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Investigation of the Applicability

of Wet Air Oxidation to the Treatment
of Hazardous Organic Wastes

(Proposal P-3470/G)

for

\
AY

Environmental Protection Service
Environment Canada

Ottawa;thcario

1. SUMMARY

The applicability of wet air oxidation to the destruction of
- . ! . (|
specific hazardous chemicals contained in aqueous waste water streams

was investigated.

Three specific compounds were chosen as examples of hazardous

organic materials cdntaining‘chlorihé, nitrogen and sulfur. These
were: S
- : Pentachlorophenol ~ PCP
Mercaptobenzothiazole - MBT ' S
/ P X
Diphenylamine - o DPA -

Destruction efficiencies .of these compounds of greater than
99.9% were achieved in wet oxidation' tests on streams consisting of both -
pure chemicals in water, and these same compounds as components of

industrial waste streams.

Gas Chromatography/Mass Spectrometry (GC/MS) techniques were
used to analyse both the starting compounds and the breakdown products
from the oxidation reaction. Tracé quantities of chlorinated organics

were measured\in the effluent from the oxidation of pentachlorophenol.
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.The majority of the chlorine appearéd as inorganic chloride ion in the

effluent. The major nitrogen containing breakdown products from the
oxidation of both mercaptobenzothiazole and diphenylamine were aniline and
nitrobenzene. No organic sulfur by-products were detected in the effluent

from the oxidation of mercaptobenzothiazole.

Both aniline and nitrobenzene are steam strippable, and would,

therefore, be removed from the aqueous solution as they are formed.

=Oxidation in the wet oxidation process occurs only in the aqueous phase.

Temperatures and pressures are insufficient for efficient gas phase

oxidation to occur.

It was concluded that wet oxidation would be an effective process
for the destruction of the hazardous waste components studied. It was
further concluded that no hazardous by-products were formed from the
oxidation of pentachlorophenol, and that the only significant by-products
of the oxidation of mercaptobenzothiazole and diphenylamine were aniline
and nitrobenzene. Increasing reactor pressure and catalytic oxidation

of the vapour phase are suggested as methods of eliminating these

Wik

Assistant Research Scientist
Dept. of Environmental Chemistry

by-products.

- ———

, y
A/ —< N
R. G. W/ Laughlin

N Assistant Director
HR/RGWL/1id ' Dept. of Environmental Chemistry

April 11, 1981



2. INTRODUCTION

Public concern over the safe treatment and transport of
hazardous material has been increased by events such as the leaching of
chemicals from the Love Canal chemical disposal site and the 1979
Mississauga train derailment. Management of hazardous wastes is
improving, but the need for effective methods for detoxifying hazardous g

organic wastes economically still exists.

In responding to this need, lists-of hazardous chemicals or °
pollutants have been éstablished by various‘regulatory authorities in
both the United. States and Canada. In conjunction with chemical lists,*':
the United States Environmental Protection Agency has defined sources and

processes which generate these hazardous materials.

\
A task force on Hazardous Waste Definition, commissioned by -
Environment Canada, has been established to more thoroughly define and
investigate hazardous waste types as well as the processes producing

them. The term '"Hazardous Waste' has been defined by this task force

w,

as follcws

"Waste is any substance for which the owner/generator
has no further use and which he discards.

Hazardous wastes are those wastes, which, due to their
nature and quantity, are potentially hazardous to human
health and/or the environment which require special

,disposal techniques to eliminate or reduce the hazard."

v IR
Many of the wastes which may be defined as hazardous are organic.. .

It is to the destruction of these waste materials that this study

addresses itself.

The destruction of organic compounds is achieved by oxidizing
them to form, ideally, carbon dioxide, water and inorganic forms of
nitrogen, sulfur and/or chlorine. Established oxidation processes to

realize this end include:

[ Chemical oxidationA(using chemical agents such as ozone
or hydrogen peroxide)

® Biological oxidation



° Wet air oxidation

. Incineration

The choice of the process best suited to treat a particular
waste depends upon the concentration and nature of the materials. For
very, very low concentrations, chemical oxidation may be economically
feasible. For rather stronger wastes, biological oxidation may be the
preferred route, providing the species existing in the waste stream are
not toxic to the bacteriological colony employed. For very concentrated
wastes (say greater than 30% by weight of oxidizable species), incineration
may be considered as a method of disposal. This approach may not be
acceptable if high concentrations of chlorine, nitrogen or sulfur are
present in the waste stream. These elements may give rise to unacceptable

levels of air emissions from the incinerator.

For concentrations of waste between 1% and 30%, the cost of
chemicals for chemical oxidation or the long retention times required for
biological oxidation make both these processes expensive. Likewise,
prior to incineration of such a stréam, a proportion of the water must be
evaporated, or sufficient fuel must be used in the incinerator to sustain
combustion of these low level wastes. Both these approaches are

expensive.

Wet air oxidation is best applied to streams containing between
about 1 and 257% by weight of oxidizable material. Work has been undertaken
on wet oxidation of sewage §ludge, spent pulping liquors, and a number of
other industrial wastes. The aim in these investigations was to determine

the reduction in oxygen demand (COD, BOD) of the waste stream which can be

rachieved by the application of the wet air oxidation process to these

wastes, the oxygen demand being the major detrimental effect of introducing
such a waste stream to the environment. Less attention has been paid in
these investigations to the fate of individual chemical species through the
oxidation reactions. While gross reductions in COD or BOD of 75-90%

are often acceptable in the wet air oxidation of wastes, these are
unacceptable levels of destruction for chemicals which are regarded as

hazardous.



©230°C and 4 MPa pressure. Vapour and liquid phases are withdrawn
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Earlier work at ORF has examined the wet oxidation of a few

specific chemicals. Overall destruction efficiencies for these are
given in Table 1. These show quite high efficiency for the destruction
of these species. There was, however, insufficient attention paid to

determining what the reaction products were from the oxidative destruction

of the specific chemicals tested.’

One of the advantages of the wet oxidation approach to hazardous,
waste treatment is the fact that the inorganic elements, sulfur, chlorine
and Eitrogen, are retained in-solution rather than giving fise to air
pollution problems. Sulfur is cﬁnverted to sulfate salt or sulfuric
acid, chlorine to a chloride salt or hydrochloric acid and nitrogen ends
up as ammonia. While the process has not destroyéd these elements, they
are more easily handled in a solution form than if they are emitted to the
air stream‘to which an air pollution control process must be applied.

Ontario Research have, for the past 8 years, been investigating

(R

a specific wet air oxidation process known as the Wetox Process. The
reactor design utilized in this process allows for qptimum mass transfer
of oxygen to the oxidizable species at minimum temperature éﬁd pressure.
The reactor design is a horizontal cylindrical compartmented vessel, with
stirring in each compartment, which performs as though it were a series
of continuous stirred tank reactors. Typical operating conditions are

/
separately from the reactor allowing for concentration of non-oxidizable

species in the liquid phase. A more extensive description of the Wetox

process is given in Appendix A to this report.

A



3. PROGRAM OBJECTIVES

The overall objective of the program was to assess the
applicability of the wet air oxidation system, specifically the Wetox
process, for the destruction of hazardous organic materials. More

specific objectives of the experimental program were as follows:

(i) To determine the destruction efficiency of the Wetox
process treating three specific hazardous chemicals.
(ii) To determine the by-products generated from incomplete
combustion of the three compounds.
(iii) To determine the fate of each specific toxic chemical

contained in an industrial waste stream.



4. WASTE SELECTION AND IDENTIFICATION

Selection of the three hazardous organic chemicals for testing
under this program was based on a number of criteria which were divided

into two major categories as follows:
(1) External Selection Criteria

° Material must be hazardous

° Material must be fairly prevalent in industry, and,
therefore, be a potentially problem po}lutant

. Material should be characteristic of a range or class
of compounds (viz chlorinated organic, nitrogen

containing organic, etc.)
(2) Internal Selection Criteria

° Personnel safety

. Soluble or miscible in water. This criterion was
considered important tc minimize any physical problems
in withdrawing samples for analysis. (This is not a

fundamental limitation of the wet air oxidation technology).

The three chemicals which were selected for evaluation in

‘ the program were:

1. Pentachlorophenol (PCP) [a chlorine containing waste]

2. Mercaptobenzothiazole (MBT) [a nitrogen + sulfur
containing waste]

3. Diphenylamine Hydrochloride (DPA) [a nitrogen

containing waste].

Difficulty was experienced in attempting to get permission to
obtain samples of industrial waste streams containing either MBT or DPA
within the time frame of this program. As a compromise, a mixed organic
waste stream was secured from a large chemical producer. Commercial
grade MBT or DPA was then artificially added to this sgream, thus

simulating a waste stream containing these compounds.
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- For the remainder of the program, the material being investigated

will be identified as follows:

The Pure Compounds:

Starting Chemical

Oxygen Demand (ppm)

Abbreviation Chemical Formula Measured COD/TOC Batch Semi-Batch
Pure PCP C6C150H 2.1 5,960 8,860
Pure MBT C7H5NS2 3.6 6,300 16,000
Pure DPA (C6H5)2NHJHC1 3.7 6,000 16,300

The Waste Streams Containing the Pure Compounds:

Concentration . .
of "Active Starting Chem?cai)Oxygen Demand
Waste Stream Ingredient EE
Abbreviation (ppm) Batch Semi-Batch Pilot Plant
Chemical Waste* - - - -
PCP Waste v 847 (Batch) 6,000 4,000 v 4,200
v 400 (Pilot
Plant &
Semi~Batch)
MBT Waste 1,000 5,460 20,060 45,000
DPA Waste 1,000 5,650 20,250 45,000

*Received from chemical producer” at

MBT Waste and DPA Waste.

COD 185,000 ppm.

Contained in



5. EQUIPMENT & EXPERIMENTAL PROCEDURES

5.1 Wetox Testing Program

The selected pure organic chemicals,and the respective waste
streams containing them, were investigated using three different reactors.
Test procedures and experimental details for each are outlined individually

in the following three sections:

5.1.1 Batch Scale Testing

The two-litre batch autoclave and its operation is
described in Appendix B. This unit is capable of operation to a maximum
temperature of 280°C. Starting COD concentration is limited to about

6000 ppm because of the unit's batch mode of operation.

' Performances of the wet oxidation reaction were monitored via
COD, TOC and inorganic chloride ion analyses as the following process

conditions were varied:

Pressure (2.7 - 9 MPa)

Temperature (200° - 280°C)

Reactor Residence Time (5, 15, 30, 60, 90 minutes)
pH Adjustment (As received and at pH v 2) (~
‘Catalyst Add;tion (Copper as Cu0Q) lbO'QN(f

Effluent samples from tests which showed the greatest reduction
in COD and TOC were then subjected to a detailed organic analysis for an

evaluation of the intermediate reaction by-products and unoxidized species.

5.1.2 Semi-Batch Experiments

Semi-batch tests were undertaken to provide a
confirmation of the optimum reaction conditions established during the
batch-scale testing portion of the program. The 10 litre semi-batch

system is described more fully in Appendix C.

Conditions for all semi-batch tests in this program were 240°C,

625 psi for a 60-minute residence time. Samples were extracted for

.analysis at 5, 10, 15, 30 and 60 minutes.



5.1.3 Continuous Flow Pilot Tests

The mobile continuous flow reactor simulates completely
a full-scale Wetox process for industrial and municipal wastewater
treatment. Operation of this unit is discussed in more detail in

Appendix D.

Only the industrial waste streams containing the hazardous
organic chemicals were tested in this unit. Three tests were performed

on PCP waste and two on each of MBT waste and DPA waste.

Besides providing a confirmation of the results obtained from
the batch and semi-batch experiments, these tests were useful in
determining the split of organic contaminants between the liquid and
gaseous phases. In addition, some of the reaction kinetics required for

the design of the Wetox system were developed.

5.2 Analytical Methods

The performance of the Wetox process in the treatment of
hazardous organic materials was monitored via a variety of parameters.

Measurement of these parameters was divided into two general classes:

e Routine Analyses

e Detailed Organic Analyses

5.2.1 Routine Analyses

Two different, but interrelated parameters were used
to characterize the organic fraction of the waste. These two were as

follows:

(1) Chemical Oxygen Demand (COD) - Measurement of the oxygen
demand concentration of a waste stream.
(ii) Total Organic Carbon (TOC) - Measurement of the organic

carbon concentration of a waste stream

Chloride ion concentration was the only inorganic parameter

used in the program. This measurement was performed only on pure PCP.
Details of these analytical techniques can be found in

(2)

Standard Methods for the Examination of Water and Wastewater
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5.2.2 Detailed Organic Analysis.

The analytical scheme involved the analysis of those
ycompounds that could be partitioned into an organic solvent using batch
liquid/liquid extraction (BLLE). The procedure used involves extraction
of a suitable aliquant of the aqueous sample with én organic solvent at
two different pHs, in order to,éoncentrate these so-called semi-volatile.
components into acidic and base neutral fractions. Each fraction has its
own constraints in analysis by gas chromatography (GC) and GC-mass

spectrometry (GC-MS) and are, therefore, analyéed separately.
(1) Extraction . )
The following pure compounds:

(a) Pure DPA
(b) Pure MBT
(¢) Pure PCP

and the following waste streams:

(a) Chemical Waste
(b). PCP Waste
(c) DPA Waste
(d) MBT Waste

after Wetox treatment (batch, semi-batch and pilot plant) were received
1

-in glass solvent bottles (4L capacity). The BLLE procedure followed is

detailed as follows:

A sample aliquanﬁ (1 L) was transferred to a clean amber glass
bottle (4 L capacity) containing a teflon stirring bar (2") which was used
to stir the sample at maximum stable speéd. ‘The pH of the solution was
adjusted to 11 or greater using sodium hydroxide (6N). Three solvent
extractions, each of 40-minute duration, were made using 200 mL, 100 mL

and 100 mL of methylene chloride (CHZCl gedistilled). The solvent

2;
was removed after each extraction with the aid of a separatory funnel

(2 L capacity). The combined solvent extracts were.concentrated on a
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rotary film evaporator (RFE) to a small volume (= 5 mL). The concentrate
was transferred to a smaller RB flask (25 mL capacity), at which time it
was dried by passage through a small’plug.bf anhydrous sodium sulfate.

The dried solution was concentrated by RFE to a small volume (= 5 mlL)

and then transferred to a volumetric flask (10 mL) and made up to tHe

mark with CH.C1..

2772

The pH of the aqueous phase was next adjusted to 2 or less
using hydrochloric acid (6N). The solution was serially extracted with
CH2C12 and the extracts treated as described above. The acidic extracts
were all esterified with diazopethane (CH2N2; prepared from -DIAZALD*) as
follows:

The extract was concentrated to incipient dryness and any
residue dissolved in methyl alcohol (anhydrous; 1 mlL). Excess CHZNZ/

ether was added to the solution and left at room temperature for 20 minutes.
The reaction mixture was transferred to Kuderna-Danish apparatus and

concentrated to a small volume’(l mL or 0.5 mL).

(ii) Gas Chromatography

Aliquots of the BLLE were taken for gas chomatographic analysis.

‘A Varian Model 3700 gas chromatograph was used with the following GC

parameters:
1. Base neutrals:

Column: 0.5 m x 2 mm glass containing
5% OV-101 on Chromosorb G
(HP; 100/120 mesh)

Column Temperature: 70°C - 250°C @ 15°C/min
Injector Temperature: 250°C
Detector Temperature: 350°C

(T)

*DIAZALD (N-methyl-N-nitroso-p-toluene sulfonanide) a product of
Aldrich Chem. Co. Ltd., Milwaukee, Wisconsin, U.S.A.



Detector:

Flow rates:

2. Acidics (esterified):

Column:

Column Temperature:

Injector Temperature:

Detector:

Flow rates:

- 13 -

FID
N2 = 25 mL/min
H2 and Air adjusted for maximum

sensitivity

1.8 m x 2 mm glass containing
30% 0OV-17 on Chromosorb G
(BP; 100/120 mesh)

70°C - 320°C @ 8°C/min

350°C

FID

N, = 25 mL/min

2

H2 and Air adjusted for maximum

sensitivity

(iii) Gas Chromatography - Mass Spectrometry (GC-MS)

The GC-MS instrument used was a Hewlett Packard Model 5992 B

equipped with a desk top calculator (9825A) with a flexible disk system

(9885).

The GC parameters used for the GC- MS analyses were the same as

detalled under the GC section.

The identifications made are of a tentative nature in most

cases since standard compounds were not available for analysis on the

system.

Identifications were based on manual interpretation of the mass

spectra followed by reference to the Compildtion of Mass Spectral Data

(and supplements) of A. Cornu and R. Massot

(3)

Where standards were

available for confirmation, positive identification was achieved from

the relative retention time in the GC profile and the matching mass

\

spectrum.
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6. RESULTS AND DISCUSSION

For the reader's convenience, this. section is divided into

three separate parts corresponding to the three materials studied:

Pentachlorophenol
Mercaptobenzothiazole -

Diphenylamine

6.1 Pentachlorophenol (PCP)

6.1.1 Pure PCP

Ten batch-scale experiments and three semi-batch
experiments were performed on reagent grade PCP. It was necessary to

add sodium carbonate to promote the solubility of PCP in water.

A summary of the ultimate COD and TOC destruction, effluent
COD/TOC ratios, and PCP destruction based on.chloride ibn generation, for
all of the trials is presented in Table 2. From this table, it can be
seen that temperature had a marked effect on COD and TOC reduction. This
effect, for three temperatures, is tabulated in Table 3 and presented

graphically in Figure 1.

Sulfuric acid addition (to a pH = 2) appeared to promote the
destruction of COD and‘TOC of the pure PCP. At a 90-minute residence
time, COD and TOC reductions were about 65.6 and 78.6% respectively,
compared with reductions of 51.3% and 57.9% without acid addition. The
addition of copper; a proven catalyst in wet oxidation, also promoted the
oxidation reaction. Thé effect of these two parameters on the combustion

efficiency of pure PCP is presented in Table 4 and in Figure 2.

From Table 2, it can be seen that addition of both copper and
sulfuric acid further enhanced the COD and TOC destruction. However,
PCP destruction (based on chloride ion generacién) in this test was only
547%. Similarly, oxidation of pure PCP at pH ~ 2 without copper liberated

only 467 of the available chlorine aé chloride ion. In contrast to this
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result, PCP destruction, as measured by chloride ion generation, in the

test on pure PCP with copper only was apparently 99.4%.

J

Because of these curious differences, detailed organic analyses
were performed on two effluent samples. The results of these analyses
are presented in Table 5A (Acidic Extraction*) and Table 5B (Basic

Exfraction*). From Table 5A, it can be seen that 6.5 ppm of PCP was

remaining in the Wetox effluent from pure PCP with copper only. Conversely,

the effluent from pure PCP with CuO and acid still contained 364 ppm PCP.
This corresponds to a PCP destruction of 99.94% and 96.89% for pure

PCP/Cu0 only, and pure PCP/Cu0 + acid, respectively.

\

The semi-batch tests indicated much greater reductions in COD
and TOC than were achieved during the equivalent batch-scale experiments.
This disagrees with the amount of inorganic chloride liberated, which was,

in all three semi-batch tests, less than 50%. .
\

Three possible explanations for the apparent difference in

destruction efficiencies between batch and semi-batch test results were

examined:

(1) . Oxygen concentration in the batch reactor was inadequate
for completion of reaction. ‘The semi-batch unit, with
continuous oxidant flow,would not have this potential \
oxXygen starvation condition.

(ii) - Steam strippable or highly volatile compounds were

\

swept out of the semi-batch reactor and not recondensed
back in during reaction.

(iii) Sublimation of the PCP (or by-product of it) on the inside

walls of the semi-batch autoclave. Because of this reactor's
configuration, it is very difficult to observe and clean
inside. However, the "open pot'" design of the batch reactor

makes it accessible for easy cleaning and visual observation.

*See Section 5.2.2.
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Visual observation of the semi-batch autoclave revealed
some material adhering to the inside walls. Also, detailed organic
analysis in subsequent tests revealed organic chlorine contamination
(where none should have been present). Therefore, it was concluded
that PCP, or some chlorinated by-product of it, was subliming to the

walls of the autoclave.

Detailed organiﬁ analyses were performed on semi-batch effluents
from the wet oxidation of pure PCP with copper, catalyst and pure PCP
with copper énd acid. The results of these analyses are presented in

Tables 5A and 5B.

It can be seen from Table 5A that residual concentrations of
409 ppm PCP and 447 ppm PCP were measured with wet oxidation effluents
of pure PCP (Cu0) and pure PCP (CuO + Acid) respectively. These
represent PCP destruction efficiencies of 97.65% and 97.43%. Because
of the previously discussed difficulties associated with the sublimation
of the PCP in the semi-batch reactor, these results did not correlate

well with the results from the batch tests.
6.1.2 PCP Waste

A summary of the ultimate COD and TOC removals from

the eight batch and three semi-batch tests are presented in Table 7.

The effect of temperature on the destruction of COD and TOC of
PCP waste is tabulated in Table 8. COD destruction versus time at

various temperatures is shown graphically in Figure 3.

Sulfuric acid added to the PCP waste (to pH v 2) appeared to
have no effect on the COD and TOC reduction. Copper catalyst, however,
increased the COD and TOC removals by about 6%. The effect of these
two additives on the combustion efficiency of PCP waste is given in Table 9

and Figure 4.

A detailed organic analysis was carried out on the effluent from
the oxidation of PCP waste with copper oxide catalyst. Results of this

analysis are given in Tables 5A and 5B..
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The initial concentration of PCP in the PCP waste was v 847 ppm.

After wet oxidation, the PCP content was 0.6 ppm (see Table 5A). This
suggests a PCP destruction of 99.937%.

The results obtained from the semi-batch wet oxidation of PCP

' waste were comparable, within experimental error, to those obtained

during the equivalent batch tests. A detailed organic analysis was
performed on the effluent from the oxidation of PCP waste with CuO.

These results are presented in Tables 6A and 6B.

The initial PCP concentration in this sample was "~ 400 ppm.
From Table 6A, it is evident that 5.7 ppm of PCP is remaining. This

corresponds to a PCP destruction of 98.6%.

Three continuous flow pilot plant tests were undertaken in the

unit described in Section 5.1.3.
The three tests were:

(1) PCP Waste, no addition
(2) PCP Waste, + 200 ppm Copper (as CuSOa)

(3) PCP Waste, + Copper + HZSO4 - pH = 2

The performance of a continuous flow system can be predicted
from the reaction kinetics obtained from batch-scale testing. A
graphical technique, established by R. W. Jones(a), was employed in this

program to predict COD and TOC reductions in the 4-10 continuous flow
reactor. A more detailed presentation of this method is given in

Appendix E.

A comparison of the COD and TOC removals predicted by the
Jones method and those actually achieved is tabulated in Table 10 for
PCP waste with copper. Figure 5 also gives the COD reduction versus

time predicted and achieved.

A detailed organic analysis was performed on the liquid and
vapour phase effluents from the continuous flow experiment on PCP waste
with copper. Results of this analysis are presented in Tables 11A and
11B. Based on a starting PCP concentration of ~ 400 ppm, a destruction

efficiency of 97.6% of PCP was achieved.
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Detailed operating conditions and results of the three waste

PCP continuous flow pilot plant tests are given in Appendix E.

t

6.1.3 Discussion

\PCP destruction in the batch Wetox reactor, in the
presence of a copper catalyst, was about 99.947%. When contéined in an
industrial waste stream under equivalent process conditionms, PCP
destruction was about 99.93%.  Sulfuric acid addition (to pH v 2)
appeared to reduce the destruction of PCP, and, at the same time, increase

the production of other chlorinated organic species.

Results from the semi~batch testing of pure PCP were unreliable
because of suspected sublimation of PCP on the walls of the semi-batch

autoclave. .

Continuous flow and semi-batch testing oﬁ,PCP waste with copper
catalyst resulted in slightly lower destructions of PCP (v 97.6% and
98.58% respectively) than were observed during the equivalenﬁ batch
experimenﬁs. In addition, concentrations of other freaction by—producté

were lower in the batch system.‘

It can be seen from Table 11A that about one third of the
effluent PCP is cont;ined in the vapour phase. This material is not
subject td further oxidation. In the batch reactor it is very probable
that the PCP in the vapour space would be absorbed back into the liquid
phase.' In contrast, the dynamic natures of the semi-batch and continuous
flow systems may inhibit the absorption of the PCP back into the liquid
fracgion. It follows, therefore, that the PCP destruction in the batch

unit would be slightly greater.

It would be expected, therefore, that decreasing the amount of
steam generated would ;ncrease the destruction efficiency of PCP. This
can be achieved by increasing total reactor pressure. However, due to
equipment pressure limitations, it would not be verified in this

program.
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6.2 Mercaptobenzothiazole (MBT)

6.2.1 Pure MBT

) Six bagch and two semi-batch tests were performed
on reagent grade MBT. A summary of the results from all of these
experiments is presenﬁed in Table 12. It can be seen from this table
that the COD reduction is, in all experiments, greafer than the TOC.
reduction. | This suggested that the organic sulfur and nitrogen was

il
oxidized preferentially over the carbon in the compound.

’

Wet oxidation temperature had a pronounced effect on the
achieved destruction of COD and TOC. Results of experiments carried
out at 200°, 240° and 265°C are tabulated in Table 13 and presented

graphically in Figure\6.

Pure MBT is soluble only in alkaline solutions. Therefore, .
tests with sulfuric acid addition were not undertaken with this material.
Copper catalyst was added, however, and the effect of this catalyst on

the results is given in Table 14 and Figure 7.

Detailed organic analyses on the effluent from this test are
provided in Tables. 15A and 15B. - No MBT was‘detected in this sample

following wet oxidation, suggesting, therefore, 100% destruction efficiency

of MBT.

The semi-batch test on pure MBT with no addition gave results
which were consistent with the batch ﬁest results. However, much
reduced COD and TOC destructions were observed in the semi-batch experiment
with copper catalyst relative to the éqUivalent batch test. Additional
tests were undertaken to verify this anomaly. Evidently, COD and TOC
\removals were consistent between ,the batch and semi-batch system for the
first fifteen minutes of reaction. However, beyond this pcint, COD
reduction’' increased by about 20% in the batch system compared with only

2% in the semi-batch reactor.

v

The only plauéible explanation for this discrepancy that can

be offered is that oxidation by-products of pure MBT with CuO were more
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volatile (or steam strippable) than the by-products of pure MBT without
CuO. Tﬁese materials would remain in the vapoﬁr space and, thus, not

be subject to further oxidation. Due to the dynamic nature of the semi-
batch system, this would be more likely to occur than in the batch

system.. -

:j_Results of a detailed organic analysis performed on the effluent
from the semi-batch oxidation of pure MBT with CuO is presedted in
Tables 15A and 15B. It can be seen from Table 15B that MBT was not

detected, in this sample.
6.2.2 MBT Waste

o ‘ Eight batch tests were performed on one litre samples
of chemical:-waste to which 1000 ppm reagent grade MBT was added. A

Summary:of all'0f the results is tabulated in Table 16.

}Increésing the temperature from 200°C to 240°C significemety
increase&:the reduction of COD and TOC. Beyond this point, however,
temperatufe,héd little effect on the reaction. The effect of temperature
on the_dombustion efficiency of MBT waste is presented in Table 17 and

Figure 8. .

”Q Ai;hough copper catalyst had a substantial effect on the
destructioh_of'COD and TOC of the pure MBT, it apparently had virtually
no effect-on the destruction efficiency of COD and TOC in the MBT waste.

Howeverf‘the,COD contribution of MBT to the total COD of the waste mixture

S X
.was only. about 30%. Thus, the increased destruction of COD and TOC

associatéd~w1th the addition of copper to pure MBT may be masked by the

effec:_of.cobper on the wet oxidation of the chemical waste.

Reducing the pH of the MBT waste to two almost doubled the
reductidn1of>COD and tribled the reduction of TOC. Because tests were
not undertaken on pure MBT with sulfuric acid, the actual effect of acid

on the destruction of MBT only could not be ascertained.
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The effect of copper catalyst and sulfuric acid on the
combustion efficiency is given in Table 18 and presented graphically

in Figure 9.

The results of the detailed organic analysis performed on the
effluent from the wet oxidation of MBT waste with copper are presented

in Tables 15A and 15B. It can be seen from Table 15B that no MBT is

detected in this sample. Thus, essentially 100% of the MBT is destroyed in

the Wetox process., ‘ -

Three semi-batch experiments were carried out on MBT waste.

The initial COD concentration of the material was greater than that used

for the batch experiments. However, the same quantity (1000 ppm) was
added to the chemical waste in each reaction. Therefore, the COD

contribution -of the MBT to the total COD of the MBT waste was lower in the

semi-batch unit than the batch unit. This imbalance was taken into account

in comparing batch and semi-batch results. With this correction, it was
found that the results of the semi-batch tests of MBT waste (no addition)

and MBT waste (Cu0) correlated well with the equivélent batch experiments.

One test was performed with sulfuric acid in the semi-batch
reactor. The COD and TOC removals were substantially lower than those
observed during the batch experiments. The acid apparently either
increases the volatility of components of the chemical waste or promotes
the production of volatile components:during the wet oxidation reaction.
These volatile (or steam strippable) components were carried into the

vapour space for the duration of the reaction, and, therefore, were not

subjected to further wet oxidation. Subsequent continuous flow experiments

confirmed this’explanation. The measured concentration of COD and TOC
in the vapour phase was five times greater in the test on acidified waste,

than the test undertaken without acid added.

To be consistent with batch testing, a detailed organic analysis

was done on MBT waste, semi-batch with CuO catalyst. The results of this

3

analysis is presented in Tables 15A and 15B.
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The two continuous flow pilot plant tests which were carried

out on MBT waste were:

(i) MBT waste with CuO

(ii) MBT waste with CuO + H,S0, ~ pH = 2

A comparison of the COD and TOC reduction predicted from batch
kinetics using the Jones Method and those results actually achieved is
presented in Table 19 for MBT waste with CuO0. " A plot of the predicted

and achieved COD, reduction versus time is given in Figure.10.

A testing of the concentrations of the oxidation by-products
contained in both liquid and vapour phase Wetox effluents from this
experiment is presented in Tables 20A and 20Bﬂ,.PIt'can be seen from

Table 20B that no MBT is detected in either_the liquid or vapour phase

effluents. It is apparent, however, that significant concentrations of

reaction by-products were present in the effluents.

Detailed operating conditions and test results from both of the

continuous flow experiments on MBT waste are given in Appendix E.

6.2.3 Discussion

The destruction of MBT in Wetox'tests on pure and
waste MBT were apparently 100%. Major oxidation by-products of the

reaction included aniline, nitrobenzene and azobenzene.

A detailed organic analysis was undg%féken on the Wetox effluent
from the chemical waste. With the exceptiontéf nitrobenzene at 13.7 ppm,
all other oxidation products were in relativeiy‘ldw concentrations.
Therefore, the oxidation products of MBT wasté can essentially be

interpreted ‘as being from the wet oxidation of MBT only.

It can be seen from Table 158 and 20B that the concentrations of
the major by=products varied widely from test to test. This suggested

that a reaction equilibrium between the compounds was never established.
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J

\ The oxidation of MBT would likely proceed first to aniline and,
thereafter, to nitrobenzene. Both of these compounds are steam strippable.
Thus, because of the dynamic nature of the semi-batch system, it is likely
that the first steam strippable compound produced, aniline, would be
carried into the vapour phase. Therefore, the;concéntration of aniline
would likely-be less in the semi-batch system than in the batch. By
comparison of the GC-MS analysis of the pure MBT for the batch and semi-

batch systems, this appeérs to be the case.

N

This occurrence is further evident by noting the oxidation

by-products present in the vapour phase effluent from the continuous flow

system (see Table.20B). As MBT was being oxidized to aniline, it was

carried into the vapour space. Because of the short vapour residence
time in the reactor, only a small fraction of aniline precipitated back

into the liquid state for further oxidation.

The.concentration of aniline in the vapour phase would
be reduced significantly if tbe pressure of the reactor system were to
be increased. However, because of pressure limitations with the

4-10 Wetox reactor, this could not be undertaken in the program.

6.3 Diphenylamine (DPA) ' ‘

6.3.1 Pure DPA

A total of eight batch and three semi-batch experiments

were carried out on pure DPA. A summary of the test’résults from these

experiments is presented in Table 21.

It can be seen from this table that COD and TOC removals were
greater than 727% and 667% respectively, even at the low oOperating temperature
of 200°C. - Temperature was increased between 200°C and 265°C and the

effect of this increase is presented in Table 22 and in Figure 11.

it

Copper catalyst increased the reduction 'of COD and TOC.

Sulfuric acid addition, however, provided no improvement in combustion
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efficiency. The effect of these two additioms on the destruction of
COD and TOC is tabulated in Table 23 and presented graphically for COD

only in Figure 12.

It can be seen from Table 24B that only a trace of DPA was
detected in this sample. Therefore, DPA destruction was virtually

100%.

Semi-batch test results of the pure DPA did not correlate well
with the results from the equivalent batch tests. In all three semi-
batch experiments, COD and TOC reductions were 10-15% greater than those
observed during the equivalent batch experiments. Two possible reasons

for this discrepancy were:
(i) Experimental or analytical error

(ii) Certain by-products produced during the wet oxidatiom of
DPA inhibited the oxidation (forward) reaction. Due to
the dynamic nature c¢f the semi-batch reactor, this compound
was carried into the vapour space and not absorbed back
into the liquid. Therefore, since the wet oxidation
reaction occurs entirely in the liquid phase, this
inhibitory compound would not affect the completion of

the oxidation reaction.

Results of a detailed organic analysis performed on the effluent
from the semi-batch wet oxidation of pure DPA with CuO catalyst is

presented in Tables 24A and 24B.

6.3.2 DPA Waste

Eight batch wet oxidation tests were performed on one
litre of chemical waste to which 1000 ppm DPA was added. The results
from these tests, plus those from three semi-batch experiments, are

summarized in Table 25.

Results of the tests on DPA waste correlated well with the
results obtained from the MBT waste experiments. This is because the
same chemical waste was used as the base to which both compounds of

interest were added.



- 25 -

Increasing the reaction temperature from 200°C to 265°C
produced only a moderate increase in COD and TOC destruction. Effect
of this process parameter on the combustion efficiency of DPA waste

is presented in Table 26 and Figure 13.

The addition of copper catalyst did not appear to éignificantly
increase the COD and TOC removal of the DPA waste. Reducing the pH
of the mixture to two greatly enhanced the combustion efficiency.
However, previous results on pure DPA indicated that COD and TOC removals
were not affected by solution pH. It follows, therefore, that the
reduction of COD and TOC of the chemical waste fraction of the DPA waste
is greatly enhanced at acidic pHs. The effect of copper and sulfuric

acid on the combustion of DPA waste is compared in Table 27 and Figure 14.

A detailed organic analysis was undertaken on the effluent from
the oxidation of DPA waste with CuO catalyst, the results of which are
presented in Tables 24A and 24B. The destruction of DPA contained in

the waste stream was evidently 100%.

Semi-batch test results were lower than the equivalent batch
test results. However, the COD contribution of pure DPA to the COD
of the total mixture in the semi-batch unit was lower than in the batch
unit. When this was taken into account, results of the experiments in

the two units were comparable.

The semi-batch experiment on DPA waste with both copper catalyst

and sulfuric acid was subjected to a detailed organic analysis. Results

of this are presented in Tables 24A and 24B.

One continuous flow test was performed on DPA waste with CuO
and one on DPA waste with CuO + acid. Predicted and achieved continuous
flow performance is presented in Table 28 and Figure 15 for DPA waste with
copper. Both liquid and vapour phase effluent from this test were
subjected to a detailed organic analysis. The results of these analyses

are presented in Tables 29A and 29B.

Detailed operating conditions and results from the two pilot

plant tests are given in Appendix E.
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6.3.3 Discussion

The destruction of pure DPA was essentially 100% in.

both batch and semi-batch wet oxidation experiments. .

Results from batch and semi-batch Wetox tests on DPA waste also
indicate virtually 1007% DPA destruction. In the continuous flow test on
DPA waste, approximately 0.24% of the initial DPA was contained in the
vapour phase effluent while no DPA was detected in the liquid phase effluent.

This concentration, therefore, indicates 99.947% destruction of the DPA.

The major oxidation by-products from the wet oxidation of DPA
appeared to be aniline, nitrobenzene and azobenzene. "These were the same

compounds evident in the wet oxidation effluent of MBT.

As indicated previously, nitrobenzene was the only significant
residual compound remaining from the wet oxidation of the chemical waste.
Therefore, by-products of waste DPA can be assumed to be essentially all

derived from the oxidation of DPA alone.

Detailed organic analysis was performed on the effluent from
the semi-batch wet oxidation of DPA waste with both copper and sulfuric
acid. The remainder of the detaiied analyses were undertaken on
experiments without sulfuric acid. It can be seen from Table 24B that

reducing the pH to two greatly enhanced the destruction of residual

aniline and nitrobenzene.

A detailed organic analysis was undertaken on the continuous
flow experiments of DPA with CuO only. Therefore, it is unknown what
effect the sulfuric acid addition would have on the destruction of
residual aniline and nitrobenzene in this unit. In addition to pH
adjustment, the effect of increasing the 4~10 reactor pressure on the
destruction of these materials was not assessed in the program. It
would be expected, however, that increasing total reactor pressure would

result in improved process performance.
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7. CONCLUSIONS AND RECOMMENDATIONS

It was aﬁparent from the results of the program that the Wetox
Process would provide a means for effective destruction of the materials
investigated. It was also found that the destruction of a compound of
interest in a particular industrial waste stream could be assessed on

the .basis of that compound by itself.

The destruction of pentachlorophenol was greater than 99.97%,
and only trace concentrations of other chlorinated materials were

observed in the wet oxidation effluent.

The\wet oxidation of both mercaptobenzothiazole and diphenylamine
resulted in virtually 1007% cowmpound destruction. However, steam

strippable compounds were generated (aniline and nitrobenzene) which were
carried into the vapour space above the aqueous phase in the reactor.

The temperatures and pressures at which wet oxidation is conducted are
insufficient to achieve effective vapour phase oxidation. Operation of

the wet oxidation reactor at higher pressures minimizes the steam production
and is a possible solution to the problem of steam stripping. Other
approaches include catalytic.oxidation of the vapour phase or post treatment

of the condensed vapour phase.

Previous work has utilized the destruction of chemical oxygen
demand (COD) as a parameter to assess the effectiveness of the Wetox
process. Typically, destruction efficiencies of 75-95% have been
measured. The detailed analytical results from this study have shown
that, while similar efficiencies have been recorded based omn COD, the
destruction efficiency of compounds considered hazardous or toxic was
virtually complete. The study has also shown that only trace gquantities

of hazardous breakdown products were generated during the reaction.

7

One of the objectives of the program was to establish the

major breakdown products from selected chlorine, sulfur and nitrogen

‘containing organic materials and from that postulate in more general terms

what might be expected from the destruction of similar compounds.

\
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No sulfur, and only very small concentrations of chlorine
were detected in an organic form as a breakdown product from the oxidation
of, respectively, mercaptobenzothiazole or pentachlorophenol. This leads
to the conclusion that these elements are present in the effluent as
inorganic chloride and sulfate ioms. As has been previously discussed,
nitrogen was detected as aniline and nitrobenzene in the effluent from
the wet oxidation process, but it was postulated that this is as a result
of steam stripping of tﬁese compounds prior to their complete oxidation.
The proportion of nitrogen appearing as nitrobenzene and aniline compared
with the original organic nitrogen in diphenylamine and mercaptobenzothiazole
was about 0.017 to < 2%. Previous work with wet oxidation of materials
containing organic nitrogen compounds or cyanides has shown that much of
the nitrogen is converted to ammonia and it is suggested that the remainder

of the nitrogen from DPA and MBT is present in the effluent in this form.
N
The low concentrations of organic chlorine, sulfur and nitrogen

contéining materials in the effluent from the wet oxidation process
compared to the relatively high concentration of residual TOC, suggests
that the wet oxidation of carbon/éhloride, carbon/sulfur and carbon/
nitrogen bonds is more effective than the wet oxidation of carbon/carbon
bonds. Oxidation of carbon/carbon bonds becomes increasingly difficult
as the size of the molecule is redu;ed and also 1if it becomes partially
oxidized. One of the major by-products of wet air oxidation is acetic

acid, CH3COOH.

' Comparison of thevdéstruction efficiencies for PCP, MBT and DPA
in pure form and as part of a waste stream suggests that the behaviour of
the compounds under wet oxidation conditions can be properly predicted by
the simpler experiments using pure compounds in water. None of the

experiments using waste mixtures suggested any antagonistic or synergistic

effects.

Because the results of this preliminary program indicated that
the Wetox process was extremely successful in destroying hazardous

chemicals contained in wastewater streams, it is recommended that a follow-up

AY
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project be supported. Some of the tasks which should be considered by

such a program should include:

Establish more precise reaction kinetics for the destruction

of pure hazardous compounds, and the production of by-products.

Complete a more precise mass balance particularly for chlorine,

nitrogen and sulfur.

;
v

Extend the investigation to other pure compounds to confirm

that similar results are obtained.

Investigate methods to improve the oxidation of steam strippable
breakdown products such as nitrobenzene and aniline. This
may be accomplished through increased reactor pressure oOr

through vapour phase' catalytic oxidation of these by-products.

Investigate the efficacy of post treatment methods for the
residual COD in the Wetox effluent. These might include

biological oxidation, carbon adsorption, etc.

Apply all of the information gained to the investigation

of a specific hazardous waste containing stream (to be
identified by Environment Canada). This investigation would
inélude confirmatory oxidation tests, mass and energy balance,
design, integration of the process into the plant producing

the waste and an economic feasibility study.



\

-l s e &Gy E Ay ) UE U an am U On

- 30 -

REFERENCES

Public Hearings on Hazardous Waste Management in Alberta -
Report and Recommendations p 37, Environment Council of Alberta,

Edmonton, Alberta, December, 1980.

‘Standard Methods for the Examination of Water .and Wastewater,

l4th ed. 1975, American Public Health Association, American
Water Works Association, Water Pollution Control Federation,

Washington, D.C.

Compilation of Mass Spectral Data (Incl. Supplements),
A. Cornu and R. Massot, Heyden & Son Ltd. (1966).

Jones, R. W., A General Graphical Analysis of Continuous

Reactions in a Series of Agitated Vessels, Chemical Engineering

’

~ Progress, Vol. 47, p 46 (1951).



- 31 -

TABLE 1 - Wet Oxidation of Specific Chemicals

Compound Destructio; Efficiency
Phenol 99.9
Pentachlorphenol 99.99
Thiocyanate 99
Cyanides 98.8 - > 99.99
DDT > 98

Source: Internal ORF investigations
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TABLE 5A - Batch Experiments (Acidic Fractioms)

Pentachlorophenol \

Tentative Compound Identification [M]+ PUEEOPCP 2357H2254 PCP Waste '
Benzoic Acid 136 0.24% 0.49 0.52
Alkyl homologs ‘ ’

Cl: 150 X - X
C2 164 X - X
C3— 178 X b X
C4 192 X - X
CS_ 206 - - X
C6 220 - - X
Chloro- 170 - - X
Methyl chloro- 184 - - X

, Salicylic acid 152 0.33++ - 0.75
C, 194 x - x
Hydroxybenzyl alcohol 166 - = X

" 194 - - X
" ‘ 208 - - X
Tetrhchloroghenol 244 1.9 -
Pentachlorophenol 278 6.5%* 364 0.6
Chlorinated (3) ' 278) |
Chlorinated (4) 3123, x 63.4 -
Chlorinated (4) 326)

*Values in mg/L calculated from standard benzoic acid (GC-FID)
++Values in mg/L calculated from standard salicylic acid (GC-FID)

*%Values in mg/L calculated from standard PCP (GC-FID)
- - Not present by visual inspection of GC-MS profiles
x - Less than 0.5 mg/L (abundances in GC-MS profiles).
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TABLE 5B- Batch Experiments (Basic Fractions)

Pentachlorophenol
Tentative Compound Identification [M]+ PuéiOPCP gﬁ;jﬁzgg4 PCP Waste

Benzaldehydé 106 X - X
éi_ 120 X - X
C2 134 X - X
C3 148 X - X
C4 162 - - X
Dichloro- 174 p 4 - X
Phthalide 134 X - X
- 156 X - -
- 170 X - -

Trichlorobenzene. 180 X -
Tetrachlorobenzene 214 X X X
Pentachlorobenzene 248 pd 0.26% X
Hexachlorobenzene 282 X 0.34% -
Tetrachlorotoluene 228 X - -
Pentachlorotoluene 262 X - -
Tetrachlorophenol 230 X 0.20%* -
Pentachlorophenol 264 X - -
. Chlorinated (3) 220 0.2% - -
Chlorinated (4) - 254 X - -
Chlorinated (5) 263 - - -
Hydrocarbons - (alkanes) 184 - - x
158 - - X
212 - - X
226 - - x
240 - - X
254 - - X
268 - - - X
282 - - X

*Values in mg/L calculated from standard pentachlorobenzene (GC-MS)
X - indicates less than 0.5 mg/L (abundances in GC-MS profiles)

- - not present by visual inspection of GC-MS profiles
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TABLE 6A ~ Semi-Batch Experiments (Acidic Fractioms)

N

Pentachlorophenol {

Tentative Compound Identification [M]+ PuéioPCP ziészgga PCP Waste
Benzoic Acid 136 0.9% 0.8 1.76
Alkyl homologs
¢, ‘ 150 - - ‘ x
C2 164 - . - X

\ C3_ ‘178 - . ‘ - b
C4 192 - - X
C5 206 - - -
C6 | _ 220 | ~ T -
Chloro~ 170 - - X
Methyl chloro- 184. - - X
Salicylic Acid 152 - - 1.24++
C, 194 -~ -
Hydrocybenzyl Alcohol 166 - -

" 194 - -

" | 208 - To-
Tetrachlorophenol 244
Pentachlorophenol , 278 409** 447 5.7
Chlorinated (3) 278)
Chlorinated (4) 3123/ 12.6 5.9 x
Chlorinated (4) - . 326)

0
N

“Values in mg/L calculated from standard benzoic acid (GC-FID)
++Values in mg/L calculated from standard salicylic acid (GC-FID)

K%k

Values in mg/L calculated from standard PCP (GC-FID)
- - not present by visual inspection of GC-MS profiles
x - less than 1 mg/L (abundances in GC-MS profiles)
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TABLE 6B - Semi-Batch Experiments (Basic Fractions)

Pentachlorophenol

Tentative.Comgound Identification [M]+ PuéiOPCP gzgingg4 PCP Waste
Benzaldehyde 106 - - X
c,” 120 | - - x
c, 134 - - -
C3 148 - - -
C4 162 - - -
Dichloro0 174 - - -
Phthalide 134 - - -

- 156 - - - -

- 170 - - -
Tetrachlorobenzene 214 X X ' -
Pentachlorobenzene 248 0.12¢ | 0.11%
Hexachlorobenzene 282 0.16%* ¢ 0.13%
Tetrachlorophenol 230 - -
Pentachlorophenol 264 0.19%* ' X X
Hydrocarbons (alkanes) 184

+ - - x
282 ‘

Octyl phthalate m/e -

' 149 - - X

*Values in mg/L calculated from standard pentachlorobenzene (GC-MS)
x = Less than 0.1 mg/L (abundances in GC-MS profiles)
- - Not present by visual inspection of GC-MS profiles
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TABLE .11A- Pilot Plant Experiments (Acidic Fractions)

Pentachlorophenol
Tentative Compound Identification [M]+ XiEZ:§t£Zize Lig;éiuz:ise

Benzoic Acid 136 0.5% 1.8
Alkyl Promologs
Cl_ 150 X X
C2 164 - X
C3 178 - -
CA 192 - X
CS_ 206 - -
C6 220 - -
Chloro- 170 0.3% 4.2
Methyl Chloro- 184 - X
Dimethyl Chloro- 198 - X
Hydroxybenzyl alcohol 166 - -

" 194 - -

" 208 - -
Trichlorophenol 210 X
Tetrachlorophenol 244 X X
Pentachlorophenol 278 4.b%* 9.8
Chlorinated 278)
Chlorinated 312; b X
Chlorinated 326)
Hydrocarbons (alkanes) 186

¥
324

Octyl phthalate X

*Values in mg/L calculated from standard benzoic acid (GC-FID)
**Values in mg/L calculated from standard PCP (GC-FID)
x - Less than 0.2 mg/L (abundances in GC-MS profiles)
- - Not present by visual inspection of GC-MS profiles
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TABLE 11B- Pilot Plant Experiments (Basic Fractions)

Pentachlorophenol
Tentative Compound Identification [M]+ Ziigg;t§232e Lig?éiuzzise

Pyridine 79 1.3% X
Methyl-pyridine 93 X X
Chloro-pyridine 113 X X
Aldehydo-pyridine 107 X X
Benzonitrile 103 X X
Benzaldehyde 106 1.3+ x
c, 120 1.8++ x
C2 134 X X
C3 148 - X
Phthalide 134 X X
Hydrocybenzaldehyde 122 X X

Tetrachlorobenzene 214 %% X**

Pentachlorobenzene 248 k% Xk®

Pentachlorophenol 264 x** X**
Hydrocarbons (alkanes) 184 X X
¥ X X
282 X X

* Values in mg/L calculated from standard pyridine (GC-FID)

++Values in mg/L calculated from standard benzaldehyde (GC-FID)
X - Indicates less than 0.5 mg/L (abundances in GC-MS profiles)
— - Not present by visual inspection of GC-MS profiles
*%Visual inspection of GC-MS profiles indicates chlorinated compounds

are present in trace amounts < (.1 ppm
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TABLE 15A - Batch & Semi-Batch Experiments
(Acidic Fraction) - Mercaptobenzothiazole

Tentative + Pure Pure MBT MBT

Compound Identificatio (] MBI MBT qasce jaere
P ptiticatrion Batch | Semi-Batch | Batch | Semi-Batch

(CHBS)2 94 - - x -
Methyl benzoate 136 0.3% 0.4 X -
CH3' 150 x - - -
CZHS 164 - - b3 -
C4Hll 192 - - - -
Methyl salicylate 152 X X - -
Methoxy nitrobenzene 153 X - - -
Nitro-benzoate 181 X - - -

Azobenzene~methyl
carbocylate 240 X - X -

- 202 X - X -
- 238 - - - -
- 258 - - - -
- 129 X X X -
- 229 - - - -

- 136/
135 - - . - -

- 166 - - - -

*Concentration in mg/L calculated from GC-FID using a pure methyl benzoate
standard

x - Indicates that molecular ion [M]+ was observed in GC-MS and that GC-FID
calculations based on a methyl benzoate standard gave concentrations less
than 0.05 mg/L

- - not observed in GC-MS data
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TABLE 15B - Batch & Semi~Batch Experiments

- 56 -

(Basic Fraction) - Mercaptobenzothiazole

Fﬁ Tentative Pure Pure MBT MBT
Compound Identification (] MBT .MBT waSte' Waste
Batch Semi-Batch Batch Semi-Batch
Aniline ' 93 x 6.3% 3.7 8.7
Nitrobenzene 123 30.0 <0.2 gZQBV 14.0
Azobenzene 182 5.4 0.4 2.3 -

- 180 | 3.3 3.8 2.0 2.5
Azoxybenzene 198 1.7 0.3 ZiOv -
Dimethylazobenzene 210 - 0.3 - 1.3
Isoquinoline 129 x - - . 1.0

- \ 121 - - - 2.8

- 171 - 10.7 1.8 -

- 194 - - - 2.1
Mercaptobenzothiazole 167 - - ; -

#Concentration in mg/L calculated from GC-FID using a pufe:ahilene standard

- — Not observed in GC-MS data

+
x - Indicates that molecular ion [M]

calculations based on a methyl benzoate standard g

than 0.05 mg/L

was observed in GC—MSLénd that GC-FID

ave ‘concentrations less
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TABLE 20A - Pilot Plant Experiments
(Acidic Fraction) - Mercaptobenzothiazole

+ iquid P
Tentative Compound Identification [M] Vag;?iuizise ngﬁziueiise
(CH3S)2 94 - X
Methyl benzoate 136 - 2.9
CH3 ) 150 - -
C2H5 i 164 - -
C4Hll 192 - -
Methyl salicylate 152 - 1.4%%
Methoxy nitrobenzene 153 - -
Nitro-benzoate 181 - -
Azobenzene-methyl carbocylate 240 - 12.0
- 202 - -
- 238 - -
- 258 - 2.5
- 129 - -
- 229 - 2.1
- 136/
135 - 1.7
- 166 - 1.0

*%*Concentration in mg/L calculated from GC-FID using methyl benzoate as standard

x - Indicates that molecular ion [M] was observed in GC-MS and that GC-FID
calculations based on a methyl benzoate standard gave concentrations less
than 0.05 mg/L

- - Not observed in GC-MS data

1
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TABLE 20B - Pilot Plant Experiments
(Basic Fraction) - Mercaptobenzothiazole

Sl Gl N 00 au 8 o=

Tentative Compound Identification [M]+ Vagﬁﬁiuzzise Lig?éiuizise
Aniline 93 157.0 24.0
Nitrobenzene 123 16.0 2.5
Azobenzene 182 12.4 -

- 180 35.6 21.6
Azoxybenzene 198 - 10.7
Dimethylazobenzene 210 - X
Isoquinoline 129 14.6 3.29

- B 121 x x

- 171 X -

- 194 - -
Mercaptobenzothiazole 167 - -

|

+
X - Indicates that molecular ion [M] was observed in GC-MS and that GC-FID

calculations based on a methyl benzoate standard gave concentrations less
than 0.05 mg/L
- - Not observed in GC-MS data
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TABLE 24A -~ Batch & Semi-Batch Experiments
(Acidic Fraction) - Diphenylamine

{

Tentative + Pure Pure DPA DPA

g . (M] DPA DPA Waste Waste
Compound Identification Batch Semi-Batch Batch Semi-Batch

(CH48), 94 - - x -
Methyl benzoate 136 0.25% 0.93 0.25 0.32
CH3_ 150 - - - -
C2H5 164 - _— - X
Methyl salicyclate 152 X X 0.23 -
Amin-benzoate 151 - - - -
Methoxy-nitrobenzene 153 - - X -
Azobenzene-methyl

carboxylate 240 - - X -
- » ' 188 - - X -
- 202 - - | x -
- 238 - - X -
- , 256 - - X -
) - 282 X - X -
- \ 286 | x - - -
- . 258 - - X -
- | 129 - - X -
- 171 X X - X
- ) 229 x - - -
- 251 - . - X -
- 279 x - - -

- 136/
135 - - X X
- - 319 | - - - -

\

*Concentration in mg/L. calculated from GC-FID using a pure anilene standard

x - Indicates that molecular ion [M] was observed in GC-MS and that GC-FID
calculations based on a methyl benzoate standard gave concentrations less.
than 0.05 mg/L

- - Not observed in GC-MS data
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TABLE 24B - Batch & Semi-Batch Experiments

(Basic Fraction) - Diphenylamine

Tentative + Pure Pure DPA DPA
Compound Identification (M] DPA ,DPA Waste Waste
Batch Semi-Batch Batch Semi-Batch
Aniline 93 0.6% 0.3 6.6 <0.1
Nitrobenzene 123 <0.1 <0.1 40.0 <0.1
Azobenzene 182 0.4 - 5.6 -

- 180 - - 7.4 -
Azoxybenzene 198 - - 8.3 -
Dimethylazobenzene 210 3.6 6.8 - -
Chloropyridine 113 X - - -
Chloro-aniline 127 0.6 X - -
Dichloroaniline 161 X X - -
Trichloroaniline 195 - - - -

- 121 - - - X
Isoquinoline 129 - - - -
DPA 169 x - - -

- 194 - - 2.6 -
- ? - - 3.2 -

*Concentration in mg/L calculated from GC-FID using a pure aniline standard

x - Indicates that molecular ion [M] was observed in GC-MS and that GC-FID
calculations based on a methyl benzoate standard gave concentrations less
than 0.05 mg/L

- - Not observed in GC-MS data
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TABLE 29A - Pilot Plant Experiments
(Acidic Fraction) - Diphenylamine

+ | Vapour Phase Liquid Phase

Tentative Compound Identification M] Effluent Fffluent

GO |

(CI~138)2 chk";v 94 - x
Methylbenzoate 136 - 3.0
CH, 150 - x
C2H5 164 - X
Methyl salicyclate 152 - 1.6
Amino-benzoate 151 - X
Methyoxy-nitrobenzene 153 - -
Azobenzene-methyl carboxylate 240 - 4.5%%
- 188 - -

- 202 - X

- 238 - 1.0

- ' 256 - -

- 282 - -

- 286 - -

- 258 - X

- 129 - 0.8

- 171 - -

- 229 - X

- 251 - -

- 279 - -

- 136/
135 - 1.8

- 319 - X

**Concentration in mg/L calculated from GC-FID using methyl benzoate as standard

X -~ Indicates that molecular ion [M] was observed in GC-MS and that GC-FID
calculations based on a methyl benzoate standard gave concentrations less
than 0.05 mg/L

~ - Not observed in GC-MS data
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TABLE 29B - Pilot Plant Experiments
(Basic Fraction) - Diphenylamine

-
Tentative Compound Identification [M]+ FVag;giuizise Lig;;iuzzise
Aniline 93 149.0 26.0
Nitrobenzene 123 49.0 6.5
Azobenzene 182 2.6 16.7
- 180 32.5 5.2
Azoxybenzene 198 - -
Dimethylazobenzene 210 - 0.8
Chloropyridine 113 - -
Chloro-aniline 127 - -
Dichloroaniline 161 - -
Trichloroaniline 195 - -
- 121 X -
Isoquinoline 129 8.7 0.3
DPA 169 2.4 -
- 194 - -
- ? - -

+

X - Indicates that molecular ion [M] was observed in GC-MS and that GC-FID
calculations based on a methyl benzoate standard gave concentrations less
than 0.05 mg/L \ Y

- - Not observed in GC-MS data G*J ‘\Gf“r
\
o



- 82 -

APPENDIX A

Wet Oxidation: a brief description



ET OX

IDATION .

a rief descriotion

1. History of wet air oxidation

Wet air oxidation is not a new process
— patents in the fields of extractive
metallurgy and waste treatment were
granted at the turn of the century, The
extractive metallurgical applications
originated from the Bayer Process
which was patented in 1888. The appli-
cation of wet air oxidation to waste
treatment proceeded from R. W.
Strehlenert who, in 1912, patented a
process for the treatment of spent
pulping liquors with oxygen at elevated

temperatures and pressures. Develop-
ment of the process proceeded simul-
taneously in several fields and in many
countries, including Sweden, Germany
and U.S.A.

Cederquist, using a horizontal, agitated
autoclave, investigated the use of wet
oxidation for energy production from
peat, wood, spent puiping liquor, etc.
He began publishing his findings in
1953. It was at this time that W. K.
Porteus was applying for patents con-

cerning various applications of the
Porteus Process or ‘‘heat treatment’’.
In 1954, F. J. Zimmerman was granted
a patent for the destructive oxidation
of organic material in liquid waste
effluents. Soon after, the Sterling Drug
Company founded the Zimpro Division
of that corporation to market the
Zimmerman Process. In this process,
the reaction is carried out in a vertical
tower reactor.

In 1952, plans were announced by the

WETOX
PROCESS

MODEL 4-48

(20,000 - 40,000 IMP GAL./DAY)




Chemical Construction Company, then
a subsidiary of American Cyanamid
Company, for the exploitation of a
new process for the pressure leaching
of metallurgical materials. Plants were
under construction, at that time, for
three firms: Sherritt Gordon Mines
Ltd., National Lead Company and the
Calera Mining Company. The Wetox®
Process originated from the Calera
Mining Company wet oxidation pro-
cess constructed in 1954, The Calera
process used a horizontal, multi-
compartmented autoclave to react
cobalt ore and oxygen at 400°F. The
Calera autoclave routinely treated a
slurry with a COD equivalent of
greater than 30%.

2. Fundamentals of wet air oxidation

Wet air oxidation is a process in which
combustible material is oxidized by air
or oxygen in the presence of liquid
water. Elevated temperatures are re-
quired to achieve a useful reaction rate
and, therefore, to maintain a liquid
phase, elevated pressures are required.
The process is operated continuously
with liquid and gas streams being intro-
duced to the reactor simultaneously.

AR

o

wWET AR
MEAT OXIDATION
EXCHANGER REACTOR

WASTE
HIGH PRESS
PuMP

OXI0IZED
LIQUOR

Figure 1 -
General Wet Combustion Schematic

thermic nature of the reaction, heat is
produced which raises the temperature
of the reactor contents. The effluent
from the wet oxidation reactor is heat
exchanged with the incoming waste.

Almost any combustible material which
remains in the liquid phase can be
oxidized in the process. The destruction
of the organic contaminants is achieved
as well in water at elevated temperature
and pressure as by concentrating the
material and incinerating the dry
residue. In either case the products are
the same: carbon dioxide, water and
ash. Since the products from wet air
oxidation are automatically and thor-
oughiy scrubbed, air and odour pollu-
tion are minimized.

The wet air oxidation process provides
an efficient means for the recovery of
the energy from relatively dilute waste
streams. The reaction occurs and the
energy is liberated in the liquid phase,
with no barrier to the transfer. The
energy can, therefore, be recovered
with the highest degree of efficiency.

3. Physical parameters governing wet
oxidation

The maximum extent of the oxidation
is primarily a function of the maxi-
mum operating temperature within the
reactor. A typical combustion curve is
presented in Figure 2. The operating
temperature effectively dictates the
minimum operating pressure since con-
finement of the resulting steam and
adequate oxygen partial pressure is
required.

A basic flowsheet for the process is
presented in Figure 1. The waste is
pumped via a high pressure pump
through a heat exchanger and then in-
to a reactor where it is mixed with
compressed air. The oxygen in the air
seacts with the organic matter in the
slurry to produce mainly carbon
dioxide and water. Due to the exo-

TYPICAL
WETOX PROCESS
OPERATING RANGE

7,

PERCENT REDUCTION IN COD W

100 123 130 173 200 223 230 213 X0
TEMPERATURE °C (600} {BOO} (110G} (i1300)
( PROCESS PRESSURE,psig}

Figure 2 - Effect of Temperature

In wet air oxidation, oxidation and
hydrolysis reactions proceed simul-
taneously depending on the availa-
bility of oxygen. Thus, with inade-
quate transfer of oxygen, hydrolysis
reactions become significant and often
generate products which are refractory
to further oxidation in this process.
Examples of these products are low
molecular weight carboxylic acids;
acetic, proprionic, etc. The mass trans-
fer requirements must, therefore, be
satisfied to achieve maximum con-
versions to carbon dioxide and water.
The rate of transfer of oxygen into the
solution at a given operating tempera-
ture is controlied by:

® The solubility of oxygen in the
waste which is a function of the
oxygen partial pressure or over-
pressure. Increased process pres-
sures will, therefore, result in in-
creased rates of mass transfer.

® The degree of mixing of the
oxygen and the waste.

o}

20

40
REDUCTION

IN COD
60

80

I000 200 400 600 800 1000

STIRRER SPEED

Figure 3 - Effect of Stirring

Increased process pressures result in in-
creased capital costs for the reactor
vessel, heat exchanger, compressor,
etc., as well as increased operating
costs, largely attributable to electrical
power consumption. Effective mixing
is, therefore, a most important para-
meter in economically optimizing the
system, as shown in Figure 3.



4. Applications of wet air oxidation

The process is uniquely suited to the
oxidation of waste liquors, slurries and
sludges where the organic matter is but
a few percent of the predominantly
water stream. The relative position of
wet air oxidation in relation to con-
ventional wastewater treatment tech-
nigues is shown in Figure 4. It is the
most economical process for wastes
which have a concentration of oxidiz-
able material between 2 and 20% by
weight with water.

:[IOX BIOLOGICAL e 7 INCINERATION

OXIDATION -
/7

’

CHEMICAL

| *werd

| 0Xl0ﬁTION
1 1
B |
OXIDATION . | i
1

| ;
1 2e10* 21103 108

LOG INFLUENT CONCENTRATION {ppm)

Figure 4 - Comparison of Total Waste

Disposal Costs

In this range, sufficient material is-

available to react with the oxygen to
generate enough heat to maintain the
desired temperature and pressure in
the reactor without external energy
being supplied. Above about 1.5% con-
centration, excess heat is generally
produced which can be efficiently and
economically recovered. Above 20%
concentration, incineration woutd gen-
erally be the most efficient method of
disposal. Wet air oxidation is, there-
fore, most effective on wastes too con-
centrated for biological or chemical
oxidation and too dilute for inciner-
ation.

Wet air oxidation can be applied to
non-biodegradabie materials as well as
dangerous, toxic or obnoxious wastes.
Valuable inorganic materials can be
efficiently recovered from the liquid
phase effluent. This is especially im-
portant for materials which after
incineration would not be in a recover-
able or reusable form. Because the
oxidation takes place under water, the
production of air and odour pollution
is minimized. Potentially obnoxious
materials remain in solution and exit
the reactor in the liquid phase as salts
or acids such as sulfates, chlorides, etc.

Examples of waste streams which can
be effectively treated by wet air
oxidation include:

Industry

Refinery & Petrochemical

Pulp and Paper

Electroplating

Food

iron and Steel

Automotive

Textile

Miscellaneous Wastes

Waste

Refinery Cyanide Waste

Refinery Spent Sour Water

Chiorinated Hydrocarbon Sludge

Refinery API Separator Sludge
Re—Refinery Acid Sludge

Petrochemical Ammonium Chloride Waste
Petrochemical Nitrate Waste
Petrochemical HC1 Wash Stream
Petrochemicai NaOH Wash Stream
Petrochemical Ammoniated Organic Waste
Linear Alkyl Benzene Sulfonate Waste
Refinery Spent Caustic

Refinery Filter Backwash

Refinery Bioiogical Sludge

Phenolic Waste Stream

Paper Mill Fines

Recycled Newsprint

Wood Preservative Liquor

Sodium Base Sulfite Liquor
Calcium Base Suifite Liquor
Ammonium Base Sulfite Liquor
Sodium Base Semi-Chemical Liquor
Soda Base Liquor

Clay Filler Sludge

Copper Stripping Solution
Copper-Cyanide Plating Solutions
Cadium-Cyanide Plating Solutions
Alkaline-Cyanide Cleaner Waste

Vegetable Hydrolysis Sludge
Tomato Waste

Bean Sludge and Bean Wastewater
Cheese Whey

Cornstarch Waste

Coffee Grounds

Fish Processing Waste

Thiocyanate Waste
Cyanide Waste

Mixed Paint Waste

Mixed Waste Slurry

Automotive Lagoon Waste
Automotive Radiator Plant Sludge

Caprolactam Waste

Nylon Manufacturing Waste

Condensate from Polyester Resin Production
Spinning Oil From Nylon Manufacture

Paint Manufacturing Waste

Paint Stripping Sludge

Drum Washing Effluent

Metals Recovery Sludges -
Tanning Wastes Containing Chromate
Sewage Sludge

Gasification of Wood Effluent
Manure

Mixed Industrial Organic Waste
PCB-containing Wastes

Metal Grinding Sludges

Paim Qil Miil Effluent

Antifreeze

Raw Sewage



Other Process Applications:

e Conversion of agricultural residues
to single cell protein and/or
methane via wet oxidation and
biological treatment.

o Desulfurization of high sulfur
fuels such as lignite, coal, coke,
etc.

 eCombustion of low-grade fuels
such as peat, low-grade coal, waste
paper, etc.

e Regeneration of activated carbon.

5. The Wetox Process

The heart of the Wetox Process (see
Figure. B) is the reactor: a multi-
compartmented horizontal unit with
agitation and oxygen addition in each
compartment. This design results in
substantially increased reaction rates
and makes possible efficient operation
at relatively modest temperatures and
pressures ("»230°C and~600 psi). The
liquid and steam phases are withdrawn
separately from the reactor. This
feature improves the heat exchanger
efficiency, increases the effective reten-
tion time of the liquid, and reduces
the volume of fliquid effluent for
chemical recovery or treatment.

Detailed energy balance calculations
for the Wetox Process have been per-
formed and summarized in Figure 6.

3 [

2 _
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L - 20! " o A 1, e J
O 2 4 6 8 0124 1682022 2428

FEED COOD (PERCENT)
Figure 6 - Total Energy Balance of
the Wetox Process

Above about 1.5% COD™ the process
is autothermal and above 3.0% COD
the process is a net energy producer. A

HEAT
RECOVERY
HEAT WETOX REACTOR
EXCHANGER
STIRRERS
WASTE

PUMP =

COMPRESSED

AIR or OXYGEN

LIQuID CONDENSATE
EFFLUENT
Figure § - Wetox Process Schematic
comparison to biological treatment

and incineration is provided in Figure
7.

Capital cost comparisons have indicated
that from 3% COD to about 30% COD,
the capital cost of the Wetox Process
is the same or less than the comparable
biological or incineration system.

It would be expected, therefore, that
the Wetox Process would be the most
economical system for wastes with
COD concentrations of from 3% to
about 40% (volatile solids from 1.5%
to 20%). Total system costs for the
Wetox Process are generally in the
0.5¢ to 5.0c per Imperial galion range.

NCE N
TON COD
a e

WET ONIDATION

o

ACTIVATED
Lot

& & i n

ot L P Sasi
ool 008 o 23 10 %0 0 0 oo
PEEO COD ( PERCENT)

TOTAL ENERGY SALA
MALLIONS OF §TUs PER

Figure 7 - Comparison of Total
Energy Balances

*COD is Chemical Oxygen Demand. This is
a measure of the amount of oxygen which
would be required to reduce the waste to
carbon dioxide and water. Hence, a waste
having a COD of 1% would raquire 1 ib of
oxygen per 100 pounds of waste. Most

undiluted organic compounds have a COD
of between 1 and 31bs per pound of material.
In a general description such as this a value
of 2 Ibs COD per Ib of organic has been
assumad. Thus a waste stream containing 1%
organic material is assumed to have a COD
of 2%.

6. Commercial Development

In 1978, WetCom Engineering Limited
was established to market and manu-
facture the process.

Wetox Process units can be economi-
cally designed from about 3,000
Imperial gallons per day (2 feet dia-
meter by 8 feet long) to about 400,000
Imperial gallons per day (8 feet dia-
meter by 50 feet long). The Wetox
Model 4—48 with a capacity of from
20,000 to 40,000 Imperial gallons per
day is shown on page 1. This size of
unit would, for example, provide
sewage sludge disposal for a waste-
water treatment plant treating from
5 to 10 million Imperial gallons per
day of sewage.

ONTARIORESEARCH
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APPENDIX B

2-Litre Batch Autoclave



1. EQUIPMENT

The 2-litre autoclave (Figure 1) has a total capacity of two
litres with an active liquid volume of about one litre at the temperatures
and pressures employed. The reactor is equipped with a variable speed
stirrer mounted centrally in the vessel. The maximum operating temperature

is 300°C.

.The injection and sampling system is presented in Figure 2.
Two injectors are used: one for diluent water addition and the other for
concentrated waste additionm. Two sample lines with two separate ice baths
are used for liquid and vapour sampling. The system is equipped with two

water cooling lines: stirrer bearing and reactor cooling coil.

2. PROCEDURE

A schematic of the 2-litre system is provided (Figure 3).

Typical test operations include:

@8] The assembled reactor is placed into the heater and the

following connections made:

(a2) the oxygen inlet line .

(b) the liquid sampling line and purge line

(c) the vapour exit line

(d) the cooling water lines (2) and the corresponding

discharge lines (2).
(2)  All valves are closed.
(3) The stirrer is connected to the pressure vessel.

(4) Valve V12 is opened allowing cooling water to flow through

stirrer bearing assembly.

(5) Valves Vl’ V4 and VS are closed.

(6) The 1l-litre washer-filler is charged with 880 ml of distilled
water through the filler cap on the top of the vessel. By

opening valves V V,_, and Vl4’ the vessel is pressurized

1’ 2



(7)

(8)

(9

(10)

(11

(12)

(filler cap replaced). Valves Vl and V2 are then closed

14° V3 and V5 are opened forcing the water

into the reactor (valve V

Valves V

and valves V
3 on reactor is vented to atmosphere). -

\Y
32 V8 and V14 are closed and valves Vl’ 4 and V5
are opened and the reactor charged to 100 psig with oxygen.

The stirrer is then set at a low-speed (approximately 300 rpm).

The heaters are turned on and the temperature within the
reactor raised to the desired temperature and maintained at

that temperature + 5°F.

The injector is loaded with 60 ml of the concentrated test
solution by means of a syringe through cap C, valves V1 and
V2 are opened and the pressure within the injector raised to

approximately 900 psi. Valves V., and V_ are closed. Valves

1 2
V3, V4 and V5 are then opened and the concentrated test solution
is injected into the reactor. Valves V3, V4 and V5 are then

opened and the concentrated test solution is injected into the

3 V4 and V5 are then closed. This is
recorded at time O for test purposes. The stirrer is set at

reactor. Valves V

the desired operating speed at this time.

Oxygen is added via valves Vl’ V4 and V5 and the total pressure

within the reactor is increased to the desired wvalue. Valves

v V, and V_ are then closed.

1’ 4 5
Samples of the liquid-phase within the reactor are taken

periodically throughout the experiment by opening valve V

6°
The liquid is cooled in the ice bath and collected. The
sample line is cleaned with alternate water and air purges

through valves V7, V9 and VlO'

After the required time at temperature, the heaters are turned
off and the cooling water flow is started through the cooling

coil within the reactor by opening valve V The stirrer

11°
speed is reduced.

At a reactor temperature of about 180°F, the spent gases are
P P g

discharged from the reactor via valve V8 and exit through



(13)

(14)

(15)

(16)

the vapour sampling line. The moisture is condensed in the
ice bath and collected in the separator. The gases are
collected in a Tedlar bag. The total pressure within the

reactor is reduced to approximately 50 psi.

Valve V6 is opened and the liquid within the reactor is

discharged through the ice bath to a suitable container.
The exit gases in the bag sample are analyzed for O2 and
CO2 via a Beckman O2 meter, model 715, and a €0, meter,

model MEXA 200 infrared analyzer by Horiba Limited.

The liquid samples are analyzed for TOC using a Total Carbon
Analyzer (model 915), manufactured by Beckman Instruments
Incorporated. Additional analyses were performed in
accordance with Standard Methods for the Examination of Water

and Wastewater by APHA, AWWA and WPCF, 13th Edition.

The reactor is rinsed thoroughly via the 1l-litre injector

with hot distilled water according to (6).



FIGURE 1 - 2-Litre Parr Reactor




FIGURE 2 - Injection and Sampling System
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APPENDIX C

Semi-Batch System

\



1. EQUIPMENT

The semi-batch Wetox(R)

1-10 unit (see Figure 1) is equipped with
two reactors. Each reéctor (Figure 2) has a total volume of 10 litres with
an active liquid capacity of ~ 5 litres. The inside lining of the reactor,
stirrer shafts, etc,, are made of titanium. The process flowsheet is
presented in Figure 3. The salient features of this unit are described in

the following:
@ Agitation

Each reactor is equipped with a 3/4-10-5000 MagneDrive stirrer
with a maximum RPM of 1500. The stirrer speed is controlled by an SCR
control, model 2M171 (manufactured by Dayton Electronic), which allows
variable speeds from 0 to 1500. A tachometer (Autoclave Engineers,

Model P910B) provides readout of the RPM.

o Heating and Cooling of the Reactor

A wide range liquid phase heat transfer fluid, Therminol 66

(Mfonsanto), is employed.

In the heating cycle, the heat transfer fluid is pumped through
the heaters (Typé C, Chromalox) and then through a jacket around the reactor
and back to the heaters. The temperature of the Therminol is'controlled by
a Barber-Colman Controller (Model 72-G) which is equipped with a deviation

indicator meter.

In the cooling cycle, the Therminol 66 is pumped through a water-

cooled condenser and then through the reactor jacket.

® Reactor Temperature

A Barber-Colman Selector Switch is provided to enable measurements
in either reactor. A Barber-Colman Recorder-Controller (Model RD11)
provides a record of the temperature profile. The reactor temperature is
controlled beiow a set point by the automatic heater override. Maximum

operative temperature of the equipment is 500°F.



i

® Reactor Pressure and Air Supply

Compressed air is supplied from a bank of 5 cylinders. The
inlet air flow is controlled by a micrometer inlet valve. The exit air
flow, and hence pressure, is controlled by a Masoneilan Micropak, Series
29000 Control Valve. This valve is automatically controlled by a
Masoneilan Controller, Model 2700, which, from comparison of the set point
and reactor pressure, causes the valve to open or close. Rupture discs
(1200 psi) are provided on each reactor. Maximum operative pressure of the

equipment is 900 psi.

2. PROCESS DESCRIPTION

Compressed air from the cylinders is introduced into the reactor
by passing through the micrometer valve to control its flowrate. It is
then passed to the top of the agitator, down the hollow core of the stirrer
shaft, exiting at the bottom of the shaft and is dispersed in the liquid
phase. The flow of air is limited to below that equivalent to v 25 - 30
cubic feet per hour (cfh) measured at room temperature and pressure, since,
above this flow rate and with the violent agitation, entrainment of the

liquid in the vapour stream occurs.

Normally during the experiment, the vapour effluent consisting
of the spent air saturated with steam, is passed through the vapour cooler
in order to condense the steam back into the reactor. The water in the
vapour cooler may be turned off momentarily and a sample of the vapour
effluent taken. The spent air exiting from the vapour cooler is then
passed through the Masoneilan Controller and Micropak to control the system
at the specified pressure. The condensed liquid is collected in a sample
bucket which is fitted with a 1lid. A sample probe within the bucket allows

the continuous monitoring of the exit gases.

A liquid phase sample line from the centre bottom portion of the
reactor is provided. This is a 1/4" line, so designed to prevent blockage
due to solids in the slurry. The pressure within the reactor forces liquid

through a condenser to cool the sample and then through an ice bath. The



sample is collected in a sample bottle within a bucket. Due to the large
bore sample line, it is necessary to remove samples of approximately 25 to 50
ml each. Up to 10 samples may be taken successively in a run; thus, only

5% to 10% of the total liquid volume will be removed during an experiment.

3. PROCEDURE

The reactor is loaded with 5 litres of the sample to be oxidized
via the feed port. The heating cycle is started and the contents of the
reactor are brought up to the desired temperature. The temperature is

automatically controlled at + 5°F.

During the heat-up cycle, an air flowrate of 3 cfh was employed.
The continuous presence of air inside the reactor is essential to this
laboratory.unit in order to maintain a thin layer of TiO2 on the titanium
lining to kéep it free from corrosion. At the reaction temperature an
air flowrate of 25 cfh is used for the specified period of reaction time.
Liquid phase samples are withdrawn at specified intervals. The gaseous
effluent is monitored continuously (efflﬁent air flowrate and 02). At the
end of the specified reaction time the cooling cycle is started. The air
flowrate has switched back to ~ 3 cfh. After the reactor contents are

cooled to about 100°F the remaining liquid is removed from the reactor.

4. ANALYSIS OF SAMPLES

The samples are cooled and stored. COD analyses are performed
in accordance with Standard Methods for the Examination of Water and Waste-

water by APHA, AWWA and WPCF, 13th Edition.



FIGURE 1 - Wetox(R) 1-10 Semi-Batch Unit
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APPENDIX D

Mobile Continuocus Flow Pilot Plant



1. INTRODUCTION

The Wetok 4-10 pilot plant is a continuocus flow treatment
system which is capable of processing from 200 to 600 Imperial gallons
per day. The unit is mounted in a truck for on-site testing and
demonstrations (see accompanying photograph). The truck also contains

a small laboratory to provide analyses during operation.

A process schematic of the>4—10 pilot plant is provided.

The assemblance of equipment includes devices to:

(1) feed (pressurized) reactants (air or oxygen and wastewater)

to the reactor,

(2)  perform wet oxidation in a continuous flow reactor at

elevated temperature and pressure,

(3) sample the reactor during the test (while it is at

elevated temperature and pressure),

(4) control and monitor the important operating conditions

such as temperature and pressure,
(5) discharge and store (depressurized) liquid-phase effluent,

(6) condense and store steam and volatile matter vented with

the spent gases from the reactor,

(7) monitor the oxidant level in the spent gases from the

reactor.

2. PREPARATION AND STORAGE OF WASTE

The feed sample is pumped into a 200-litre head tank located
outside of the truck. The centrifugal recirculation pump withdraws
fluid from the bottom of the tank and provides a divided, valved discharge
to the high-pressure pump and to the head tank surface. The line to the

high pressure pump is also equipped with a valved fresh water line for



rinsing purposes. Where necessary, the head tank is also equipped with

an agitator.

3. FEED SYSTEM

‘The waste is pumped via a high pressure metering plunger pump

(max. flow of 26 Imperial gallons per hour).

Compressed air from the 15 h.p. air cooled compressor (max. flow
of 27 standard cubic feet per minute) is stored in a 2-foot long by 8 inch
diameter cylinder or accumulator. The flow from the compressor is
automatically controlled to maintain from 700 to 1000 psi in the accumulator.

The discharge from the accumulator is in three parts:

° high pressure air (700 psi) for agitator pressure
° low pressure (100 psi) instrument air
° high pressure air (650 psi) to the reactor.

The latter flow is monitored via a strain—gage flow-meter and controlled.
This total air flow is divided into 3 main flows: to compartment 1, to
compartment 2 and to compartments 3 and 4. The flow to compértment 1

and to the combined compartments 3 and 4 is monitored via similar strain-
gage flow meters. The line to compartments 3 and 4 is thereafter divided.
The flow to each compartment is controlled via suitable needle valves.

The air enters each compartment through inlets directly below the impellers.

4. WETOX REACTOR

Prints of the detailed drawings of the 4-10 reactor are provided.

Basically the Wetox reactor is a pressurized version of the
continuous stirred tank reactor - the CSTR widely used in chemical engineering.
The interior is divided into approximately equally sized compartments, each
containing a vertically mounted agitator and sepérate air inlet. The

reactants pass continuously through the series of compartments. The flow



of reactants is much slower than the speed of mixing in the constantly
stirred chambers or tanks, and incoming fluid immediately blends with

the much larger mass of constantly stirred liquid already present in the

" vessel. As fresh wastewater is added to the first compartment, the

level of the agitating liquid rises above the overflow opening in the
barrier between the first and second compartments - a portion of the
liquid spills over into the second compartment and, in so doing, causes

a portion of the liquid in the second compartment to spill into the third
and so on throughout the reactor. In this manner, the wastewaters
cascade from compartment to compartment during treatment, undergoing
intimate mixing continuously. At steady state, the concentrations of the
reactants in individual compartments are invariant. The rate of reaction
and extent (percentage reduction) depend on the mass flow through the

reactor and the operating conditions.

The pilot plant reactor is a 10 inch OD, 48 inch long autoclave.
The reactants are mixed sequentially in a series of four mixing chambers.
The interior of the reactor is subdivided into 5 chambers, four of which
are approximately equal in size and contain agitators. The fifth chamber
located at the rear of the reactor is smaller than the others; it contains
no agitator and serves as a phase-separation basin. Automatically
controlled, separate vents for the vapour and liquid phases are located in
the settling basin. The chambers or compartments are formed by four
approximately equally spaced,‘vertically positioned plates of 1/4 inch thick
titanium metal. Each plate (partition) is fastened securely to the
periphery of the reactor shell to form a water—-tight dam. Each partition
has a small notch or weir at the liquid level, approximately 7.5 inches
above the floor of the reactor. The weir in each partition is 0.25 inches
lower than that in the preceding wall, causing liquid to cascade from

compartment to compartment as fresh influent enters the first compartment.

Each mixing compartment contains a vertically mounted, motor-

driven agitator. All impellers are six-bladed turbines. Two titanium,



three inch diameter impellers are mounted on each shaft. In all
compartments, one impeller is located within 1 inch of the floor of the
reactor and the other barely below the surface of the liquid. Each
agitator is equipped with double mechanical balanced seals. The speed

of rotation is 900 rpm.

External heat can be supplied to the reactor by four electrically
heated rods which are inserted externally into four tubular protrusions
extending horizontally into the first compartment. Once the reactor is hot
and the blow-case pump is operating, a substantial amount of heat is
recovered by the heat exchanger described in a preceding paragraph. The
two heaters located near the floor of the reactor well beneath the water

level are activated as needed by an automatic controller.

Samples of the liquid phase can be removed from any of the mixing

compartments as desired during the test by manually operated sampling tubes.

5. HEAT EXCHANGER

Influent exits from the high-pressure pump and enters the first
compartment of the reactor via a tube-in-tube heat exchanger (see attached
print of detailed drawing). The tubes comprising the heat exchanger are
arranged in a horizontal array and enclosed in a thermally insulated
rectangular box. The cold influent first is contacted by the vapours and
gases vented from the reactor ‘and then by the liquid~phase effluent. The
vapour-liquid exchanger has a path length of 20 feet. The liquid-liquid
exchanger path length is 70 feet. The surface area available for heat
transfer is about 6 square feet in the combined exchangers. When cold
water is pumped through the exchangers and into a 400°F reactor by a high-
pressure pump, the influent and effluent approach nearly continucus flow.

Under these conditions, the overall coefficient of heat transfer is about
150 Btu/hrrft2—°F.



6. VAPOUR-PHASE EFFLUENT

Compressed air or pure oxygen is fed continually to each compart-
ment in proportion to the input COD. The incoming gas is introduced through
small openings in the floor of each compartment beneath the liquid. Rising
bubbles of gas are mixed thoroughly with the agitating liquid and become
saturated with steam (and volatile organic species). As gas and wastewater
are added to the reactor, its total pressure increases until it exceeds the
desired maximum and a pressure-regulated valve is actuated. Each time the
valve opens, steam (water-saturated gas and vapours) passes from the reactor

through the vapour vent generally located in the rear.

All exiting gas (vapours and steam) are passed through the heat
exchanger in which the vapours and steam are condensed. This vépour-phase

condensate (VPC) is collected and sampled for each test.

7. LIQUID-PHASE EFFLUENT

The liquid-phase discharge from the feactor is a slurry of insoluble
solids suspended in a liquor containing residual water-soluble organic matter
as well as dissolved inorganic salts and acid. This liquid-phase slurry
generally is referred to as the liquid-phase effluent (LP). It is

depressurized by a separate liquid let-down system and collected in a

storage tank.

The liquid let-down system is activated by a conductivity probe
located in the settling basin at the rear of the reactor adjacent to the
fourth mixing compartment. Whenever the level of liquid in the settling
basin rises above the probe, a ball-cock valve opens.and liquid is forced
out of the reactor. The liquid discharge from the autoclave passes through
the tube-in-tube heat exchanger countercurrent to the flow of influent.

Liquid enters the effluent storage tank at about 160°F.



TEST PROCEDURE

The general test procedure includes the following steps:

. The reactor and agitator are pressurized.

° Fresh water is pumped into the reactor until the unit is
filled.

® The heaters are then turned on and a small flow of air

established to each compartment.

° After the reactor is at the desired temperature, waste is
pumped at the desired rate through the heat exchanger and
into the reactor. The air flow is adjusted accordingly.
Steady-state temperatures throughout the process are

generally achieved 60 to 90 minutes after pumping begins.

° The off-gas is monitored for oxygen concentration and

adjustments to the oxidant flow made, if required.

° Feed is pumped for 2 to 3 reactor volumes (e.g. approximately
90 litres) to achieve steady-state concentrations throughout

the process.

° Samples are then withdrawn from each compartment and from

the feed, LPE and VPC.

. Temperatures and pressures are recorded throughout the

process.
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APPENDIX E

Pilot Plant Operating Conditions & Results



PILOT PLANT TEST RESULTS

1. INTRODUCTION

The 4-10 continuous flow pilot plant was employed to establish
reaction kinetics on three different wastes in the program. Operation
and‘equipment descriptibns of this unit are presented in detail in

Appendik D.

The wet air oxidation reaction is typically two first order
reactioné in series, as depicted in Figure 1 for the batch test on PCP.
waste (CuQ). From these batch scale kinetics, the performance of a
series of continuous stirred tank reactors (i.e. the 4-10 Wetox reactor)
can be predicted. |

This prediction was undertaken in this program with the aid

(4)

of a graphical technique originated by R. W. Jones An example of

this method is given in Figure 2.

A prediction of full-scale performance is useful for establishing
optimum residence times for pilot testing, as well as determining necessary

oxidant (air) flowrates to each of the reactor's four compartments.

2. TEST RESULTS

There are two tables provided for each of the sSeven continuous

flow pilot plant tests.

The first table of each set outlines the specific operating
conditions of the particular experiment, Data given include system

parameters such as waste and air flowrates, compartment temperatures, etc.

The second table of each set tabulates the results obtained in

the experiments. COD determinations were used to evaluate process
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performance. Terminology used in this table that has not been defined

to this point is presented below:
)

LPE - Liquid Phase effluent from the reactor

VPC - Vapour Phase condensate from the reactor

Calculated COD - Based on air flowrate and compartment temperature and
pressure, the flowrate of both the liquid and vapour
can be calculated. Therefore, assuming that the COD
of the vapour remains constant throughout the reactor,

the calculated COD in compartment 'n' is:

+ LP 0
coD - VPC Flowrate x CODVPC LPE Flowrate x C Dn

Total Waste Flowrate

where: CODn is the measured COD from the.nth compartment

The results from three series of continuous flow experiments

will .be presented individually according to the material investigated:

Pentachlorophenol (PCP)
Mercaptobenziothiazole (MBT)

Diphenylamine (DPA)
2.1 PCP Waste

Three pilot experiments were undertaken on PCP waste. The
operating conditions and results for PCP waste with no addition, copper
catalyst and copper catalyst plus acid are presented in Tables la and 1b,

2a and 2b, and 3a and 3b respectively.

. The air control valves into the third and, fourth compartments
of the reactor were grossly oversized because of the very low oxygen
requirement. Therefore, accurate air flowrates into these compartments

could not be made.

Two reasons for the very low oxygen requirements were:
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(i) The reaction kinetics established from batch scale
results indicated that about 907% of the total oxygen

was required in the first compartment.

(ii) The waste was received at a COD lower than normally
used in pilot plant operationm. Therefore, total air

flowrate was necessarily low.

On all of the tables, therefore, air flows into the third and

fourth compartments are listed as approximately zero.
2.2 MBT Waste

The two continuous flow experiments undertaken on MBT waste

were:

(1) MBT Waste + CuO catalyst

(ii) MBT Waste + CuQ + HZSO4

Operating conditions and results are presented in Tables 4a and 4b and

" 5a and 5b for (i) and (ii) above ‘respectively.

. Due to reaction kinetics developed from batch scale test
results, air requirements for the third and fourth compartments of the
reactor were abnormally low. Although the residence timercould have
been decreased, it was desired to achieve maximum destruction within
reasonable reactor residence times. Because of this: therefore, it was
difficult to accurately establish air flowrates to these two compartments.

Thus, the air flowrate to these compartments on all tables is indicated

as being approximately zero.

From Table 5b, it can be seen that there is a COD increase in

the last two compartments. Two reasons were suggested for this anomaly:

(i) Experimental or analytical error.
(ii) If insufficient air was admitted to the third and fourth

compartments, the actual steam flowrate would decrease.
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Therefore, volatile or steam strippable compounds which
were carried into the vapour phase in the first half
of the reactor ﬁay have precipitated back into the liquid

phase in the last two compartments.
2.3 DPA Waste

Two continuous flow pilot plant experiments were performed on

DPA waste. The conditions of the experiments were:

(i) DPA Waste + CuO

(ii) DPA Waste + CuO + HZSO4

The experimental operating conditions and results are presented

in Tables 6a and 6b and 7a and 7b for (i) and (ii) above respectively.

The results and operating conditions for DPA waste were’
analogous to those for MBT waste. This is because the COD contribution
of the pure chemical (i.e. MBT or DPA) to the COD of the pilot plant waste

feed was less than 5%.

Again, due to very low oxygen requirements for the third and
fourth compartments, the air flowrates are indicated on all tables as

approximately zero.

It can be seen from Table 7b that the COD increased over the last
two compartments. This phenomenon also occured during the pilot plant

test on MBT waste with Cu0 and acid. Two explanations were suggested:

(1) Experimental or analytical error.
(ii) = Volatile or steam strippable materials produced in the
first two compartments precipitated out of the vapour and

back into the liquid in the last two compartments.

Since this occurred on two separate occasions, the latter of
these explanations is most realistic. This suggests, therefore, that air

flow to these compartments was definitely too low.
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TABLE la - Test Conditions
- PCP Waste/No Additions

N Sk o om N am an s ow = wm S 4an aam Y o= N N ean

t

Waste Feed: PCP Waste - no additions
Waste Pumping Rate: + - Water Flow Rate: 0.653 litres/min
L COD Flow Rate: 2.76 g/min
Reactor Residence Time: 55 mins
Air Flow Rate: . scfm
Compartment #1 0.4
Compartment i 0.2
Compartment {3 ~v 0
Compartment {#4 ~ 0
Total 0.6
Reactor Temperature Profile:. Temperature (°F)
Compartment #1 458
Compartment #2 443
Compartment {3 435
Compartment ff4 430
Mean Reactor Temperature 441.5
Water Balance: Measured Liquid Produced: 0.623 L/min
- Measured Steam Produced: 0.030 L/min
Oxygen Balance: . Measured Oxygen Concentration
in Exhaust: 167%
Oxygen Consumed as Fraction
of Supplied: -23.47
Total Oxygen Consumed: 1.1 g/min



00Tt 09Ly 9°8L C ootz | R i sTeI0]
£G6 0ot JdA
80,L €29 qd1
0 =~ L0 61 H © 88§ TO6 : 006 L9°€T | £€°6£9 |Hf 3Iuswiaedwo)
0 g 1 6 | wom 166 0£6 0T"ST | 6°££9 {g# Iuowaarduwoy
3 0091 A S6 ” £0L . LL0T owOH. wm.wa 9°%€9 |z 3uswiaeduo)
- 09T¢ S A 8661 - 861 _ N.NNH ogct LL°8T Z°v€9 |T# 3Iuswlaedwo)
| 05L2 _ oczr | €59 EEE
et | viugt | ponomn | vrertn | ot | s |5 g
uadLxg ua84xQ 3o 3u9diag QoD TeI0L | 40D Tvlol |pojeinoTe) |painsesy wealg pPINbI]
anueTeg u284xg _ “aoueTeg dOD _ . soueTeg aoley

SUOTITPPY ON/93SBM d0d - S3INsoy 359L - qI A'14VL



A7) ‘

TABLE 2a - Test Conditions
- PCP Waste/Copper

Waste Feed: = PCP Waste + 145 g CuSO4
Waste Pumping Rate: Water Flow Rate: 0.653 L/min
COD Flow Rate: 2.8 g/min
Reactor Residence Time: 55 mins
Air Flow Rate: \ scfm
Compartment #1 0.4
Compartment # 0.2
Compartment #3 v 0
Compartment #4 v 0
Total 0.6
Reactor Temperature Profile: Temperature (°F)
Compartment # 454
Compartment #2 441
Compartment #3 435
Compartment #4 ) 429
Mean Reactor Temperature 439.8
Water Balance: Measured Liquid Produced: 0.623 L/min
Measured Steam Produced: 0.030 L/min
- Oxygen Balance: » Measured Oxygen Concentration
in Exhaust: 16%
Oxygen Consumed as Fraction -
of Supplied: 23.4%
Total Oxygen Consumed: 1.1 g/min.
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TABLE 3a - Test Conditions
- PCP Waste/Copper + Acid

Reactor Temperature Profile:

Water Balance:

[

Oxygen Balance:

Waste Feed: PCP Waste + 145 g CuSO, + H,80, - pH = 2

Waste Pumping Rate: Water Flow Rate: 0.655 L/min
COD Flow Rate: 2.74 g/min

Reactor Residence Time: 55 mins

Air Flow Rate:

Compartment #1
Compartment i#2
Compartment #3

Compartment #4&

Total

scfm

0.4

0.2
no

no

0.6

Temperature (°F)

Compartment #1
Compartment #2
43

Compartment #

Compartment #4

-Mean Reactor Temperature

Measured Liquid Produced:

Measured Steam Produced:

Measured Oxygen Concentration
in Exhaust:

Oxygen Consumed as Fraction
of Supplied:

Total Oxygen Conéumed:

4

456

443.5
437.5
430.5

442

0.625 L/min
0.030 L/min

17%
18.6%

0.88 g/min
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TABLE 4a - Test Conditions

(11)

MBT Waste/Copper

Waste Feed: MBT Waste + 145 g CuSO

Waste Pumping Rate:

Reactor Residence Time:

Air Flo& Rate:

Reactor Temperature Profile:

Water Balance:

‘Oxygen Balance:

4

Water Flow Rate:

COD Flow Rate:

92 mins

Compartment
Compartment -
Compartment

Compartment

Total

i
Compartment
Compartment
Compartment

Compartment

Mean Reactor Temperature

Measured Liquid Produced:

#1

it

1
#2
#3

#o

0.391 L/min
18.4 g/min

Temperature (°F)

Measured Steam Produced:

Measured. Oxygen Conceptration

in Exhaust:

463
460
458
453
458.5

0.316 L/min
0.075 L/min

Oxygen Consumed as Fraction

of Supplied:

Total Oxygen Consumed:

10.4 g/min
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TABLE 5a - Test Conditions
- MBT Waste/Copper & Acid

Reactor Temperature Profile:’

Water Balance:

Oxygen Balance:

\

Waste Feed: MBT Waste + 145 g CuSO4 + HZSO4 - pH = 2

Waste Pumping Rate: Water Flow Rate: 0.412 L/mi
COD Flow Rate: 17.6 g/min

Reactor Residence Time: 87 mins

Air Flow Rate:

n

. scfm

Compartment‘#l
Compartment i
Compartment {3

Compartment #4
Total

Tempe

1.3

= Q
’
=0

.5

7

Compartment #
Compartment #2 .
Compartment #3

Compartment #4
Mean Reactor Temperature

Measured Liqyid>Produced:

Measured Steam Produced:

Measured Oxygen Concentration
in Exhaust:

Oxygen Consumed as Fraction
of Supplied: ‘

Total Oxygen Consumed:

rature (°F)
458.5
455.5
453.5
448.5

454

0.287

0.125

4.5%

78.5%

9.3 g/min
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TABLE 6a - Test Conditions
. - DPA Waste/Copper

Waste Feed: DPA Waste + 145 g CuSO4
Waste Pumping Rate: Water Flow Rate:

COD Flow Rate:

Reactor Residence Time:

Air Flow Rate:

Compartment #1
Compartment #2
Compartment #3

Compartment f4

Total

~

Reactor Temperature Profile:

0.419 L/min
20.3 g/min

Temperature (°F)

Compartment #1 460
Compartment #2 456
Compartment #3 454
Compartment #4 449
Mean Reactor Temperature 455
Water Balance: Measured Liquid Produced: 0.312 L/min
. Measured Steam Produced: 0.107 L/min
Oxygen Balance: ‘ | Measured Oxygen Concentration .
| S ‘ in Exhaust: 8.7%
 Oxygen Consumed as Fraction
of Supplied: _58%
Total Oxygen Consumed: 8.7 g/min
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— TABLE 7a - Test Conditions
._— DPA Waste/Copper + Acid

(17)

Waste Feed: ‘DPA Waste + 145 g CuSO

Waste Pumping Rate:

Reactor Residence Time:

Air Flow Rate:

Reactor Temperature Profile:

Water Balance:

Oxygen Balance:

4

Water Fiow Rate:

+ H,50, ~

COD Flow Rate:

Compartment
Compartment
Compartment

Compartment

Total

Compartment
Compartment

Compartment

Compartment
Mean Reactor Temperature

Measuredeiquid Produced:

#1
L
w
#3
4

#1
#2
%3
#a

2

0.380 L/min
16.3 g/min

scfm

1.5

=0

.9

Temperature (°F)

Measured Steam Produced:

in Exhaust:

460.5
457

_ 455
451.5

456

0.260 L/min
0.12 L/min

Measured Oxygen Concentration

Oxygen Consumed-as Fraction

of Supplied:

Total Oxygen Consumed:

11.4 g/min
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