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ABSTRACT

VA bench scale secondary sewage treatment p]ant,~mhich featured
four packed column reactors, was constructed in an effort to study the
effect of using pure oxygen gas versus air in-this type of system. Dur-
ing the period of this study, a record of tne physical, biological, and
chemical conditions within the columns was kept, and a.comparison of the.
three oxygen-fed column reactors and one air-fed column reactor was made.

The results of this study-indicated that, although the u1£1mate
treatment Tevel was the same for both the oxygen and air-fed systems,
~ the oxygen ~fed system could have hand]ed higher loadings with a 1ower
‘gas feed rate. The biota on the column packing appeared'to be genera11y
~ more hea]thy for the pure oxygen systems as compared to. the air system

Awhen operated under similar hydrau11c and organic 1oad1ngs

. Viii‘:



 CHAPTER I
“INTRODUCTION

Thé study of pure oxygen treatment systems dateé back to the :
1950's. These studies involved the use of a separate pre—okygenation'
tank and a settling tank that required mechanical agitation. The oper-
ating costs of using pure oxygen were found to bé prohibitive,fin spité
of increased dissolved oxygen levels, generally because of the Tow
“oxygen utilization and high power costs. |

The benefits to the activatedvSWUdg6~process:gafned by ﬁhe use

of an oxygen enriched system as reviewed by McKinney and Pfeffer (1)

s were: 1) the reduction of power requirements per unit of oxygen trans-

férred;}z) the reduction in, or elimination of, periods of zero djsso]ved
oXygen concehtvétion; 3) the increased rate of stab11izatfon'of organié

" material; 4) the ability to operate high rate systems with substanfia]
increases 1in organic Toadings whére oxygen Was not 1imiting; 5) the in-
creased capacity of organica11y ovér1oaded>p1ants without the need for
~additional aeréior éapacity; 6) the reduction 1in p}ant size and capital
'ihvestménf, These benefits were aéhfevable because of a higher.okygeh |
partial pressure; there was over four times more energy available for 7
reactfons using pure oxygeh than for those that used an equivalent amount -
- of air. | | |

’.Interéét-in the use of.pure'oxygen in the bio-oxidation process

| _was revived as the result of an'investigqtion dohe by Union Carbide |

AR
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| Corporation for the'Federa1 Water Quality Administration of the Depart-'
ment of the Interior (2). The experimental results obtained in-the
Batavia study indicated thet a high percentage gas utilization cah be
‘realized using a pure oxygen system that,incohporated,a multi-tank, re-

_ cyc]ing,if1ow pattehn,v With high oxygen utilization their process was
found to be economically competitive with the conventional activated
sludge process using air. Along with the development of an economically
competitive pure oxygen system there has developed a need for more in-
formation concerning the various treatment pahameters, in a pure oxygen

. system, such as oxygen demand and oxygen utilization.

Purpose and Scope

The purpose of this thesis was to determine the values Of_the :
various operating pahemeters in an upf]ow column reactor which uti1ized
'pure oxygen gas for aeration and to compare them with s1m11ar values
~ from a co1umn reactor that ut111zed air. | |

The study was bench sca1e employ1ng four packed column reactors;
thhee-us1ng-pure oxygen and.one air. Sewage was pumped from a. refr1g— :
erated reservotr through a heating coil into the tubes where contact
took plece.. A capabi]ity of adjusting sewage and gas flow rates was
also built into the system |

The prlmary sewage used throughout the study was obta1ned froms» [

'the mun1c1pa1 waste treatment p]ant of the C1ty of Tucson Ar1zona



"~ CHAPTER 1I
LITERATURE SURVEY

Low cost okygén supplies have recent]yvbecome av&i]éb]e, and
this has cédsed a sudden rekindling of interest in the Qse_of pure
’_ oxygen as an aid in secondary sewagé tréatment (3). - It has been known
for thirty years thét disso1véd‘bxygen (DO) levels of four times that
from'air'cou1d be maintained'using pure oxygen gas. There haVe been
- many'theortes as to the va]ue-oF these high DO levels, but-whethet it
wasitncreésed biological activity, reduced oxygen tension; better oxygen |
‘T’uti1ization; or any of these, there seemed to be a distinct improvemént
in the load carrying éapabi1ity of the treatment process with‘the use
of oxygen enriched air. -
| "Bio}precipitation" is a method of sewage treatmént utilizing

T a btoTogica] floc as the means Of-remOV1ng organickmattgr. It was first o
':<odt1ined_by Okdn (4) aﬁd Pirnie (5); who though it might be used emp1oy;
ing‘puré oXygen produced at Tow cost by air Tiquefaction and reCtifitation.
: _Bionrecipitation, a form of aerobic bib]ogical treatment, invo1ves the

f-_ removal and stabilization of polluting material which is etther suspended
t_' or:disso1ved in sewage. The protess 15’schematica11y'preséntedvin

- Figure 2.1. | | o |

‘ | | Okun'(G), working with Ma]cd]m Pirnie}Engineers in New York; ‘
:éohducted_av1aboratory:stﬁdy which used the btp—precipitation process
fon'we]T—settled_raw sewage. The sewage was first oxygenated using

3



02 (escaping into atmosphere)

Sewage
o Stirrer
N
< | AAAAA -
Recycled Effluent
Flow
Oxygenating
Column
///// ——
N Biological
éf Floc
g 10 ——1
s
U
v
v
[::::::]l Sludge
) >
Sewage
02

Figure 2.1 Diagram of Laboratory Bio-precipitation Apparatus (6)



bottled. oxygen then fed into a precipitation unit thatrcontained st;
pended biological floc. Three of the basic. parameters. that affebted
Okun's biological sewage treatment unifs were the amount of contact.
surface érea, contact time, and organié load. From his étudies Okun
. concluded that the efficiency of biochemical oxygen demand (BOD) re-
moval was a function of volatile solids (VS) in the system rather than
total solids (TS) and that thesurfaée area c6u1drhave been directly
related to theléiudge volume. ' |
| A summary of some of the conclusions obtained from Okuh;s_study
is as fo11ows: , 1)‘ The concentration of the biomass in the bio-preci- -
pitation process cbu]d have been maintained at tWice the 1eve],as that -
| in. the aeration tanks of activated sludge plants. 2) }For equivalent
'sewage purification a smaller plant capacity was required for the bio-
precipitation process fhan fhe activated sludge. " This was due to the
. greater weight of biological floc maintainéd in the reactor which
."ut{Tized'bure oxygen. _A3) The vo]Qme of'the aeration requiredfto-hp1d
_ fhe bio1ogica1 floc 1in bionrecipitafion«wés apphoximaté1y Qne—fourtﬁ
that‘necessary for the activated s]udge proceSS'to obtainran‘equallde-
greé of treatment. 4) Thé difference in.organic loadings did not
‘ resulfiin marked differences in the'microséop1C'1ife of the bidmass, | .
"However,'the'number'and activity of the protozoatwas greater at higher
lToadings in the pure oxygen system. - S ﬂ
| _These.findings indicated that further study in the use -of pure -
Oxyéeh for biongjca] waste treatmeht systems was warranted.
| Lynn and Okun (7) ekperiménted'with the bio-precipitation process ’

v in_an,effort to discern the effects of oxygen tension on biological
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sewage treatment. They found that oxygen concentration of itself had ;
Tittle influence on-the activity of micro-organisms thkough.the sludge

 $ett11ng stage and the period of aeration_immediately fo]]owjng the
léddition of fresh sewage. While the oxygen fed system had much greater
DO resources for the settling period, the per1od of zero DO which |
followed sewage addition was also much shorter because of a greater ab-
sorption gradient. 7 o

| Lynn-and Okun also found that the oxygen‘fequifemehtsaof air;
aerated sludge was greater than in the okygen fed systems. The greater .
oxygen requirements may have been the resﬁ]t of the extended'periods'
of zero DO in the.activated s]udge'causing it to become "sta?e".. Stale
sludge had a greater oxygen demand because, during the period of oxygen
absence, slower rate anaerobic decpmposition occurred; This resuited~
~1in & net loss in stabi]ization as compared to aAcontinuously aerobic
éystem° Further 1oss‘in net'stabi]izatioh was'caused}by,substances‘
ﬁoxic_to aerobfc organisms produced during anaerobic periods.

o fbAs.a'resu1ter these studiés, a sma]]-sca]eihigh purity‘oxygen
.pilot'plant; furnished by Dorr-0liver, Inc., was 1nstai1ed at the Black
River Sewage Treatment Plant in Baltimore, Maryland (3). The p]ant‘
had .a design flow of between 10 (0.631) and 30 gpm (1.89s%t.) wifh a
A-ft  (1.22 m) diameter by 12-ft (3.66 m) side-water depth gpfiow'
clarifier. Six 13.54ft (4f13 m) 1oﬁg tapéred tubes connected 1in 6afa1¥
 ]¢1 wéfe'used as oxygenation units. The p1ant featured a countercurfent
flow system. The flow diagram is presented in Figure 2.2. Absorption

!

~efficiencies were in the range of 20 to 25 per cent with a resulting
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6xygen transfer rate of71.0005 tdns per mi}]ion gallons (0.0060. kg/
cu m) exhaust gas measured 45 to 50 per cent okygen° This investi-
gation indicated that economic handling and dissolving of oxygen in
the sewage fTow, and control of the 51udge setting characteristics in
: the_upflow unit were of great_importance to,é‘successfu11y run éystem.

A pilot plant (3) designed for a flow of 50 (3.15) to 75 gpm
(4;73'%ec) was constructed at the Stamford, Conn., municipal sewagé o
treatment facility. The f1ow sheet fgr the plant was simi]ar to Figure
2.2, -After some experimentation, it Qas determinéd that higher oxygen
absorption efficiencies were-obtained and less recirculation was needed
wfth a mechanically mixed countercurrent 1iquid downflow unit. This
type of oxygenation column provided greater flexibility of operation
 - and a higher oxygen absorption effiéiency,‘ _ B |
| This study 1ndicated an efficiency dependent upon thé'time of
cdntact and overflow rate which was inverse1y propoftiona1 to contac£
time, An ovérflow rate of approximatély 900 gpd/sq ff (36.8 cu m/day/ .
éq m) resulted in thevbest treatment efficiency. The organic load WASI
1 Amaintained in the_range of 315 1bs (143 kg) of BOD per 1,000 1b (454 kg) -”'
 of éuspended solids (SS) resulted in the best setting charactefistics

- of the sludge in.terms of the sTudge volume index (SVI).

In comparing the pdre oxygen treatment io stahdard activated
s]udge tréatments it waé found that with,arsecondary c]arified.ove;f1ow
rate of 1000 gpd/sq ft:(40.8 cu m/déy/sq ft) for a conventjonal acfiyated
studge treatment plant and 650 gpd/sq ft (26.6 cu m/day/sq ft) for the

pure oxygen system, based on average plant flow, a reduction in
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secondary treatment tank area of 50 per cent and volume of 30 per cent
was possible with the pure oxygen system. o '

In 1965, MéKinney and Pfeffer (1) reviewed the state of the art
for the use of oxygen enriched air in sewage treatment. They concluded
that the most important consideration in the use of oxygen enriched
atmosphere was not the increaéed DO ]evei obtainable, but the acceler-
ated rate at which the pure oxygen cou1d~be utilized. This led then to
thé further conc1usi§n that oxygen enriched air would be advantageous
in systems operating under oxygen 1imiting conditions.

An additional and possibly more important advantage to the use
of oxygen enriched atmosphere is the abi]fty of the process to increase
the rate of stabilization of organic material. McKinney and Pfeffer
(1) illustrated in a comparison of two systems - oﬁe,aerated with 20.5
per cent oxygen and the other.with 28.5 per cent oxygen - that the
- maximum rate of chemical oxygen demand (COD) removal was 300 mg/1/hr
for the 20.5 per cent oxygen system and 400 mg/1/hr for the 28.5 per
:cent oxygen system. _

Jewell, Eckenfelder, and Cavalier (8) completed a étudy on the
Qse of air and oxygen enriched atmoSpherés in sludge aeration of
brewery wastes. Three different DO levels were investigated, 1 mg/1
(air), 7 mg/1 (oxygen enriched air), and 15 mg/1 (pure oxygen), at
mass loadings, quantity of substrate supplied per unit mass of volatiie
suspended solids (VSS) per day, on a COD basis of from'0.4 to 30 mg/lf.
The activated sludge unit with oxygen aeration, 15 mg/1, produced good

settling sludge at mass Toading as high as 13, but the 1 mg/1 (air)



and 7 mg/1 (oxygen enriched) treated activated s]udge'had unacceptabie
‘,settTabi1ity at mass Toadings above 1 and 3 respectively.

.Albertson et a1,.(2)vworking for the Linde Division of Unfen
Carbide Corporation recently completed a study at the Batavia, New York,
Water Pollution Control SeWage Treatment Plant. The plant used the |
diffused‘air aerated activated slndge tneatment process and»was designed
for an average flow of 2.5 mgd (9,460 cu m/day) with a max1mum flow of
6.15 mgd (23, 300 cu m/day)

~ The four aeration tanks at Batavia were used and connected
hydrauTica11y to form two parallel treatment systems with one of these
tank systems being converted for the use of high purity oxygen. »The _
tanks'were modified by making various piping changes and adding ports,
as f11nstrated in Figure 2.3. They were also covered with_a_stee]
-istructurevconstructed so as to hold the separate gas and water circu-
,1ation equipment and frap the effluent gases for nesireulation. These
‘modifications enabled an-oxygen utilization of over 90 per centtwfth
1ow power requirements. | | 7 _

-The work was conducted in three phases: the nerformance of the

oxygenation system was compared to a parallel air aeretion system in
“two of the phases,'and in a'third; the oxygenation system was used with
_:one~fourth of the plant aeration tankage to treat the entire waste-
water fTow.td_the plant. | | | |

.The oxygenatfon system consiSteht]y out performed the conven-
'_t1ona1 air system by operat1ng with mixed 11quor volatile suspended

so11ds_(MLVSS) concentrat1ons of as high as 4500 mg/1 and ach1ev1ng 90
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fper cent BOD removals at aeration detention times, as 1OW-as 1.2 hf .
(raw flow and recycle flow) treating domestfc'sewage of 220 mg/1 of BOD.
}Significant potential savinés.in treatment‘éosts were attributed,torthe
use of high purity oxygen due to the smaller aeration tank volume re-
quired fOr equivalent. treatment and a reduction in the‘production of |
waste activated sludge. 1 _ » |

s Ball andeumeriék:(9), in a paper eya]uating the existing data
on the use of high-purity oxygen in activatédrsludge} cbncludedrfhat if'
Jis as yet unclear when the .benefits will outwéigh-the costs. They also

" concluded that; in treating very high—strengthrwastes, o*ygen w¢u1d.be
more feasib]e.because of the Timitations of oxygen transfer during aer-

vation. | N

| Other‘conc1usions,were drawniby Ball and Humerd ck (9, p}75),Aas; '
follows: N | | -

R 1. There is evidence to indicate that-no:significaht ,

difference exists between substrate removal rates per unit

weight of organism in aerated or oxygenated activated sludge - -
systems.. Increased substrate removals per unit volume of re-
actor for oxygenation systems as compared;to'aeration systems:
can be attributed mostly to the former's greater ease in main- -

ta1n1ng high MLVSS concentration in an aerob1c condition.

2. There may be no d1fference in cell yield coeff1-
cients between aerated and oxygenated activated sludge.

3. The lower production of VSS from oxygenated acti-
vated sludge compared to aerated activated sludge at Batavia’
may be explained in terms of the former's longer time period
for aerobic digestion of solids.
From August 1970 to July 1971 a pure oxygen plant treated a
‘strong mixture of domestic and industrial wastewaters at the'Middieséx

County Sewage Authority, New Jersey (10). The results of this_étudy



findicated»high BOD efficiencies and-fmproVed sfabi]ity with wajgon--‘
struction and total -annual operation costs could be affected if a full
scale p1ant were constructed. ' |
Work is now underway in secondary sewage treatment by ﬁhe L1nde
Division of Union Carbide at Batavia, New York, and additiona] dehone
stration p]énts have,been installed at Cincinnati, Ohio and washingtpn,'
b C. This work.has been alded by the deve]opment of ‘a new way to
| separate air- w1th small, automat1c oxygen plants based on propr1etary
absorptlon technology, for a dependable supply of 1ow-cost oxygen to'.'
_sma11 treatment plants (11). | '_ -
| These and other studies led Un1on Carbide (1]) to pred1ct that "
by the 1980's wastewater treatment fac1]1t1es w111 become one of the
-nat1on s largest oxygen consumers. | S |
In October 1972, the United States Env1ronmenta1 Protect1on
'Agency (12) published a part1a1 11st1ng of fu11 sca]e mun1c1pa1 waste-
water treatment plants using or p1ann1ng to use oxygen aerat1on

These plants included:

Location _ C Size -

o | | (mgd)
Detroit, Michigan ' 5 SR 300
Brooklyn, New York » o 720

Louisville, Kentucky . - 105
Miami, Florida - L 55
Baltimore, Maryland o S . 5
Wyandotte, Michigan - e 100

- Salem, Oregon - ' 16
~ Decatur, I1l1inois .. .- .18
New Rochelle, New York , - 14
New Orleans, Louisiana - o 122
“Middlesex County, New Jersey ' 120
East Bay MUD, S.F. Ca11forn1a - 120

_Ho11ywood F10r1da . - 36



CHAPTER IID
EXPERIMENTAL APPARATUS

Introduction

‘The experimental apparatus consisted of the bench scale secondary
b{o1ogica1 sewage treatment plant with three oxygen fed co]umn_readtors,f

and one air fed column reactor pictured in Figure 3.1.

CoTumh Reactors

The column reactors diagramed in Figure-S.ércohsisted of four
2 1/8-1in. (5.40 cm) diametér glass tubes randomly packed with 3/4-in.
“(13905 cm) Intalox saddles and.sealed on both ends with rubber stoppers
which contained holes for influent and effluent f]dws; The packing
waé submerged, with»gas ahd'sewage}paséing concurrently through it from

bottom to top.

. Wastewater Suppiy

- The wastewater was_supp]iéd by a 20-gal (75.7 l)lrefrigerdted
reservoir located near the columns. It was:stirred by a 2.0-in. (5.08

cm) magnetic stirrer while in the reservoir to keep the solids in sus-

- “pension and mix newly added wastewater. It was then pumped by the

means of three Zeromax Sigma pumps rated at 10-in. 1bs (11.52 cm kg)
of torqué throughba 1/8-in. (0.318 cm) mesh wire fi]tefing screen into

the tubing and then through the columns..

1



The air fed column reactor #4 is located at the
far right.

All piping used for sewage and gas transport was

1/4 in. (0.635 cm) ID, 3/8 in. (0.953 cm) 0D,
Van-Lab vinyl tubing.

Figure 3.1 Bench Scale Secondary Sewage Treatment Plant

15
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 Gas Supplies

liThe gas used for three of the column reactors was commércia]]y
.”bottled pure oxygen, fed through a regulator at line pressures ranging o
from 5 (0.351) to 10 péi (0{703 kg/sq cm). Air, usedrfor the fourth column
X was taken from a 1aboratory compressed air source with a flow regulator
in the Tine. The gas flows were measured by Fm1043B Manostat flow |

meters and then passed into the column through a gas diffuser. stone.



* CHAPTER 1V
 EXPERIMENTAL PROCEDURES

Feed Source

The primary sewage used in thfs study was collected at the City
of Tucson Municipal Waste Treatment Plant. Sewage samples of 45 (170.4)
to 60 gal (227.0 1) were obtained from the inlet ditch to the aeration
tanks after they had been processed through primary treétment'which in-
cluded screening apd grit removal. The samples were stored in 5-gal
(18.9 1) plastic carboys in a 49 C refrigefator for not more than four
days. One or two carboys of sewage per day were poured through a 1/4-in
(0.635 cm) meshwire screen into a 20-gal (75.7 1) contairer kept at 11°
C in a refrigerator Tocated hext to the experimental appafatus.

The samples were cbllectéd at approximately 1500 hours on
weekdays. This sampling schedule was pursued in order to maintain as

constant a quality influent as possible.

Schedule of Experimental Analyses

The séhedu]e of analyses was governed by coTumn reactor oper-
ation, visual observations and results of analyses for COD. If the
columns appeared to be operating properly by visual observétion under
steady flow conditions with a constant supp]y of gas, COD's and/or total
organic carbon's (TOC's) were run on the column eff1uehts, If the ‘

results were edua1 within 5 per cent over at least a 24-hr period for

18



any one column, that column was assumed to be in equilibrium and a battery |
| of analyses run as illustrated in Appendix A.

A condition of equilibrium was defined as that point at which
a constant treatment Tevel was reached for a given set'of operating

conditions.’

‘Analytical Methods

The samples used for analyses were filtered through a 0.45
micron.Mi11ipone filter and analyzed immediately or preserved for not -

~more than 7 days with a 40 mg/1 concentration of Hg 012, (13).f The

analyses were in accordance with Standard Methods for the Examination_

of Waste and Wastewater (14), unless otherwise noted.

Chemica1‘0xygen Demand

The COD determination standard procedure was followed as out- -

’1ined in Standard Methods (14); except that the normality of the~Ferrous
Ammonium Sulfate titrant was changed from 0. 25‘t0 0.12 N when it was
dd1scovered that greater accuracy was needed to- distinguish sma11 dif-

ferences 1n CoD.

oH | | |
| A Beckman glass electrode pH meter ca]ibréted_with.a‘buffer

so]ution of'pH 7.0 was used'fon pH determihafidn'qn unff]tered'samp]eéf
| The pH was measured as soon as pos$1b1e in order to prevent ernors due'

~ to sample deterioration and changes in temperature.



| 20
7 Phosphate :
“ Accord1ng to the procedure described 1in Standard Methods (14)s

- the total,ortho,plus meta-phosphate was read directly by use of ammonium "

molybdate and the Beckman B Spectrophotometer, using a red filter and a
red sensitive photocell. A1l glassware used in this test was washed in
- weak hydrochloric acid to eliminate error due to phosphate absorption . -

by glass.

-Nitrogen
Thé-percentages of the various nitrogen forms present in the
samples tested were of importance as an indicator of the progress of

~ biological oxidation. ‘Standard Methods (14) was used as a reference

"in all the nitrogen tests except nitrate.-

- Nitrogen (Ammonia). The disti]]ation method was used to obtain

the ammonia—nitrogén concentration. This'method-was_chosén over direct

-NessTerfzation because of fewer errors due to COlor,'turbjdity,,and‘

| ’brganig'hétter, and also bepause-the sample must be free of ammohia‘in ‘

' _.order to make subsequent determinations;_ A 100fm1.samp1érwas conéideredf;)-
. adequate for the accuracy desired. o |

Nitrogen (Organic). The organic-nitrogen was determ1ned by use

of the KJe1dah1 method on the samp]e remaining after the ammonia dis-
’ t111at10n had been comp]eted

N1trogen (Nitrite). N1tr1te n1trogen was determ1ned by the

o d1azot1zat1on method.,

N1trogen (N1trate) Nitraté-nitrogén-was'determihed by use of

the'modiffed Brucine method as described by Jenkins and Medsker (15).



Due to the inaccuracy of the test for concentrations greater than 10

N /W@‘NOS—N, solutions ranging from 2.5 -to 100 percent were used.

Temperatures

A'Temperature readings of the:sewage_in the refrigerator and 1nv..’
the carboys were read at 7 to 10 cm below the liquid surface. Column
temperature readfngs were taken by setting the thermometer on top of

the packing.

Gas F1ow Rates -
The gas flow rates were determined by the use of PrédiCtabiiity'

Flowmeters, FM1043B, corrected for air and oxygen flow (16).

~ Sewage Flow Rates

- The sewage,flows to the reactors were supﬁlied_by Sigma.bumps;
The resulting flows were difficuﬂt to measure directly, so é.method of .i
determining flow rates was devised. The sewage flow rate'entefing the
column reéctors was calculated by closing off the eff1uent tube and "~
allowing effluent to fill,a'khown vo]ume of column freeboard. The f1ow‘
rate cou]d then be calculated by d1v1d1ng the known vo]ume by the ‘

time 1t took to i1l that volume

.Carboh Ané]yses i | | |
_ " The carbon analyses were- run on a'Béckman Model 915 Total
- Organ1c Carbon Analyzer which had the capab111ty of rap1d process1ng

'1arge numbers of samp]es The operat1on of the carbon ana]yzer is based



-éz‘;
: on-conVerting sample carbon to carbon dioxide and measuring'this with .
a non-dispersive infrared analyzer. - Calibration curyes,wereVCOnstkucted_'
-us{ng samples of known total inorganic carbon content. - 20041 samples -
wére injected info the analyzer which was operating with anroxygen |
carrier gas flow rate of 200 cé/min;'a carrier gas pressure of 5 psi
A(Oa352 kg/sq cm) a temperature of 950° C, and a gain of 070 for the -
total carbon test. Samp1es of 100/*1 were injected with oxygen carrier
‘gas flow of 200 cc/min, a carrier gaé'pkessure of ‘5 psi (0.352 kg/sq cm) .
a témperature'of 150O C, and a gain of 200 for the inorganic- test.
The total organic carbon (TOC) was determined by calculating the dif-
ference between the fota] carbon (TC) and inorgénic carbon (1c) . |
concentrations, TOC=TC-IC., o |

o TheicaEan tests were used a]éng with the COD's to?monitokvthe
conditions in the column. | |

| Samples collected were fi]tered'tﬁrough a 0.45 micrbn Mi]]ipore~'
filter and- stored 1in 50-m1. flasks. The samp1e$ were_ana1yiéd as soon
as possible after collection, as the.samp1es'stbred in tﬁe ¢ re-

frigerator showed signs of deterioration'after overnight storage.

Cafbon Dioxide |

" Pettenkofer's method (17) of deterﬁihing carbon dioxide in
rair_wasichdsen as a convenient meané of determining the carbon dioxide
in'ﬁhe eXhaust gas from the columns. ’The sample-gas was collected in

_' 1-gal (3.78 1) plastic jugs that'wefefstoppered after at least one houf'
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of continuous filling from a ges effluent hose. The gas was then

treated with barium hydroxide to form barium carbonate which was

o titratedrwith oxalic acid,

D1sso]ved Oxygen

" Dissolved oxygen readings were obtained directly by use of a
De]ta'Scientific Model 106 Dissd]ved Oxygen Ana]yzer.r The samples
were co]]ectedlin a standard DO bottle and stirred with a 1.5-1n
- (3.82 cm) maghetic stirrer. '
-~ Where the DO readings were off scale of the Dissolved Oxygen

Analyzer the A]sterburg Azide modification of the Winkler method was

- used.,

Solids-
Total nesidue, dry residue, and volatile residue”determinations
? were made on the column reactor packing to determine sludge buildup.

 These tests were run in accordance with Standard Methods (14) except

}that‘the packing was 1nc]dded in the weight determinationsa then
'”cTeaned, dried and weigh 1 separately. The packing wefght was then sub—'
“tracted from the total weights' | |
| Total suspended solids (TSS), and VSS were determined on the

Qsame sample as the DO s to obtain oxygen uptake rates.

‘ Bio1ogica1 Examination

T A record‘of day—to-day biological observations was made. This

was done by observing the growth build up in the column reactor packing
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at various flow rates. Any difference between the oxygen and air
column reactors was also noted.

The biologic examinations (18) were not intended to be a com-
plete survey of the growth in the columns, but were a qua1itative
attempt to identify the organisms and the relative proportions in which
they existed in the oxygen and air fed column reactors. Random grab
samp1e$ were taken with a 1.1 - ml pipet and examined with a compoUnd
micros: spe at 200-400X. The samples were taken from areas demonstrat-

ing the different growth patterns encountered.



CHAPTER V -
'EXPERIMENTAL RESULTS AND DISCUSSION

Introduction

| One air fed and three oxygen fed eolumn reactors were opefated:
continuously fof three and dne-han months. Thé oxygen feed rates were'
kept at 80 ml/min and the air'feed rate at_370 ml/min, and the gas
: stp]y,to the air fed column reacfor was increased from 80 ml/min to
370 m1/min when septic odors were detected in the effluent gas. Every .
effort was made to'keep the Operating paramefers constaﬁt while changing
on]y.the sewage flow rates. A tabulation of the results of the exper1— _

menta] ana]yses is presented in Appendix A.

Column Reactdr Operational Performance

o ~ The column reactors functioned very well with the only problems
resu]t1ng from the clogging of the tub1ng used for the influent sewage.
To remedy this a 1/8-in. (0.318 cm) mesh wire screen was. p1aced over the
tub1ng inlet to prevent the Tine from clogging. The portion of the
tubing subjected to the action of the Sigma pumps was changed periodj-
cal]y to prevent it from collapsing due to fatigue.

- After the p]ant had been in operat1on for more than. a month
a]gae growth was observed in the column reactors The growth was
]ocated on the column reactor pack1ng on the side facing ‘the fluorescent
11ght1ng_1n the laboratory. Since a]gae produce oxygen and consume
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carbon dioxide, its‘growth wbu]dfheve given erroneon results in the:_
“oxygen-carbon dioxide ana]yses° The‘growth.Was eliminated by p]acing
removable strips of aluminum foil around the column reaCtors to block -
out Tlight.

After a few aays of operation, it was observed that solids frem
the sewage and sludge growth had begun to gather at the bottom of the
column reactors. An outlet was installed in the bottom‘of'each column
reactor.and used to drain approximafe1y 250 ml of 1iq0id and solids

\

each day.

Co]umn'Reactor STudge Buildup Observations

Since the columns were made of glass and provided an excellent
opportunity to observe co]umn reactor behevior visually, a chrono]ogica]v
* record ef oEservafions of sludge growth patterns was kept. A summary of
this fecord is presented in the following ‘paragraphs°

‘Sludge grewth in the column feactor packing wasAfirstlnoticed.b‘r
twojdays after the column reactors were placed in operation. The grey-
brown grewth appeared at the bottom of the packing in all four co1umn
reactors. It appeared as though it was trapped in, rather than attached
’to, the packing. The buildup continued for ten'days at WHich time con-
ditionS:appeared to reach steady state‘as indicated by visual obServations.
VThis eondition was COnfirmed byra stabi]izingeof the effluent COD
feadings S]udge was present throughout the pack1ng, but appeared to
be th1cker near the bottom of those columns operat1ng at low sewage
f]ow rates. The column reactors with. the higher sewage flow rates had

S a thick growth of sludge dispersed equa11y_throughout the packing.
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ngure'5,1 illustrates. some VS profiles for the oxygen fed co}umh
reactors showing an increased solids buildup at shorter detention times.

The air fed column reactor seemed to have;é greater sludge |
budeup upon visue1 observation, but itAWasla e1ime Qrowth on the
co]umn.wa11 that gave this impression. Actually the oxygen fed column .
: reactors had a greater s1udge buildup. Figure 5.2 111ustrates the quan—
t1ty of VS present in the air fed column reactor and an oxygen fed |
_column.reactor with identical influent sewage flow rates.

| At detentiqn time of less than approximately 130 min for the
air fed column reactor and 60 min for the oxygen'fed column reactors
the sludge growth in the packing would begin to_gather into masses
grey-brown on_the_oUtside and black on the ihsideh_ Thfs caused‘chan—
neling of the sewage and gas as it péSsed through the packing. This
condition became worse as detention times were redueed.
| As the biological growth bui]t up. channe]ing deve1oped, causing
“sfmu1tdheous aerobic and anaerobic growth in the air fed column reactor.
This occured at detent1on times of from 95 to 120 min.

At detent1on times of approx1mate1y 45 min for the a1r fed
| co]umn reactor and 30 min for the oxygen fed column reactor, there were
1arge zones of black sludge cong]omerates surrounded by grey f11amentous 
growth in all of the column reactors. |

- The oxygen fed co]umn reactor effluent cons1sted of a clear

R Tiquid with large floc which settled readily upon standing...The air fed

co1umn reactor had a slightly turb1d eff1uent with a Tess readily

settleable floc. The eff]uent from a]] of the column reactors became

| turb1d and more d1ff1cu1t to filter as the detent1on time was reduced.
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;Higﬁer pH Va1ues Weré maintained inrthe air fed column reactoru-
because ;arbon dioxide was stripped_out of so]utioh during aeration,
HCO3-___ s, CO,+0H™ (19) as illustrated in Figure 5.3. -

Samples of the biological growth from the air %ed column reastor-'
-and the #1 oxygen fed column reactor were taken for microscopic .obser-
vation: This was done at a time when the sewage 1oading was 19.5 ml/min
and all conditions were assumed to be stable for both co]umn reactors.

The samp]es from both column reactors contained numerous pro-

-tozoa with the oxygen fed organisms appearing to be the most active.
The'protozoa cohsisted host1y'of Paramecium, with some Vorticella also

present. ~ Small numbers of SphaerotﬁTus were present in each column.

gg1atoa was also present in both columns, but the a1r fed co]umn re-
'actor s samples contained larger numbers of th1s organism. |
- After two month's operation, the growth in reactor #3,'an oxygen
fed column, underwent a change during which a loss of_growth as compared
to the other column reactors was observed. After several more  weeks,
the column reactof growth stfi] had'not returned to 1ts‘origfné1'staté
so the column was drained. The quantity of volatile suspendéd‘solids
" in column reactor #3 as cdmpared torahother oxygen fedvcolumn keactdr

,;operated at a s]ower flow rate is shown in F1gure 5.4. The volatile

L so]1ds prof1]e shown in F1gure 5 4 verified the v1sua1 observat1ons

that column reactor #3 should have had greater solids concentrations.

ReSu]fs'of Chemical Analyses

- The results of chemical analyses of the treated effluent-as
~compared to the influent sewage provide a direct comparison between the

!
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air fed column reactor and oxygen fed column reactofs for the vafious' -
flow fates studied in thié project. The results ofrthese are presented |
1n_the following paragraphs° »
| The reductions in COD for the oxygen and air fed column reactorér
for various hydraulic detention times are illustrated.in Figure 5.5. 7
The oxygen fed column reactors showed greater reductions in COD fok de—:
tention times between 40 and 80 min. The,oxygen‘fed column. reactors |
_ reached the Q1t1mate’75 per cent reduction level at detention times of
'85 min, approximately the same time as the air fed'co1umn'reéctor. COD
reductions 6f greater than 75_pef cent were not possible due to incom-
plete mixing of the éewage and gas which was caused by éhahne1ing. The
results were similar to those obtained by Poon.and Wang (19) who ob-
tained greater substrate removal using oxygen rather than air on a
bénch scale at process'1oading$ from 1 to 3 g COD/g MLVSS/day;

ThelpH in the column reactors showed only sTight changes duringA
opékation° As illustrated in Figure 5.6, the pH remained near fhe |
‘optimum, for biological activity, of 6.5 to 7.5 (20). |
No reductions in total phosphate could be detected in the.re;
aétor.eff1uents by the sampling methods used. As illustrated in Figure;
5.7,,5 sCattering of total phosphate concentrations was found. This
 o¢cured because of sample contémination during the filtering process as'
discussed fn‘Standard Methods (14). \A1so; due to the de]icate‘nature
: of this test, other sources of contamination, such as thatAfrOm soap -

CFilm on glassware may not have beeh'Complete1y eliminated.
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In comparing.nitriffcatioh in the okygen and air fed reactoré
as i]]Ustrated in Figures 5.8 to 5.11, the oxygen fed column reactoré
- showed ‘greater initial reductions in organic and ammonia nitrogen for
a deténtfon time of up to 110 ahd 95 min respectively.  The oxygen. fed
column reactors also showed a complete conversion of NO,=N to NO;-N
within the 210 min maximum detention time used during the experimental
anaTyses. | | » | |

During é similar study Haug and McCarty (21), using a submerged
fi}tef_reactors.achieved_90 per cent oxidation of 20 mg/1 NH3-N in 30
min at 25° ¢. A synthetic.Waste was used WHich consisted of tap water .
to Which ammonium,suifate waé added. Haug and MCCarty‘s oxidation |
:times'were considerably shorter than the 120 min for 90 per cent oxi-
dation obtained in this project. This can‘be exp]aihed by the fact that
in this project, primary effluent with an average concentration of 30>
mg/1 NH;-N was used. Channeling problems, which caused a reduction in
the Prbbabi1ity of oXygen cohtacf;'a1so affected the oxidation timeé..,‘ 

The results of rapid analyses of the carbon content of grabA A
samples are illustrated in Figures 5.12 to 5.14. A greater reduction
in TOC throughout the operaﬁing,range was obtained in the oxygen fed
~ columns. | _ | _
| | VanHa]]-and Stenger (22) referred. to the Infrared Carbon Ana; :
| 1yier'as_a usefuT genefa] indicator of organic poT1Qtion. They were
able to obtain a bosjtiVe correlation between BOD and COD results in the
.absence of inorganic reducing agents and/or varying amounts of inter-

fering'brganic materials. Fok.éewage the ratio of COD to,organié»carbon
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was found to be in the neighborhood of three or slightly higher (5). The
raw sewage used in this project had a fatio of 3:1. Figuré 5015 illus=
trates the COD to.TOC ratios for the column reactors used in this project.

The results of the determination of the carbon dioxide produced
during column reactor operation.are illustrated in Figure 5.13. Assum-
ing that carbon d{oxidé was the only gas produced in the co]umng, the
ultimate percentage of the oxygen supply that entered into reaction was
approximately 0.4 per cent for both the oxygen and air fed column
reactors. _ ' |

The Tow percentages of oxygen entering into teaction were due to -
the Channe1ing of the gas bubbles as they passed through the column re-
actor packfng.

Aha1yses were run on the column reactor.eff1uentito determine if |
the oxygen fed column reactor effluent had a greater DO 1eVe1 than,that
from the air fed column reactor. The DO Tevel in the fnf]uent sewage
was found to be zero while the effluent from the oxygen fed column re-
aCtorsléveraged apprbximately 21.5 mg/j DO and the air fed column reactor

effluent approximately 2.0 mg/1 DO at detention times of 45 min.

Oxygen Utf]ization

The changes in dissolved oxygen over time for.sludge samples from
air and oxygen fed column reactors are reported in Figure 5.16. The
oxygen utilization rates were calculated from the slopes of the étraiéht
11n§ port%oh of these curves. The oXygen utilization rate ofis1udgé

from both the oxygen and air fed column reactors was 26.6 ppm 02/9'(hr),
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CHAPTER VI
CONCLUSION

An ana]yﬁis of the results of this study of column reactors sup-
plied with pure oxygen gas as compared to air is as follows:

(1) No differences in the maximum effluent COD reductions from
the oxygen and air fed column reactors were ascertained. , |

(2) The same species of protozoa were found in each of the
column reactors.

(3) The u]t{mate lTevel of carbon dioxide production was the
same for the oxygen and air fed column reactors.

(4) A more dense, healthier sludge growth, as indicated by
visual observations and volatile solids profiles was maintained in the
oxygen fed column reactors.

(5) The operating pH of the oxygen fed column reactors was 6.75
to 7.0 while it was. 7.35 to 7.60 for the air fed column reactor.-

| (6) Nitrification progressed more rapidly in the oxygen fed
column reactors. A | 7

(7) The reductions in TOC were greater for the oxygen fed than
the air fed column reactors. For instahces'at detention times. from 30
to 120 min 15 per cent more TOC reduction was noted, howeQer, fhe dif-
ferences were only 5 per cent at detention times greater than 125 min.

Although no definite imprbvement in the ultimate Tevel of treat-

ment with respect to COD reductions was attained, these resu1té indicated
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fhat the use of pure oxygen would significantly improve the‘capacity at
which column reactor biological treatment plants could operate eff{cient1y.
This was explained by the fact that the DO levels were ten times greater
in the oxygen fed column reactors. | |
Pure oxygen treatment systems can be used to upgrade existing o
over Toaded treatment plants as well as in new plant design. The use of
pure oxygen would provide more effective odor control and higher DO con-

tent 1in the'p1ant effluent.



CHAPTER VII
SUGGESTIONS FOR FURTHER STUDIES

More experimenté] WOrk needs to be done to establish the ad-

“vantages and disadvantages of using the submerged packing oxygen fed

bio]ogica1.reactor; Some of the design parameters Wh?ch need fﬁrther '

| study are: | | |
1) Establishing optimum oxygen feed rates for the column re-

actor. __ |

' 2) jRéCyc1ing sewageiand gas to.improVe efficisncy;

3) Optimizing the geometry of the packing.

4) Mixing gas and sewage either in the reastor or prior to its-

entering the reactor.

_ 5) More somp]ete1y analyzing chemical and bio]oQica]rparameters'
to‘est§b1ish if the use of pure 6xygeh is advantageous under varied 1
operating conditions. |

| .6) Comparing oxygen and air fed systems to estab]ish if the
usesof pure oxygen is economica]]yrjustifiab]e. |
7) :Constructing a pilot sca1e pure oxygen column feactor treat-
meht system. | |
Bonner, Busch and Caster (23) have recently discusséd some of
the”desigﬁ factors that should bé:eva1uated on a pilot scale operétiona]
‘bésis} These include comparing BOD and COD loadings, SS removals, c]arﬁf :
fier solids Toadings, and nitrification. Oxygen fequiremehts per pound
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of BOD or COD removed, odor control, specialized equipment required, and
on-site generation of oxygen vs. purchased tonnage oxygen with alter- -

nhative treatmenﬁ Systems were also Tisted asneeding evaluation.



APPENDIX A
ANALYTICAL DATA -
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ANALYTICAL DATA

The average value is given where more than one analysis was run on the same day.

Coliection Point samp1es were collected from the column reactor eff1uent tubes and the primary sewage
storage tank. .

Gas Fed Rate column reactors #1, #2, and #3 were oxygen fed, and column reactor #4 was air fed.

€0, 0.18 ppt CO, has been subtracted from the values obta1ned from air fed column reactor #4 in

order to accoufit for the €O, in the 1nf1uent gas.
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(A]] Column Reactor Operation was Terminated in Order to Perform Analyses
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