ABSTRACT

Wet alr oxidation of dilute agqueous phenol solutions
was carried out continuously in an unmixed stainless
steel reactor. The range of operating condlitions -wase—-
temperature: 200-250°C, pressure: 800-2200 psig, residence
time: 0.25-2.0 hr, and feed concentration:lluOO-BOOO
mg/l. Conversion of phenol was as high as 99.5%, and the
main reaction products were determined by analysis to be
carbon dioxide and water, along with a small amount of
carbon monoxide (about 300 ppm). At 200°C there was a
tendency for the phenol to form tars which collected in the
flow system and discoloured the effluent. At 250°C the
tar formation was minimal and caused no problems. At
pressures below 1200 psig the oxidaticn reaction was found
to be controlled more by mass transfer than by chemical
reaction, while at higher pressures the reverse was true.
The wet alr oxidation process is promising as a peans of
pollution control because 1t 1s relatively insensltive

to changes in feed concentration and flow rate.
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INTRODUCTION -

In recent years the pollution of our environment
by wastes of all types has become guite widespread, and
the general public has become more aware of the problem
becaase pollution now affects a large percentage of the
world's population. 1Increasing concern over the effects
of environmental pollution has led to legislation which
sets acceptable limits on discharges from such sources
as chemical plants, power generating staticns, automobiles,
and manufacturers of all sorts. Some pollution problems
are relatively easy to solve. For example, the installation
of an electrostatic precipifator on an exhaust stack will
almost completely remove solid particles from the gas. On
the other hand, many pollution problems such as the removal
of dissolved organics from waste waters require'a con-
siderable amount of research and study before effective
and economical solutions are found.

Phenol is a typical organic water pollutant which
can be found in the effluent streams of oil refineries,
petrochemical plants, and steel mills. Phemol is toxic
in higher concentrations and, like many organic chemicals,
it will create an oxygen demand upom the body of water
into which it is discharged, thefeby upsetting natural
environmental processes. When phenol-containing waters
are processed by municipal water treatment plants the

phenol is converted to chlorinated phenols which are




detectable by taéte in the 5 ppb rangel. ‘For these reasons
it 1s desirable to limit the discharges of phenol and other
offensive chemicals, and certain government agencles have
taken steps to acleve thisz.

Several methods such as biological oxidation,
solvent extraction, oxidation with ozone, and adsorption
are currently being used to treat waste streams containing
small amounts of organicsB. Of these, biological oxidation,
which involves the destruction of organic matter by living
organisms, is the most widely used. These processes are
effective in reducing the chemical oxygen demand of waste
streams, but they must be designed for fairly definite
feed concentrations; since the composition of a given waste
stream can vary §onsiderably from day to day the outlet
concentration of pollutants from the treatment faclillity may
also fluctuate to a considerable extent. A process which
could handle a wide variety of organic pollutants in varying
concentrations and produce a fairly constant effluent
concentration would provide an attractive alternative as
a means of pollution control.

Many organic compounds will be oxidized readily when
combined with air at elevated temperatures and pressures.
An industrial process based on this fact has been developed
and shown to be successful in treating waste streams such
as pulp mill effluents and municipal sewage.

The basis for this thesis is to use this high

temperature and pressure oxidation process to study the
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LITERATURE SURVEY

1. Process Background

The process being considered in this work is the
wet air oxidation process, so called beczuse it oxidizes
organic substances which are dissoclved or suspended in
water, using compressed air. The process was first
developed as a continucus operzation in the 2i1d-1940°%s
in the United States by Zimmermannu and is usually referred
to as the "Zimmermann process". The basic idea behind fhe
process 1is %o combine a waste stream and air under suitable
conditions (typically 200-25000 and 1500-250C psig), and
under these conditions the unwanted waste material will be
almost completely converted to carbon dloxlide, water and
ash (if the waste is a s0lid). The key to the process is
that there must alﬁays be some liguid water present for
the reaction to proceed.

Zimmermann developed the process as a means of
disposing of industrial wastesS. He found that the
Chemical Oxygen Demand (C.C.D.) of streams such as pulp
mill effluents, sewage wéstes, dairy wastes, and c¢il
refinery wastes could be reduced by 80~-90%, and as long as
the reactor temperature was 250°C or higher, the C.0.D.
of the treated stream was low and relatively independent
of the C.J.D. of the feed stream. HKHe also found that it
was not necessary to supply excess air to the reactor.

The percentage of C.0.D. removed inéreased sharply at

temperatures of 225°C cr higher and the principsl conclusion



was that this ranze of temperature was best for maximum
C.0.D. removal. |

Zimmermann's reactor was designed so that most of
the volume was occupied by alr and steam, with only a
minor percentage occupied by liguid. In his early studies
the pressure and temperature were always varied together
and so it could not be determined if they had independent
effects on the reaction. Presumably he chose to vary both
together sc that he could keep a constant liguid-to-gas
ratio in the reactor.

A later Zimmermann paper6 discusses more details of
the process. In studying the temperature effect Zimmermann
found that between 25000 and 330°C a Tise c¢f 15 degrees in
reactor temperature permitted at least twice the volume of
feed liguor to be oxidized in the same time. Again,
though, it was necessary to raise the reactor pressure
whén The temperatﬁre was increased, to maintalin scmne
water in the ligquid phase. Some runs were done at a
constant temperature and different pressures. At 275°C
the reduction in C.0.D. obtained at 1500 psig(79%) was
about the same as at 1200 psig even though the flow rate
had been increased, while the percentage removal at
1800 psig(85%) was higher than at 1200 psig even after
the flow rate had been doubled. This effect of pressure
showed that the residence time in the reactcr couléd be
decreased if higher pressures were used, thereby making the
processing equipment more compact.

Proof that the process provided complete cxidation §!



using stoichiometric quantities of oxygen was given
by the results of Zimmermann's runs in which hé used
slurries of carbon and sulfur as feeds. 1In éach case
only CO2 and SO3 were found in the exit gases and no
CO or SO, was detectable. |

Under some conditions with waste streams z2s feed
varyihg amounts of volatile organics such as acetic
acid wére found. These did not unéergo further oxidation
in the reactor, but were oxidized when passed through a
catalytic converter.

Zimmermann stréssed the potential industrial
applicability of his process in these and other papers7’8.
It 1s interesting to note that, in addition to being a
means of pollution control, the Zimmermann process can
also be used in certain industrial situations to produce
stean ang/or eleqtrical energy, thus making itself
energetically self-sufficient. This is a key factor when
the Zimmermann process 1is being considered because it can
improve the often negative aspects of pollution éontrol

economics.

2. Application to Phenol Oxidation

The first application of the wet air oxidation
process to the oxidation of phenol 1in waste water was by
Shmidt9. Be used a batch-type, agltated reactor and
studied the reaction under a2 wide range of operating
conditions; temperatures ranged from 15OOC to BOOOC,

pressures from 1075 psig to 2275 psig, contact times from




30 minutes to 2 hours, and feed concentrations from
10,000 mg/l to 50,000 m§/1. Shmidt's results closely
parallel those of Zimmermann because they show a con-
siderable 1ncrease.in the conversion of phenol between 15000
and 22500, but above that the increase is small for furfher
temperature increases. Shmidt did not study the effects
of different pressures at a fixed temperature, or vice
versa. Hils results are very good as he achieved phenol
conversions as high as 99.99% with final concentrations
as low as 2.5 mg/l. Purification with respect to C.0.D.
was as high as 98.4%.
Shmidt's analysis showed that the end prcducts of
the reaction were carbon monoxide, carbon dioxide, and
acetic and formlc acids. The formation of CO seems to
indicate that not ehough oxygen was supplied because
previously Zimmermann had found nc indication of CO
production when just stolchiometrlic amounts of oxygen
were used. Shmidt stated that 30450% excess oxXygen was
always.supplied but calculétions can be done which indicate
that this may not always have been so (see Appendix).
Shmidt found that at temperatures in the 150°C to
ZOOOC range the liguld product was dark-coloured but he
did not state what caused this disccloration. At higher
temperatures (up to 30000) the purified water was cclorless.
Shmidt made some runs using an acetic acidé solution as feed
to determine if it would be oxidized readily and he found

that it had 2 high resistance to oxidationi Thus if tThe




reaction conditions are such that a considerable amount

of the phenol is converted to acetic acid, the acid will
not be oxidized to any appreciable extent in this type

of reactor and further treatment of the waste stream

would be necessary. This finding agrees with Zimmermann's
results.

Stepanyan et allohave followed the work of Shmidt
by studying the liguid-phase oxidation of phenol,
methanol, and formaldehyde, again in a batch reactor.
They considered various alixtures of the three organics
as well as solutions of each one, but they used only one
~set of operating conditions: 200°¢c, 600 psig, and a
residence time of 90 minutes. They achieved a 94.7%
reduction in C.0.D. for the phencl-water soluticn which
had an initial concentration of 25,000,m§/1. No detailed
studlies of the various oxidation reactions were made, but
they did show that agquecus solutions of more than one
organic compound can be oxidized successfully to a con-
siderable extent: the percentage reduction in C.0.D. feor
a solution of phenol, methanol, and formaldehyde in water
was 80%. This fact increases the potential applicability
of the wet a2ir oxidation process because any given waste
stream wculd be certain to contain more than one pollutant.

A modification of the Zimmermann process hacs been
patented by Popell, but he uses a catalyst (usually a
combination of metal oxides) in addition to elevated
temperatures and pressures to achleve the oxidation. The

catalytic process can be used on a wide variety of organics
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and is especially good for those such as acetic acid
which are not readily oxidized by the Zimmermann process,
A catalytic reactor would likely be of most use if it
were installed following a wet air oxidation reactor as
the latter would convert most of the pocllutants to
harmless products and the former could then remove the

spall amounts of pollutants remalilning.

3. Solubility and Diffusivity Data

There are some data aVailable in the literature on
air-water sysﬁems. Himmelblau12 has collected a vast
amount of data on the solubllities of inert gases in water
and he gives data on specific gases as well as a generalized
solubility correlation. The data are in the form of graphs
of Henry's Law constant .vs. reciprocal absclute temperature.
It is interesting to note the shape of these curves: all
are concave downward which means that there is a maximum
value of H for each gas, and thls represents the minimum
solubility. For example, o#ygen has its minimum H at
97°C, but values of H at both 10°C and 200°C are the same.
This indicates that we can expect a reasonable degree of
oxygen solubility in water under operating conditions
which are typical of the wet air oxlidation process.

St.-Denis and Fell13 have correlated the diffusivity
of oxygen in water up to 60°C from a large number of
sources. These data are useful when mass transfer effects
are being studied, instead of relying on generalized

prediction methods. However, since the wet alr oxidation
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process usually operates at temperatures in excess of

o
200 C the usefulness of these diffusivity data is somewhat
limited in this application.

4, Basis for This Thesis

The work and results discussed above show that the
wet air oxidation process has been operated successfully
on a coxmmercial scale and that it is promising as a
pollution control measure for the treatment of dissolved
combustible organics in water. The.results obtained in
the batch-wise oxidation of phenol solﬁtions are very good
and they Jjustify the application of the process in a
continuous system. The aim of this thesis is thus to
construct and operate such a system, and to gather data

which will be useful in studying the oxidation reaction.
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EXPERTKENTAL
1. A_ ratus

The apparatus used in this work is actually =a
small-scale pllot plant. The design of the pilot plant
was based on sketchnes in Zimmermann®s papers, With some
modifications to suit the scale of coperation. The
principal alteration was the deletion of several heat
exchangers which Zimmermann used for feed preheating.
Figure 1 1is a dliagrammatic flowsheet of the pilot plant.

Two feed tanks were used - one for distilled wzter
and cne for the phenol solutions. The reason for this
is discussed below under "Procedure®™. Zach feed tank
is a 13-gallon polyethylene bottle with spigot, number
B7586-13, supplied by Canadian Laboratery Supplies
Lirited.

All pressure tubing, valves, and fittings are
Z» 1P (low pressure) 316 stainless steel, supplied by
Pressure Products Industries, Hatboro, Pennsylvania.

The air compressor is a reciprocating , diaphragm-
type, twWwo-stage machine, model Q-071038, supplied by
Pressure Products Industries. HMaximum throughput is
125 scfh at 5000 psig discharge pressure. Tae compressor
output is regulated by a2 needle valve and a rotameter in
the discharge line. The rotameter is a Brooks, tube size
E-6-15-B, With a stainless steel float.

The pump is also a diaphragm-type positive displace-

ment machine, model CP-3 "Pulsafeeder™, supplied by
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Interpace Corpocration, Lapp Insulator Division, Le Roy,
New York. Pump capacity ranges from 242 USga%/hr at 50
psig to 0.85 USga%/hr at 5000 psig. Output is regulated
by adjusting the piston stroke-length. |

The compressor and pump both have identical discharge
pressure gauges connected to them. They are the model
W-5-1 "Astragauge", supplied by Pressure Products
iIndustries.

The reactor is a stainless steel cylinder of
1 litre capacity. All connections are in the cover,
wnich screws into-the body. There is an inlet connection
equipped with a dip tube, an outlet connection, and a
thermocouple connection. The reactor was made to order
by Pressure Products Industries.

The heat exchanger was manufactured in the Department
Machine Shop. It contains one tube, which is a piece of
LP stainless tubing, and the shell is 13" I.D. copper
pipe. Cold water im the shell runs counter-current to the
process strean.

The gas/liguid separator was obtained from the
Department's spare parts supply room. It iLs made of
stainless steel, and is 23" high by 8" 0.D. A thermocouple
was 1ilnstalled to record the liguid temperature in the
bottom of the separator.

The reactor is heated by ten electrical strip heaters
connected in series. They are model SE-1202, 250 watts

each, supplied by Canadian Chromalox Limited, Toronto.
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The reactor is insulated withAa 1" layer of asbestos
cement, and wrapped in eight layers of ésbestos paper.

The reactor heater temperature controllef is a
Brown Pyr-0O-Vane, range O-l#OOOF, supplied by Honeywell
Controls Limited.

The pressure control system is a standard three-
part system supplied by Honeywell Controls Limited. The
pressure transmitter 1s a non-indicating type, model
738 N1H3, range 0-4000 psig. The pressure recorder is
a model 51311 with an integrally mounted two-mode
controller, model 52201. The control valve is a I"
Research Control Valve, supplied with various triams.

The temperature indicato;/%ecorder is an Electronik
16 Multi-point Strip Chart Recorder, supplied by Honeywell
Controls Limited. It will record up to 12 temperatures
and has a range of 0-40000.

The wet test meter is a "Precision"™ type, number
11-166-5, capacity %5 cubic foot, supplied by Fisher
Scientific Co., Limited.

A hand pump was used for dead-welght pressure
testing of fhe system before it was operated. The pump
was supplied by Pressure Products Industries, and 1is
model OH-100-15. |

The phenol was purchased in crystal form from
Canadian Laboratory Supplies Limited. It was "Baker
Analyzed Beagent®™ grade. Distilled water was used in

the preparation of all feed solutions.
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The ailr fed to the suction of the compressor was
taken from building supply air lines, a2nd was filtered

and dried to ensure its cleanliness.

2. Assembly and Calibration of Eguiprent

Once an equipment layout had been décided upon
the actual assembly was done mainly by the Machine.Shop
staff bécause cf their familiarity with pressure fittings
and equipment. The system was pressure-tested to check
for any leaks. This was done with the hand pump mentioned
above at a pressure of just under 5000 psig. This pressure
was chosen because the rupture disc in the reactor feed
line will burst at Just over 5000 psig.

The compressor calibration data had been supplied,
as had the rotameter data, so flow rates there were
known. The pump was calibrated at various discharge
pressures. All instruments except the temperature
controller were new and needed no calibration as they had
been calibrated before being shipped. As a check that
the pressure gauge callibration had not changed, the
compressor was run by itself and both pressure gauges
showed identical discharge pressures. 1t was decided that
calibration of the temperature controller was not
important because the thermocouple inside the reacltor
would give the temperature there.

Soon after the pilot plant was first started up it
became apparent that the compressor was too noisy and that

some measures would have to be taken to remedy the situation.
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Several alternative solutions to the problem were con;
slidered, and it was decided to construct a plywood box
around the compressor, and to line it with fibreglass
insulation. Sultable access doors were provided, and
it was also necessary to install a fan ir one wall of

the box to provide adequate cooling for the compressor.

3. Procedure

The operating procedure for é typical run was as
follows (noteAthat the heaters were left cm at all times
to minimize any heating—cooiing strain on the reactor):
(1) a phenol solution 6f the desired concentration waé
prepared and a sample was taken;
(11i) the desired pﬁmp setting was selected and the pump
was started using distilled water as feed. Distilled water
was used to prevent the bulld-up of tar deposits in the
reactor, which would occur because the reactor was hot and
the first water entering the reactor was vaporized;
(1ii) when the reactor was full of water and the desired
operating pressure had been reached the pressure controller
was switched to "automatic®;
(iv) while the reactor was filling with water the compressor
was l1lsolated and started, and all of its output was discharged
through the bleed rotameter;
(v) when step (iii) had veen completed the compressor
discharge valve was opened and the bleed valve was adjusted
to give the desired net output;

(vi) wnen the desired temperature and pressure were reached
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the phenol soluticn feed was started;

(vii) after five residence times liguid and gas sanmples
were taken. This was repeated for one or twc residence
tizes Tunereafter; |
(viii) the feed was switched back to distilled water so
that all of the phencl solution in the reactor would be

pumped cut before the pump and compressor were shut down.

4, Analysis

Iwo methods are available for analyzing for phenol
in water, both of which are found in the ASTHM Standardslu.
Method D1783-70 is a wet method involvirg distillation cf
the sample and a colorimetric analysis on a spectrophotc-
meter. This method is suitable fcor very low phenol
concentrations, but because it is time-consuming, its use
is only Justified when the phenol concentraticn in the
sample is below 1 ppm, the lower limit of detecticn for
the other method.

The second metnod, D2580-68, uses gas-liquid
chromatography. It is much simpler to use znd is just
as accurate once a reproducible injecticn tecnnique has
been mastered. The column was calibrated with solutions
of known concentration and from this work a "standardizaticn
value" was computed which was used in the calculaticns for
actual samples. The interpretation of the chromatograns
was done using the ®"cut and weigh"™ method. The details
of these calculations are givenr in the Appendix.-

The chromatograph used for phencl analysis was a
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Varian Aerograph model 1400 with a flame ionization
detector connected to a Honeywell Electronik 194 1ab
Recorder. The chromatographic column was a %" by 5°*
stainless steel column packed with 60/80 mesh
Chromosorb W (acid washed) coated with 5% by weight
Free Fatty Acid Phase.

The C.0.D. determination was done using the
5. ‘The

sample was refluxed with a mixture of chromic and

dichromate method, taken from Standard Methodsl

sulfuric acids and then the excess dichromate was
Titrated with ferrous ammonium sulfate.

The gas analysis was also done by chromatographj
because the concentration of carbon dioxide in the
effluent gas was too low to te detected by a method such
as the Orsat method. A two-column analysis methcd was
used, with column temperatures of BOOC and injector and
detector temperatures of 60°C. The columns were
calibrated using a calibration gas containing 1.06%
carbon dioxide in air, purchased from Matheson of Canada
Limited. Chromatogram interpretation was again by the
‘"cut and weigh" method, and details of these calculations
may be found in.the Appendix.

The chromatograph used Bor gas analysis was a
Varian Aerograph model 1420 with a thermal conductivity -
detector. A Varian recorder, model A-25, was used in
conjunction with the chromatograph. Two columns were

1"
used: one was a 8 by 6' stainless steel column packed
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1“
with 89/100 mesh Porapak T, the other was a § by 6°

stainless steel column packed with 89/100 mesh Molecular
. Sleve 13X.

5. Theoretical Basis for Experimental Runs

The overall experimental objective for this project
is to study the oxidation of pnenol in dilute aqueous
solutions at elevated temperatures and pressures and, if
possible, to get an indication of what factors are
important in the réaction control mechanism,

The first few experimental runs were made to ensure
that the pilot plant would operate smoothly and that the
oxlidation of phenol ®Bould be carried out successfullye.
During these initial runs the air flow rate was 1.2 times
the stoichiometric requirement. It was felt that a
constant alr rate (at.conditions) would eliminate one
variable in studying the reaction so a rate of 0.5 ft%/hr
at conditions wés chosen for subsequent runs. This choice
was based on two things: (1) a bubbling experiment in a
glass cylinder éhowed that this flow rate provided good
agitation in the liguid, and (ii) the dperating
characteristics of the pilot plant 1nd1¢ated that this
rate was comfortably within the capacity range of the
equipment. Once the "breaking in" pericd had been
completed a systematic study of the effects of temperature,
pressure, feed concentraticn, and residence time cn the
reaction was made.

If the reaction rate is controlled only by mass

transfer of oxygen to the reaction site (i.e. if the
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chemical reacticn is very fast) then the rate expression
will be of the form '

rate = k a (c%* - ey .
Since it has been assumed that the chemical reaction is
very fast, all oxygen reaching the reaction site will be
consumed immediately, so that Ci = O. The rate expression
then becomnes

rate = k a c¥*,
The interfacial area a will be constant because the gas
volume.in the reactor will be constaht. The only
reraining variable is c¥*, From Henry's Law we know that

po2 = H c¥%,
The rate expression then becomes

rate = (ka) c* = E%g; poz.
Thus if mass transfer is the only factor affecting the
overall reaction rate,

rate « poz.

If the chemical reaction rate expression is of the

form
L 3

m n
r = kp °02 Cphenol
it follows that the chemical rate could be simplified to
g ] |
m _m n
T = KB E%g poz cphenol
and again the rate would be affected by the partial
{
pressure of oxygen. Of the two rate conmstants, kB/Hm

would be the more temperature-sensitive inasmpuch as

kp = Kpg exp(-E/BT)
and

0.5 . 16
kX D (Re) (Sc)O 33, for turbulent flow .
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Maintaining the pressure and increasing the temperature
should thus have a large effect on the overall reaction
rate 1f it is chemical reaction controlled, and a smallér
effect otherwise.

There is an additicnal complication having to do
with where the reaction actually occurs: either at the
ga;/liquid interface, or in the liquid film around the
gas bubbles, or in the bulk liguid. This depends on a
nucoer of factors such as the speed of the reaction (in-
stantaneous, fast, or slow), the concentrations of the
reactants, and the solubility of the gas in the liqu1d17.
Determination of the location of the reaction zone is
guite complex, involving parameters such as the diffusivities
of oxygen and phenol at high temperatures and the mass transfer
coefficients of oxygen in both gas and liquid phases. The
study of thls aspect of the phenol oxidation reaction is a
long-term research goal but is beyond the scope of this
thesis.

The above analysis was used as a basis for the
experimental runs. It was decided to do several sets of
runs- studying two temperatures, four pressures, two feed
concentrations, and several liquid flow rates. The

detalls of the runs are tabulated in the Appendix.
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RESULTS AND DISCUSSICN

The experimental data were all collected when the
pilot plant was operating under steady state conditions.
The time taken to reach steady state was determined
experimentally in early runs and the result was that
after approxixately five "residence times"™ the system
could be considered to be at steady state. This
corresponds to approximately a 99% exchange of the
contents for a step change in the feed to a continuous
stirred tank reactorls. The residence time for the
reactor was considered as being the liquid holdup tire,
i.e. very little volume was occuplied by gas. This was
based on a bubbling experiment in an open cylinder having
tﬁe same dimensions.as the reactor. When air was bubbled
through water at the same voclumetric rates which were
used in the experimental runs the total fluid volume was
increased by less than 0.5%; hence the definition of
residence time.

The first ten experimental runs, which are
summarized in Table 2 in the Appendix, gave early
indicaticns that the wet air oxidation prccess would
effectively remove phencl from dilute aquecus scolutions,
but they alsc indicated a2 major problem. Under scme
operating conditions (around 200°C and 1000 psig) phenol
appears to react with oxygen to form phencl tars, which
are dark brown and quite viscous. Early runs in which
no oxyszen was present did not form tars. The tars are

believed to be phenolic polymers, and are very soluble



24

100 1 I T ' ;
, . O - O
AAO
90+t i
2.
;\? 80 _
©
c
™
=
[«
S
S
5 70+ .
; -}
c T=200°C
S Feed = 1400 mg/|
Air = 0-5 f'r3/hr
I. T =20hr
60+ 2. T=05hr _
50 1 1 1 i | ]
9] 49 8 12 16 20 24
-2
Reactor Pressure x 10 (psig)

Figure 2. Conversion vs. Pressure at 200°C for 1400 mg/l Reed

X



25

100 , : ' | '
90} |
80} :
'
=)
c
P
Q
‘S
s 70} _
®
< T=200 °C
S Feed = 3000 mg/|
© Air = O-5 ft/ hr
T=0-5 hr
60} A
] 1 { ] -
500 4 8 12 16 20 24

-2 .
Reactor Pressure x 10  (psig)
Figure 3. Conversion vs. Pressure at 200 C for 3000 mg/l Feed N



loo l .O I | C\LO;/K
O—
2. _

o0 -
. 80 |
*
©
[ =4
[ )
£
G
S
S T7Of 4
ad
< T=250°C
S Feed =1400 mg/I
© Air = O-5 f?/hr

I. T=2-Ohr
2. T =0-
60} O-S he i
50 [l .l 1 '} 1
o] 4 8 12 16 20 24

-2 .
Reactor Pressure x 10 (psig)
Figure 4. Conversion vs. Pressure at 250°C for 1400 mg/l1 Feed

X



27

100¢ ,
90}
< 80}
°
S
X
[«
S
S
= 70
; .
= T=250 °C
S Feed =3000 mg/|
Air= 05 fthr
. T=0-50 nr
2.T=0-33hr
60or 3.C=0-25hr
50 3 [l (] ] 1
o 4 8 12 16 20

-2 .
Reactor Pressure x 10  (psig)
Figure 5. Conversion vs. Pressure at 250°C for 3000 mg/l Feed



23

in methanol, but are only slightly soluble in water at
room temperature. When the tars were produced they
accumulated in and near the ccntrol valve and completely
plugged it on some occasions. Since the disassembly

ahd cleanout of the system is a tedious procedure'every
effort was made tc avoid using operating cdnditions
which would necessitate unscheduled shut-downs. The
only runs which caused serious difficulties were those
in which a relatively high feed concentration (34,000
mg/i phenol) was used. These runs were undertaken in

an attempt to duplicate the results of Shmidt9 but were

" abgndoned because of the tar problem. In Shmidt's

batch reactor the tars would not cause serious problems
because they would Jjust accumulate in the reactor. The
plugging problex which caused shut-downs ¢f the continuous
reaction system would not be enccuntered. For all
subsequent runs the phenol feed concentration was in the
1000-3000 mg/i range because this is the range which
seems to be more typical of plant uaste streamsB.

The experimental results are given in the Appendix.
Figures 2 to 8 are based on these tabulations.

Figures 2 and 3 show the change in phenol ccnversion
with reactor pressure for several runs at ZOOOC. Figures
4L and 5 are the equivalent curves at 250°C. As can be
seen in the figures the percentage of phencl reacted is

usually quite high, especially at the higher temperature.

The results 8t 250°C are more interesting because the tar
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formation is considerably less and hence a practical
application of the wet alr oxidation process would be more
likely to operate at the higher temperéégre. Figure 4
shows that, with a feed concentration of 1400 mg/1,
conversion is very high and quite constant over a
considerable range of pressures. Since conversion is
almost constant, so is the reactiocn rate, and under

these conditions the reaction seems to be chemical rescticn
controlled, i.e. tne rate is limited by the lcow phenol
concentration in the reactor.

The same thing is true of the higher pressure
range of Pigure 5, but at lower.pressures the conversion
of phenol is markedly less. Table 1 compares the
reaction rates at pressures of 800 psig and 1200 psig.
From the table it can be seen that the increase in
reaction rate is approximately half the increase in
oxygen partlal pressure for the three tases cconsidered.
It was postulated previcusly that if the reaction was
controlled solely by mass transfer the overall reacticn
rate would vary directly with partial pressure, i.e. the
ratio of the rates at two different operating pressures
would equal the ratio of the corresponding oxygen
partial pressures. Since it has been shown that tThis is
not so it is apparent that the overall reaction control
mechanism is complex and that it changes at different
operating pressures. In the lower pressure regicn of
Pigure 5 mass transfer seems important because the rate

depends to some extent on the oxygen partial pressure,
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TABIE 1

COKPARISON OF REACTION RATES AT DIFFERENT PRESSURES

Data are taken from Figure 5 and Tables 3, 4, and 6.

Beaction rates are in g-mole/(l-hr).

Total Pressure (psig)

800 1200 T1200/T800
Residence -
Time 0.33 0.07413 0.09344 1.260
(hr)
0.25 0.08918 0.12004 1.346

Partial pressure of oxygen at 250°C, 800 psig = 50 psia
Partial pressure of oxygen at 250°C, 1200 psig = 134 psia
Batio of partial pressures = 2.680

Therefore,

(T3 200/F800? = 0+5 (Py500/P800
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but the relatively low phencl concentration also
influences the réaction rate, so that the control
mechanism in that region is a combination of mass
transfer and chemical reaction control. The higher
pressure region, as was mentioned previously, seems
to be under chemical reaction control.

A further indication that mass transfer is
important at pressures below 1200 psig is given by
Figures 6 and 7. These figures compare the results
from Figure 5 with the results of runs in which the air
flow rate to the reactor was doubled, to l.O;ft%/hr
at conditions. Since the previous air rate.had already
provided considerable excess air (see Appendix), the
additional flow served only to increase the degree of
turbulence in the reactor. The figures show :that
higher conversions were obtained in The lower pressure
range. Since an lncrease in agitation will usually
promote better mass transfer by making more bubble surface
area available for mass transfer, the higher conversicns
found with the higher alr rate indicate that resistance
to mass transfer was lowered.

The effect on reaction rate of increasing the
temperature while holding the pressure constant can be
seen in the results of runs 23 to 28, from Table 3
(Appendix). At 800 psig, raising the temperature from
200°C to 250°C increased the rate by 13.8%. Similarly
at 1500 psig and 2200 psig the increases were 14,.8% and
16.7% respectively. This shows that the reaction is | §§§
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partly chemical reastion contrclled in all pressure
regions and to an increasing degree at higher pressures,
as was stated above. However, the rélatively small
percentage lincreases in reaction rate indicate that,

in the range of temperatures studied, the oxidation
reaction is not too temperature-sensitive.

Figure 8 shows the variation of prhenol conversion
With residence time. At pressures above 1500 psig there
is almost no change in the degree cof conversion with
residence time, while at lower pressures conversicn
drops as residence time decreases. This indicates that
the reaction occurs more rapidly at high pressure and
indeed the residence time coculd likely be reduced to
just a few minutes without experiencing a significant
drop in ccnversion.

If a "resistances in series"™ reaction ccntrol
mechanism is considered (see Appendix) all of the data
poinﬁs for one temperature and air flow rate should fall
on a curve, the shape of which will give an indication
of the reaction order. Figures 9 and 10 are the curves
forxr ZOOOC and 25000, respectively. The data points shown
were calculated from experimental data, while the curve
in each case 1 y = qxz + b, as is indicated in the
Appendix. The intercept is the reciprocal mass ftransfer
product and the slope is the reciprocal reaction rate
constant. The data points fit quite well to the second
order equation curve, indicating that the oxidation

reacticn is approximately second order with respect to

3
RN
e
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phenol.

AT 20000 and lower pressures some acetic acid
producticn was noted on the phenocl analysis chromatograms.
Injections of an acetic acid solution confirmed that the
small peaks observed did represent acetic acid. The
concentration of acetic acid was estimated to be 50-100
m%/i at most. At 25000 and at higher pressures the
production of acetic_acid was negligible. In contrast
with these results Shmidt9 found as much as 6000 mg/l
acetic acid in his treated water. He alsoc found that
formation of acetic acid at ZOOOC was much greater than
at other temperatures. The relatively large amounts
of acetic acid found by Shmidt are principally due to
the fact that his phenol feed concentrations were about
ten times those used in this work,

C.0.D. analyses on the feed and effluent of a run
at 25000 and 2200 psig showed that there was a 95.5%
reduction in €.0.D. from 7304 m%/l to 336 mg/l, while
the phenocl concentration was reduced from 3085 mg/l to
14.8 m%/l, a 99.52% reduction. The theoretical c.0.D.
of the phenol in the effluent was 35.3 mg/l, and the
remaining oxygen demand was created by the small amcunt
of phencl tars which was formed. Shmidt repcrted tnat
in runs in which he achieved 99.99% phencl removal,
to about 3 m§/l, his degree of C.0.D. removal was aboﬁt
98% (to 1800 mg/l). The‘formation of tars and other
soluble by-products must have been more sericus than

in this work because a phenol concentraticn cf 3 m%/l
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represents a theoretical oxygen demand of about 7 mg/1,
and so the remaining portion of the 1800 mg/l C.0.D.
must have been contributed by the by-products.

The gas analysis on a run similar to the one
discussed above showed that both CO2 and CO were formed
during the reaction. The CO2 produced was 0.333 scfh,
or 0.86% of the gas, while the CO produced was 0.012
scfhy, a concentration of 317 ppm. The formation of a
small amount of CO was expected on the basis of Shmidt's
results, even though Zimmermann had found no traces of
it. This indicates that for phenol, even though
considerable excess air 1s provided, phe tenderncy to
form some CO under what would seem to be ideal oxidation
conditions is not supressed completely as it is with
other oxidizable materials such as pulp or sewage wastes.
A materlal balance on this run showing a carbon recovery
of 98.6% is included in the Appendix.

Based on the above results it is possible to
choose operating conditions which are best suited to the
removal of phenol from waste waters. The higher
temperature and pressure conditions definitely give the
best results as they combine a high percentage of phenol
converted with the least amcunt of undesirable by-products,
tars and acetic acid. Because of the small amounts of
by-products the plant effluent would have only a faint
brownish tinge and little odour. Operating at 30000
instead of the 250°C maximum used in this work would

likely provide an even cleaner effluent with a hligher
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rercentage of phenol coverted. This statemenf is
based on Shmidt's resulis.

Direct comparison of the results obtained in
this work with those of Shmidt is not possible without
an analysis which would take into account the two
different types of reactors used. However, under
identical operating conditions the phenol conversion
and percentage C.0.D. removal are essentially the same,
This proves that the oxidation of pheﬁol cani;be conducted
satifactorily on a continuous basis in apparatus which
is not complex.

‘Several fectors must be considered when the
commercialization of the wet air oxidation process for
phenol removal is discussed. In Zimmermann's work the
feed solutions contained as much as 11.4% by weight
oxidizable material while in this work fhe solutions
contained no more than 0.3% phenol. Zimmermann's
publications stress that the production of éxcess steam is an
asset of the process but this does ﬁot hold true with low
feed concentrations because, even though the oxidation
is exothermic, there is not enough heat released to
vaporize significant quantities of water. The oxidation
of phenol in dilute solutions would thus be a net
consumer of energy. However in a situation where both
the volume of waste water and the concentration of
pollutants varied a great deal and where a low and

constant effluent concentration was required, the wet
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alr oxidation prccess would be an alternative to bel
considered because of its relative insensitivity to
residence time and feed concentration, which has been
discussed previously.

There are, of course, many possible combinations
of operating conditions and processes which would be
satisfactory for dealing with a given pollution
situation. For example, a wet air oxidation unit could
bé operated at a moderate pressure in series with
another type of process such as a catalytic'converter.
A catalytic process such as the one pstented by Pope11
would be especially useful because it would handle both
gas and liguid effluents and would convert any CO in
the gas as well as products such as acetic acid which
display resistance to non-catalytic oxidation. The
final choice would have to be based on factors such as
equipment reliability, familliarity with the process,

desired effluent purity, and economics.
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CONCLUSIONS AND RECOMMENDATION:.

1. The wet air oxidation process has been applied to
the continuous oxidation of phenol in dilute solutions
and has been shown to be effective in converting up to
99.5% of the phenol, mostly to carbon dioxide and water.
A méterial balance showed a carbon recovery of 98.6%.

2. The results obtained in this work correspond closely

to those obtained in an earlier batch reactor study9

and
they show that the application of the process in a
continuous flow system, in particular in a continuous
stirred tank reactor, is both feasible and workable,
with possible applications in the field of water
pollution control.

3. The reaction control mechanism is complex. The
results indicate that at pressures of 1200 psig and less
the rate of mass transfer of oxygen to the reaction site
is important in this reactor, while at higher pressures
+the low concentration of phenol in the reactor (due to
high conversion) has more effect on the overall rate.
This is important when a reactor is being specified,
since chemical reaction control makes the purchase of an
agitator unnecessary.

4., It is recommended that further study of the wet

air oxidation process be carried out. Three possible
goals of such research could be: (i) to learn more

2bout the kinetics of the oxidation reaction and

possibly develop a rate expression, (ii) to make a




42

detailed engineefing study of the application of the
process to a specific pollution rroblem in order to
determine if the process is attractive for industrial
pollution control, and (iii) to confirm conclusion
#3 in an actual mixed reactor before full scale use

of the process.
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APPENDIX
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A. TABULATED DATA

The details and results of all experimental runs

are tabulated in the following pages.
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TABLE 6
PARTIAL PRESSURES OF OXYGEN

Temperature (°C) 200 250 300
Vapour Pressure of Water (psia) 225 576 1246

The table below is based on

Temperature (OC)
| 200 | 250 | 300
815| 124 50 ——
Total
Pressure 1215| 208 134 —_—
(psia)
1515(| 271 197 56
2215| 418 344 203

NOTE: The partial pressures of oxygen used are those
at the reactor inlet rather than at the outlet.
This was done because the amount of air supplied
was always much greater than the amount required
for reaction, and so the outlet oxygen concentration
was assumed to be the same as the inlet value
( see Appendix B-2, p. 50-51).
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B. CALCULATION METHODS

1. Stoichiometry

The balanced equation for the complete oxlidation
of phenol is
CSHSQH 702‘-—9 6CO2 + 3320
The molecular weight of phenol is 94. The theoretical
oxygen demand of a phenol solution of concentration

¢ mg/l is

§% x 7 x 32 = 2.4 ¢ ng/1.

2. Calculation of Air Requirement

Consider the air requirement for a run with the

following conditions:

feed concentration 3000 mg/1

feed rate L000O ml/nhr
temperature 250 °c
‘pressure 2200 psig

From above, the theoretical oxygen demand of this solution
is 7140 mg/l. Since the flow rate is 4.0 1/hr, the
oxygen requirement is

7.14 x 4.0 = 28,56 g/hr.
Since air is approximately 23.3% by weight oxygen, the

alr rate must be

28.56 = 122.6 g/hr.
0.233

The density of air at 25°C and 14.7 psia is 0.00141 g/cm3.

The flow rate of alr required is thus

=



51

122.6  _ 86950 em® _ 3.1 £t° at 25° .
0.001%41 = BT - 3 L et 25 C,14.7 psia.

The oir supplied (0.5 ftB/hr at conditicns) was

0.5 5 298 L 2215 _ 42.9 f£t3.
523 7 14.7 hr

It can be seen that considerable excess air was present.

3. Calculations to Check on Shmidt'§9 Claim of Excess Air

Shmidt claimed to have 30-50% excess air present
in each run, but 1t can be shown that this may not always
have been true. He used liquid samples of 100-500 ml:
and filled the remainder of his 1-1litre reactor with
compressed air. The following conditions are typical of
those used by Shmidt: 300°C, 155 étm, 34000 ng/l feed
concentration.

At 300°C, the vapour pressure of water = 1235 psia

84 atm.

Therefore, initial air pressure in reactor = 155 - 84
= 71 atn.

Two sample sizes will be consldered at these conditions.
(a) Liquid = 100 ml, Gas = 900 ml.
At 25°C, the air supplied is m - PV _ 71 x 0.90
BT 0.082 x 29
= 2.62 g-mole
which contains 0.21 x 2.62 = 0.55 g-mole 0,.

The phenol present is 34 x 0.10 = 0.036 g-mole.
9

From stolchiometry, 7 moles of 02 are needed per mole
of phenol; i.e. 0.55 g-mole O2 can convert 0.079

g-mole phenol. Thus there is 117% excess alr in this

case.
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(b) Liquid = 500 ml, Gas = 500 ml.

At 25°C, n =71 x 0.50  _ 1.46 g-mole
air = L g 020 n =

no2 = 0.21 x 1.46 = 0.31 g-mole

B ohenol = 34 ; 0.50 _ 0.18 g-mole

From stoichiometry, 0.31 g-mole 02 can convert

0.044 g-mole phenol.

In this case there is insufficient air.

4, Calibration of the Chromatograph for Phenol Analysis

The chrométograph was left on at all times to
ensure that 1t was operating at steady state. The
operating conditions were:

injector temperature 209°C

column temperature 1428C
detector temperature 207 C

chart speed 12 if/hr
range 107 amp/mv
attenuation

Concentration of calibration solution = 982.04 mg/1
(note that milligrams/litre = panograms/microlitre).
Results of one injection:

sample volume = 1.éb/ul

welght of phenol = 982,04 x 1.20 = 1178.45 ng
peak welght = 0.03652 g

Standardization Value _ weight of phenol gngz
welght of peak (g

L
= 3.23 x 10 ng phenol/g paper
This procedure was repeated several times and an average

result was taken. Thus,

i

average S.V. = 3.31 x 10" ng phenol/g paper

for an attenuation of 4.
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For different attenuations the S.V. is eultiplied
by the ratio of the new attenuation to 4.

5. Phenol Analysis Results
The phencl peaks on the chromatograms were cut
out and weighed and the Standardizaticn Value was used
to determine the phenol concentration in the samples.
As an example, consider run #i6:

feed concentration = 1382.5 mg/l
liquid feed rate = 500 ml/hr

Besults of one injectiocn:

sample volume = 1.65 .«1
peak weight = 0.00035 g
phenol concentration _ peak weight x S.V.
sample volume
= 7.02 mg/l

The average concentration for all injections was 7.34 mg/l.
Percentage conversion _ ‘

= 99.4;%
Phenol flow in = 1382,5 x 0.50

x 100%

= 691.25 mg/hr
= 0.007356 g-mole/hr

3.67 mg/hr

Phenol flow out = 7.34 x 0.50
0.000039 g-mole/hr

Reaction rate (based on volume of reactor) =

0.007356 - 0.000039 _ 0.007317 g-mole
1 1-hr

6. Carbon Dioxide Analysis

The column and operating conditions used are
discussed in the "Experimental" section. The column was
calibrated using a calibration gas which contained 1.06%

CO2 by volume. The chromatograph was equipped with a

3 ml sample loop so 1t was not necessary to use a syringe

A
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To inject samples. The chromatograms were analyzed
using the "cut and weign™ method.

For the calibration gas, the average peak weight
was 0.03030 g. Thus,

Standardization Value _ 1.06 _ _ 34.98 ZCO,
0.0303 g papeT

The following calculations were for run #47.
For the air supply, average peak weight = 0.00110 g,
and so the air was 0.0385 % CO,.
For a gas sample, average peak weight = 0.02581 g, and
so the effluent gas was 0.903 % CO,.
CO> produced in reaction = 0.903 - 0.0385 = 0.865 % of gas.
The gas flow rate was 0.5 £t3/hr at comditions (i.e.
38.54 scfh), so CO, produced in reaction =
0.00865 x 38.54 = 0.333 scfh.

7. Carbon Monoxide Analysis

The same sample loop and chromatograph were used
for CO analysis as were used for CO2 analysis. The
calibration gas was 0.97 % by volume CO in nitrogen.

For the calibration gas, the average peak welght
was 0.02200 g. Thus

Standardization Value _ 0.97 _ 44.09 %Co

02200 ~ g paper
at attenuation 2.
The following calculations were for run #u7.

No CO was detected in the air supplye.

For a gas sample, at attenuation 1, the average peak
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welght was 0.00144 g, and so the effluent gas was
0.00144 x 44.09 = 0.0317 % CO, or 317 ppmn.
The gas flow rate was 0.5 ft?/hr at conditions (i.e.
38.54 scfh), sc CO produced in reaction =
0.000317 x 38.54 = 0.0122 scfh.

8. lMaterial Balance for Bun #47
Phenol feed concentration = 3047.4 mg/l
Liquid feed rate = 2200 ml/hr

Therefore, phenol feed rate 2.200 x 3.047

€.703 g/hr

Conversion of phenol was 99.52 %, i.e. 6.671 g/hr were
converted.
COp production was 0.333 scfh.

Density of CO, at 25°C, 1 atm = 1.811 g _ 51.279 -3
1
£t

0.333 x 51.279

Thus, CO2 produced in reacticn
17.076 g/hr

Based on stolichiometry, this represents a consumption of

17.076 4 _ 6.080 g _phenol.
X E%E = hr |
CO production was 0.0122 scfh.

Density of CO at 25°C, 1 atm = 1.145 g = 32.419 &y
1 ft
0.0122 x 32.419

Thus, CO produced in reaction
0.396 g/hr

Based on stoichiometry, this represents a consumption of

0.396 4 _ 0.222 g phenol.
x I%E = hr
Total phenol converted to gaseous products = 6.302 %5 .

This leaves 6.671 - 6.302 = 0.369 g/hr phenol which was
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converted to by-products such as tar and acetic acid.
Thlis fact is confirmed by the characteristics of the
effluent: it had a slight brownish discoloration and
had a slight odour of acetic acid.

A quantitative confirmation is given by thé results
of the C.0.D. analysis: the effluent C.0.D. = 336 mg/1.
Therefore, C.0.D. due to phenol unconverted =

14.652 x 2.38 = 35.90 mg/1.
Now, the 0.363% g/hr of phenol which was converted to tars
and acid represents a concentration of 168 mg/l1 phenol.
The theoretical oxygen demand of this: would be

168 x 2.38 = 400 mg/l.
Since the dichromate C.0.D. method does not pick up
acetic acid, the measured C.0.D. of 300.9 mg/1 for the
by-products is very reasonable.

A carbon balance shows:

carbon in (as phenol) = 6.703 4 %% = 5.134 %E

carbon out - as CO, = 17.076 L 12 _ 4.658 g_

oL = hr

- as C.0.D. (assumed as phenol)
0.336 1 . 2.21 _72
§x358* hr X %E
Total carbon out = 5.064 g/hr
Percentage recovery = 5.064 100 % = 98.6 %.
erc & 2.13 x
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This assumes that the C.0.D. of tars is the same as that
of phenol. In fact the tars will Probably be partly
oxygenated, which will reduce the C.O.D. However, since
some acids, notably acetic acid, are not picked up by
the C.0.D. analysis, this allows for the assumption

made above.

9. The "Besistances in Series" Reaction Control Mechanism
The overall reaction control mechanism involves
both mass transfer and chemical reaction, and these
effects can be combined and studied together. The
equation for mass transfer is (with the rate in mole/hr)
rate = k a V (c* - cg).
Assuming a first order relationship for phenol, the
chemical reaction equation is
rate = kp V Cr, cphenol'
Since the two rates are identical these equations can be
combined by eliminating cr, to give

rate = c¥* o
1 1

=— +
ka KzCphenol

Using Henry's Law and inverting, this becomes

b
02 i = .1—_ + 1 .
rate x H ka kacphenol

This egquation can be plotted and it will indicate the
true dependence of rate on phenol concentration. To be
completely general it would have been better to assume

an nth order relationship above, but the assumption of
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first order merely simplifies the mathematics.

A small computér Program was written to do the
calculations and it was combined with a 1eaét squares
fit program. The Eenry's Law constant data were taken
from Himmelblau12 ard all other rate and concentration
data from Tables 2 to 5.

The results of the computations at 200°C and 250°C
are plotted in Figures.9 and 10 respectively (see Results
and'Discussion). The curves are least sgquares fits of
the data and are based on slopes and intercepts calculated
by the program. It can be seen from the Figures that the
reaction is definitely not first order in thenol
concentration, but is closer to second order, as the
curve plotted in each case is y = mx2 + Db

The correlation coefficients computed by the program
were, for a linear relationship, C.9149 for 200°C and
0.916C for 25000. Similarly, for a second order equatioﬁ
they were 0.9649 and 0.9610 respectively. For third and
fourth orders at 250°C the coefficients were 0.9597 and
0.9763, so it can be seen that using an order higher than
second is of no advantage. The standard estimate of error
for the 250°C curve was 0.8834.

The slope of each curve is the reciprocal of the
reaction rate constant, and the intercept is the reciprocal
of the mass transfer product.

Te activation energy E can be estimated from the

two slopes:

8

at 250°C, slope = = 2.66 x 107

N NI—‘\

R




559

ky = 3.76 x 107

at 200°C,slope = 1.19 x 10~7

6

Using Arrkenius’® equation,
k-q = l% exp (-E/RT),
the activation energy 1s calculated to be
E = 14,857 cal/mole
and this is a reasonable value for this type of react10n19.
The increase in mass transfer coefficient with
temperature can also be estimated. The intercepts from

Figures S and 10 are, respectively, 6.25 and 0.10. Thus
at 250°C, 1_ = 0.10 and ka = 10, and

ka

at 200°C, 1 = 0.25 2nd kz = 4
ka2

le) k250/k200 = 2.5.

The mass transfer coefficient can be estimated from
k& D (Re)0? (5¢)0-°3,
Reducing all terms to the relevant variables TD“’ andf ’

(using tqe Stokes-Einstein equation), we get
O 66 .16
X 4 T 7 < fp 7
ﬂ' o\
Insertlng the corresponding values in the above
relationship gives
This result compares favorably with estimate above.
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