest ratio was 39.2 moles of ozone per mole of phenol for one
of the coke plant waste. The initial pH was found to influence the oxi-
dation of phenols in waste solutions. For example, the ozone required
at pH 12 for a phenolic waste solution was only one-half that of the
ozone required at pH 7 for 99 percent oxidation of phenol. Up to 50 per-
cent oxidation, however, the ozone-phenol reaction was still very rapid

and pH adjustment had little if any effect.



Peppler and Fern [33] studied phenol ozonation using a 4.5 liter re-
actor with an ozone flow rate of 3 g/hr. For pure phenol solutions, the
initial concentration was approximately 500 mg/L. |t was assumed that
the theoretical requirement for phenol destruction was 3 moles of ozone
per mole of phenol. The experimental stoichiometric ratio at pH 5.7 was
4.7 moles ozone per mole phenol and at pH 12.3 was 3.1 moles ozone éer
mole phenol. For unstripped catalytic cracker condensate water, the
moles of ozone per mole of phenol ratio was very high and the change in
pH had little if any effect on the stoichiometric ratio. It was surmis-
ed that the oxidation of sulphides to sulphites and sulphates proceeded
in preference to the oxidation of phenol.

McPhee and Smith [28] had samples of highly oxidized refinery waste
and of pure phenol solutions treated with ozone. The initial phenol con-
centrations were 500 ppb for the pure phenol solution and 800 ppb for the
refinery waste solution. The efficiency of the ozone absorbed per ozone
applied ranged from 23.3 to 64.4 percent for pure phenol, and from 76.4
to 91.3 percent for refinery waste. The stoichiometric ratio for the
pure phenol was 5.2 moles of ozone per mole of phenol at 50 percent re-
duction of phenol and 18.8 moles of ozone per mole of phenol at 99 per-
cent reduction. The oxidation ratio for the refinery waste was 53.h
moles of ozone per mole of phenol at 96 percent phenol reduction.

Eisenhauer [9] studied the effect that different parameters had on
the oxidation of phenol with ozone. He used a 1000 ml reactor with
phenol concentration varying from 50 to 300 mg/L, ozone concentration
varying from 15 to 30 mg/L, and ozone flow rate varying from 0.1 to 0.5
L/min. The amount of ozone consumed per ozone supplied was around 50

percent for all of the varying experimental conditions. Furthermore,



from the data given in the paper, after consumption of about four mole-
cules of ozone, substantially all of the phenol present initially had
di sappeared.

Eisenhauer, in later studies [10], conducted experiments on the pH
and temperature effects. The absorption of ozone at initial pH 11.0 was
quantitative until about 2.3 moles ozone per mole of phenol had been con-
sumed. After this the ozone absorption for pH 11.0 was similar to the
ozone absorption for pH 3.0 to 9.0, having an efficiency of 57.0 percent.
When the moles of ozone supplied per mole of phenol was approximately 22,
at pH 3.0 to 9.0, all the ozone supplied to the reaction was consumed.

The increase in temperature affected the carbon dioxide production.
At 20°C the efficiency of moles ozone consumed per carbon dioxide formed
was 30 percent, whereas at 50°C the efficiency was 65 percent. At 20°C
after an ozone consumption greater than 15 moles ozone per mole phenol,
the carbon dioxide production ceased. Similar results were found at
50°C, but instead of carbon dioxide production ceasing, the production
continued but at a much reduced rate.

Anderson [1] used a continuous reactor to study the stoichiometry
of the reaction with pure phenol and the efficiency of the ozone absorp-
tion. At an initial pH of 6.6 to 7.4 the efficiency of the ozone ab-
sorbed per ozone fed was around 76 percent, and at an initial pH of 11.4
the efficiency was greater than 99 percent. For 50 percent phenol con-
version, the stoichiometry of moles ozone fed per mole reacted was around
4.6 at the lower pH and around 1.9 at the higher pH. The mg ozone fed
per mg change in COD was around 2.0 at the lower pH and around 1.0 at

the higher pH.



Bauch, Burchard, and Arsovic [5] used a reactor with a length to
diameter ratio of 20:1. The initial phenol concentration was 19 mg/L .
Only by the end of the reaction could ozone be detected in small quanti-
ties at the reactor outlet. After reaction of 3 moles of ozone per mole
of phenol, only 70 percent of the phenol had decomposed, and after 5.5
moles of ozone there was almost no residue of phenol.

Sharifov, Mamediarova, and Shults [39] studied the treatment of
wastewaters containing petroleum products using ozone. Wastewater from
an oil refinery that had undergone a single-stage biological treatment
in an aeration tank was used. At pH 6.0 the COD reduction was around
75 percent, whereas at a pH of 12.0 the COD reduction was around 35 per-
cent. This indicated that with increasing pH the oxidation rate begins
to drop (contrary to what other observers have noted for pure phenol).
However, the ozone consumption increased sharply with increasing pH. The
amount of organic content left after ozonation was higher in acid medium
than in neutral or alkaline medium. In alkaline mediums, sediments of
metal hydroxides are formed which adsorb organic matter and which dis-
turb the process of ozonation. Sharifov et al. concluded that a neutral
regime was best for the refinery wastewater under study.

Yamamoto et al. [46] studied the ozonation of phenol in water at
30°C in a 100 ml reactor. The initial phenol concentration was 0.618
mmole phenol and the ozone flow rate was 0.12 mmole/min. After 90 min-
utes, substantia]lf all of the phenol disappeared. This corresponds to
a ratio of 17.5 moles ozone fed per mole phenol. At the same time, ap-
proximately a 30 percent décrease was observed in the total organic

carbon content.



Baillod, Faith, and Masi [4] studied pure phenol ozonation in a 250
ml reactor with a phenol concentration of 50 mg/L and an ozone concentra-
tion of 25 mg/L. During the first two minutes of reaction, approximate-
1y 40 to 70 percent of the ozone supplied was utilized. However, this per-
centage decreased rapidly after four minutes, so that during the period
of 10 to 30 minutes the ozone utilized was on the order of 5 percent of
the amount fed. The value of the initial stoichiometric ratio for phenol
at 6.0 was found to be 3.9 moles ozone consumed per mole phenol reacted.

Singer and Gurol [42] studied phenol ozonation in a 500 ml reactor
.at 20°C with a phenol concentration of 140 mg/L. After 16 minutes at
pH 3.0, all of the phenol had been oxidized but only 21 percent of the
total organic carbon (TOC) had been removed. At the end of two hours
of ozonation, only 50 percent of the TOC was removed at pH 3.0 compared
to 80 percent at pH 6.0.

Chen [6] used combinations of ul trasound, Raney-Nickel catalyst and
ozone to oxidize phenol. Sonocatalytic ozonation (ultrasound, activated
Raney-Nickel, and ozone) was found to be the best combination for remov-
ing COD in an initial solution of 500 mg/L of phenol. In an ozonation
process alone 28 percent of the ozone was absorbed, whereas in a sono-
catalytic ozonation process 83 percent of the ozone was absorbed.

Nakayama et al. [29] investigated the use of Hydrogen peroxide as a
catalyst for phenol ozonation. The efficiency of the process was depen-
dent on the pH and hydrogen peroxide concentration. For a neutral pH
and a hydrogen peroxide concentration of 30 mg/L, the ozone to TOC ratio
was 9.6.

Experiments on the ozonation of organic compounds at high pressures

were performed by Hill [15]. The pressure varied from 184 to 791 kPa.



The organic compounds studied were formic acid, methanol, glucose, and
synthetic hospital waste. For all compounds, the ozone applied per
change in COD was lower at the higher pressures. The effect that pres-
sure had on the ratio of ozone absorbed per change in COD varied for the
different compounds. For giucose and the synthetic laboratory waste the
ratio increased with increasing pressure; for methanol Fhe ratio decreas-
ed with increasing pressure; and for formic acid the ratio varied with
increasing pressure.

The different investigators' findings on the stoichiometry of the

reaction are summarized in Tables |, Il, and I11.
Reaction Products

Catechol and hydroquinone have been reported by several investiga-
tors [9, 12, 25, 27, 42, 46] as being reaction products of phenol ozonation.
(For chemical structures see Appendix A.) Of these investigators, none
reported finding resorcinal as a reaction product, indicating that the
hydroxylation of phenol is an ortho-, para-directed reaction. Eisenhauer
[9], Li et al. [27], and Gurol et a].‘[hz] found catechol to be in much
higher concentrations than hydroquinone at all times during the reaction
but Gould et al. [12] found hydroquinone to be the major product. Li
et al. [27] concluded that the production of catechol and hydroquinone
is an electrophilic reaction. This would result in production of twice
as much catechol as hydroquinone and very little resorcinal. Li et al.
[27] further noticed from their experiments that the ratio of catechol
to hydroquinone was more than two. It was proposed that a geometrical

factor between the ozone and phenol existed which .favored the catechol

production.



TABLE |

PURE PHENOL STOICHIOMETRY

Reactor  Phenol ‘ Phenol Stoichiometry
Size - Conc. Ozone Oxidized (Moles 03/
Researcher (L) (mg/L)  Conc. pH (%) Mole Phenol)
Niegowski 0.500 100 --- 12.0 50.0 2.2
Niegowski 0.500 100 - 12.0 99.0 3.7
Peppler & o
Fern 4,500 500 3 g/hr 12.3 99.0 3.6
McPhee & , ’
Smith --- 0.50 -—- --- 50.0 5.2
McPhee & )
Smith -——- 0.50 --- —-—- 99.0 18.8
Anderson CSTR 1000 30 mg/L 6.6 50.0
Reactor
Anderson CSTR 1000 30 mg/L 11.4 50.0 1.9
Reactor :
Bauch : ,
et al. 0.200 19 -— --- 70.0 3.0
Bauch
et al. 0.200 19 --- - 99.0 5.5
Yamamoto 5.76
et al. 0.100 58 mg/L -—- 99.0 17.5
Baillod A '
et al. 0.250 50 25 mg/L 6.0 initial 3.9
Eisenhauer 1.000 50 15 mg/L  --- 99.0 4.

Eisenhauer 1.000 2000 21 mg/L  --- 97.5 4.0




TABLE 11

CHEMICAL OXYGEN DEMAND STOICHIOMETRY FOR PURE PHENOL

Reactor Size Phenol Conc. Phenol Stoichiometry

Researcher (L) (mg/L) Ozone Conc. pH 0Oxidized mg 03/ACOD

Niegowski 0.500 1000 --- 12.0 -—- 1.4

Anderson CSTR Reactor 1000 30 mg/L 6.6 --- 2.0

Anderson CSTR Reactor 1000 30 mg/L 1.4 --- 1.0

TABLE 111~
STOICHIOMETRY FOR, WASTE SOLUTIONS
Reactor Phenol Conc. Ozone Phenol Stoichiometry
Researcher Waste Solution Size (L) (mg/L) Conc. pH Oxidized (Mole5'03/Mole Phenol)

Niegowski Coke Plant 0.500 1240 --- --- 99% 3.92
Niegowski Refinery 0.500 11600 -—- -— 99% 1.96
Peppler Stripped Cat
& Fern Cracker 4.500 114 -—- 7 99% 11.75
Peppler Stripped Cat '
& Fern Cracker 4,500 114 -—- 12 99% 11.75
McPhee & Oxidized Refinery
Smith Waste --- 0.80 --- --- 96% 53.40
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Gould and Weber [12] assumed that catechol and hydroquinone under-
went ring cleavage instead of Fufther hydroxylation since the addition
of a second hydroxyl group would make the ring double bonds more suscep-
tible to the ozone. This was supported by the fact that only one inves-
tigation reported finding quinones as proauct [25]. Furthermore, Yama-
moto et al. [46] concluded from their experiments that catechol and hy-
droquinone were more reactive toward ozone than phenol.

Catechol and hydroquinone were initial reaction products that reach-
ed a maximum early in the reaction and ‘decreased rapidly [9, 12, L2].
Baillod et al. [4] did experiments to Aetermine the catechol and hydro-
quinone concentrations in their phenol ozonation experiments but were un-
able to find any. From this, it was concluded that either these products
were formed very early in the reaction and were missed or could not be
detected at such low concentrations. In Eisenhauer's experiments [9],
the maximum catechol concentration reached approximately 10 mg/L at 5
minutes of reaction time when the inftial phenol concentration was 50
mg/L and reached approximately 30 mg/L at 10 minutes reaction time when
the initial phenol was 300 ﬁg/L. The catechol concentration was below
detection at the same time the phenol concentration was below detection.
Gould and Weber [12] found a maximum concentration of hydroxyl products
of 10 percent at 5 minutes of reaction time. The maxihum concentrations
of catechol and hydroquinone were found to vary with varying pH in
Singer and Gurol's experiments [42]. At a pH of 3, the maximum amount
of catechol and hydroquinone observed was less than 1 percent whereas at
higher pH values, significant amounts of hydroxyl products were formed.

Muconaldehyde and muconic acid were the only six-carbon products of

ring cleavage reported by the different investigators [L, 42, L46]. Of
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the four-carbon products, Bauch et al. [S]Afound maleic acid and tartar-
ic acid, Yamamoto et al. [46] found maleinaidehyde, Legube et al. [25]
found maleic acid and maleinaldehyde, and Baillod et al. [4] found male-
ic acid. Propionic acid and cetomalonic acid were the only three-carbon
compounds found [5, 25]. Of the two-carbon products, Bauch et al. [5]
reported finding glyoxylic acid, acetic acid, glycolic acid, and oxalic
acid; Gould and Weber [12] and Yamamoto et al. [46] reported finding
glyoxal, glyoxylic ac¢id, and oxalic acid; and Legube [25] and Baillod
et al. [4] reported finding oxalic acid. Yamamoto et al. [46], Li et al.
[27]1, and Baiilod et al. [4] reported finding formic acid, a one-carbon
compound. |

Glyoxal and glyoxylic acid accounted for the bulk of the organic
carbon during_most of the reaction time in Gould and Weber's experiments
[12]. Figure | shows the intermediate products versus time in the ex-
periment. The glyoxé] reached a ma*imum value around 10 minutes and was
at a very low value after 30 minutes. At its maximum value the glyoxal
accounted for over 25 percent of the organic carbon. Glyoxylic acid had
two peaks during the reaction. The first peak was around 5 minutes and
the second peak was around 13 minutes. Gould and Weber surmised that the
first peak was probably due to ring cleavage and the second peak was
probably due to glyoxal oxidation. Glyoxylic acid accounted for virtual-
ly all of the organic carbon after 20 minutes of reaction time. The
oxalic acid rose very slowly and reached oﬁly around 29 percent of the
organic carbon at the end of 30 m}nutes.

In Yamamoto's et al. [46] experiments, the major product throughout
the reaction was found to be formic acid. Figure 2 shows the concentra-

tion of the reaction product throughout the experiment. The formic acid
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reached a maximum of about 0.77 mmole at 90 minutes reactidn time. The
muconaldehyde reached a maximum value above 0.2 mmole at 60 minutes reac-
tion time and decreased to very low amounts after 150 minutes. The mu-
conic acid reached a maximum value around 0.08 mmole at 35 minutes reac-
tion time and decreased to very low amounts after 135 minutes. The gly-
oxylic acid, maleinaldehyde, and oxalic acid concentrations continued to
-rise throughout the reaction. Initially, the maleinaldehyde concentra-
tion was close to the concentration of glyoxylic acid but by the end of
the reaction the maleinaldehyde concentration was close to the concentra-
tion of oxalic acid. For example, at 60 minutesrreaction time the con-
centrations of glyoxylic acid, maleinaldehyde, and oxalic acid were ap-
proximately 0.11, 0.11, and 0.0h:mmole, respectively, and at 180 minutes
reaction time the concentrations were épbroximately 0.24, 0.17, and 0.16
mmole, respectively. This showed that the production of maleinaldehyde
decreased during the reaction.
In Baillod's et al. [4] studies, the major products were formic

acid and oxalic acid. The reaction products versus time are shown in

Figure 3. The initial phenoi concentration was 50 mg/L and decreased be-
low 1 mg/L after 6 minutes of reaction time. The formic acid reached a
value around 30 mg/L after 6 minutes and remained approximately constant
throughout the reaction. The oxalic acid reached a maximum concentration
around 33 mg/L after 21 minutes reaction and decreased to below 1 mg/L
after 60 minutes. Maleic acid reached a maximum slightly below 10 mg/L
and decreased to below 1 mg/L after 6 minutes reaction time. Muconic
acid reached a steady-state concentration around 4 mg/L. After 40 min-

utes it began to decrease and after 57 minutes it was below | mg/L.
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Kinetics

Empirical Kinetics

Eisenhauer [9] was one of the first to study the kinetics of phenol
oxidation with ozone. He used a semi-batch reactor that operated at
room temperature with phenol concentrations of 50 to 300 mg/L. An empir-

ical parameter, the ''ozone dose rate,'' was defined as follows:

[03]F

D= TPrT Vv (1)
(@]

Assuming first order with réspect to the phenol concentration and with
respect to the ozone concentration, and using the ozone dose rate para-

meter, the kinetic equation was:

-d [Ph] _ |
——— = ko [Ph] (2)
Integrating yielded
[Ph],
n ‘[TD—h-T: = kDt (3)

When D was constant, the experimental results showed a linear relation-
ship between %n ([Ph]o/[Ph]t) and Dt up to 30 minutes reaction time.

In later experiments, Eisenhauer [10] studied the effect that pH
had on the rate constant. From pH 3 to 9, the rate constant changed
very little. Howgver, at an initial pH of 11, the reaction fate more
than doubled.

Gould and Weber [12] did experiments similar to Eisenhauer. The

phenol concentration ranged from 110 to 1,100 mM/L and all the runs
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were operated at room temperature. The experimental results agreed with
Equation (3) which Eisenhauer had derived.

Gould and Weber also studied the effect that the pH had on the rate
constant. The rate constant ranged from about 0.11 at lower pH values
to about 0.28 at higher pH values. Most of the increase of the rate con-
stant occurred between pH 4 and 7.5 and was essentially complete by pH 8.
This disagreed with Eisenhauer's result.

Anderson [1] used a continuous stirred tank reactor with a phenol
concentration of 1000 mg/L. Based on Eisenhauer's results, two kinetic

equations were assumed:

d[Ph]

S =k () [enl [o] (4)
and

d[Ph'] _ , - '

=g k' (M) [Ph7] [o,] (5)

One set of experiments was pérformed at neutral conditions and the other
set was performed at a pH of 11.4. For both equations a log mean concen-
tration of ozone and a continuous stirred system for the liquid phase
were assumed. At the high pH, a pKa value of 10.0 was used to determine
the concentration of phenolate ion. A rate constant of 2.31 x0.28 x

10-6 Lz/mg-min-cm2 was calculated for phenol and a rate constant for

5

phenolate ion was calculated to be 6.78 +0.03 x 10 Lz/mg-min-cmz. From
this information the rate constant between phenolate and ozone was 27
times larger than the rate constant betweeﬁ phenol and ozone.

In Eisenhauer's [9] experiments, the value of the rate constant

changed when the flow rate changed. This showed that the kinetic equa-

tions (Equations (3), (4), and (5)) combined the effects of mass
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transfer and kinetics and, because of this, the combined rate constant
is system specific. A summary of the different experimental values of

the rate constant from Equation (3) is listed in Table IV.

Homogeneous Kinetics

Li, Kuo, and Weeks [27] studied the kinetics of ozone-phenol reac-
tion in a homogeneous solution. They used the stopped-flow technique
where solutions of ozone and phenol were stored in two §eparate drive
syringes and were rapidly mixed in a mixing jet. . This eliminated the
mass transfer part of the reaction.

With mass transfer effects eliminated, the kinetic equation was
written as

40051 _grpn _

dt  ~ dt k [Ph]™ [0,1" (6)

l
-

3

When phenol was in large excess, Equation (6) could be approximated as

= rk' [0,]1" (7)

where k' = k [Pho]m. Integrating when n = 1 yielded

[o,]

37t
= (-r k' t) (8)
Tb?; exp i=r

The experimental data were found to fit Equation (8) best, implying first
order with respect to ozone.

The order with respect to phenol concentration, m, was determined
by plotting k' versus the initialvcbhcentratiOn of phenol on a logarith-
mic scale. A straight line could be obtained in such a plot as indicat-

ed by Equation (9):



TABLE 1V

EMPIRICAL RATE CONSTANTS FOR PHENOL OZONATION

Reactor Phenol Ozone Gas Rate Constant
Size Conc. Conc. Flowrate Initial (Mole Phenol/
Researcher (L) (mg/L) (mg/L) (L/min) pH Mole 03)
Eisenhauer 1.0 50-300 15-30 0.20 --- 0.42
Eisenhauer 1.0 50-300 15-30 0.30 --- 0.38
Eisenhauer 1.0 50-300 15-30 0.40 -—-- . 0.36
Eisenhauer 1.0 50-300 15-30 0.50 - 0,33
Eisenhauer 1.0 -—- —— - 3.00 0.23
Eisenhauer 1.0 -— -—— --- 5.01 0.25
Eisenhauer 1.0 -—- -—-- --- 5.57 0.26
Eisenhauer 1.0 -—- --- -—- 9.14 0.31
Eisenhauer 1.0 --- --- --- 11.06 0.66
Gould & Weber 0.5 88,900 99 1.33 2.27 0.11
Gould & Weber 0.5 89,900 99 1.33 2.61 0.11
Gould & Weber 0.5 93,800 101 1.33 3.34 0.11
Gould & Weber 0.5 95,700 101 1.33 4.1 0.15
Gould & Weber 0.5 91,000 100 1.33 5.68 0.12
Gould & Weber 0.5 90,600 100 1.33 6.32 0.18
Gould & Weber 0.5 94,600 101 1.33 7.22 0.28
. Gould & Weber 0.5 94,900 101 1.33 8.09 0.27
Gould & Weber 0.5 93,800 101 1.33 8.86 0.26
Gould & Weber 0.5 91,700 101 1.33 9.15 0.28
Gould & Weber 0.5 94,600 101 1.33 11.03 0.25
Yamamoto et al. 0.1 4,120 - -—- -—- 0.39
Yamamoto et al. 0.1 60 -—- -— - 0.15
Baillod et al. 0.25 50 25 = 0.60 6.00 0.19
Baillod et al. 0.25 50 25 0.60 10.00 0.27

1c



log k' = log k + m log [Ph]o (9)

Using the method of least squares, the average value of m was calculated
to be 0.85. This result was assumed to suggest that phenol was a first
order reaction.

At constant temperature the only thing that affected the rate con-
stant was the pH of the system. At a temperature of 25°C, the average
rate constant for pH 1.5, 2.7, 3.7; and 5.2 was calculated to be 895.4,

2097, 4393, and 29,520 M

s-], respectively [16]. The rate constant
increased with increasing pH and the increése was faster at the higher
pH values. This seemed to indicate that Anderson's [1] theory of ozone
reacting With phenol molecules and phenolate ions was correct.

Hoigné and Bader [18, 19, 20] proposed a two-path reaction model as

shown to explain the pH effect (see Figure L).

O3 STRIPPED

O3 ADDED -
S - 03 M = MoxID DIRECT O3
REACTION
OH"~
or R
Y 7N\
OH—" o\
=)

Figure 4. Phenol Ozonation Reaction Pathway
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When the ozone is absorbed by the solution, it can follow three differ-
ent pathways. The ozone can be stripped off before any reaction takes
place, it can react directly with M to form Moxid’ or it can decompose.
Hoigné proposed that the decomposition of ozone was catalyzed by hydrox-
ide ions and other solutes. Part of the decomposition products form
highly reactive secondary oxidants such as OH radicals. Some types of
solutes react with OH radicals to form secondary radicals, R', which act
as chain carriers of the ozone decomposition. Other solutes transform
the primary radicals to inefficient species, ¢, and thereby act as in-
hibitors of the chain reaction. The direct reaction is predominant
under acidic conditions and is labeled the slow reaction. The radical
reaction is predominant in basic solutions and is labeled the fast reac-
tion.

Hoigné and Bader [19] measured the direct reaction of phenol by us-
ing a pH between 1.7 to'2.0 and a n-propanol scavenger of 1 mM concentra-
tion. These conditions helped minimize the ozone decomposition. The
ozone was also injected below the liquid level of the solution to elimi-
nate the mass transfer effeﬁts. The ﬁhenol concentration was in larée
excess compared with the ozone concentration so that the reaction rate
becomes pseudo-first order. The rate constant was calculated to be 1300

+300 M-] s-] at a temperature of 23 #2°C.

Maés Transfer
Theory

A gas-liquid reaction system consists of the transport of solute
from one phase to another caused by a concentration gradient. At steady-

state the rate of mass transfer in terms of the gas phase is:
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Ny, = K S
¢ S

A ) = kg S(Ppg ™ Pay) - (10)

Pac ~ PaL
and in terms of the liquid phase is:

N, =K S(CAG -C

A= K ) = kL S(Ch - Gy (11)

Ai Al

At a fixed temperature and a dilute solution the partial pressure
of A varies linearly with the mole fraction of A in solution (xA) in

accordance with Henry's law:
Py = HxA (12)

Equations (10), (11), and (12) can‘be'rearranged to show the relation-

ship between the film and overall mass transfer coefficients:

pu—

] 1
= (13)
kL H kG

~

and

~

] H
— = —+ — (14)
ke KL

If the component A is only slightly soluble (such as ozone), the Henry's
law coefficient, H, is large. When H is large, from Equations (13) and
(14) most of the resistance occurs in the liquid phase and

1o .
LNV ‘ (15)
KLk

There are many models that explain the mass transfer in the gas-
liquid boundary region. The most noted models are the Lewis and hitman
two film theory, the Higbie penetration theory, and Danckwert's surface

renewal theory [24, 32, 37].
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The two film theory postulates that there is a gas film boundary
and aliquid film boundary where the transport of mass is by diffusion
only (see Figure 5). Outside the film boundaries the transport of mass

is by convection and component A is at a bulk concentration.

INTERFACE

- GAS _y_LIQUID |
I FiLM FILM

] N | LIQUID PHASE
| PAi (SOLVENT B)
GAS PHASE | Cai N
(SOLUTE A) | >
I

Z=0 Z=L

CaL

Figure 5. Two Film Theory

Since the mass transport in the film is by diffusion only, the unsteady-

state continuity equation for one-dimensional transport is:

39 C oC

A _ %
Pr =2 % 3t (16)

The lTiquid film is considered very thin without any accumulation of the
diffusing mass [24]. Thus steady-state diffusion prevails and the con-
centration distribution is a linear function of the distance in the 1i-

quid film. Using this information the mass transfer can be written as:

N, =D, (C /L-S (17)

ai " Cal)
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Comparing Equations (11) and (17), kL can be derived from the film the-

ory as:

kL = DA/L (18)

The penetration theory as proposed‘by Higbie states that the sur-
face film is continuously removed by the bulk [32]. The assumptions
that he made are (a) the elements at the surface are stagnant, and (b)
every surface element is exposed to the solute for the same length of
time (to) before being replaced. The average mass flux can be derived
to be:

/[DA/(wto)]-S (19)

/
\4

Np = 2(Ch; = C)

The contact time, to’ can be calculated using the following relationship

for bubbles:

t, = dg/Ug (20)

Comparing Equations (11) and (19), kL can be derived from penetration

theory for bubble columns as shown:

k =2 /DA/(ﬂto) (21)

By using Equations (20) and (21), Higbie's result can be expressed in

terms of dimensionless numbers as:

1/2 (. 1/2

Sh = 1.13 Re Sc (22)

Danckwerts' theory is similar to the penetration theory except that
instead of a constant time of exposure, the surface renewal theory de-

scribes the liquid phase as completely disturbed by numerous
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infinitesimally small phase elements or eddies in the phase [24]. The
probability for a given element to disappear from the surface was inde-
pendent of its age; rather, it was proportioﬁal to the number of ele-

ments of that age that were present at the surface. The mass transfer

according to Danckwerts!' surface-renewal theory is:

N, = /DA S, (cAi - cAL)-s o (23)

Comparing Equations (11) and (23), kL can be derived from the surface

renewal theory as:

kL T DA So | ’ (24)

Dimensional analysis indicates that the liquid-side mass-transfer
coefficient can be correlated in terms of the Sherwood (Sh), Schmidt
(Sc), and Reynolds (Re) numbers as shown by Higbie (Eqﬁation (21)). For
the rise of swarms of gas bubbles in a reactor column, Hughmark [21]

showed that the following correlation is applicable with an average de-

viation of 15 percent:

= Sh =2 + 0.0187 [Reo'hgh Sco'339

(a, §33/p,0-667)0.0721.61 (25)

The rate at which the chemical reaction increases the mass transfer

is called the enhancement factor, E, which is defined by:

E =k a/kL a (26)

The enhancement factor can be evaluated for a reaction of known kinetics.

For a first order reaction, Danckwerts [7] derived the following result:
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E=V1 +M (27)
where
D, k
A
kL

Gas-liquid mass transfer followed by an irreversible reaction can
follow either of two regimes, labeled as fast reactions or as slow reac-
tions [37]. The slow reaction is determined by the following equation:

D, k
A
—5— .CA << (29)

ol

The slow reaction can be further divided depending on whether the rate
limiting step is kinmetically controlled or mass transfer controlled.
When the reaction is kinetically controlled, there will be a significant
amount of the dissolved gas 'in the buik liquid [37]. The mass transfer

equation then becomes:

N, =k a (cAG -,CAL) v (30)

When the reaction is mass transfer controlled, the dissolved gas in the
bulk becomes approximately zero and the mass transfer equation can be

written as:

N =k actC .V (31)

A fast reaction is when an important fraction of the dissolved gas is
reacted near the interface. The enhancement factor has an effect on the
mass transfer and, because of this, the liquid side mass transfer coeffi-

cient with chemical reaction can be defined as:
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klia = /DA k a (32)

If all of the dissolved gas reacts in the film, then the concentration of
dissolved gas in the bulk liquid is approximately zero and the mass

transfer equation can be written as:

Ny = Cpe /DA k (aVv) (33)

Mass Transfer With Kinetics

Baillod, Faith, and Masi [4] determined the KLa value for oxygen in
a nonreactive system and used that value to estimate KLa for ozone. An
oxygen KLa value was/caiculated and found to be 1.05 min-] at an air
flow rate of 0.6 2/min. The following equation was used to estimate the

KLa value for ozone:

(Ka)y = (Ka)

, = (K#g (0, /0 )02 (34)

02 3 2
The (KLa)03 value was computed to be 0.86 min~!

Usingvthis value, the maximum possible ozone transfer rate without
chemical reaction was calculated for the experimental conditioﬁs. The
experimental ozone transfer rate was compared with the calculated maxi-
mum transfer rate without chemical reaction to find the apparent enhance-
ment factor. An enhancement factor was calculated assuming that phenol
and phenolate ions reacted with the ozone. At a pH of 6, for phenol,
the apparent enhancement faﬁfor was 3.3 and the calculated enhancement
factor was 1.06. Based on this, Bai]lod et al. concluded that ozone de-

composition or reaction with intermediate products may cause the enhance-

ment factor to be greater than the calculated enhancement factor for
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phenol and phenolate ion. These conclusions lent support for Hoigné and
Bader's theory [18].

Li and Kuo [26] developed a mass transfer model to describe the
phenol concentration in a semi-batch reactor. The two;fi]m model with
the chemical reaction occurring in the liquid film was used. [t was
assumed that the ozone not only reacted with the phenol but decomposed
by a 3/2 order. The simultaneous mass transfer and chemical reactions

were, therefore, governed by the following set of differential equations:

2 ,
d“[0,]
A 73 3/2
D ——— = 2k [Ph] [0,] + k. [0.]°" (35)
o3 g2 3 D ‘3
and
D da*[ph] _ k [Ph] [0.] (36)
Ph dzz - 3 3

It was assumed at the interface that the concentration of ozone wés
in equilibrium with the gas phase. The reaction between ozone and phenol
was observed to be fast and therefore’no ozone existed in the main li-
quid stream. The phenol concentration was assumed to be zero at the
interface, since the reaction was fast. At the edge of the film, the
phenol was assumed to be the same as the concentration in the main
stream. These assumptions were used as boundary conditions.

Using mass balances for ozone and phenol in the main liquid, assum-
ing the phenol concentration varied linearly across the liquid film, and
using Airy integrals, EqQation (35) was used to derive the following

equation:
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KD 1/3
0
dlPh] _ _ 3 1/3
- 0.4592 k a [03]i 2 [Ph]
L
+ 0.1768 kp k2 [03]?/2 (37)

Under acidic conditions the decomposition of ozone was negligible and,

therefore, the last term on the right side was ignored. Integrating
yielded:
[Phl, 2/3 1/3 ‘[03]i '
TPRT, = 1-0.3061 kaN TPhT t (38)

where N is defined by:

k [Ph]O D,
Ne— o 3 (39)

2

kL
For isothermal absorption of ozone with a constant flow rate and a
fixed pH, the physicochemical properties of Equations (38) and (39) re-

)2/3

main constant. Under this condition ([Ph]t/[Ph]0 should vary linear-
ly with time as predicted by‘Equation (38). Li and Kuo [26] performed
experiments measuring the phenol concentration with time. A straight
line could be drawn for each experiment by plotting ([Ph]t/[Ph]o)Z/3
against the absorption time. This con;luded that the experimental data
agreed well with the qualitative predictions of Equation (38).

Augugliaro and Rizzuti [3] used a wetted wall column to study the
kinetics of phenol ozonation. In order to explain the pH dependence of
the reaction, the assumption was made that the species attacked by the

ozone was the phenate ion instead of phenol. Thus the reactions taking

place in the phenol ozonation process would be:



ki -,
CEHEOH =—=C,H0 ™ + H (40)
ko
C,HOH + OH =—=—"C,H.0 + H (41)
65 6"5 2
- k3 s
C6H50 + O3 —2— Products (42)

Using the kinetic equations for the above reactions and assuming steady-
state, the phenate ion was eliminated from Equation (42) and the kinetic

equation for Equation (42) became:

r, =K [03] [oH™ ] [Ph]

37K ks

]
K_k To3] [OH] (43)

273
1 + =
k] + k2 [OH™]

In acidic solution the following two hypotheses were made: (i) the
phenate ion present in the solution was essentially produced by the disso-
ciation reaction (Equation (40)); (ii) the oxidation of the phenate ion

was the rate determining step. Thus it can be written:

K2 k3 [03][OH ]

ky [OH T <<y kK +k, ToR-T *° : (44)
and Equation (43) became:
- - L
g = Ky kg 010K IEPR] (15)

Augugliaro et al. [27] assumed that the absorption process was the
so-called ''fast reaction regime'' and used Astarita's [2] equation to de-

rive:

k, =/DO Ky ks [OH™ ] [Ph] (L6)
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In the experiments performed [0H ] and [Ph] are constant throughout the
column; therefore, kL was constant.
Taking a mass balance over a differential volume of the column and

integrating gave:

kS n (yl/yz)

G
gt )

Experimental values for Y and y, were measured and the value for kL cal-
culated from Equation (47). The yalues of kL were plotted against the
phenol concentration at a constant pH of 5.5 and were plotted against
the pH at constant phenol concentkafions. A straight line of slope 1/2
fit to a good approximétion for the kL versus phenol concentration and
also a straight line of slope 1/2 could be drawn for the pH data in the
range 4 to 6. These experimén£a1 results agreed well with Equation (46).
The following two hypotheses were made for ozone absorption in ba-
sic solutions: (i) the phenate ion present in the solution was essen-
tially produced by the salification reaction (Equation (41)); and (ii)

the salification reaction was also the rate determining step. Thus it

can be written:

KZ k3 [03][0H 1 .

and Equation (43) becomes:
ry = k, [OH71[Ph] | (49)

3 2

Using Astarita's [2] '"fast reaction regime'' equation and the boun-
dary condition that the ozone in the bulk is zero, the absorption coeffi-

cient equation for basic solutions became:
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kL [03]?'5 =/(2Do3 k, [OH™1[Ph] (50)

]O.5

The values of k [03 ) were calculated and plotted against the phenol
l .

L

concentration at a constant pH of 9 and plotted against the pH value at
a constant phenol concentration. A straight line could be drawn with
slope of 1/2 for the phenol concentration graph and also a straight line
could be drawn wjth slope of 1/2 for the pH graph when the pH was in the
range of 8 to 9.5. The experimental results agreed with Equation (50).
Gurol and Singer [43] developed a mathematical model that described
the rate of change of phenol and ozone in a semi-batch column at low pH.

They assumed a reaction scheme as shown below (see Figure 6).

PHENOL ' OLEFINIC COMPOUNDS WITH
CATECHOL  + 03 — TWO DOUBLE BONDS (MUCONIC
HYDROQUINONE ACID, MUCONALDEHYDE, ETC.)
+
03
k”
GLYOXAL OLEFINIC COMPOUNDS WITH
OXALIC ACID __ Kk ONE DOUBLE BOND (MALEIC
GLYOXALIC 93 * ACID, MALEINALDEHYDE,
ACID FUMARIC ACID, ETC.)

Figure 6. Reaction Scheme |1lustfating the Ring Cleavage
of Phenol, Catechol, and Hydroquinone

It was assumed that k' was less than k'' and k"' in the reaction

scheme and, therefore, the first step was the rate controlling step.



35

Furthermore, the ozonation of the products oxalic acid, glyoxalic acid,

and formic acid was assumed to be sufficiently slow so as not to influ-

ence the kinetics of phenol ozonation. The relevant chemical equations

which were assumed to be significant in the acidic system were:

k] )
Ph + 05 ——C (51)
kZ
Ph + 03 —H (52)
k
Ph + 0, 3o mA (53)
kh N
P+ 303 ——=Stable Products (54)
kC
c + 303 ——Stable Products (55)
kH
H + 303 —— Stable Products : (56)
kMA
MA + 203 —— Stable Products (57)

In these equations C, H, and MA stand for catechol, hydroquinone, and

muconic acid, respectively. The reaction rates of phenol, ozone, and

the intermediate compounds can be written as:

where k
p

d[Ph] _ _ . - -
Tl k][Ph][03] k2[Ph][03] k3[Ph][03] kh[Ph][O3]
= -k [Phll0,] (58)
=k]+k2+k3+k4.
dlC] _
T k][Ph][03] - kC[C][03] (59)



AL\, tphllo,] - K, [H][0,] (60)
d[MA] _ -

prate k3[Ph][03] kMA[MA][O3] | (61)
d[03]

o = ka(l0,], - [01) - K, [Ph1[0,] - k[Pl [o,]
- k3[Ph][03] - 3kh[Ph][03] - 3kC[C][03]

- 3kH[H][03] - ZkMAIMA][O ] . (62)

3

The value of kp was reported by Hoigné [19] to be 400 M-] sec-].

This value was used to determine the values for kC’ kH, and kMA by the
relative reaction rate method developed by Hoigﬁé. To determine'kc, the
inital concentrations of catechol intﬁe mixtures were selected to be
several times greater than that pf the initial phenol concentration, in
order to keep the amount of catechol formed from the oxidation of phenol
small. The relative rate equation yields:

on ([C]t/[c]o) ke

_.C ' (63)
T (TPRT 7TPRIY ~ %

2n ([C]t/[C]o) and 2n ([Ph]t/[Ph]o) were plotted for several sets of data
with different [C]o and [Ph]o to determine the slope and hence kC/kp'
The same analysis was done for hydroquinone and muconic acid. The val-

ues for kt, A Were calculated to be approximately 1000, 720,
1

and 2200 M 7!, respectively, at pH 3.

kH’ and kM
To determine k], k2, k3, and kq, the maximum concentration point

for catechol, hydroquinone, and muconic acid were found. At this point

the derivatives of Equations (59), (60), and (61) were equal to zero.

For example, the catechol equation became:



k; [Ph]" 0.1 = k. [c]” [0,] (64)
and
~ [C]:':
ky = ke TPRT™

1

where [Ph]x and [C]x are the concentrations of phenol and catechol, re-

spectively, at the point where d[C]/dt = 0. The values for k], kz, k3,
T -1

and kh were experimentally observed to be 0.8, 6, 88, and 350 Mos
respectively.

The mathematical model developed by Singer and Gurol adequately pre-
dicted the observed rates of phenol removal as well as the time at which
the dissolved ozone appeared in solution. The model reflected the mass-
transfer-limited nature of the reaction and, therefore, the rate of phen-
ol removal was relatively insensitive to chemical kinetics. The model
failed to predict the observed ozone profile after phenol was completely

oxidized [43].
Wet Air Oxidation

Process Conditions

Teletzke [44] studied the effect of temperature on the wet air oxi-
dation of organic compounds. He noted that the extent of oxidation is
primarily determined by the maximum temperature reached during the reac-
tion. The higher the temperature, the shorter the time it takes to reach
equilibrium. In his data, at 300°C approximately, 98 percent of the
material was oxidized after reaching equilibrium, whereas at 100°C only
15 percent of the material was oxidi;ed after reaching equilibrium. The

time required to reach equilibrium was one hour at 300°C and two hours
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at 100°C. Similar results were obtained by Baillod, Faith, and Masi [4].
Hurwitz and Dundas [22] noted that below 150°C oxidation was slow and re-
action incomplete. In Schmidt's [33] experimental data, the rise in tem-
perature from 150° to 300°C lowered the COD and: the phenol concentration.
Above 300°C, the rise of témperature continued to lower the COD but less
sharply.

In plant operations, oxidations have ranged from 30 to 40 percent
in the case of low pressure plants (500 psig) to 70 to 80 percent in the
higher pressure plants (1800 psig) [44]. Pruden and Le's [34] experimen-
tal studies with a continuous reactor showed that pressure had a signifi-
cant effect on the percent conversion of phenol. For a temperature of
250°C, residence time of 0.25 h, feed concentration of 3000 mg/%, and
air flow rate of 0.014 m3/h, the conversion of phenol was 67 percent at
5 MPa and 97 percent at 10 MPa. It was also shown that the higher the
pressure the more the change in temperature affected the reaction [41].
In Shibaeva, Metelitsa and Denisov's [40] study, the initial oxidation
rate of phenol increased linearly with an increase in the partial pres-
sure of oxygen.

Shibaeva et al. [40] did experiments on the effect that hydrogen
ion had on the oxidation of phenol. A semi-continuous reactor was used
with a temperature of 200°C and an oxygen pressure of 3.5 MPa. For these
conditions, the oxidation rate increased with an increase in pH reaching
a maximum at pH 3.2 and then decreased. The phenol consumption was
found to be first order in pH range 3.0 to 5.5 and zero order in the pH
range 2.0 to 0.7. Shibaeva et al. [40] then studied the effect that
temperature (180-200°C) had on the rate constant of phenol consumption

at the lower pH range. A linear equation was derived with the rate
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constant being a function of the inverse of the hydrogen ion. The slope
and intercept of the equation were exponential functions of the inverse

temperature.

Reaction Products

Acetic acid is found to be a product of wet air oxidation (WAO).
The Sterling Drug Company performed studies on different WAO processes
[44]. They found acetic acid to be an intermediate product of oxidation
and the concentration of acetic acid varied inverse1y with temperature
with only traces remaining at 320;C [44]. In Pruden's et al. [34] study
of continuous WAO of phenoi at 250°C, the acetic acid was found in trace
amounts. |

Wastewater containing 34,000 mg/Z»of phenol was oxidized and found
to produce a substantial amount of volatile acids [38]. At temperatures
of 150 to 200°C the concentration of acids increased, reaching a maximum
of 6,250 mg/%. The rise of temperature above 200°C led to a decrease in
the concentrations of acids. Acetic acid (4800 mg/%) was then added to
the wastewater [38]. After .treatment for 120 min at 150°C the acetic
acid concentration was 3400 mg/z and for 120 min at 300°C the acetic
acetic acid concentration was 1700 mg/%.

Day, Hudgins, and Silveston‘[8] studied the oxidation of propionic
acid. They initially had infended to use acetic acid but the oxidation
rate was too slow for measurement using the experimental conditions.

The two main products from propionic acid oxidation were acetaldehyde
and acetic acid. The acetic acid increased approximately linearly
throughout the reaction whereas the acetaldehyde reached an approximate

constant concentration. It was proposed that the acetaldehyde formed
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a quasi-steady-state, the amount being produced equaling the amount be-
ing oxidized to acetic acid.

A carbon dioxide analysis was performed on the reaction products at
500°F-and 500 psi, which indicated approximately 55 percent of the car-
bon in propionic acid formed carbon dioxide [8]. Acetic acid accounted
for 40 percent of the carbon and fhe remaining 5 percent was carbon mon-
oxide, acetaldehyde, and gasedus hydrocarbons. From this analysis, Day
[8] proposed an overall oxidation scheme for propionic acid in terms of
two simple parallel reaction pathsAshown below (see Figure 7). One path
was the oxidation to acetaldehyde which further oxidized to acetic acid.
One mole of carbon dioxide was produced for every mole of acetic acid
produced. The other path is the complete oxidation of propionic acid to
carbon dioxide and water. There is a side path that produced gaseous

products that is probably a combination of several reaction mechanisms.

PROPIONIC ACID

ACETALDEHYDE COMPLETE
OXIDATION
ACETIC ACID CARBON DIOXIDE GASEOUS PRODUGTS
AND WATER (INCLUDING METHANE,
PROPANE AND
ETHYLENE)

Figure 7. Proposed Scheme for the Wet Air
Oxidation of Propionic Acid
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The WAO products of phenol were analyzed by Baillod et al. [4]. The
initial concentration of phenol was 5000 mg/% and the process conditions
were 5.2 MPa and 232°C. A significant amount of the total organic car-
bon remained in solution after the phenol had been completely oxidized.
Approximately three-fourths of the carbon in solution was low molecular
weight acids, acetaldehyde, and acetone. The reaction products measured
accounted for 83 to 105 percent of the total organic carbon at 15 to 60
minutes.

The main products of phenol éxidation were formic acid and acetic
acid, each measuring a little under 1000 mg/% after 60 minutes of reac-
tion time. Succinic acid, acetone, and acetaldehyde measured apﬁroxi-
mately 80, 15, and 9 mg/%, respectively, after 60 minutes reaction time.
Maleic acid and oxalic acid were formed, reaching a maximum concentra-
tion approximately 6 minutes into the reaction and disappearing after 13

minutes.

Mass Transfer With Kinetics

In Shibaeva's [40] study, the value of the initial oxidation rate
(Wo) for phenol increased linearly with an increase in initial concentra-
tion of phenol (0.015-0.095 mole/%) and increased linearly with an in-
crease in the partial pressure of oxygen.' The oxidation rate WO did not
vary with change in pH (1.5-2.7) and with change in température (180-

200°C). This indicated that the initial oxidation rate equation was:

W = ko2 [Ph][0

)] (65)

Day [8] varied the rate of agitation in the propionic acid oxida-

tion study. Within experimental error the rate of agitation probably
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did not affect the oxidation rate. Thus the oxidation of propionie acid
appears to be kinetically controlled and not mass transfer controlled.
Pruden [34] developed a model which described the effect that resi-
dence time, pressure, and temperature had on a continuous WAQ system. It
was assumed that the gas phase resistance was negligible and derived an
equatiop based on the rate of reaction for mass transfer in the liquid
phase resistance, the rate of react}on for kinetics, and the basic defin-
ition of the rate of reaction. The oxygen equilibrium concentration was
put in terms of the pressure of oxygen and Henry's law constant. The
data for Henry's law constant were obtained from Himmelblau [17]. The
final equation assuming first order for both the concentration of phenol

and oxygen is

0.21 8 (P - p, )
T )2 - ‘ by —1 (66)
Ph]O - [Ph]f HO k [Ph] k,a S

2 0, 2

At constant temperature and pressure, the only variables that change
are residence time and phenol concentration. For this condition 6/([Ph]0
- [Ph]f) should vary linearly with 1/[Ph]. Least square fitting of this
line gave correlation coefficients that were 0.9987 and 0.9946 at 200°C
and 250°C, respectively. The equation developed was found to be a good
fit for the experimental work done. The results showed that phenol and

oxygen are probably first order reaction.
I sotachophoresis

Isotachophoresis is electrophoresis carried out at a constant speed
[41]. Only a compound that can be ionized can be detected by isotacho-

phoresis. Since different ions are different from each other in
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molecular weight, shape of molecules, and degree of electric charge,
they travel at different speeds (mobility) even if an equal voltage is
applied to the solution. This difference in speed is what separates the
different ions. |Initially, when the ions are not seﬁarated they travel
at different speeds. After the ions are separated, they travel at the
same speed since the amount of ions going in have to equal the amount of
ions going out. In order to obtain good separatfon in isotachophoresis,
the diffusion needs to be minimized. This is done by using a small cap-
illary tube through which the component ions migrate. A diagram of the
isotachophoresis is shown in Figure 8.

The leading electrolyte is an electrolyte which contains an ion hav-
ing a larger effective mobility than that-of any component ion in the
sample.[hT]. The terminal electrélyte is an electrolyte which contains
an ion having a smaller effective mobility than that of any component in
the sample. A boundary is formed in the migration tube between the lead-
ing electrolyte and the terminal electrolyte at the position of the in-
jection port. The‘sample with the leading and terminal electrolyte tra-
vels down the migration tube. Two platinum electrodes are installed
near one end of the migration tube. They measure the potential gradi-
ents of the separated ion zones. First the leading ions are sensed,
then the different ions of the sample are sensed, and then the terminal
ions are sensed. The result is a stepwise record. The height of each
step gives qualitative information. When this stepwise curve is differ-
entiated, a peak will be recorded at each boundary between zones. The
peak-to-peak difference corresponds to the length of the zone and gives

quantitative information. Isotachopherograms are shown in Appendix B.
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Isotachophoresis can be effectively used for inorganic ions of low
molecular weight, metallic ions, and even proteins of extremely high
molecular weight [41]. Any sample that can be electrically charged can
be analyzed by isotachophoresis irrespective of molecular weight. Since
isotachophoresis is not influenced much by the existence of impurities,
it is rarely required to c]e;an up samples before analyses. |In analyzing
low molecular weight organic acids, the isotachophoresis does not require

pretreatment of the samples whereas the gas chromatograph does.



CHAPTER I11
EXPERIMENTAL PROCEDURE AND EQUIPMENT
Description of Experimental Runs

The purpose of this study is to oxidize phenol with ézone at elevat-
ed temperatures and pressure. Avtotal of 14 runs were made in the ozona-
tion column. Runs 1 through 3 were at conditions of 65°C and 756 kPa
(at the column base) and a concentration of 0.01 M phenol. Runs 4 through
6 were at conditions of 70°C and 756 kPa and concentrations of 0.01 M
phenol and 0.15 M acetic acid. Runs 7 through 9 were at cénditions of/
70°C and 756 kPa and concentrations of 0.01 M phenol and 0.01 acetic
acid. Runs 10 through 12 were at conditions of 90°C and 756 kPa, and
concentrations of 0.01 M phenol and 0.01 M acetic acid. Run 13 was at
the same conditions and concenprations as runs 4 through 6, except that
no ozone was added. Run 14 was at conditions of 70°C and 756 kPa and a
concentration of 0.15 M acetic acid (no phenol was added in this run).
A1l runs were operated in the semi-batch mode and thé time of each run

was four hours.
Description of Equipment

A drawing of the bubble column is shown in Figure 9. The column
consists of two lower sections 2.44 m in length and a top section 1.22 m
in length. All sections have an inside diameter of 5.25 cm. The two .

lower sections are made of schedule 40 stainless steel pipe. The top

L6
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section of the column was made transparent by adaptation of a used, nomi-
nal 5 cm diameter, stainless steel rotameter. The original rotameter
glass was replaced with a heavy wall pyrex glass (6.35 cm outside dia-
meter). The column sections were connected by flanged joints using Tef-

lon gaskets (3.2 mm thick).

The two lower sections have heating jackets. A continuous flow of
thermostated water originating from a constant temperature bath was fed
to the heating jackets. The jackets are connected in sequence from bot-
tom to top with the liquid overflow returning to the bath. Electric
heating tape surrounds the lower 1 m of the column.

A liquid recycle line was used during all the runs. The liquid is
drawn off the bottom of the column and reenters at the top. All of the
liquid recycle line is 1.25 cm stainless steel. To circulate the flow
an Eastern D-11 centrifugal pump is used. The flowrate of the recycle
is 4.9 L/min (liquid volume of column about 12 L). A sample port is con-
nected to the recycle line near the base of the column.

In all tests ozone was generated from oxygen. The gas from the
ozonator goes through two compressors to reach operating pressures. De-
velopment of the compression process has been described in detail by
Hill and Howell [14]. This consists of two Gast Model PAB-10 separate
drive, oil-less piston compfessors. Modified piston rings were install-
ed in the compressors to enable them to operate at low RPM (maximum 300
RPM) and maintain a tight gas seal.

A metering valve before the compressors controls the flowrate. The
average gas flowrate was 1.72 L/min. The gas enters the column at the
center of the bottom blind flange through a sparger. The gas sparger
consists of a porous Kellundite (ceramically bonded alumina) disk 33.3

mm in diameter, 6.3 mm thick, 50 um nominal particle retention (Ferro



4g

Corporation). A needle valve is connected to the offgas flow line to
control the pressure of the column. The offgas goes through a three-way
valve and is either vented to the outside or goes through a wet-test

meter and bubbled through a K1 solution for ozone measurement.
Column Operating Procedures

The experimental solution was made the day of the run. Distilled
water, reagent grade phenol, and glacial acetic acid were used. The
phenol had a purity of 338 pefcent and the acetic acid had a purity of 99
percent. |

The heating element and pump to the hot water bath and the heating
tape at the column base were turned on approximately four hours before
the run. The solution was then added to the column and the recycle pump’
(4.9 L/min) started. This allowed time for the system to reach startup
temperature. The ozone generators and‘compressors were turned on one
hour before the run and the gas was vented to the outside air. This al-
lowed for stabilization of the ozonator. The ozonator was set at condi-
tions of 118\/,207‘M,and 2.0 slpm for all runs.

Before the run started, the ozone concentration of the gas leaving
the compressor was measured by the Kl analytical method and an initial
sample of the solution was taken. The run was started when the gas leav-
ing the ozonator was vented into the reaction column. It took approxi-
mately 15 minutes for the two-stage compressor to pressurize the column
to 100 psig. The inlet pres#ure gage read 120 psig and the outlet pres-
sure gage read 90 psig. The outlet pressure and inlet flowrate were con-
trolled by two metering valves. The temperature was controlled manually

by a switch which controlled the heating coils.
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The gaseous ozone leaving the column and the dissolved ozone in the
aqueous solution were measured by the Kl analytical method on the half-
hour. A sample of the solution was taken on the hour. The sample was
later used for gas chromatograph analysis of phenol, pH measurement,
chemical oxygen demand measuremeﬁt, and isotachophoresis analysis of in-
termediate products. The concentration of ozone and flowrate of the in-

let gas were measured again at the end of the run.
Ozonator

A Welsbach T-816 ozonator was used to produce the ozone needed for
the experiments. The maximum capacity of the ozonator using dry oxygen
is 16 grams/hr. The ozonator voltage capacity ranged from 0 to 118 V.
The higher the voltage the higher the ozone/oxygen ratio. A Veriflow
pressure regulator was used to control the inlet oxygen flpw. The ozon-
ator had a flowmeter that recorded the outlet flowrate from 0 to 2.0

slpm at 70°F and 8 psig. Water was used to keep the ozonator cool .
Ozone Analysis

To analyze the ozone in the gas streams, the standard potassium
iodide test is used. This method prescribes that approximately 200 mL
of a 10 percent solution of Kl be mixed with 600 mL of distilled water.
The gas bubbles through the mixture and then goes through a wet-test
meter. The mixture is then titrated with 0.1 N Na,S.0,. The Na.S.0

272732 27273

solution is standardized with 0.25 N K2Cr207. The flowrate is also de-

termined during the ozone analysis. When the gas goes through the wet-

test meter, the time and volume are recorded.
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To analyze the dissolved ozone in the liquid sample taken from the
bottom of the column, a modified procedure of the process described in

Standard Methods for the Examination of Water and Waterwater [11] is used.

This method was describea by Hill [15]. The following procedure was ap-
plied:

1. Place 10 mL of 10 percent K| solution and two drops of 5 per=
cent KOH into a 100 mL graduated cylinder.

2. Purge the liquid sample line.

3. Draw the liquid sample rapidly to the 95 mL mark. Keep the
opening of the sample line tubing near the bottom of the cylinder during
this operation.

4, Add a few drops of 1.0 MH,S0,.

5. Titrate immediately with 0.02 N Na,S.0., (the sodium thiosul fate

27273

is standardized with potassium dichromate.)
Chemical Oxygen Demand

Chemical oxygen demand tests were performed based on the procedure

in the Standard Methods for the Examination of Water and Wastewater [11].

This method prescribes that 20 mL of '"liquid sample," 30 mL concentrated

277

ing apparatus. After a two-hour boiling period the mixture is cooled,

stoh’ 0.4x()J+gHgSOA, and 10 mL 0.025 N K2Cr 0, be placed in a reflux-

diluted, and titrated with 0.01 N Fe (NHl*)2 (504)2. The liquid sample
is a mixture of distilled water and the hourly sample to be analyzed,
with the amounts of each depending on the concentration of organic in

the hourly sample.
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Gas Chromatography

Gas chromatography was used to analyze the amount of phenol in the
different samples. The gas chromatograph was a Varian Model 3700. The
integrator was a 3390A Hewlett Packard. The injection and column tem-
peratures were set at 220°C each and the flame ionization temperature
was set at 300°C. The carrier gas was nitrogen and had a flowrate of
30 cc/min. The combustion gases were air and hydrogen having a flowrate
of 300 and 30 cc/min, respectively. The column was 1/8 inch outer dia-
meter stainless steel tubing 5 ft long with Porapak Q packing.

The gas chromatograph was turned on two hours before samples were
analyzed. This allowed for stabilization of the system. Five micro-
liters of sample were injected for each analysis.

A calibration curve was made from injecting different known concen-
trations of phenol. Usually three to four known samples of phenol were
injected each time the gas chromatograph was operated to calibrate the

column. There were at least two injections for each sample.
Isotachophoresis

The isotachoporetic analyzer was a Shimadzu model IP-2A., The tem-
perature was set at 20°C, Thé capillary tube was 1 mm o.d. and 60 mm
long. The current programming was set at 250 mA for five minutes and
then switched to 125 mA. The recorder was turned on after six minutes
and had a chart speed of 10 mm/min. The leading electrolyte was 0.01 M
histidine HCl and 0.01 M histidine. The terminal electrolyte was 0.01 M

glutamic acid. The injection sample was 5 L.



CHAPTER 1V
RESULTS
Stoichiometry

The gas flowrate and the ozone concentration in the gas are calcu-
lated at room temperature and then corrected for conditions of 20°C and
1 atm. The temperature-pressure correction factor, C, is calculated as

shown below:

- _(293) Kk P
© = 760 mm gy T (6e)

where T is room temperature, and P is 760- vapor pressure of water. The

equation for the gas flowrate is

Gas Flow (L/min) = ¢ (lit:rs gas) 60 (67)
sec

The equation for the ozone concentration in the gas is:

NNa 5.0, ~ mLNa $.0, % 24
Gas 0, (mg/L) = —223 223 (68)
3 C x (liters gas)
where N is normality of sodium thiosulfate, and mL is mil-

N625203

liliters of sodium thiosulfate used as titrant. The factor 24 is to con-

N825203

vert mmoles of sodium thiosulfate to milligrams of ozone. The equation
for the dissolved ozone concentration does not have a temperature-pres-
sure conversion factor, C, since it is a liquid measurement. The dis-

solved ozone equation is shown as:

53
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NNa25203 X mLNaZSZO, x 24,000
Diss. 0, (mg/L) = 2 (69)

3 mLsample

The factqr 24,000 is used to convert moles of sodium thiosulfate to mil-
ligrams of ozone. The chemical oxygen demand (COD) is calculated as

shown below:

COD (mg/L) = (mL[Fe( )]blank'_mL[Fe( )]samp]e)><NFe( ) x 8000

mL
sample

(70)

where
mL[Fe( ) Iblank =milliliters of ferrous ammonium sul fate
(Fe(NHh)z(SOA)Z) used as a titrant when

the COD was from the water only; and

mL[Fe( ) 1sample =milliliters of ferrous ammonium sul fate

(Fe(NHh)Z(SOQ)Z) used as a titrant when

the COD was from the water and the sample.
Equation (70) measures the COD from the sample only, eliminating the
oxygen demand from the water. The factor 8,000 is used to convert moles
of ferrous ammonium sulfate to milligrams of atomic oxygen. The ozone
concentrations for the gas and liquid, COD concentrations, and pH values
are listed in Tables V throuah XVI. The phenol concentration versus
time is graphed for runs 1 through 12 in Figures 10 through 13.

The gas flowrate is used in calculating the amount of moles of ozone
consumed. The gas flowrate was initially set at 2 L/min but when measur-
ed during the experiment, the flowrate was found to be consistently low-
er. In runs 7 through 14 the average value of the offgas flowrate is

assumed to be the best value to use in the calculations for both the



TABLE V

SUMMARY OF RUN 1 (10/20/82)

Ozone Concentration ~ Reaction Ozone Phenol coD
Time Inlet Gas O0ffgas Dissolved Gas Vol ume Consumed Oxidized Change cob
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr) (mg/hr) (mg/L)
0 4o.4 --- --- 7.50 12.50 0 0 0 2,220
0.5 --- 0.42 25.80 --- 12.40 --- --- --- ---
1.0 --- --- --- 3.05 S 12.26 0.107 0.0450 3,860 1,910
1.5 --- 0.11 26.52 --- 12.15 --- --- --- ---
2.0 - --= --- 2.80 12.01 0.108 0.0330 3,780 1,570
2.5 --- 0.15 51.86 --- 11.90 --- --- --- ---
3.0 --- - --- 2.65 11.76 0.108 0.0229 3,720 1,295
3.5 --- 0.00 68.87 --- 11.65 --- --- --- ---
4.0 50.9 --- --- 2.60 11.51 0.108 0.0113 3,630 975
0.01 M phenol (940 mg/L); T = 65°C; flowrate = 1.721 L/min; p = 756 kPa.
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TABLE VI

SUMMARY OF RUN 2 (1/26/83)

O0zone Concentration Reaction Ozone Phenol coD

Time Inlet Gas O0ffgas Dissolved Gas Volume Consumed Oxidized Change coD
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr) (mg/hr) (mg/L)
0 38.2 --- == 7.00 12.50 0.0 0.0 0.0 2,320
0.5 --- 1.55 22.44 --- 12.40 --- --- --- ---
1.0 --- --= --- 3.05 12.26 0.0837 0.0457 3,630 2,010
1.5 --- 0.21 0.0 --- 12.16 --- --- --- ---
2.0 --- --- --- 2.85 12.02 0.0962 0.0361 3,875 1,695
2.5 --- 0.17 2.40 --- 11.91 --- --- --- ---
3.0 --- --= --- 2.65 11.77 0.1060 0.0285 3,965 1,345
3.5 - 0.06 13.51 --- 11.66 --- --- --- ---
4.0 56.2 --- === 2.65 11.52 0.1159 0.0037 4,075 1,010

0.01 M phenol (940 mg/L); T = 65°C;

ozone flowrate =

1.721 L/min; p = 756 kPa.
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TABLE V11

SUMMARY OF RUN 3 (4/1/83)

O0zone Concentration Reaction Ozone Phenol

Time Inlet Gas Offgas Dissolved Gas Vol ume Consumed Oxidized
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr)
0 51.21 --- e 6.35 12.50 0.0 0.0

0.5 --- 0.90 . 0.00 --- 12.39 --- ---
1.0 --- ——- e 3.05 12.25  0.1090 0.0503
1.5 --- 0.51 6.73 --- 12.14 -=- ---
2.0 --- --- --- 2.80 12.00 0.1112 0.0359
2.5 - 0.00 0.00 —-- 11.90 - ---
3.0 --- --- --- 2.65 11.76 0.1138 0.0335
3.5 --- 0.00 0.00 --- 11.65 --- ---
k.o 53.91 --- --- 2.60 11.51 0.1152 0.0623

0.01 M phenol (940 mg/L); T = 65°C; flowrate = 1.721 L/min; p = 756 kPa.

LS



TABLE VI

SUMMARY OF RUN 4 (6/29/83)

Ozone Concentration Reaction O0zone Phenol coD
Time Inlet Gas Offgas Dissolved Gas Volume Consumed Oxidized Change cob
(hr) (mg/L) (mg/L) (mg/L) ph (L) (moles/hr) (moles/hr)  (mg/hr) (mg/L)
0 43.29 --- --- 2.80 12.65 0.0 0.0 0.0 11,130
0.5 --- 0.88 16.51 --- 12.55 --- --- --; ---
1.0 --- --- --- 2.65 12.41 0.0934 0.0482 2,285 10,995
1.5 --- 0.22 14.28 --- 12.30 --- --- --- ---
2.0 --- --= --- 2.60 12.16 0.9960 0.0316 3,625 10,655
2.5 --- 0.71 error --- 12.06 --- --- --- ---
3.0 --- --- --- 2.50 1i.92 0.1025 0.0238 4,830 10,250
3.5 === Undetected 5.39 --- 11.81 --- --- --- ---
L.o 51.44 --- --- 2.45 11.67 0.1085 0.0101 3,120 9,985

0.15 M acetic acid; 0.01 M phenol; T

70°C; flowrate

1.721 L/min; p = 756

kPa.
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TABLE 1X

SUMMARY OF RUN 5 (7/6/83)

O0zone Concentration Reaction Ozone Phenol cob
Time Inlet Gas Offgas Dissolved Gas Vo lume Consumed Oxidized Change Ccob
(hr) (mg/L) (mg/L) (mg/L) pH (L) (modles/hr) (moles/hr) (mg/hr) (mg/L)
0 48.09 —-- --- 2.90  12.80 0.0 0.0 0.0 11,965
0.5 --- 0.14 13.11 .- 12.69 --- --- --- ---
1.0 --- --- 7 --- 2.75 12.55 0.1055 0.0406 2,350 12,125
1.5 --- 0.2k 16.45 _-- 12.43 --- --- --- ---
2.0 --- --- , --- 2.70 12.29 0.1053 0.0302 é,9]5 11,255
2.5 - 0.15 14.27 --- 12.17 --- —- --- -
3.0 --- --- --- 2.60 12.03 0.1054 0.0239 2,515 11,070
3.5 --- 0.00 9.74 --- 11.91 --- --- --- ---
4.0 48.72 —--- --- 2.55 11.77 0.1058 0.0153 3,635 10,695

0.15 M acetic acid; 0.01 M phenol; T = 70°C; flowrate = 1.7488 L/min; p = 756 kPa,
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TABLE X

SUMMARY OF RUN 6 (7/13/83)

O0zone Concentration Reaction Ozone Phenol cob

Time Inlet Gas Offgas Dissolved Gas Volume Consumed Oxidized Change cobD
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr) (mg/hr) (mg/L)
0 47.30 -—- - 2.85 12.94 0.0 0.0 0.0 11,110
0.5 --- 0.4k 13.62 --- 12.82 -—- --- --- ---
1.0 --- --- --- 2.75 12.68 0.1140 0.0446 k,475 10,770
1.5 --- 0.00 11.05 --- 12.56  --- --- --- ---
2.0 == - --- 2.65 12.42 0.1151 070336 1,713 10,630
2.5 --- 0.00 10.69 --- 12.31 == --- --- ---
3.0 --- --- --- 2.60 12.17 0.1150 ‘ 0.0303 6,090 10,135
3.5 --- 0.00 10.23 --- 12.05 --- --- --- ---
k.o k.59  --- --- 2.55 11.91 0.1151 0.0174 3,495 9,850

0.15 M acetic acid; 0.01 M phenol; T = 70°C; flowrate = 1.90 L/min; p = 756 kPa.
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TABLE Xl

SUMMARY OF RUN 7 (7/20/83)

Ozone Concentration Reaction Ozone Phenol coD
Time Inlet Gas Offgas Dissolved Gas ' Volume Consumed Oxidized Change
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr)  (mg/hr)
0 error -—— --- 3.40 12.56 0.0 0.0 0.0
0.5 --- 0.85 13.34 - 12.44 --- --- ---
1.0 .- --- --- 3.00 12.30  0.1186 0.0499 3,720
1.5 —-- 0.32 12.64 - 12.18 — --- ---
2.0 2.80  12.04 0.1198 0.0326 2,880
2.5 ---= 0.18 9.70 --- 11.93 - --- --=
3.0 --- --- --- 2.70 11.79 0.1201 0.0261 ~ " L 465
3.5 --- 0.36 11.62 --- 11.67 --- --- ---
L.o 52.14 --- -=- 2.60 11.53 0.1197 0.0119 4,320
0.01 M acetic acid; 0.01 M phenol; T = 70°C; flowrate = 1.850; p = 756 kPa.
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TABLE X1

SUMMARY OF RUN 8 (8/4/83)

O0zone Concentration Reaction Ozone Phenol cob
Time Inlet Gas Offgas Dissolved Gas Volume Consumed Oxidized Change cobD
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr) (mg/hr) (mg/L)
0 47.70 --- -=- 3.35 12.50 0.0 0.0 0.0 2,700
0.5 --- 1.76 13.74 --- 12.39 --- --- --- ---
1.0 --- --- --= 2.90 12.25 0.0964 0.0450 2,950 2,460
1.5 --- 0.49 20.62 --- 12.13 --- --- --- ---
2.0 --- --- --- 2.70 11.99 0.1001 0.0286 3,535 2,170
2.5 --- 0.00 14.78 --- 11.88 --- --- --- ---
3.0 --- --- --- 2.65 11.74 0.1021 0.0216 2,360 1,975
3.5 --- 0.00 9.16 - 11.61 --= --- --- ---
L.o 49.65 --- -=- 2.55 11.47 0.1031 0.0090 3,290 1,690
0.01 acetic acid; 0.01 M phenol; T = 70°C; flowrate .67 L/min; p = 756 kPa.
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TABLE X111

SUMMARY OF RUN 9 (8/8/83)

Ozone Concentration Reaction Ozone Phenol CoD
Time Inlet Gas O0ffgas Dissolved Gas Volume Consumed Oxidized Change CoD
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr)  (moles/hr) '(mg/hr) (mg/L)
0 47.05 --- --- 3.30 12.50 0.0 0.0 0.0 2,905
0.5 --- 0.63 error -—- 12.40 - --- - -—-
1.0 - --- 2.90 12.26 0.0955 0.0397 2,990 2,660
1.5 --- 0.00 0.00 --- 12.16 --- --- --- ---
2.0 --- --- --- 2.70 12.01 0.0980 0.0338 3,295 2,390
2.5 ‘ --- 0.00 8.77 -=- 11.90 --- --- ---' ---
3.0 --- --- --- 2.60 11.76 0.0991 0.0255 3,030 2,140
3.5 --- 0.00 12.71 --- 11.65 --- --- --- ---
4.0 - 49.28 --- --- 2.55 11.51 0.1002 0.0125 3,700 1,825

0.01 M acetic acid; 0.0l M phenol; T = 70°C;

flowrate

= 1.64 L/min; p = 756 kPa.
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TABLE X1V

SUMMARY OF RUN 10 (7/25/83)

Ozone Concentration Reaction Ozone PHeno] cob
Time Inlet Gas Offgas Dissolved Gas Vol ume Consumed Oxidized Change
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr) (mg/hr)
0 51.52 - e 3.40 12.50 0.0 0.0 0.0
0.5 --- 0.98 9.85 --- 12.39 --- - ---
1.0 --- - - 3.00 12.25 0.1069 10.0490 3,145
1.5 --- 0.21] 0.00 --- 12.14 --- --- -
2.0 --- --- --- 2.80 12.00 0.1086 0.0379 3,745
2.5 --- 0.00 0.00 --- 11.89 === == ===
3.0 -=- --- --- 2.70 11.75 0.1090 0.0292 3,710
3.5 --- 0.00 6.33 --- .63 --- --- ---
k.o 51.88 --- --- 2.60 11.49 0.1090 0.0096 4,370
0.01 M acetic acid; 0.01 M phenol; T = 90°C; flowrate = 1.69 L/min; p = 756 kPa.
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TABLE XV

SUMMARY OF RUN 11 (7/27/83)
Ozone Concentration Reaction Ozone Phenol coD

Time Inlet Gas O0ffgas Dissolved Gas Volume Consumed Oxidized Change cob

(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr)  (mg/hr) (mg/L)
0 52.47 --- --= 3.45 12.50 0.0 0.0 0.0 2,875
0.5 --- 0.81 11.64 --- 12.39 --- --- --- ---

1.0 --- - --- 3.00 12.25 0.1069 0.0496 4,065 2,555
1.5 --- 0.78 14.00 --- 12.14 --- --- --- ---

2.0 --- -=- - 2.80 12;00 0.]069. 0.0377 3,920 2,180
2.5 --- 0.00 0.00 --- 11.88 --- --- --- ---

3.0 --- --- --- 2.65 11.74 0.1085 0.0216 4,230 1,870
3.5 --- 0.00 error --- 11.63 --- --- --- ---

k.o 52.79 --=- --- 2.65 11.49 0.1085 0.0069 4,370 1,470

0.01 M acetic acid; 0.01 M phenol; T = 90°C; flowrate = 1.65 L/min; p = 756 kPa.
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TABLE XVI

SUMMARY OF RUN 12 (7/30/83)

Ozone Concentration Reaction O0zone Phenol cobp
Time Inlet Gas Offgas Dissolved Gas Volume Consumed Oxidized Change
(hr) (mg/L) (mg/L) (mg/L) pH (L) (moles/hr) (moles/hr) (mg/hr)
0 53.72 --- --- 3.45 12.50 0.0 0.0 0.0
0.5 --- 0.37 9.20 --- 12.39 --- --- ---
1.0 --- --- --- 2.95 12.25 0.1088 0.0523 2,885
1.5 -=- 0.83 9.72 --- 12.13 --- --- ---
2.0 --- --- --- 2.75 11.99 0.1079 0.0357 4,515
2.5 --- 0.00 8.7k --- 11.88 --- --- ---
3.0 --- --- --- 2.60 11.74 0.1096 0.0248 - 3,750
3.5 --- 0.00 4.4o --- 11.6] --- --- -=-
4.0 54.08 --- --- 2.55 11.47 0.1096 0.0087 4,110

0.01 M acetic acid; 0.01 M phenol; T = 90°C; flowrate = 1.63 L/min; p = 756 kPa.
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inlet and outlet flows. The flowrate is assumed constant throughout the
experiment. In runs 1 through 6, the gas flowrate was not measured. A
collective average of the offgas flowrate from runs 7 through 14 is assum-
ed to be the best value for the gas flowrate in runs 1 through 6. The

moles of ozone consumed is calculated from the following equation:

(l[o3] - [03],)
AO3 (moles/hr) = 3 0800 3 f G (71)

where G is gas flowrate in L/min. The factor 800 is a combination of
converting milligrams of ozone té moles of ozone and of converting min-
utes to hours.

The volume of the liquid changed in the reaction every one-half
Bour during the experiment and is taken into consideration in calculat-
ing the moles of phenol oxidized and in calculating the change in COD.
Volume changes are estimated as follows: 40 mL from purging the drain
every half-hour, 100 mL from taking a liquid sample every hour, and a
volume on the half-hour associated with the dissolved ozone analysis.

The equation to calculate the amount of phenol oxidized in one hour is:

v, [Ph]. = v [Ph] - (v, -V )[Ph].

o
Phoxid (mole/hr) = 95000 (72)

where Vm is amount of liquid drained on the half-hour, and [Ph]m is phen-
ol concentration on the half-hour. The factor 94,000 is used to convert
milligrams of phenol to moles of phenol. The equation to calculate the
change in COD per hour is similar to the phenol oxidized equation as

shown:

#cop (mg/L) = v.([cop], - v [cop] - (v, -v )[coDl, (73)
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A summary of the ozone consumed, of the volume of the reaction, of
the phenol ox{dized, and of the change in COD is listed for each run in
Tables V through XVI. A summary of runs 13 and 14 is listed in Tables
XVIl and XVIIlI, Run 13 is at a temperature of 70°C, a pressure of 756
kPa, and a concentration of 0.15 M acetic acid. There is no phenol in
this run. Run 14 is at a temperature of 70°C, a pressure of 756 kPa,
and a concentration of 0.15 M acetic acid and 0.01 M phenol. No ozone
is used in this run. A summary of the stoichiometric ratios is listed

in Tables XIX and XX.
Isotachophoresis

Six known compounds are analyzed with the isotachophoresis. These
known compounds are oxalic acid, glyoxylic acid, acetic acid, tartaric
acid, fumaric acid, and maleic acid. Their chemical structures are
shown in Appendix A. To qualitatively identify the compounds, a ratio
of the height of the known compound relative to the height of the ter-
minal electrolyte is calculated.i A summary of the relative peak heights
for the known compounds is listed in Table XXI. The average relative
peak he}ght for oxalic acid, fumaric acid, tartaric acid, maleic acid,
acetic acid, and glyoxylic acid is 0.165, 0.284, 0.303, 0.396, 0.589,
and 0.722, respectively. The oxalic acid has two peaks when it is analyz-
ed by isotachophoresis. The first peak is much smaller in quantity and
is assumed to be an impurity. A sample isotachopherogram for each com-
pound is shown in Appendix B.

Three runs are made with the isotachophoretic analyzer using a mix-
ture of known compounds. The data from the runs are listed in Table XX11.

The first runis a mixture of acetic acid, maleic acid, tartaric acid, and



TABLE XVI1

SUMMARY OF RUN 13 (6/15/83)

Ozone Concentration

Time Inlet Gas O0ffgas Dissolved Gas cobD NA C;l C:Z
(hr) (mg/L)  (mg/L) (mg/L) pH (mg/L) (mg/hr) (mg/L) (mg/L)
0 46. 74 -—- -—- 2.90 9,125 -—- - ---
0.5 --- 8.59 25.2 - -—-- --- - —--
1.0 2.95 9,000 4,000  36.7 6.65
1.5 --- 20.80 40.7 --- -—- --- - ——-
2.0 --- -—— - 3.00 9,125 2,890 37.8 16.10
2.5 --- 20.20 49.0 --- - - ——- ——-
3.0 --- -—- --- 3.00 9,010 3,090 38.8 15.60
3.5 —-- 22.50 46.4 -
4.0 52.18 - --- 3.00 8,810 2,995 39.9 17.40

€L



TABLE XVI11

SUMMARY OF RUN 14 (6/22/83)

" Time CoD
(hr) (mg/L) pH
0 12,110 2.90
1 12,250 2.90
2 : 12,285 2.85
3 12,695 2.85

4 11,920 2.90




TABLE XIX

STOICHIOMETRIC RATIO OF MOLES OZONE CONSUMED

PER MOLE PHENOL OXIDIZED

(€8/0¢€/L)
1 uny

(€8/L2/L)
[l uny

(€8/92/L)
0L uny

(£8/8/8)
6 uny

(€8/4/8)
g uny

(€8/02/L)
[ uny

(€8/€1/L)
9 uny

(£879/L)
g uny

(€8/62/9)
7 uny

(€8/1/4)
¢ uny

(€8/92/1)
¢ uny

(zg/0z/01)
| uny

(44)
awy ]

.83 2.16 1.94 2.59 2.56 2.38 2.14 2.4 18 .15 .08

2.34

.20 2.56 2. 2.98 2.93 2.90 2.67 2.63 2.49 2.45 2.46

2

2.76

2.60 2.79 2.85 3.34 .18 3.30 Jh 2.96 2.80 2.96 2.90
3.84

3.20

3.97 3.84 3.52 3.45 3.72 3.59

3.65

3.53 3.56 3.55

3.83
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TABLE XX

STOICHIOMETRIC RATIO OF MG OZONE CONSUMED PER MG PHENOL OXIDIZED

(€8/0¢€/L)
¢l uny

(€8/Lz/L)
[l uny

(£8/52/L)
0l uny

(€8/8/8)
6 uny

(€8/4/8)
g uny

(€8/0z2/L)
[ uny

(€8/¢1/L)
9 uny

(€8/9/L)
g uny

(€8/62/9)
 uny

(€8/1/4)
€ uny

(€8/92/1)
z uny

(28/02/01)
| uny

(44)
swi |

1.37 .96 .16 .22 .53 .57 .53 .63 .26 1.81
RT3

1.11

.33

1.50 .29 Ny

.48

.15 .38 .57 .09 .78 .73

.35

.35 1.32 .29 .34 .56 1.62 1.51 47 .27 A
1.40

.20

1.36

.37

1.25

.39

.49

1.37 1.40 1.31

1.24

.38

1
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TABLE XXI

ISOTACHOPHORES IS DATA FOR PURE COMPONENTS

Relative Peak
Sample ‘Peak Height Width (cm)

Oxalic Acid 0.170 1.20
Oxalic Acid 0.152 1.10
Oxalic Acid 0.172 1.21
Oxalic Acid 0.164 1.19
Fumaric Acid 0.284 ) 1.75
Tartaric Acid 0.298 1.40
Tartaric Acid 0.305 1.08
Tartaric Acid 0.307 1.11
Maleic Acid 0.382 1.40
Maleic Acid 0.403 1.00
Maleic Acid 0.L404 1.09
Acetic Acid 0.593 1.65
Acetic Acid 0.581 1.08
Acetic Acid 0.593 0.92
Glyoxylic Acid 0.722 1.20

A1l sample concentrations are 1000 mg/L.
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TABLE XX1I1

ISOTACHOPHORES IS DATA ON MIXTURES
WITH KNOWN COMPOUNDS

Relative Peak
Peak Height Width (cm) Identification
Run 1. Acetic Acid, Maleic Acid, Tartaric Acid,
and Fumaric Acid -
Tartaric Acid and
0.287 0.75 Fumaric Acid
0.389 0.40 Maleic Acid
0.578 0.50 Acetic Acid
Run 2. Fumaric Acid, Acetic Acid, Glyoxylic Acid,
and Oxalic Acid
0.157 0.40 Oxalic Acid
0.287 0.50 Fumaric Acid
Acetic Acid and
0.533 0.65 Glyoxylic Acid
Run 3. Glyoxylic Acid, Tartaric Acid, Oxalic Acid,
and Maleic Acid
0.157 0.40 Oxalic Acid
0.296 0.30 Tartaric Acid
0.389 0.40 Maleic Acid
0.657 0.20 Glyoxylic Acid
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fumaric acid, each component having a concentration of 250 mg/L. The
chromatograph for this run is shown in Appendix B. From the isotacho-
pherogram it is shown that there are only three peaks for the four com-
ponents. The relative peak heights are 0.287, 0.389, and 0.578. Based
on previous single component ru&s, the first peak is determined to be a
mixture of tartaric acid and fumaric acid. Therefore, in the prelimini-
nary analysis of the components produced from pHenol ozonation, no dis-
tinction can be made between fumaric acid and tartaric acid.

The second run is a mixture of fumaric acid, acetic acid, glyoxylic
acid, and oxalic acid, with a concentration of 250 mg/L for each compo-
nent. Again, there are only three peaks for the four components (Appen-
dix B). From the analysis of the data, it is assumed that the glyoxylic
acid and acetic acid formed one peak. This is verified by running a mix-
ture of acetic acid and glyoxylic acid through the isotachophoresis and
having only one peak appear on the isotachopherogram.

The third run is a mixture of glyoxylic acid, tartaric acid, oxalic
acid, and maleic acid, with a concentration of 250 mg/L for each compo-
nent. For this run, there are four peaks for the four components. The
first three peaks are identified as oxalic acid, tartaric acid, and
maleic acid, and the relative peak heights for the mixture correspond
relatively closely with the relative heights of the pure components. The
fourth peak is assumed to be glyoxylic acid. The relative peak height
for glyoxylic acid in the mixture is 0.657 whereas the relative peak
height of pure glyoxylic acid is 0.722, showing a slight discrepancy be-

tween the two.
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To quantitatively analyze a sample, the width from peak to peak is
measured. The ratio of a known concentration of a sample divided by the
width is equal to an unknown concentration of the sample divided by the
width. Example calculations.are shown in Table XXIll. The example cal-
culations are made on the three runs that had a mixture of components.
The width for each component in the '"mixture' runs is measured and used
as the unknown concentration. The known concentration is the '"single
component'' runs. The average width value for each single component is
used iﬁ the calculations. Table XXIII| shows a comparison of the calcu-
lated concentrations and the known concenfrations.

The isotachopherograms for run 1 of phenol ozonation are shown in
Appendix B. In the first hour isotachopherogram, two peaks are found.
The first peak has a relative peak height close to formic acid (the rela-
tive peak height is also close to fumaric acid and tartaric acid). The
second peak is unidentified. On the first hour isotachopherogram, there
is an indication of a peak between the first and second peak. In the
second hour isotachopherogram, three peaks are found. The first peak is
again assumed to be formic acid. The second peak is assumed to be male-
ic acid, although the value of the relative peak height is slightly high-
er than the value found for pure maleic acid. The third peak is assumed
to be the same unknown peak that was observed in the first hour isotacho-
pherogram. In the second hour isotachopherogram, there is indication of
a peak before the first peak (formic acid peak). The third and fourth
hour isotachopherograms both have three peaks at similar locations. The
peaks are tentatively identified as oxalic acid, formic acid, and maleic
acid, respectively. In the fourth hour isotachopherogram, there is indi-

cation of a peak after the third peak. The data from the isotachophero-



TABLE XXI11

SAMPLE CALCULATIONS ON ISOTACHOPHORESIS DATA

Peak Width Peak Width Calculated Actual
of Known of Unknown Concentration Concentration
Run Sample (cm) (cm) Calculations (mg/L) (mg/L)
1 Tartaric Acid
and 1.58 0.75 ('00?)§§'75) 476 500
Fumaric Acid *
Maleic Acid 1.40 0.40 (100?)58.40) 286 250
Acetic Acid 1.65 0.50 (IOO?)ég’SO) 303 250

2 Oxalic Acid 1.10 0.40 (]00?)52'40) 348 250
Fumaric Acid 1.75 0.50 ('00?)§g'5°) 286 250
Acetic Acid

and 1.40 0.65 ('00?)58'65) 456 500
Glyoxylic Acid ’

3 Oxalic Acid 1.15 0.40 (loo?)fg.ho) 348 250
Tartaric Acid 1.40 0.30 ('00?)£8'30) 214 250
Maleic Acid 1.40 0.40 (100?)£8'“0) 286 250
Glyoxylic Acid 1.20 0.20 (1000) (0.20) 167 250

1.20

(8
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gram for run 1 is summarized in Table XXIV. Figure 14 shows the approxi-
mate concentration of the identified compounds with respect to time. The
phenol concentration and the total organic carbon concentration are also
plotted in Figure 14,

A summary of the isotachophoresis data and analysis for run 2 is
shown in Table XXV and in Figure 15. The first and second hour.isotacho-
pherograms have three peaks at similar locations. The peaks are identi-
fied as oxalic acid, formic acid, and maleic acid, respectively. The
third and fourth hour isotachopherograms have five peaks at similar loca-
tions. The first, third, fourth, and fifth peaks are tentatively identi-
fied as oxalic acid, formic acid, maleic acid, and acetic acid, respec-
tively. The second peak is unknown. This unknown is not the same unknown
found in run 1.

A summary of the isotachophoresis data and analysis for run 3 is
shown in Table XXVI and in Figure 16. Appendix B shows the isotacho-
pherograms for run 3. The first and second hour isotachopherograms have
peaks at similar locations. The peaks are tentatively identified as
oxalic acid, formic acid, and maleic acid. On the second hour isotacho-
pherogram, there is indication of a peak after the third peak. For the
third and fourth hour isotachopherograms, there are four peaks at simi-
lar lTocations. The peaks are tentatively identified as oxalic acid, for-

mic acid, maleic acid, and acetic acid.
Mass Transfer

To calculate the liquid mass transfer coefficient, k a, the equili-

L

brium and operating lines are assumed to be linear. This assumption is

possible because the ozone is dilute in both the gas phase and theliquid



TABLE XXIV

TENTATIVE IDENTIFICATION OF ISOTACHC-
PHORESIS DATA FOR RUN 1

Tentative Relative Peak

Sample Identification Peak Height Width (mm)
1:00 1. Formic Acid 0.3077 2.50
2. Unknown #1 0.5385 1.65
2:00 1. Formic Acid 0.3010 3.40
2. Maleic Acid 0.4175 2.25
3. Unknown #1 0.5437 1.50
3:00 1. Oxalic Acid 0.1567 1.75
2. Formic Acid 0.3077 4,85
3. Maleic Acid 0.4231 4,25
4:00 1. Oxalic Acid 0.1553 2.10
2. Formic Acid 0.3107 7.00
3. Maleic Acid 0.4253 4,10
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TABLE XXV

TENTATIVE IDENTIFICATION OF ISOTACHO-
PHORES IS DATA FOR RUN 2

Tentative Relative Peak

Sample Identification Peak Height Width (mm)
1:00 1. Oxalic Acid 0.1521 4.00
2. Formic Acid 0.3119 0.95
3. Maleic Acid 0.4150 1.05
2:00 1. Oxalic Acid 0.1495 4,35
2. Formic Acid 0.3085 1.50
3. Maleic Acid 0.4124 2.20
3:00 1. Oxalic Acid 0.1454 7.45
2. Unknown #2 0.1747 1.00
3. Formic Acid 0.3073 2.50
L. Maleic Acid 0.4079 1.45
5. Acetic Acid 0.6197 1.15
4:00 I. Oxalic Acid 0.1458 4 .05
2. Unknown #2 0.1771 1.35
3. Formic Acid 0.3102 3.95
L4, Acetic Acid 0.6247 1.70
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TABLE XXVI

TENTATIVE IDENTIFICATION OF ISOTACHO-
PHORES IS DATA FOR RUN 3

Tentative Relative Peak

Sample Identification Peak Height Width (mm)
1:00 1. Oxalic Acid 0.1545 1.00
2. Formic Acid 0.2816 1.25
3. Maleic Acid 0.4008 2.45
2:00 1. Oxalic Acid 0.1539 1.05
2. Formic Acid 0.2830 3.00
3. Maleic Acid- 0.3849 3.05
3:00 1. Oxalic Acid 0.1500 1.60
2. Formic Acid 0.2939 4,50
3. Maleic Acid 0.3889 3.00
L. Acetic Acid 0.5789 1.65
4:00 1. Oxalic Acid 0.1567 2.25
2. Formic Acid 0.2993 7.40
3. Maleic Acid 0.3891 2.35
4. Acetic Acid 0.6295 2.50
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phase. The mass transfer equatibn used in performing the calculations

kLa = — ' (74)

and

(ci-c) =—2—2 1 1 (75)
Zn _7,:——_'
(Cay - Cap)

The value for kLa is calculated every hour for each run. The volume
of the reaction is taken to be an average between the volume at the be-
ginning of the time period and the volume at the middle of the time peri-

od. In calculating the milligrams of ozone transferred per hour, N,, the

A’
values for the inlet gas concentration, the offgas concentration, and
the gas flowrate are used. Two values for the inlet gas concentration
are taken for each run, one at the beginning of the experiment and the
other at the end of the experiment. Since the beginning concentration

is consistently lower than the ending concentration, it is assumed that
the concentration of ozone in the inlet gas increases linearly with time.
To calculate the milligrams of ozone transferred during the first hour,
the value of the inlet gas concentration at time equal 0.5 hour is calcu-
lated and the value of the offgas at 0.5 hour is used. The same method
is used to calculate NA for the second, third, and fourth hours of the ex-
periment. The general equation to calculate the milligrams of ozone

transferred is:



N, = ([0 ]o - [03]f) G ' (76)

where G is the gas flowrate.
Henry's Law equation is used to calculate the equilibrium ozone con-

centrations, CK] and CRZ. The equation used in the calculations is:
Po. = Mg Ky (77)

where

KH Henry's Law constant in units of atm M—];
Mo3 = molar concentration of ozone in the liquid phase; and
"p03 = partial pressure of the o?one in the gas phase.
The value for KH is found from experiments done by Kosak-Channing and
Heiz [23]. In their experiments, the K, values were measured at tempera-
tures between 5 and 30°C. The following equation was derived from the
experimental results:

In Ky = -2297 T+ 2,650y - 6.880 uTT! + 12,19 (78)

where u is the molar ionic strength, and T is the temperature in Kelvin.
The KH values used for the calculations had to be extrapolated from the
Kosak-Channing and Heiz equation. The KH values obtained for 65°C, 70°C,
and 90°C are 220 atm M-], 243 atm M-], and 351 atm M-], respectively.

The values for KH are also calculated using the Roth and Sullivan corre-
lation [36]. The Roth and Sullivan values are consistently lower than
the Kosak-Channing and Heiz values. For example, at 65°C the Roth and
Sullivan value is calculated to be 213 atm M-l compared with a value of
220 atm M-] for the Kosak-Channing and Heiz equation.

To calculate the partial pressure of ozone, Raoult's Law is used as

shown:
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Po. = Yo P (79)

The mole fraction of ozone is calculated by using the concentration of
ozone in the gas phase and converting it te moles/min, and by using the
gas flowrate and converting it to moles/min with the ideal gas equation.
When these conversions are combinéd, the equation to calculate the mole
fraction is: |

[03] (0.08206) (293)

yo3 = 13,000 (80)

After calculating the partial pressure of ozone, p03, and Henry's
Law constant, KH’ the molar concentration of equilibrium ozone in the

liquid phase, M03, can be calculated using Equation (77). This value is

L

then converted to mg/L which is C;.

to calculate the mass transfer coefficient in Equation (74) is the con-

The only value left to find in order

centration of ozone in the main liquid. This is assumed to be zero,
since the results of other investigators showed that phenol reacts fast
with ozone. A summary of the mass transfer values is listed in Table
XXVI1. The values of the ozone transferred, volume, and resistance are
shown in Appendix C.

The enhancement factor is’the ratio of the mass transfer coeffi-
cient with chemical reaction and the mass transfer coefficient without
chemical reaction. The mass transfer coefficient with chemical reaction
and with the interfacial area per unit_volume is.ca[culated from Equa-
tion (74). To cajculate the mass transfer coefficient without chemical
reaction, the Hughmark correlation is used [21]. The Hughmark equation

is as follows:



TABLE XXVII

SUMMARY OF THE VALUES FOR THE MASS TRANSFER COEFFICIENT

(€8/0€/L)
¢l Uha

(€8/Lz/L)
Il uny

(€8/52/L)
0l uny

(£8/8/8)
6 uny

(€8/4/8)
g uny

(€8/0z/L)
L uny

(€8/€1/L)
9 ung

(€8/9/L)
g uny

(€£8/62/9)
f uny

(€8/1/%)
¢ uny

(€8/92/1)
¢ uny

(28/02/01)
| uny

(44)
swi |

53.6

34.4 Ly .0 60.1 61 72.8

42.6

31 39.3 Lo.8 62

L6.3

53.1 45.8 54,1 61.6 78.1 54.2 4L3.8 69.5 85.2 63.8 62.3

60.5

57.2 68.6 46.5 64.0 79.9 61 72.8  71.1 107.0 105.0 103.5
81

58.7

74.5 72.7 109.3 107.3 106.2

55.7

70.1 70.2 75.8 75.9

69.6
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N
Sh =2+ 0.0187 [Re® ¥8Y .0-339 (4 90.333/Do 0.6670.072;1.61

B 3

(81)

The values of the bubble diameter, the bubble velocity, the liquid'vfs-
césity, the density of the liquid, and the diffusivity of ozone are need-
ed to be able to use the Hughmark equation.

The viscosity and density of the liquid are assumed to be that of
pure water. To calculate the diffusivity of ozone, the Wilke-Chang cor-

relation in Treybal's ‘book [45] is used. The diffusivity of ozone is

5 5

calculated at 70°C to be 5.25x 10” cmz/s, and at 90°C to be 7.]2)(]0-
cmz/s. The value of the bubble size is estimated to be 2.0 mm by visual
inspection.

The value of the bubble slip velocity is calculated from the gas

holdup. The following equation is used to calculate the gas holdup:

h-L—2 | (82)
f
where
Lf = the height of liquid in the column when there is recycling
and gas bubbling; and
Lo = the height of liquid in the column when there is recycling

and no gas bubbling.
The gas holdup is calculated at conditions of 70°C, 110 psia, and 0.01
M acetic acid, and is found to have a value of 0.0342.

The bubble slip velocity is calculated by the following equation:

v

=G _ _SL
Us =%~ 7% (83)
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where G is the velocity of the gas, and VSL is the velocity of the re-
cycle liquid in cocurrent direction. The value for G is assumed to be
the average of the measured gas flowrates for all the runs. The value

is calculated to be 6.8 x 1073 ft/s. The value for V., is calculated

SL
during the gas holdup éxperiment and found to be 0.123 ft/s. From these
values and the value calculated for the gss holdup, the bubble slip velo-
city is calculated to be 0.326 ft/s.

This is enough information to calculate the mass transfer coeffi-
cient from the Hughmark equation. The mass transfer coefficient at 70°C
is calculated to be .0152 cm/s and at 90°C is calculated to be 0.0187
cm/s. To compare the experimental mass transfer coefficient and the

Hughmark mass transfer coefficient, the interfacial area per unit volume

is needed. The equation to calculate the interfacial area is:
a=2h : (84)
B

3

The value for the interfacial area is calculated to be 1.03 cmz/cm .
The value for kLa without chemical absorption is calculated to be

60.0 hr | at 70°C and 69.0 hr|

at 90°C. These values are compared with
the values in Table XXVII. Some of the values of the mass transfer co-
efficient with chemical reaction are lower than the calculated values of
the mass transfer coefficient without chemical reaction.

The equation to calculate the theoretical enhancement factor for

the reaction is:

E=V1 +M (85)

and
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wo A B (86)

The values for kL are the values calculated from the Hughmark equa-
tion. The values for the rate constant are extrapolated from Li and Kuo
[26] and Hoigné and Bader [19]. Li and Kuo found a rate constant at 70°C
to be 20,000 and at 90°C to be 30,000. Hoigné and Bader found a rate
constant at 70°C to be 14,300 and at 90°C to be 23,300. The enhancement
factor using Li and Kuo's data is calculated to be 9.6 at 70°C and to be
11.0 at 90°C, and using Hoigné and Bader's data js calculated to be 5.5
at 70°C and 11.9 at 90°C.

The theoretical gas ho]dub value can be caiculated by rearranging
Equation (83) and using a chart in Govier and Aziz's book [13]. If the

value for the gas holdup is small, then Equation (83) can be written as:

h o= ——a (87)
Us * VSL .

From Govier and Aziz's chart, the bubble slip velocity can be found
from the diameter of the bubble. For a bubble diameter of 2 mm, the
slip velocity is.found to be 0.9 ft/sec. Using this value and the val-
ues for the gas and recycle flowrate, the theoretical gas holdup is cal-
culated to be 0.0088. The bubble rise velocity is based on a tempera-

ture of 20°C.



CHAPTER V
DISCUSSION
Stoichiometry

There are four different sets of conditions for runs 1 through 12.
The conditions are labeled as: condition 1, no acetic acid and 65°C;
condition 2, 0.15 M acetic acid and 70°C; condition 3, 0.01 M acetic
acid and 70°C; and condition 4, 0.01 M acetic acid and 90°C. From the
data in Tables XIX and XX, an average stoichiometric value is calculated.
This is done to try and compare the different conditions. The average
stoichiometric values are liéted in Tables XXVIIl and XXIX. . It is ob-
served that thé stoichiometric ratio of moles ozone consumed per mole
phenol oxidized is similar at conditions 1 and ‘4. Conditions 1 and 4
have a better stoichiometric ratio compared with conditions 2 and 3. Con-
dition 1 has the best phenol stoichiometry initially. This is probably
because it has the highest initial pH. Toward the end of the experiment
as all the pH values decrease, condition 4 has the best phenol stoichio-
metry. This is probably because it is at the highest temperature. Con-
ditions 2 and 3 have similar stoichiometry throughout the run. Initial-
ly, condition 3 has a better phenol stoichiometry. This is probably due
to the pH effect. Towafd the end of the experiment, when the pH values
are approximate}y the same, conditioy 2 has the befter phenol stoichio-
metry. This could be caused by the more concentrated acetic acid in con-

dition 2. The acetic acid was found by visual inspection to reduce the
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AVERAGE STOICHIOMETRIC VALUE OF MOLES QZONE

TABLE XXVI11

CONSUMED PER MOLE PHENOL OXIDIZED

Time
(hr) Condition 1 Condition 2 Condition 3 Condition 4
1 2.11 2.36 2.31 2.14
2 2.51 2.77 2.73 2.47
3 2.86 3.12 3.13 2.89
4 3.64 3.68 3.78 3.59
TABLE XXIX
AVERAGE STOICHIOMETRIC VALUE OF MG OZONE CONSUMED
PER MG CHANGE IN CHEMICAL OXYGEN DEMAND
Time v
(hr) Condition 1 Condition 2 Condition 3 Condition 4
] 1.27 1.38 1.58 1.57
2 1.29 1.43 1.56 1.40
3 1.30 1.4 1.56 1.38
4 1.33 1.37 1.51 1.34
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bubble size which increases the mass transfer of ozone. Similar trends as
the ones just discussed are found in comparing the stoichiometry)ofozone
consumed per change in COD. It is concluded that the pH and temperature
have a definite effect on the stoichiometry of the reaction.

For the overall reaction, the stoichiometric ratio of ozone conéum-
ed per change in chemical oxygen demand has a range of 1.24 to 1.59.
Anderson [1] found a stoichiometric ratio of 2 (using a continuous reac-
tor and an initial phenol concentration of 1000 mg/L) when the pH was
6.6 and a stoichiometric ratio of 1 when the pH was 11.4. Niegowski
[31] found a stoichiometric ratio of 1.4 when the pH was 12 (initial
phenol concentration of 100 mg/L). To explain the pH effects, Hoigné
and Bader [18] proposed a two path reaction mechanism where the direct
reaction is predominant at low pH and the hydroxyl radical reaction is
predominant at high pH. It is possiblé that each pathway could have a
different stoichiometric value. Since the pH values are low in the ex-
periment, the direct reaction is expected to dominate. |In comparing the
stoichiometric ratios with Anderson's values at a pH of 6.6, the values
in this experiment are lower. The stoichiometric values of this experi-
ment compare more closely to the values that Anderson and Niegowski ob-
tained at a high pH. This can be explained by two reasons: the ozone
molecules decompose in the aqgueous solution at the elevated temperature
and pressure forming hydroxyl radicals, thus the reaction pathway is simi-
lar to the pathway at a high pH; and/or some of the diatomic oxygen mole-
cules react with the organic compounds, cauéing the stoichiometric ratio
of ozone consumed per change in chemical oxygen demand to decrease.

The overall stoichiometric ratio of moles ozone fed per mole phenol

oxidized has a range of 3.4 to 4.0. Bauch et al. [5] and Eisenhauer
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[9] had a stoichiometric ratio of 5.5 (initial phenol concentration of

19 mg/L) and 4.0 (initial phenol concentration of 200 mg/L), respective-
ly when 99 percent of the phenol was oxidized and there was no pH adjust-
ment. When Niegowski [31] adjusted the initial pH to 12.3, the stoichio-
metric ratio was 3.7 at 99 percent bhenol reduction. In the present
experiment, when the temperature was 90°C and the initial pH was 3.45,
the stoichiometric ratio was close to the value of the stoichiometric ra-
tios that other investigators foﬁnd at the high pH. When the temperature
was at 70°C and the initial pH was 3.40, the stoichiometric value was be-
tween Eisenhauer's value (no pH adjustment) and Niegowski's value (ini-
tial pH 12). The same reasons that are used to explain the improvement
in the stoichiometric ratio for chemical oxygen demand are used to ex-
plain the improvement of the phenol stoichiometric ratio.

The acetic acid with no phenol experiment, run 13, shows a resis-
tance to oxidation with ozone. Thus in runs 1 through 12, the change in
chemical oxygen demand can be attributed mostly to the oxidation of phen-
ol and its intermediate products. In run 14, there was no obvious oxida-
tion of the organics. This concludes that very little of the oxygen is
entrained in the initial reaction of phenol oxidation.

The efficiency of the ozone absorption is 99 percent for all four
different conditions. For the acetic acid run with no dissolved phenol,
the efficiency of the ozone absorption is 60 percent. The efficiency of
the ozone absorption from other investigators ranged from 5 to 99 per-
cent. Anderson [1] found a 99 percent efficiency of absorption when the
pH was 11.4 but had a 76 percent efficiency when the pH was 7.0. The 99
percent efficiency of his system is probably due to the ozone decomposi -

tion at high pH. Bauch et al. [5] obtained a 99 percent efficiency in
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their experiments. They had a length to diameter ratio of 20/1 and had
an initial phenol concentration of 19 mg/L.

In the present experiment the phenol concenfration was around 940
mg/L and the length to diameter ratio was 125/1. The high efficiency in
this reaction is probably due to the high concentration of the phenol,
the recycle of the liquid (4.9 L/min), the contact time of the ozone,

and the pressure of the column.
Isotachophoresis

The analysis of the isotachophoresis data is based on 1imited exper-
ience with the new analytical technique. In making the analysis of the
data, the findings of previous investigators had a significant influence
in selecting known compounds for comparison with the unknown compounds
in the experimental samples. Previous investigators have found muconic
acid, muconaldehyde, maleic acfd, maleinaldehyde, tartaric acid, propi-
onic acid, glyoxylic acid, acetic acid, glycolic acid, oxalic acid, and
formic acid to be reaction products.

In run 1, a total of four different peaks are found‘in the isotacho-
phoresis data. One peak is found in all the hourly samples and is tenta-
tively identified as formic acid. This peak could also be fumaric acid
or tartaric acid, since the potential gradients are very similar and
the difference of the three compounds cannot be distinguished by iso-
tachophoresis. The reason for choosing this peak to represent form}c
acid is from the results of previous investigators. No investigator has
determined fumaric acid to be a reaction product and only one investiga-
tor [5] has found tartaric acid to be a product and that was in minor

concentrations. Formic acid, however, is found to be a major product in
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several experiments [4, 24, L4], In run 1, the peak identified as for-
mic acid is a major product of the reaction.

In the second, third, and fourth hour samples, a peak is tentative-
ly identified as maleic acid. The measured relative peak height is with-
in the range of the relative peak height of pure maleic acid. The con-
centration of the peak identified as maleic acid reaches a maximum be-
tween the third and fourth hour sample and then begins to decline. Baillod
et al. [4] found maleic acid as a reaction product that reached a maxi-
mum early in the reaction and then declined.

An unknown peak is found in the first and second hour samples. The
unknown peak has a relative peak height value between the relative peak
heights of maleic acid and acetic acid. There is already a peak. identi-
fied as maleic acid and if the peak was acetic acid, it would be assumed
that the width from peak to peak would increase throughout the reaction,
which did not happen. Acetic acid is a two-carbon compound resistant to
further oxidation. Therefore, once it initially appears it is not ex-
pected to disappear until after much further oxidation. A possible ex-
planation for the unknown peak is that it is muconic acid. Muconic acid
is expected to be an initial reaction product which would disappear
after a short oxidation time. Muconic acid was also found by Yamamoto
et al. [46] when they did analysis of phenol ozonation products by iso-
tachophoresis.

In the third hour sample of run 1, a peak appears with a relative
peak height similar to the relative peak height of oxalic acid. In
Yamamoto's et al. [46] analysis of the products of phenol ozonation, the
oxalic acid did not initially appear and when it was detected it increas-

ed slowly in concentration (Figure 2). The peak identified as oxalic



acid varies in concentration similar to the oxalic acid in Yamamoto's
experiment.

In run 2, there are two peak heights close to the peak height of
oxalic acid. The first peak appears in all four samples of run=2 where-
as the second peak appears in onfy the third and fourth hour samples.

The first peak is closer to the realtive peak height of pure oxalic acid.
The concentration of the first peak is relatively high in the first hour
sample. |t reaches a maximum concentration around the third hour sample
and then begins to decrease. The way the gecond peak varies in concen-
tration is similar to the concentration of the peak identified as oxalic
acid in run 1 and is also similar to the oxalic concentration in Yama-
moto's et al. [4E] experiments. In both Yamamoto's et al. [46] and
Baillod's etal. [4] experiments, the formic acid concentration reaches a
maximum before the oxélic acid concentration. In run 2, the first peak
reaches a maximum concentration much earlier than the peak identified as
formic acid. If the identification is based on relative peak heights,
the first peak would be identified as oxalic acid. |f the identifica-
tion is based on the way the concentration varies with time, the second
peak would be identified as oxalic acid. The first peak is tentatively
identified as oxalic acid since its relative peak height is so close to
that of oxalic acid.

An unidentified peak appears in the third and fourth hour samples
of run 2. From the relative peak height it is tentatively identified as
acetic acid. The relative peak height of the sample is slightly higher
than the relative peak height of the pure acetic acid. As mentioned ear-
lier, when a mixture of acetic acid and gloxylic acid is analyzed by iso-

tachophoresis, only one peak appears. This peak is between the heights
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of acetic acid and glyoxylic acid. Thus since the relative peak héight
of the sample is slightly higher than the relative peak height of acetic
acid, the presence of glyoxylic acid could be indicated.

Peaks identified as maleic acfd and formic acid a}e also found in
run 2. They follow a pattern similar to the pattern in run 1. The con-
centration of formic acid increases throughout the reaction and the con-
centration of maleic acid reaches a maximum and then decreases. The un-
identified peak in run 1 is not found in run 2.

In run 3, all peaks are tentatively identified. The maleic acid
and formic acid followed a concentration pattern similar to runs | and 2.
The acetic acid followed a concentration pattern similar to the one found
in run 2. The relative peak height of the acetic acid in the fourth hour
sample is higher than the relative peak height of pure acetic acid. This
coulq be because glyoxylic acid is a product and influences the peak
height. The oxalic acid in run 3 is found in all four samples, similar
to the peak identified as oxalic acid in run 2. The concentration of
oxalic acid in run 3 never reaches the amount found in run 2 but is simi-
lar to the concentrations found in run 1. The oxalic acid concentration
in run 3 never reaches a maximum concentration as it did in run 2 but it
continues to increase as in run 1. The unknown compounds found in runs
1 and 2 are not found in run 3.

Baillod et al. [4] found that oxalic acid was a major product in
phenol ozonation but not in wet air oxidation of phenol. It was also
found that acetic acid was a major product in wet air oxidation of phen-
ol but not in phenol ozonation. In this experiment, oxalic acid is one
of the major products, indicating the effect of ozonation on the reac-

tion. Acetic acid was tentatively identified toward the latter part of
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the reaction. This could indicate the effect that the diatomic oxygen
had on the reaction.

The calculated concentrations of the different compounds are a rough
approximation. More work on the operating conditions and analytical pfo-
cedures is needed. Since this is a preliminary investigation, some of
the chemicals were not at a high quality. Also, since the peak-to-peak
distance is small for measurement by ruler, the accuracy of the measure-
ment is low. The concentrations of formic acid are not known; therefore,
a value of 1.4 cm for the width is used for a 1000 mg/L solution of for-
mic acid. This value is an average of_the width from the other compo-

nents measured at 1000 mg/L.
Mass Transfer

Initially, the enhancement factor was going to be calculated using
the mass transfer values of the acetic acid run (Table XVII). The mass
transfer coefficient of the acetic acid run is assumed to be due to phy-
sical absorption only, since very little acetic acid is oxidized. Dur-
ing this run, the calculated dissolved ozone concentration in equilibri-
um with the gas ozone concentration was found to be less than the measur-
ed dissolved ozone concentration. This is a physical impossibility
(implying a negative driving force for mass transfer). Either the dis-
solved ozone gas measurement is too high, the calculated equilibrium con-
centration is too low, or an interfering oxidant other than ozone is pre-
sent in solution. Singer and Gurol [42] concluded that the pdtassium
iodide test for dissolved ozone was invalid because of significant inter-

ference by some of the ozonation products of phenol.
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Investigators have concluded that ozone reacts quickly with phenol.
In th{s experiment with the initial phenol concentration being high, it is
not expected that any substantial ozone will be present in the liquid
until the phenol concentration goes below 5 mg/L [43]. The dissolved
ozone concentration in thisvexperiemnt is observed to be high when the
phenol concentration is well above 5 mg/L. This lends support to the
conclusion that the dissolved ozone gas measurement is in error. The
dissolved ozone is assumed to.be zero throughout the entire reaction.

The mass transfer coefficient depends on the driving force, difTEXSE
the amount of ozone transferred, NA’ and the volume of the reaction, V.
The amount of ozone transferred increases slightly throughout the time of
the reaction. This is due in part to the concentration of ozone produc-
ed gradually increasing throughout the reaction. The volume decreases
during the time of the reaction. The combination of these two variables,
the ozone transferred and the reaction. volume,causes the mass transfer
coefficient to increase approximately 10 percent during the reaction.
The variable that had the most effecton the mass transfer coefficient is
the driving force. The driving force depends upon the inlet ozone con-
centration, the outlet ozone concentration, and the dissolved ozone con-
centration. The dissolved ozone, as mentioned earlier, is assumed to be
zero throughout the entire reaction and therefore it did not have an in-

fluence on the change of the value of the mass transfer coefficient. The

concentration change of the inlet gas is small and had very little influ-
ence on the change of the value of the driving force. The percent change
of the value of the outlet gas is large. The value ranges from approxi-
mately 1.5 to 0.06 mg/L. The range has a large effect on the value of

the driving force.
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Since the value of the outlet ozone concentration is small, a slight
error in measurement affects the value of the mass transfer coefficient.
The values of the mass transfer coefficient show a slight randomness,
due probably to the sensitivity of the outlet gas measurement, but in
general the mass transfer values increase during the experimental runs.

In calculating a theoretical enhancement factor, the data used were
extrapolated. In both, Li and Kﬁo's [26] data and Hdigné and Bader's
[19] data, the kinetic values were measured between 5 and 30°C, whereas
the values extrapolated to calculate the enhancement factor are at 70°C
and 90°C. The graph is an Arrhenius function of temperature versus kine-
tic rate constant. The Arrhenius equation is accurate over a small tem-

perature range; therefore, the extrapolation of the kinetic values could

be in error.



CHAPTER VI
CONCLUSIONS

The following conclusions are made:

1. The value of the stoichiometric ratio for the chemical oxygen
demand (mg ozone/mg COD) at temperature 90°C, pressure 655 kPag, pH 3.45,
concent?ation 0.01 M phenol and 0.01 M acetic acid was 1.34. This com-
pares to a value of 2.0 from previous investigators at a pH of 6.6 [1].
The value of the stoichiometric ratio for 99 percent removal of phenol
(mole ozone/mole phenol) at the conditions listed above was 3.59. This
compares to values of 4.0 and 5.5 for a pH of 6.5 from previous investi-
gators [9, 5]. This concludes that the stoichiometric value for chemi-
cal oxygen demand and for phenol oxidation showed a slight improvement
when comparing what other investigators found at higher pH but lower tem-
peratures and pressures.

2. The limited experience with isotachophoresis shows this to be a
promising analytical technique. The technique to operate the isotacho-
phoresis is simple and there is no pretreatment involved, whereas to ana-
lyze the organic acids by chromatography derivatives would have to be
made of the acids. More work is required to better understand the dif-
%erent operating conditions and the effect these conditions have on the
qualitative and quantitative data.

3. The general trend of the mass transfer coefficient was to in-

crease during the reaction. This is contrary to what was expected. As
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phenol oxidizes, it was expected that the mass transfer coefficient would
decrease.

L4, The gas holdup with liqid reflux (V., = 0.0375 m/sec) was calcu-

SL
lated to be 0.034. The theoretical value without liquid reflux was cal-
culated to be approximately 0.009. This shows that the reflux increased
the gas holdup by over 300 percent.

5. The ratio of ozone absorbed per ozone fed was between 97 to 99
percent. This showed a high efficiency of the ozone utilization.

6. The theoretical enhancement factor was higher than the experi-
mental enhancement factor. The theoretical enhancement factor using
rate constants from Li and Kuo [26] is 9.6 at 70°C, 756 kPa, and 0.01 M
acetic acid; and is 11.0 at 90°C, 756 kPa, and 0.01 M acetic acid. The
theoretical enhancement factor using rate constants from Hoigné and Bader
[19] is 5.5 at 70°C, 756 kPa, and 0.01 M acetic acid; and is 11.9 at
90°C, 756 kPa, and 0.01 M acetic acid. The experimental enhancement fac-

tor ranged from 0.87 to 1.3 at 70°C, 756 kPa, and 0.01 M acetic acid;

and ranged from 0.94 to 1.6 at 90°C, 756 kPa, and 0.0l M acetic acid.



(1]

(8]

(9]

[10]

A SELECTED BIBLIOGRAPHY

Anderson, G.. L. '"0zonation of High Levels of Phenol in Water."
AIChE Symposium Series, Vol. 73, No. 166 (1976), pp. 265-
271.

Astarita, G. Mass Transfer With Chemical Reactions.\ Ams terdam:
Elsevier Publishing Co., 1967.

Augugliaro, V., and L. Rizzuti. 'The pH Dependence of the Ozone
Absorption Kinetics in Aqueous Phenol Solutions.! Chemical

Engineering Science, Vol. 33 (1978), pp. 14k41-1447.

Baillod, C. R., B. M. Faith, and 0. Masi. ''Fate of Specific Pollu-
tants During Wet Oxidation and Ozonation." Environmental Pro-

gress, Vol. 1, No. 3 (1982), pp. 217-226.

Bauch, H., H. Buchard, and H. M. Arsovic. ''Ozone as an Oxidative
Disintegrant for Phenols in Aqueous Solutions.'" Gesundheits-
Ingenieur, Vol. 91, No. 9 (1970), pp. 258-261.

Chen, J. W. !'Catalytic Oxidation in Advanced Waste Treatment.''
AIChE Symposium Series, Vol. 69, No. 129 (1972), pp. 61-69.

Danckwerts, P. V. Gas-Liquid Reactions. New York: McGraw-Hill,
Inc., 1970.

Day, D. C., R. R. Hudgins, and P. L. Silveston. ''Oxidation of Pro-
pionic Acid Solutions.' Can. Jour. of Chem. Eng., Vol. 5]

(1973), pp. 733-740.

Eisenhauer, H. R. 'The Ozonization of Phenolic Wastes.' J. Water

Poll. Control Fed., Vol. 40, No. 11 (1968), pp. 1887-1899.

Eisenhauer, H. R. '"Increased Rate and Efficiency of Phenolic
Waste Ozonization.'" J. Water Poll. Control Fed., Vol. 43,
No. 2 (1971), pp. 200-208.

Franson, M. A., ed. Standard Methods for the Examination of Water
and Wastewater. 1h4th ed. Washington, D.C.: American Public
Health Association, 1976.

Gould, J. P., and W. J. Weber, Jr. '"Oxidation of Phenols by Ozone."
J. Water Poll. Control Fed., Vol. 48, No. 1 (1976), pp. 48-60.

109



[13]

[14]

[17]

(18]

[19]

[20]

[22]

[23]

[24]

[25]

110

Govier, G. W., and K. Aziz. The Flow of Complex Mixtures in Pipes.
New York: Van Nostrand Reinhold Company, 1972.

Hill, A. G., and J. B. Howell. Symposium on Advanced O0zone Techno-
ogy. Toronto: International Ozone Institute, November,

Hill, A. G. '"Reaction of Ozone With Trace Organics in a Pressuriz-
ed Bubble Column.' (Unpub. Ph.D. dissertation, Louisiana
Tech University, 1980.)

Hill, A. G., J. B. Howell, J. Wagner, S. L. Burks, and C. Reece.
''0zone Pretreatment of Refinery Sour Water Stripper Effluent/
Laboratory Feasibility Study.'" Paper No. 42, presented at
the Cleveland AIChE Meeting, Cleveland, Ohio, August 30, 1982.

Himmelblau, D. M. '"Solubilities of Inert Gases in Water." J. of
Chem. and Eng. Data, Vol. 5, No. 1 (1960), pp. 10-15.

Hoigné, J., and H. Bader. ''0zonation of Water: Selectivity and
Rate of Oxidation of Solutes.' O0zone: Science and Engineer-
ing, Vol. 1, No. 1 (1979), pp. 73-85.

Hoigné, J., and H. Bader. ''Rate Constants of Reactions of 0Ozone

With Organic and Inorganic Compounds in Water--i1. Non-Disso-
ciating Organic Compounds.'' Water Res., Vol. 17 (1983), pp.
173-183. ‘ '

Hoigné, J., and H. Bader. ‘''Rate Constants of Reactions of Ozone
With Organic and inorganic Compounds in Water--ll. Dissoci-
ating Organic Compounds.' Water Res., Vol. 17 (1983), pp.
185-194.

Hughmark, G. A. 'Holdup and Mass Transfer in Bubble Columns."
|6EC_Process Design and Development, Vol. 6, No. 2 (1967),
pp. 218-220.

Hurwitz, E., and W. A. Dundas. ''Wet Oxidation of Sewage Sludge."
J. Water Poll. Control Fed., Vol. 32, No. 9 (1960), pp. 918-
929.

Kosak-Channing, L. F., and G. R. Heiz. ''Solubility of Ozone in
Aqueous Solutions of 0-0.6 M lonic Strength at 5-30°C." En-
viron. Sci. Technol., Vol. 17, No. 3 (1983), pp. 145-149.

Kuo, C. H. 'Mass Transfer in Ozone Absorption.!" Environmental
Progress, Vol. 1, No. 3 (1982), pp. 189-194.

Legube, B., B. Langlais, B. Sohm, and M. Dore. '"ldentification of
Ozonation Products of Aromatic Hydrocarbon Micropollutants:
Effect on Chlorination and Biological Filtration.!" 0Ozone:

Science and Engineering, Vol. 3, No. 1 (1981), pp. 33-48.




[26]

[27]

[29]

[30]

(33]

[34]

[35]

[36]

[37]

[38]

111

Li, K. Y., and C. H. Kuo. '"Absorption and Reactions of Ozone in
Phenolic Solutions.'" AIChE Symposium Series, Vol. 76, No.

197 (1979), pp. 161-168.

Li, K. Y., C. H. Kuo, and J. L. Weeks, Jr. "A Kinetic Study of
Ozone-Phenol Reaction in Aqueous Solutions.' AIChE Journal,

Vol. 25, No. 4 (1979), pp. 583-591.

McPhee, W. T., and A, R. Smith. ''From Refinery Wastes to Pure
Water." Engineering Bull, Ser. 109, Purdue Univ. Eng. Ext.
(1962), pp. 311-326.

Nakayama, S., K. Esaki, K. Namba, Y. Taniguchi, and N. Tabata.
""Improved Ozonation in Aqueous Systems.' O0Ozone: Science
and Engineering, Vol. 1, No. 2 (1979), pp. 119-132.

Nebel, C., R. D. Gottschling, J. L. Holmes, and P. C. Unangst.
Ozone Oxidation of Phenolic Effluents. Philadelphia:
Welsbach Ozone Systems Corp., 1975.

Niegowski, S. J. 'Destruction of Phenols by Oxidation With Ozone.
Industrial and Engineering Chemistry, Vol. 45, No. 3 (1953),
pp. 632-634. - -

Oyeka, S., J. Wallace, A. Alladin, and J. Fernandes. !''"Controlling
Regime in the Ozonation of Aqueous Phenol in a Stirred Tank."
Addendum to Proceedings of the Sixth 0zone World Congress,

Ruston, La.: Louisiana Tech Univ., 1983.

Peppler, M. L., and G. R. H. Fern. 'A Laboratory Study of Ozone
of Refinery Phenolic.'" 0il in Canada, Vol. 11, No. 27 (1959),
pp. 84-90.

Pruden, B. B., and H. Le. 'Wet Air Oxidation of Soluble Components
in Waste Water.'" Can. J. Chem. Engr., Vol. 54 (1979), pp. 319-
324,

Rice, R. G., C. M. Robson, G. W. Miller, and A. G. Hill. ''Uses of
Ozone in Drinking Water Treatment.'' AWWA J., Vol. 73, No. 1
(1981), pp. 4k4-57.

Roth, J. A., and D. E. Sullivan. "Solubility of Ozone in Water."
Ind. Eng. Chem. Fundam., Vol. 20, No. 2 (1981), pp. 137-140.

Roustan, M., J. Mallevialle, H. Roques, and J. P. Jones. ''Mass
Transfer of Ozone to Water: A Fundamental Study.'' Ozone:
Science and Engineering, Vol. 2, No. 4 (1980), pp. 337-34k.

Schmidt, L. I. 'Liquid-Phase Oxidation of Phenol in Waste VWaters
at Elevated Temperatures and Pressures.'' Zhurnal Prikladnor
Khimin, Vol. 43, No. 9 (1970), pp. 2123-2126.




[39]

[40]

(43]

[44]

[45]

[46]

112

Sharifov, R. R., L. A. Mamediorova, and E. V. Shults. '‘Treatment
of Wastewater Containing Petroleum Products.'" Azer. Neft.

Khoz., Vol. 53, No. 4 (1973), pp. 36-38.

Shibaeva, L. V., D. |. Metelitsa, and E. T. Denisov. ''Oxidation
of Phenol With Molecular Oxygen in Aqueous Solutions--1, The
Kinetics of the Oxidation of Phenol With Oxygen.'' Kenet.
Catal., Vol. 10, No. 5 (1969), pp. 832-836.

Shimadzu Scientific Instruments, Inc. Basic l|sotachophoresis.
Columbia, Md.: Shimadzu, n.d.

Singer, P. C., and M. D. Gurol. 'Dynamics of the Ozonation of
Phenol--1. Experimental Observations.'' Water Res., Vol.

17, No. 9 (1983), pp. 1163-1171.

Singer, P. C., and M. D. Gurol. !'Dynamics of Ozonation of Phenol
--11. Mathematical Simulation.'" Water Res., Vol. 17, No. 9

(1983), pp. 1173-1181.

Teletzke, G. H. 'Wet Air Oxidation.' Chemical Engineering Pro-
gress, Vol. 60, No. 1 (1964), pp. 33-38.

Treybal, R. E. Mass-Transfer Operations. 2nd ed. New York:
McGraw-Hi 1l Book Co., Inc., 1968.

Yamamoto, Y., E. Niki, H. Shiokawa, and Y. Kamiya. ''Ozonation of
Organic Compounds--2. Ozonation of Phenol in Water.'" Jour.
Org. Chem., Vol. 44, No. 13 (1979), pp. 2137-2142.




APPENDIX A

CHEMICAL STRUCTURES OF R<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>