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Abstract

Biochemical axidation is an important way-to
remove organic contamination from foul con-
densates in coal conversion plants. The design
considsrations are discussed; oxygen Is recoim-
rmended in preference to air, and a test with
mutated bacteria is recommended. Reactor
configurations are also discussed. When the
organic contamination is high, the use of oxy-
gen reguires forced cooling and a combined
cooling towsr/trickling filter is suggested for
the test. Preliminary plant designs are given for
two situations in @ Hygas plant: one when
lignite is fed and one when a biturmninous coal is
fed.

Woaters that condense and are removed from
a coal conversion plant will often be highly con-
taminated with organic matter. The level of
contamination depends on the process and on
the coal. Condensate from Solvent Refined
Cozl, Syntheil, or H-Coal can be expected to be
very dirty. From gas plants the contamination
seems to be higher from a lower ternperature
and a shorter residence time. Thus Lurgi and
probably Synthane will give quite dirty water,
Hygas will give less dirty water, and Bigas the
least dirty. The coal rank is very important.
Condensate from a Hygas plant fed lignite is
many times more contaminated than conden-
sate from the seme plant fed a bituminous coal.

Dirty condensate will have to be treated for
reuse. Reuse possibilities include makeup to a
wet flue gas desulfurization system, use for
dust control, and makeup to a cooling tower.
The first in line of the commonly assumed
treatments is solvent extraction. If the extrac-
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table concentration is high enough that iis
value as a fuel or as crude phenol can partially
offset cost, then solvent extraction, or a treat-
rent accomplishing the same result, should be
used. For lower levels of contamination solvent
extraction will probably not be economically
justifiable. Most condensates will next have to
be treated to remove ammonia and many will
require removal of hydrogen sulfide. After am-
monia separation the next treatment in series
will often be biological oxidation. The con-
tamination in many waters seems to be
biodegradable. Phenol, a common, high level
contaminant, is biodegradable.

It is the purpose of this paper to put forward
preliminary designs for biological oxidation
plants for these waters. Biological oxidation
and solvent extraction are both treatments to
accomplish the same objective, to remove
organic contamination. They are not mutually
exclusive. If solvent extraction Is not economic
and is not used, biological treatment will usual-
ly be required. But if solvent extraction is used
its cost is quite dependent on the levs! of con-
tarmination acceptable in its effivent and it may
pay to follow solvent extraction with biological
oxidation. When treated condensate is to be
used as makeup to a cooling tower, bioclogical
treatment has some disadvantages.
Phosphorus will have to be added and will not
be all used up in the treatment. Dissolved CO,
and suspended solids are Increased by
biological treatment. Possibly residual am-
monia, which is necessary as a nutrient in
biological treatment, will be higher than nesd
be left after ammonia stripping. We are not, at
the moment, able to say whether biological
treatment should be reserved for situations
where solvent extraction is not used, or
whether biologica! treatment will be useful
subsequent to solvent extraction.

DESIGN CONSIDERATIONS

Major design considerations for biochemical
oxidation include:

A. Reactants
a. Phenols and other organics
b . Other required nutrients
¢ . Oxidants

B. Biological Agents

C. Reactor Configurations



A. Reactants

During biological treatment the organic con-
stituents of wastewaters, such as phenols, are
oxidized and utilized as the sources of carbon
and/or energy while the reaction is mediated by
biological agents. Pheno! is usually considered
biodegradable. However, if the phenol concen-
tration exceeds a certain threshold level,
phenol itself can inhibit the bio-oxidation This
threshold concentration of phenol has been
reported to be 500 mg/I' and 1,000 mg/l;?
these concentrations are unlikely to be exceed-
ed in the completely mixed bioreactor of an ac-
tivated siudge system. Shouid the phenol con-
centration become inhibitory, a proper scheme
of dilution may be needed. Dilution can be
achieved by internal recirculation of treated
water or by adding an external dilutant.

Other organics, particularly those refractory
in nature, may significantly affect the perfor-
mance of biological treatment and consequent-
ly the dilution requirement. Although this
category of organics may be measured by the
difference between COD and BOD, its effect on
bio-oxidation appears to be poorly understood
and requires pilot testing with the specific
wastewater to be treated.

To satisfy nutritional requirements of the
biological agents responsible for bio-oxidation,
certain inorganic macro and micro nutrients
may have to be provided. Macro nutrients such
as nitrogen and phosphorus are required in pro-
portion to phenol content. A typical weight
ratio as used at Bethlehem Coke Plant® is
phenol:N:P = 70:5:1. Excess N is available in
the condensates, so the ammonia concentra-
tion will be reduced to the required nutritional
level by proper ammonia recovery prior to
biological treatment. Phosphorus will have to
be supplied by adding phosphoric acid or
equivalent. Various trace nutrients such as
manganese, copper, zinc, and other metals
might not be available in the wastewater but
are required by biological agents.*

For the ultimate oxidant for bio-oxidation,
molecular oxygen is the most common choice,
whether it comes from compressed air or high-
purity oxygen gas. The use of high purity oxy-
gen rather than air has gained increasing ac-
ceptance in aerobic biological treatment. In ad-
dition to certain advantages in treatment per-
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formance,® it has been reported that the use of
high purity oxygen appears to be more energy-
effective in the transfer of oxygen.® The total
energy required to separate oxygen from air,
and then dissolve the oxygen in water, is less
then the energy reauired to dissolve directly in
water the. same amount of oxygen from air.®
Othmer® reported that normal aeration under 1
atmosohere required about 0.5 kW-hr of
energy to dissolve 1 pound of oxygen from air,
whereas this requirement dropped to less than
0.05 kW-hr to dissolve 1 pound of commercial
oxygen. For the high purity oxygen activated
studge plant designs given later, the energy for
dissolution is 0.09 kW-hr/lb 0,. For oxygen
production the energy is about 0.165 kW-hr/Ib
0,."" totaling about 0.26 kW-hr/ib O,. Further-
more, since oxygen is required and produced in
many coal conversion plants, it can be made
available for biological treatment at the
cheapest possible price. Approximately 3,000
tons per day of oxygen will be needed in a
standard size SNG plant, and the amount of
oxygen required for the high purity oxygen
activeted sludge (HPOAS) system may be
about 10 percent or less of that required for
coal conversion, depending on the amount of
BOD to be removed in the biological treatment.

B. Biological Agents

The use of specially prepared bacteria for
more effective biological treatment of certain
industrial wastes has been recently publicized.’
These bacteria are prepared from the parent
strain through induced mutation, which may in-
volve exposing the parent strain to programm-
ed radiation, and subsequently through proper
enrichment allowing for the buildup of a large
population of mutant bacteria. The mutant
baceria so produced are far more efficent in
degrading certain pollutants than the parent
strains occurring in nature or the mixed culture
commonly used in activated sludge process.
For instance, the mutated Pseudomonas sp.,
commercially marketed as PHENOBAC, could
increase the rate of degradation by about
twofold. When parent strains and mutant
strains were exposed to 500 mg/l of phenolin a
laboratory test, the time for 100 percent
degradation (as measured by ring disruption)
was 25 hours and 8 hours respectively.8




In another lsboratory study simulating the
treatment of agueous effluents (using a syn-
thetic solution of pheno! with other additives)
from coal conversion processes,? the ac-
climated activated sludge from the Bethlehem
Coke Plant and PHENOBAC were used as the
biological agents. In terms of phenol degrada-
tion, the eficiency of the mutaied bacteria was
noted to be about two timeas that of the ac-
climetsd sludgs.? It was also found convenient
to handle the predried and packaged mutant
bzcteriz which could be reactivated by immer-
sion in 100° F water for about an hour.27 The
cost of PHENOBAC, which comes in
Z25-100-1b. packages, is about $16 per pound,

In addition to the laboratory tests reported
above, mutant bacteria have also besn found
useful in certain full-scale High Purity Oxygen
Activated Sludge (HPOAS) facilities. In the
treatment of & numbsr of patrochemical and
refinery wsastewsters, the performance of
PHENOBAC was compared in paraliel with that
of ordinary activated sludgs, and PHENOBAC
was found t0 achisve:'?

1. bettier process stability;

2. enhanced removal of TOC; and

3. reduction of foaming in bioreactors and
liquid-solids szparators.

In view of the above information availabls
from various independent sources, the use of
mutant bacteria warrants serious consideration
in the future pilot facilities treating cosal conver-
sion wastes. A side-by-side comparison on the
performance of mutant bacteria, acclimated
sludge, and ordinary activated sludge would be
highly desirabls."

C. Reazctor Configuretions

The most common configurations of bioreac-
tors include: trickling filters, where fixed
biological growth is meaintained, and activated
sludgz systems, where suspanded growth is
utilized. In general, trickling filters have been
used for their simplicity and low cost of opera-
tion, resilience to shock loads and toxic
substences, while activated sludge has been
known for its high treatment efficiency, better
control and reliability. .

t is not a new idea to combine the desirable
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attributes of trickling filter and activated siudge
processes into the most cost-effective system
by use of dual biclogical processes (using a
combination of trickling filter and activated
sludge) for industrial wastewster treatment.?
Success in the treatment of wastewaters form
organic chemical manufacturing, petrochem-
ical refining, and measat processing industries
has been reported.'®1? In most of the reported
cases, the water contaminants of primary con-
cern have been phenols and BOD.

Since the use of HPOAS (high purity oxygen
activated sludge) appears t6 have significant
advantages at coal conversion plants, it is
essential to consider the control of water
temperature in the covered bioreactors. Oxida-
tion of hydrocarbons are exothermic reactions.
The oxidation of C, CH, and CH, can
theoretically lead to 1° F temperature rise per
184, 170, and 161 mg/t BOD removed,
assuming 100 percent biodegradability. For
phenol, this temperature rise will be about 1° F
per 165 mg/l BOD removed. Therefore, con-
sidering the various heat lossss in the bioreac-
tors, it may be reasonably assumed that the
removal of 200 mg/l BOD will cause an in-
crease in water temperature of 1° F.

Biological agsnts are known to be
temperature sensitive. It has been recom-
mended'4 that the water temperature in the
aerobic biological treatment of coke plant
wastes be 95-100° F throughout the vyear.
Consequently, when a high level of BOD
removal is to be achieved by HPOAS, the
temperature rise may become excessive and a
means of cooling may begcome necessary.

To take the advantages of dual biological
treatrant processes and to satisfy the cooling
requiremsent, we suggest merging a trickling
fitter with a cooling tower as an integral unit
when HPOAS is used. In the treatment of refin-
ing wastes it has for more than two dscades
been found economical and desirable to
achieve bio-oxidation and water cooling in a
cooling tower structure.'® Functionally, the
cooling tower in this cass is analogous to the
trickling filter in terms of organic removal.
Whether this unit should be designed as a
trickling filter or a cooling tower depends on
which function will be limiting.



EXEMPLARY WASTEWATER
CHARACTERISTICS

Two examples will be used in the following
design studies, based on Hygas plants using a
lignite and a bituminous coal feed. Details are
given on Table 1.

ALTERNATIVE PROCESS TRAINS

1. Air Activated Sludge

The air activated sludge (AAS) system is
probably the most common treatment system
used for wastewaters with constituents similar
to coal conversion wastewaters, e.g., coke
plant wastes. An extensive literature review on
the biological oxidation of coke plant wastes
was reported by Barker and Thompson'® in
1973. Among the treatment systems dis-
cussed, AAS is the predominant treatment
system of success. Laboratory studies?’
abroad have also indicated that AAS systems
can satisfactorily treat the coal conversion
wastes with the following characteristics:

Total ammonia ~ 1,500 ppm

Total phenols ~ 300 ppm
Thiocyanate ~ 150 ppm
Chloride ~ 2,500 ppm

Among the full-scale AAS facilities treating
coke plant wastes, the one at Bethlehem Coke
Plant, Bethiehem, Pennsylvania, has been in
operation since 1962, and seems to have the
most complete data available in the literature.3
Since there has been no pilot tests for the treat-
ment of coal conversion wastes by AAS in the
United States, we begin by basing a preliminary
design on the data available from the
Bethlehem AAS system and essentially scale
up from this existing treatment facility.

The scaled design is based on the assump-
tion that the biodegradability of coal conver-
sion wastewaters is identical with that of the
coke wastewater. This assumption is open to
question. No data on COD of the coke
wastewater is available in Reference 3.
However, an analysis of an average coke plant
waste indicated that the theoretical oxygen de-
mand due to phenols, which are readily
biodegradable, constitute about 68 percent of
the measured COD while for coal conversion

TABLE 1
WATER ANALYSES AND FLOWS FROM TWO HYGAS PLANTS

BODs (mg/1)
COD (mg/1)
Phenol as CgHsOH (mg/1)
NH3 as N (mg/1)
Flow, 10° 1b/hr
108 gals/day

m3/sec

Lignite feed

Bituminous
coal feed

13,000 - 18,000

2,000 - 3,000

25,000 - 30,000 ~ 3,000
3,000 - 5,000 300 - 500
~ 290 ~ 30

295 535
0.85 1.5
0.037 0.066

Analysis from References 5 and 16. Ammonia is reduced to
the listed level by prior treatment. Flow for the lignite
feed from Reference 5 and for the bituminous feed from Ref-

erence 17.




wastewater pheno! averaged about 40 percent
of the COD.'® Although the question of
biodegradability can only be fully answered by
pilot testing, the above comparison indicates
certain differences in chemica! compositjon
between coke plant and coal conversion
wastewaters. It is essentially unknown at this
point whather and how this will affect the
desian of biological treatment. Should the
assumption of biodegradability become invalid
to any extent, there would be corresponding
limitation on the ussfulness of the preliminary
design.

Ong of the most impertant design considera-
tions regarding biclogical treatment of coke
plent wastes is to determine if the waste con-
tains any inhibitory constituents which may
render the biological treatment system totally
or partially unfunctional. If these constituents
exist, it is essential to determine their threshold
concentretions and thus the dilution required
for the influent to the biological treatment
system. Some inhibitory constituents and their
threshold concentrations found in our literature
search include:

Prienol = 5007 - 1,000% mg/!

Ammonia = 1,200'8 - 2,000% mg/l

Chloride = 2,000 mg/I
Phano! will normally be kept at a low enough
level in the mixed reactor. Ammonia will have
to be reduced by prior treatment. Chioride will
niot usually reach toxic level.

The foliowing rules were used to produce the
scaled design. Most numerical values came
directly from the Bethleshem AAS experience?®
while the four biokinetic cosfiicients, k, K, Y,
and k, were evaluated by us on the basis of
data from Reference 3.

Nutrients such as nitrogan and phosphorus
are essential for biclogical treatment. The re-
quired wesight ratio is assumead 1o be invariant
and is phenol:N:P = 70:B5:1. Excess N is
available in the wastewater, and the ammonia
nitrogen concentration will be reduced 1o the
proper level by ammonia recovery prior to
biological treztment. Phosphorus will have to
be supplied by adding phosphoric acid or
equivalent. .

The design of bioreactors was based on a
bickinetic mods! developed by Lawrence and
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McCarty.2?° This model is based on an empirical-
ly developed relationship between the rate of
growth of microorganisms and the rate of con-
sumption of degradable contaminants.
Degradable contaminants are called
““substrate’’ as they are ‘‘food’” for the
microorganisms. The relationship is
X = v 95 gyx (1)
dt dt
where
X =concentration of microorganisms
t =time
Y =growth yield coefficient; weight of
microorganisms produced per weight of
substrate removed
S =concentration of substrate or degradable
contarninant '
k, =rmicroorganism decay coefficient, time™.
if Eq. (1) is divided by X we obtain '

1T YE gy @

X dt X dt
in Eq. (2) each term has the dimsnsion
(time™'} and compatible units must be used. The
left hand side of Eq. (2), which is the rate of in-
crease of concentration of microorganisms per
unit concentration, may also be written 1/6,,
where ©, is called the mean cell residence time
or sludge age. The first term on the right hand

side of Eq. {2) includes the quantity’; %which
is the rate of decrease of concentration of
substrate per unit concentration of micro-
organisms. This quantity is a function of the
concentration of substrate and the Lawrence
and McCarty model assumes the functisn

keS

148, 5 3
X dt Kg 3
In sum, the mode! can be written
. K¥8; °© @
The rest of the major design equations are:
YQ6F.(Sp- S1)
v = Y00lSo-S) (5)
1+kqb¢
1-(v/Q)/¢é
r=4:= _(___)_/_ﬁ {6)
Q (X/X) -1



P, = XV

x A (7)
P

w= X (8)
Xp

The meaning of all symbols used is shown in
the schematic flow diagram in Figure 1. The
four basic coefficients were evaluated from in-
formation given in Reference 3. In this
reference are tabulated experimental values of
{lb phenol removed)/{lb microorganisms)(day),

which is}(- ‘f, as a function of the phenol con-

centration, S. These values are plotted in Figure

2 and'the curve so obtained is fitted to Eq. (3)

by noting that k is the value ofi— 3—t§-when Sis

large and K, is the value of S when = € = /2.
Also from Reference 3 the I 2X can be

calculated. On Figure 3 is plotted‘; ng against

1; §§ ‘rom which the coefficients Y and k, are
[§

determined.
The values of the coefficients determined in
this way are:
k =0.9 Ib CgHgOH/Ib MLSSeday = 2.14 |b
BOD/ib MLSS eday
Ks =0.17 mg/i CgHgOH = 0.4 mg/l BOD
Y =0.4 b sludge/lb CgHgOH processed =
0.17 1b sludge/lb BOD processed
kg =0.17 (day)!

These coefficients were evaluated in terms
of phenol removal and then converted to BOD
based on the theoretical oxygen demand of
2.38 units per unit of phenol.

The aerator power requirement is taken to be
proportional to the BOD or phenol removed. At
Bethlehem Coke Plant the power requirement is
based on 18.2 ib phenol removed/(day){hp) or
43.3 Ib BOD/(day}{hp), which compares close-
ly with typical values in the literature of 45-50
Ib BOD removed/{day}{hp).??

The best way to size the clarifier is to deter-
mine experimentally the relationship between
initial settling velocity and suspended solids
concentration.2223 This typically takes the form
shown in Figure 4.2* The aeration vessel
volume and solids separator volume can then
be determined for series of concentrations of
microorganisms, X, and the optimum concen-
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tration of microorganisms determined. We
have no data to plot Figure 4 and have,
therefore, used the one available point from
Reference 3, namely X = 2,600 mg/l and the
clarifier overflow rate is 685 gal/(day)(ft2). For
use in Eq. (6) we also assumed the same value
of X/X = 3.44. The value of X,/X is a function
of the performance of the solids separator.

Subsequent treatment of waste sludge
depends on the means of ultimate disposal and
the method of transport to the disposal site.
Sludge is beneficial when added to coal ash and
this seems to be an attractive means of
ultimate disposal as the nutrient content of
waste sludge will be conducive to the revegeta-
tion process. The sludge may be transported by
tank truck or pipeline, and the final selection is
dictated by the economics of these operations.
The method of transport will in turn determine
whether any sludge treatment is desirable. The
objective of sludge treatment in our designs is
primarily volume reduction. For assumed
transportation by tank truck, dissolved air flota-
tion (DAF) thickening followed by vacuum
filtration is included. These sludge treatment
processes are sized according to the foliowing
criteria: 20 Ibs dry solids per square foot per
day for the DAF thickener, and 120 ibs dry
solids per square foot per day for vacuum
filters. These values are assumed, ?® not scaled,
because Bethlehem Coke Plant discharges its
sludge to a sewage plant and provides no
sludge treatment.

The results of the calculations for the two ex-
emplary waste waters described on Table 1 are
given on Table 2. For each water calculations
are presented for a two-stage process with 95
percent removal in each stage and an

. equivalent single stage process with 99.75

percent removal. The volumes are insignificant-
ly different, showing that the reaction is zero
order in the range of concentrations of BOD of
interest. Complete calculations are, therefore,
presented for 95 percent and 99.75 percent
removal, in single stages, for each water. The
results for the lignite at 99.75 percent removal
are also shown in Figure 5.

Some preliminary comments can be made.
The clarifier diameters are small and with very
little increased investment larger diameters can
be used and the somewhat high overfiow rate
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So.

S:

it

P
¥

@+ a)
7
q
w
X ¥ ] Sl
r - Xr Px

fiow rate of liguid waste to be treated biologically,
volume/time; ,

flow rate of recycled sludge, volume/time;
fiow rate of wasted siudge, volume,/_ti:;le H
infiuent substrate concentration, mass/volume;
effiuent substrate concentration, ﬁass/volume;
hxicrobial mass concent:cation., mass/volume;

microbial mass concentration in the clarified overflow fzrom
the solids separator, mass/volume;

microbial mass concentration in the underflow from the solids
separator, mass/volume;

power requirement for aeration, energy/time;

excess microorganisms production rate, mass/time.

Figure 1. Air activated sludge modsl.
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assumed can be reduced. The hydraulic
residence times listed are not unreasonable.
The quantity called F/M on Table 2 is ‘§ fin

Eq. {2} and is calculated from the equation

M = L+ kg /Y
6(:

(9

The listed quantities are very much higher
than usual practice. It should "be noted,

however, that the BOD of phenols has been
calculated as 2.38 times of phenol concentra-
tion, i.e. we have assumed BOD to be
equivalent to the theoretical oxygen demand of
phenol. The calculated F/M in terms of BOD
may thus be on the high side.

The major problem with the biokinetics
limited design presented on Table 2 is the high
rate of BOD removal and the consequent high
rate of oxygen transfer required. In all designs

1.0 ™~
_ 1lb phenol
k=0.9 1b MLSS.day
o)
0.8 I /O
O
o /©
1ds
Xxdt ' 0.6 [~
1b phenol
1b MLsSS.day
0.17 mg/1
! |
0.4 0.6

S, mg/l1 phenol

Figure 2. Substrate utilization vs, substrate concentration (based on data from Ref. 3).
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this exceeds 200 mg/{hihr). Suppose, first,
that surfece esrators are used and that the
aeretion basins are made 15 ft deep. The
horsepower for the asrators is found to be ap-
plied at a rate of about 120 hp/103#2, If power
were to be applied at this rate the energy to
transfer each pound of oxygen would probably
increase unscceptably. Potential remedial
measures include: (1) use of shallower basins,
such &s a basin depth of 9 fest instead of 15
feet, this will lead to an ensrgy application of
less than 75 hp/103t%; {2) use of oxygenation
systems which are more efficient than surface
aerztors, such as submerged aerators or using
high purity oxygen rather than ordinary air as
the source of oxygen.

0;2 [

2. High Purity Oxygen Activated -
Sludge (HPOAS])

As discussed previously HPOAS has the ad-
vantages of energy effectiveness and the ready
availability of high purity oxygen at most coal
conversion facilities. The following. preliminary
HPOAS design for lignite feed is based on the
information supplied by Union Carbide Corpora-
tion. e

No kinetic coefficients were used in the
design of HPOAS. Instead, an empirical ap-
proach using F/M ratios and MLVSS data based
on past experience with similar industrial
wastewaters was followed. It is felt that in the
treatment of high stength industrial
wastewaters the process design may frequent-

1dx
xa ¢
0.1 v = 0.2 ib sludge
1b phenol processed
0.2

Figure 3. Siudge growth rate vs. substrate utilization rate {based on date from Ref. 3).
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vi, Initial Sludge Settling Velocity, ft/hr

]
0.001 0.0l 0.1

X., Initial Solids Concentration, 1b/1b
i

Figure 4. Typical settling velocity vs. solids concentration.
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Sg, mg/l

Q, 10° gal/day

S;, mg/l

8 s days

xv, 10° (mg) (gal)/1
v, 10° gals

Total V, 10° gals
x

g, 10% gal/day

Px' 10° 1b/day

w, 10% gal/day

P, bp

D, hw

Clarifier area, ft?
Clarifier dia., ft
'DAF thickenez,bft2

Vacuum filter, ££2

Residence Time, days
ib BOD =

TABLE 2
CALCULATIONS ON AR ACTIVATED SLUDGE PLANTS

Lignite Feed

Bituminous Coal Feed

F/M,

(1b sludge) (day)

First Second

95% 95%

18,000 900 .

0.85 0.85
900 45
5.16 5.25
6.80 0.34
2.61 0.i3
S—————
2.75
0.17
0.14
11.0
0.15

2800

2030

497 -

998.75%
18,000
0.85
45
5.25

. 7.20

2.77

0.16 .

.13

iz.e

0.17

2940

2190

1240

630

iio

3.3

2.1

First Second
05% - 95%

3,000 150
1.5 1.5
50 7.5

5.19 5.7C

0.55
3.2
0.083
820
610

2190

53
160

28

0:51 |

2.1

99.75%
3,000
1.5
7.5
5.70
2.21

c.85

0.37
0.55
3.2
0.043
860
640
2190
53
160

28

0.54

2,0
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ly be dictsted by considerations other than
biokinetics, such as oxygen transfer and/or
solids separation. However, if bickinetic data
can be obtained and compiled properly by using
an appropriate reaction mode!, we should be
able to expand our data base and make rational
derigns easier in the future.

The HPOAS systemn design consists of
rmultitraing in parallel, with each train con-
sisting of multistages to obtain a quasi-plug
flow condition. High purity oxygen is fed to the
space above the liquor level in each stage of the
oxygenation basin, and oxygen transfer is ac-
complished by use of surface aerators or
equivalent. The dissolved oxygen concentra-
tion in the raixed liquor will be maintained at
about 5 ma/l rather than 2 to 3 mg/l as com-
monly used in the AAS systemn. As with the
AAS systern, two steps of HPOAS treatment
are used with each step achieving about 95
percent removal of BOD.

Two key parameters for the design of ac-
tiveted sludge systerns are mean F/M (food to
micraorganism) ratio and MLVSS (mixed liguor
volziile suspended solids). The F/M ratios for
step 1 and step 2 differ because of the dif-

ference in BOD loading; F/M is 0.8 in step 1_

and 0.3 in step 2. The MLVSS will be substan-
tizlly larger than that for the AAS sysiem
becsusa of improved settling velocities of the
oxygen sludge, and the MLVSS in this case is
assumed to be 7,300 mg/l in step 1 and 4,500
mg/l in step 2. The clarifiers are designed on
the beasie of an overflow rate of 400
gals/{day){ft2) in step 1 and 300 gals/(day){ft2)
in step 2. These overflow rates are expected to
give low suspended solids congernitration in the
overflow. The design is summarized on Table
3.

The oxygen requirement, pounds of oxygen
required per pound of BOD removed, is & func-
tion of F/M and COD/BOD ratios.?® The effect
of COD/BOD retio mey be particularly signifi-
cant in this case as the fate of COD in the
biological treatment of coal conversion wastes
is unknown at preseni. The oxygen reguire-
ment is assumed to be 1.03 Ib/Ib BOD removed
instep 1 and 1.21 Ib/lb BOD removed in step 2.
Whenever COD needs to be evaluated in the
biclogical treatment, the removal of COD is
assumed to be equal to that of BOD; this
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assumption is congervative and should lead to a
design on the safe sids. ‘

The average oxygen utilization in the ox-
ygenation basin depends on the purity of the
oxygen in the gaseous mixture which essential-
ly consists of feed oxygen and the carbon diox-
ide produced as a result of the biochemical ox-
idation. Therefore the average oxygen utiliza-
tion percentage will increase as the feed BOD
concentration decreases and is assumed to be
79 percent in step 1 and 80 percentin step 2.
Based on the oxygen requirement and average
oxygen utilization efficiency, the armount of ox-
vgen to be transferred can be calculated.

The energy requirement is estimated as
follows. The surface aerators consume about 1
hp-hr for 7.8 |b axygen supplied, or
0.0958-kW-ht/lb oxygen supplied. Air separa-
tion consumes about 0.165 kW-hr/lb ox-
ygen.'

A major design consideration is the control of
water temperature in the oxygenation basin. As
discussed previously, the removal of 200 mg/l
BOD will cause an increase in water

- ternperature of 1° F. Since the removal of BOD

in step 1 is 95 percent of 18,000 mg/l, this will
result in a temperature rise of about 85° F. To
rmaintain the temperature at 95-100° F in the
oxygenation basin, it will be necessary to recy-
cle 3.4 x 106 gal/day of the mixed liquor at a
temperature of about 87° F and to reduce its '
temperature to 80° F in a cooling tower, as
shown in Figure 6. The temperature of the
0.85 x 10€ gal/day feed is assumed maintained
at 80° F from the equalization basin. The
broken line in Figure 6 shows the recycling of
the -clarified water through -the cooling tower
for more flexible operation.

3. Activated Trickling Filter-High
Purity Oxygen Activated Sludge
(ATF-HPOAS)

In Figure 6, showing the HPOAS system, the
cooling would usually be accomplished by
passing the return flow through coils situated in
a spray tower. Water from the clarifier overfiow
can be sprayed onto the outside of the coils and
a farced air draft used to evaporate some of the
water and so cool the return flow. It would be
convenient to simply spray the return flow
itself into the spray cooling tower, achieving



TABLE 3
DESIGN OF THE HPOAS SYSTEM?®

Design Basis

Flow, 10° gal/day 0.85

BODs, lbs/day - 127,600

BODs, mg/1 18,000

COD, mg/1l ) 28,000

COD/BODs 1.56

Wastewater temperature, °F 80°F

pPH Adjusted as required
Nutrients Phosphorus to be added

System Design

Flow, Q (10° gal/day)

Retention time, hrs (based on feed flow)

MLSS, mg/l

MLVSS, mg/l

Sludge Recycle Rate, %Q

Mean biomass loading, 1lbs BODs/(lb MLVSS) (day)
Volumetric organic loading, 1bs BODs/(lOafta)(day)

Average D.O. level, mg/l

Oxygen supplied, tons/day

Average oxygen utilization efficiency, %
Secondary clarifier overflow rate, gal/(day)(ftz)
Recycle suspended solids concentration, wt %

Effluent Soluble BODs,b mg/1

Step 1 Step 2
0.85 0.85
74 16
7,800 5,100
7,300 4,500
35 35
0.8 0.3
364 84
5.0 5.0
79.0 4.6
79 80
400 300
2,0 2,0
900 45

aPreliminary information supplied by Union Carbide on the basis

of assumptions provided by WPA.

bUsed as basis for determining oxygen requirement.
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cooling by forced evaporation. The
unanswered question is whether spraying will
also break up and damage the biological flocs.
This requires testing. Even if spraying to make
droplets proves not satisfactory, it may be
possible to distribute the return flow over a fill
placed in the tower. This fill may be a type of
cooling tower fill called "“film type’’ {as distinct
from “‘splash type’’) over which the descend-
ing water flows in a film. Most manufacturers
of cooling towers make film type fill. Such a
filled tower will inevitably turn into a trickiing
filter. Munters Corporation makes a plastic fill
that has been used, in separate situations, in a
cooling tower and in a trickling filter.

In Figure 7 is shown a possible scheme with
a combined cooling tower/trickling filter. The
new unit will be designated as an activated
trickling filter {ATF). An activated trickling filter
as used here is a trickling filter of plastic
medium loaded continuously with the mixed li-
quor from the HPOAS units, as shown in Figure
7. The ATF is expected to achieve the follow-
ing objectives:

1. Reduce BOD by about 30 percent as a
pretreatment to the HPOAS system;

2. Reduce the temperature of the recycled
mixed liquor from the HPOAS system
from about 95° to 80° F;

3. Strip off the excessive carbon dioxide
from the recycled mixed liquor.

Qualitatively, the use of an ATF-HPOAS
system may be expected to have the following
advantages over the use of an HPOAS system
alone:

1. Less energy required. The energy re-
quired to pump water and drive the air
fans in the ATF may be lower than that
to transfer the large quantities of air or
to generate and transfer adequate ox-
vgen for the activated sludge process;

2. Less capital and operating costs;

3. Less system upsets and higher treat-
ment reliability. This is due to the fact
that fixed biological growth is less
susceptible to loss of the biota activity
through shock loadings of either
hydraulic feed, BOD concentration, or
toxicants. Recycling of the mixed liquor
may also contribute to the treatment
reliablity.

502

In the design of ATF we used the
BOD removal relationship for trickling
filters of plastic medium, and the
details of calculation have been
reported elsewhere.® However, the use
of ATF in combination with an HPOAS
system in the manner shown in Figure
7 results in an extremely high organic
loading of about 8,000 Ib BOD/(103ft3
of medium){day) compared to current
practice of having high organic
loadings in the range of 1,000-1,400
ib BOD/(103ft3)(day). This occurs
because the BOD concentration in the
feed water is high and, also, because
the recirculation rate is determined by
the cooling requirement of step 1 of the
HPOAS sysem and is not adjusted to
control the BOD loading of the trickling
filer. Also, there are contaminants in
the coal conversion wastewater other
than phenol which may inhibit
biochemical oxidation in the ATF to
some extent. For these reasons, the
usual trickling filter design equation has
been modified by assuming that the.
reduction in BOD obtained is only 30
percent instead of the 80 percent
found by use of the standard design
equation. Furthermore, forced ventila-
tion is used to avoid oxygen transfer
limitation. In our preliminary design
modular units of ATF designed for ease
of counter-flow ventilation, each 20
feet in diameter and 18 feet in height,
have been used.

According to B.F. Goodrich General Prod-
ucts, who manufactures plastic medium for
trickling filters, no difficulty is anticipated in
running the mixed liquor through the filter
medium as long as the MLSS does not exceed
10,000 mg/l and the diameter of solid particles
is less than 0.5 inches. Nevertheless the de-
tailed configuration of ATF remains to be better
defined in the future pilot tests. The critical
considerations may be how to prevent plugging
of the filter medium by excessive biological
growth and how to avoid the anaerobic condi-
tion when oxygen transfer becomes limiting. In
spite of these uncertainties we strongly recom-
mend experimenting with ATF as successful
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applications of a similar system have been
reported. 15

CONCLUSIONS

Among the three preliminary designs des-
cribed above, the ATF-HPOAS system appears
to be the most cost-effective and energy-
effective® for treating high-strength wastes,
such as those from Hygas plants using lignite
feed. With bituminous coal feed the BOD con-
centration will be much smaller, and the cooling
of mixed liquor from step 1 of the HPOAS
becomes unnecessary. The use of HPOAS may
be preferred toc AAS where oxygen is also uti-
lized in the coal conversion process. The use of
mutated bacteria and experimenting with ATF

are recommended for future pilot tests.
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