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INTRODUCTION

The problem of wastevater treatment has been compounded in recent years
by the growing number of synthetic organic compounds in use. As Hunter and

Heukelekian (1) point out, ". . . many of these new and economically important
compounds are partlially or wholly resistant to microbial attack.'" This resis-
tance has increased the interest in the biodegradability of compounds (see
literature review) and caused a re-evaluation of exlsting tests and methods of
analysis. Tests such as the BOD test, which have been used for a long time,
no longer are completely adequate (1, 2). While it still has obvious value in
sanitary engineering, its slowness and remoteness from conditions existing in
aerobic treatment chambers gives rise to a certain amount of dissatisfaction.
Only the employment of more sophisticated analysis will permit the determina~
tion of the extent of organic contaminants and the character and nature of
these. A more complete picture Is important in determining the overall effect
of a given treatment on that fraction that shows evidence of being highly per-
sistent in the environment (particularly aquatic ones).

The primary methods of dealing with wastewater come under either chemi-
cal, physical or biologica) classifications. Most conventional plants include
sedimentation (physical) and aerobic stabilization (biological). The primary
interest in such plants Is centered on insuring that adequate treatment is
present to reduce BOD and turbidity--the quantities easiest to measure. Good
removals of BOD do not give a complete picture of the total organic removal.
New areas of waste treatment must be perfected to remove the growing class of

materials that is not now effectively treated and whose persistence in natural



aquatic systems is undesirable.

One such system formedlthe.basis for this research. This process ori-
ginally was conceived by Schmid (3); (Fig. 1), who determined the performance
parameters in extensive bench-scale tests for the lime-biological treatment
system. The system involves lime treatment of raw sewage followed by conven-
tional settling and activated sludge systems. This overall system was con-
celved as a means of complexling phosphates and removing them from raw sewage.
The process was transferred to pilet plant scale for further testing. The
idea for this thesis was conceivéd from data accumulated here at Kansas State
University. The data indicated high COD (chemical oxygen demand) removals that
seemed to merit Investigation. ‘The basic process differed radically enough
from processes lacking initial chemical treatment to merit more tests anyway.

The research itself consisted of two parts, The first part consisted of
prel iminary bench-scale tests. These tests were to analyze the effect of lime
treatment of sewage on the removal of soluble organic material. Thfs part was
to determine whether any significant data could be gathered at this scale. To
accomplish this, the aeration chamber of the pllot plant was modeled down to a
2 liter graduated cylinder that held, as a portion of total volume, 2/3 acti~
vated sludge and 1/3 sewage. Two identical units were established--one using
settled sewage and one using sewage coagulated with lime solution before
settling. Both units used activated sludge from the pllot plant and were
simultaneously aerated. Testing the solutions for soluble COD at intervals
indicated {crudely) the rate and extent of removal of soluble organic matter
for each type of sewage.

The second part of this research involved the use of a Warburg manometric

apparatus, Building on the data from Part |, the scope was expanded,
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Units were set up in the lab to maintain activated sludge grown on lime-
treated sewage and settled sewage. Using the activated sludge solids from
these units and the two types of sewage, more complete and precise data could
be gathered. Further variations involving different levels of lime treatment
and sollds concentrations meant that a more complete picture of the lime-
biological process could be attained. The manometric data would be used to
plot oxygen uptake curves and calculate reaction rates (k‘) for first-stage

aerobic oxidation.



LITERATURE REVIEW

LIME TREATMENT OF SEWAGE

Schmid (3) investligated the potential of a |ime-blological treatment pro-
cess In removing phosphates. This process consists of lime clarification of
sewage followed by a conventional secondary treatment process.

The data compiled by Sch:id (3) included a series of jar tests' run on raw
sewage from the Lawrence, Kansas, treatment plant. The results for BOD and
COD removal, taken from the appendix, are sumllarizgd in Table 1. They are

based on runs 3, 5, 6, 7, 12, 16 and 27, and give some idea of the removals

that can be attained for various |ime dosages.

TABLE |. BOD and COD Removals with Lime Treatment (3)

Dosage Average % Range of Average Average % Range of
COD removal COD removals pH BOD removal BOD
from raw : from raw removal
sewage sewage

0 33 24 « 42 7.1 25 h - 36
100 52 41 - 63 9.0 50 4o - 56
200 56 kg - 64 9.7 52 45 - 59
300 56 50 - 65 10.5 52 ko - 59

Loo 61 54 - 67 1.0 61 ——

The results for no dosage, which represents settling for 1/2 hour, Is
presented to show the additional removal by lime treatment. The pH shows the

smallest variation and gives some idea of the effect of certain dosages.

lThese tests were done by adding lime to the sewage, mixing at 100 r.p.m.
for 1 min. and at 30 r.p.m. for 15 minutes, followed by settling for 1/2 hour.




This research led to the development of a pltot plant for researching
the process on a larger scale. Data gathered from this plant indicated an
efficlency at removing the COD material higher than expected. This Is due
partially to the domestic character of Hanhattan sewage and to the increased
efficiency realized In transferring the process to a larger scale operation.
The 1ime was fed in at a rate high eﬁough to maintain a constant pH of 9.8.
Tests were run about twice a week. These tests were based on samples taken
every 6 hours for 24 hours (3 p.m., 9 p.m., 3 a.m., 9 a.m.) of the 1) raw
influent sewage from the Manhattan trcatment plant primary settling basin, 2)
the effluent from the primary settling basin of the pilot plant following |ime
treatment and sedimentation and.3) the final effluent from the pilot plant.

At times the samples were composited for a daily average and at other times
individually tested and prorated according to flow records.

After about four months the data compiled indicated good purification
and phosphate removals (4) (5). The Important results are summarized in Table
2., They indicated consistently high COD removals reaching 97% and BOD removal

reaching 98%.

TABLE 2. Pilot Plant COD Removals (4) (5)

COD removals

Date Flow Primary
' pH Raw Primary 4 Final 3
Removal Removal
7/ 6- 7 | 10,000 9.8 485 151 69 15 96
7/ 8- 9 | 8,000 9.8 300 170 43 10 97
10/26=-27 | 12,250 9.3 507 16k 68 16 97
2/18-19 | 10,000 10.6 359 202 L Lo 89




As will become clear in this review, COD removals generally do not reach
this level, there being a certain amount of hard or refractory material in any
sewage effluent. In addition to this data, detalled and sensitive tests of
biological oxygen uptake of various facets of the process are important. The
detailed analysis is Important in describing any important distinction from
conventional treatment.

Humenick and Kaufman (6) noted in thefr literature review that chemicat
and biological systems In various optimized combinations can effect a high
degree of degradable carbon removal. They al§o pointed out that biological
suspensions can assimilate soluble organic compounds, especially those of low
molecular welght, although they do not attempt to define any limits for a low
weight classification. As they mentlon, chemical coagulants are primarily
effective in removing suspended and colloidal matter. The process investi-
gated consisted of high-rate activated sludge treatment followed by coagula-
tion-precipitation wifh lime. They reported removals of BOD in excess of 90%
and COD in excess of 80% at a lime dosage of 280 mg/l as Ca0 (370 mg/)
Ca(on)z) in the process.

Given the removal of particular fractions of sewage by coagulation-
precipitation and activated sludge, it might be advantageous to discuss
briefly the composition of raw sewage and secondary effluents.

Hunter and Heukelekian (7) have done a fairly recent study on the compo-
sition of domestic sewage. They first separated the sewage Into soluble and
particulate fractions. The particulate fraction was further separated into
settleable, supracolloidal and colloidal fractions, Some of the results are

given In Tables 3 and 4.



Conclusions arrived at by testing composited samples over two six-month
periods include:

1. The particulate fraction solids are approximately 80% organic
matter; the soluble fraction solids are 30% organic.

2. There appears to be some pattern In the general distribution

of organic matter among fractions; no set pattern is apparent
for nitrogenous matter.

3. The soluble organic matter was found to be composed largely of

ethyl-ether extractable matter, the organics acids (lactic,
gallic and citric) being the primary constituents followed by
neutral compounds. A small fraction was contributed by ampho-
teric and basic.

This study is correlated with other studies (8) (9) and contains much
more data than could be presented conveniently here. A detailed an: "ysis of
each fraction Is given.

Bunch, Barth and Ettinger (10) have presented a concise analy.is of
secondary effluents from five different cities (seven plants). They concluded
that:

1. Suspended solids account for 20-30% of the total effluent COD,

2. The ratio of volatiles to COD Is about 1.5.

3. The majority of constituents giving COD are dialyzable but 40%

of the material is indicated to be of high molecular weight
(protein or other polymeric substances), because it resists
dialysis.

Helfgott, Hunter and Rickert (11) analyzed effluents from primary,
secondary and tertiary treatment plants. They reviewed other papers including
the above two and tried to fill in gaps. They report from their readings and
research that:

1. Incomplete hydrolysis and oxlidation treatment can create com-

pounds more refractory than those existing in the influent
waters. This is because the greater the degree of partial

oxidation, the more resistant is the compound to further oxi-
dation steps. The effluent may have a low BOD but a high COD



that is more detrimental environmentally in terms of
persistence.

2. The combined colloidal~soluble fraction of raw sewage is
significantly more refractory than the settleable-supracolloidal
fraction (separation by centrifugation at low and high speed).

3. The soluble fraction is the single most refractory of all.

4. The residual colloidal fraction In secondary effluents is
largely parts of microorganism's cell walls,

Returning to the effect of lime treatment, Molof and Zuckerman (12) (13)
have described the effect of high dosages on raw sewage. They started with
bench-scale tests and then transferred the process to a pilot plant set-up.
The process consists basically of treating wastewater with lime to a high pH
(11.5), neutralizing it and filtering it through sand and then activated car-
bon. The results Indicate that retention of the chemically treated waste-
water for about 80 minutes will affect the chromatographic molecular weight
distribution. The bench-scale tests they ran show the soluble organic frac-
tion to have two molecular weight distribution peaks, one at <400 and one
>1200, with little between the peaks. According to their research:

1. Conventional biological treatment results in a distribution

with a single peak at >1200 mw, that is unsuitable for car-
bon adsorption. (Helfgott, et al., (l1) points out that
high molecular weight hydrocarbonaceous non-polar organics
can fou) ion exchange resins and membranes.)

2. Chemical treatment with 1ime results in wastewater that con-
tains soluble organics showing a chromatographic curve with
one large peak at <400 mol. wt. This results from either
removal or hydrolysls of large molecules larger than 1200
mol. wt. into smaller fragments.

MANOMETRIC METHODS

The most important source of information in any study of this kind is

Manometric Methods by Umbreit, et al. (14). This describes the procedures

used in setting up the apparatus. |t served along with Burkhead's research



TABLE 3. Characteristics of Highland Park Sewage Samples (7)

10

Winter-Spring, 1359 ~ Fall-Winter, 1359-60
Characteristic
Max {mum V_Megn* Hinimum‘ ﬂgximpm Hean* 7 Minimum
Flow (mgd) 2,29 146 | 0.87 3.59 | 1.97 1.00
pH 7.5 7.2% 6.8 7.5 T2+ 6.7
Settleable
solids (mg/1) 6.1 3.3 1.8 10.6 6.7 2.4
Total sollds
(rmg/1 640 453 322 676 481 294
Volatile total
solids (mg/1) 388 217 118 336 249 148
Suspended
solids (mg/1) 258 145 83 236 146 58
Volatile '
suspended
solids (mg/1) 208 120 62 174 125 54
Chemical oxygen
demand (mg/1) 436 288 159 h43 282 97
Blochemical '
oxygen demand
(mg/1) 276 147 75 216 136 46
Chloride (mg/1) 45 35 25 83 ky 28
* Arithmetic
+ Modal value
TABLE 4. Contribution of Sewage Fractions to Certain Strength
Parameters in Percent of Recovered Strength Parameter (7)
Organic oD Total Volatile
| sewage Nitrogen Solids Solids
Fractlon  |uone | Fall | Wint | Fall | Wint | Fall | Wint | Fall
Sprg Wint Sprg Wint Sprg Wint Sprg Wint
1959 1959 1959 1859 1959 1959 1959 1959
. 60 60 60 60
Settleable 28 38 34 Lo 18 18 28 31
Supra-
col loidal 36 32 27 23 13 10 22 18
Colloidal 12 10 14 14 7 7 . 1 9
Soluble 24 20 25 23 62 65 37 L2




(15) as the primary sources of procedure. This has been standardized enough
so that no further explanation is given.

Montgomery (2) has given a very complete and thorough review of res-
pirometric techniques and factors affecting oxygen demand. Applications are
not reviewed, althougﬁ some are mentioned to illustrate points. This review
is an excellent starting point In any study using respirometric methods.

A series of articles by Corbet and Wooldridge (16) and Wooldridge and
Standfast (17-19) done back in 1936 give a great deal more Information. Their
research (using Barcroft manometers) covered a wide range of topics. Some of
the most important findings were:

1. A method of rejecting faulty results (leaks, condensation in

tubes) by plotting on double log paper the pressure change

vs. time and rejecting those that tend to be parabolic.

2. Proof that carbon dioxide and 02 were the only gases evolved
in significant quantities.

3. Application of respirometric methods to studies of activated
sludge and sewage~-alone or in combination=-with accuracy.

Determining Biodegradability

The use of manometers in determining biodegradability hés been described
by Schulze and Hoogerhyde (20), who used a differential manometer. The method
consisted of calculating the specific growth rate (kl), by computing the slope
of a plot of dozldt versus time on log paper, for the exponential growth phase
of the oxygen uptake curve and using It as a quantitative measure of degrada-
bitity. The research indicated that sewage with a high proportion of indus=
trial waste has a significantly lower blodegradability than one low in Inaus-
trial waste.

Hunter and Heukeleklan (1) discussed the difficulty in defining biode-

gradable. They point out that the term, in essence, implies the ability of a
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compound to be oxidized by micro-organisms with production of cell matter,
energy and waste products. ODetermining the extent that a compound must be
degraded before it is considered biodegradable is more complex. Some
researchers adopf the concept of 'activity' loss, meaning the propefty that
makes the compound objectionable is lost through microbial action. A more
severe criterion would be to demand complete conversion to cell matter,
energy, COZ’ HZO’ and minerals. This distinction, they claim, could become a
serfous problem as organic pollution increases.

After pointing out the advantages of respirometric studies over the BOD
test, a method of determining per cent biodegradability was presented. This
method consists of first determiﬁing, 1) the weight of new cellular matter
formed during the oxidation period and its COD equivalent and 2) the soluble
COD of the solution. From these numbers {and the oxygen utilized) it is pos-
sible to calculate what per cent of the compound was oxidized, what percentage
was not oxidized, and'what percentage was converted to cell growth. The per
cent biodegradation is obtained by adding the percentages representing oxida-
tion and growth. Excellent results were reported with replication allowing an
even more complete apalysis. |

Vath (21), states that, '". . . when the net oxygen uptake at the inflec-
tion point of the plot . . . equals or exceeds 35 to 40 per cent of the theo-
retical oxygen demand (COD) of the contained organic subsfrate, degradation
can be assumed to be complete.' He then claims that oxygen uptakes will
exceed 35-40% of the surfactant COD when oxidation, not assimilation, is the

major mechanism of initial biodegradation.

Accuracy
Caldwell and Langelier (22) found that replicate Warburg tests had an



13

average (not standard) deviation of 1.7 per cent for raw sewage and 2.3 per
cent for settled sewage. The results when compared to the standard BOD test
revealed the manometric results to be consistently and appreciably higher.

Lee and Oswald (23) also reported this. Thelr research indicated first-
stage demands about 15 per cent higher for the Warburg.

Dawson and Jenkins (24), echoing research by Corbet and Wooldridge (16)
pointed out that replication was important. The best accuracy they were able

to obtain Involved an error of 4-5 per cent with duplicates or triplicates.

Factors in Measuring Oxygen Uptake by Sewage and Activated Solids

Montgomery and Gardiner (25) suggested that the oxygen requirements of
different batches of activated sludge growing on a given substrate might not
always be the same., They attributed this partially to the unspecified mixture
of microorganisms existing in an activated sludge unit. In conjunction with
this they pointed out that the role of protozoa in oxygen demand tests is not
completely understood. The review indicated that information on praotozoan
activity varies. Some researchers claim that no speclial effect is felt for
1.5 days, while others suggest that they excrete a substance which stimulates
bacterial respiration.

Dawson and Jenkins (24) tested the uptake of washed activated solids up
to a volume of 5 ml and with concentrations ranging from 500 to 15,000 mg/l.
Tests run at a concentration of 2375 mg/l (suspended solids) and at various
volumes showed that oxygen uptake was directly proportional to the volume of
sludge. The plots were straight lines of increasing slope for increasing
volume.

Wooldridge and Standfast (18) did some fairly complete and thorough work

showing how the presence of sludge with the sewage to be tested greatly
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3. The BOD exerted by Individual components, measured singly, may not
apply to an aqueous mixtur: of these compounds.

420 —
| RAW SEWAGE
2 NONSEFTLEABLE
360 |3 COLLOIDAL - SOLUBLE
iy SOLUBLE
5 SUPRACOLLOIDAL
6 COLLOJDAL
300 |7 SETTLEABLE |l
bf””” 26
= I/l//”"””,,—*”'ﬂ.
:3 240 7
] /
5 180 A L
‘ V 3+ |
®m / /
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120 /|~ —
-——"""‘_-'.
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0 le==—"]
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'Fjgure 2.--B.0.D. curves for the particulate fractions of sewage (26).
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increases the initial rate of oxidatlon although the ultimate demand is
scarcely influenced. This résearch demonstrated (for the first time) that
activated sludge could serve to reveal marked differences in the oxygen demand
of sewages. The method was capable of discerning primary and secondary
effluents from each other and ffom raw sewage effectively.

Balmat (26), studied the uptake of various sew&ge fractions (SOIublé,
supracolloidal, colloidal and settleable in order of increasing size) using a
Warburg apparatus. Each Fractlon was suspended in BOD mineral dilution water
containing 1% sewage seed. The data indicates that the kI (BOD rate) decreases

with the increasing particle size as listed above. This is shown in Fig. 2,

FACTORS INVOLVED IN ORGANIC BIODEGRADAT ION

Mills and Stack (27) classified the BOD curves of synthetic organic com=

pounds into four classes:

1. Type |: those materials that are readily biologically oxidized.
Most compounds fall into this classification and include
most esters, sugars, straight chain alcohols, organic
acids and aldehydes.

2. Type 1Il: those materials slow in exerting BOD with or without an
initial lag phase. '

3. Type 11i: those materials having a characteristic lag phase when
sewage seed is used. Included here are allyl alcohol,
diethyl ketone and ethylene glycol.

4, Type IV: those materials exerting no significant BOD over extended
incubation periods. [Isopropyl ether is an example.

These curves are {llustrated in Fig. 3. Testing was done on many com=
pounds (synthetic) with the following generalizations:

1. Oxldation is related to chain structure, molecular size, and func~
tional groups present.

2. Atoms other than carbon in the main chain of a compound may inter-
fere with carbonaceous aerobic oxidation.
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Figure 3.--0Observed B.0.D. for synthetic organic materials seeded with
sewage (27).

" Ludzack and Ettinger (28) did an extensive compiling of data on the
assimilation of a wide assortment of compounds. They generalize from the data
that:

1. High molecular welght materials and tertiary-branched structures
do not appear susceptible to metabolism at a significant rate.

2. Substitution of all the hydrogens on a carbon atom by alkyl or
aryl groups generally results in a resistant material.

3. Agreement with Mills and Stack (26) on the chronic effect of atoms
other than carbon in the chain.

4., Structures that limit enzyme approach or ability to diffuse through
cell membranes contribute to resistance.

5. Acids, salts, esters, aldehydes, alcohols, amino acids, and cyanides
can be relatively easily assimilated (with exceptions) under proper
conditfons. This list is in roughly increasing order of resistance.

6. Ethers, hydrocarbons, ketones, phenols and oxy compounds are rela-
tively resistant with significant variation among themselves and in
groups. :
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7. Phenols, nitrogen compounds and compounds with vinyl groups
showed a great deal of varliabllity.

McKinney, et al. (29) did work on phenol and other aromatic compounds.
The results indicated stabllization by beta oxidation in activated sludge sys-
tems possible,

Leigh (30), defining degradation as a measurable chemical change (corre-
sponding to Hunter and Heukelekian's "activity' loss), investigated the degra-
dation of insecticides. He briefly reviewed the biological degradation of
insecticides and pesticides and fouqd that most chlorinated materials were
inert (not necessarily toxic either), while some organophosphates such as
malathion could be effectively removed in activated sludge systems.

Lamb and Jenkins (31) tested many of the same compounds as Mills and
Stack (27) with comparable results, pointing out the need for longer BOD tests
(up to 20 or 30 days length) when industrial compounds are tested.

Vath (21) briefly outlined the basic mechanisms involved in blological
degradation for aerobic and anaerobic processes. He described the differences
between the two as being, 1) the source of the hydrogen acceptor for enzyme
regeneration, 2) the end productions, and 3) the rate and efficiency of sub-
strate removal. The use of various tests (in determining extent of biodegra-
dation) such as Warburg, river-die-away, activated sludge and anaerobic die-
away was discussed. The compounds tested were linear anionic surfactants.
Vath's bibliography confalns a number of references to the degradation of
detergents which has been discussed to such a large extent that they are not
mentioned here.

Young, et al., (32) and Irvine and Busch (33) describe tests that are
major modifications of the BOD test to estimate biodegradabillty of compounds.

Irvine and Busch (33) present a summary of the various chemical and bio-
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logical factors involved in biologiéal waste treatment. The goal of waste
treatment processes is given as the '. . . transformation of dilute soluble or
colloidal materials into a more concentrated insoluble mass."” This Is accom-
plished by blochemical conversion of organic compounds into cell mass and other
metabolic compounds. As pointed out, the general class of compounds which are
not biodegraded easily is termed either hard, recalcitrant or refractory--all
terms for the same thing. These compounds are not removed in a set time period
by organisms. The authors point to evidence that materials normally degraded
exlst without degradation for thousands of years when conditions are limiting
for microbial action.

The acceptance of high Coolvalues and tow BOD values by pollution
enforcement agenclies is mentioned along with a statement that modifications of
present treatments systems must be made to degrade these hard materials.

The authors then outline the function of enzymes in the assimilation of
material. Permease eﬁzymes are responsible for the transport of the substrate
from the liquid medium through the cell membrane into the organism. The cata-
bolic enzymes catalyze the formation of compounds such as pyruvate and ribose
S-phosphate. The bliosynthetic enzymes catalyze the conversion of these com-
pounds into amino acids, purines and pyrimidines. Since some molecules are
too large for penetration of the cell membrane, hydrolytic enzymes exist to
break the molecule into smaller fragments.

Since some compounds can cause inhibition or repression, they recommend
a sequence of reactors to remove material that has been shown to cause disrup-
tion of enzyme activity and to remove separately those materlals not removed
in a particular biomass tank.

One important point made is that the feleaSe of intermediates and end
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products of metabolic pathways, by diffusion outward, increases the COD of the
effluent but does not appreciably alter the BOD, The release of cell consti-
tuents during cell lysis magnifies this situation although agglomeration and
adsorption reduce the problem. In regard to adsorption it is Important, they
claim, to realize that this process is an Important and misleading factor in
assessing biodegradability.

In the use of high molecular weight compounds the concentration of
hydrolytic enzymes is crucial since the hydrolysis of compounds is slow. The
death of some organisms keeps the ratio of enzymes to polymeric. substances
higher so the removal of these compounds depends on the selection of the

proper conditions.
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PROCEDURE

ANALYTICAL PROCEDURES AND EQUIPMENT

pH
The pH values were obtained using a Fisher Accumet Model 320 research pH
Meter. The meter was zeroed using either a pH 7.0 or 10.0 buffer solution,

depending on the end pH.

Solids

Total suspended sollids were run using the millipore filter technique.
The millipore filters were placed In aluminum dishes and the dishes placed In
the Thelco Model 17 oven at 103° C. After at least 3 hours they were placed
in a desiccator for 5 minutes to come to room temperature and welghed on a
Mettler 6 balance. This was repeated until the weight checked to the nearest
one ten-thousandths of a gram. After this was done they were left in the
desiccator until needed, then they were placed upon a ground glass holder with
funnel. The sample was added, using a volumetric pipet, and the vacuum
applied. When the moisture had been drained the filter with solids was placed
back in the dish. The solids were dried at the same temperature (103° C),
using the same procedure as done initially.

Total fixed solids were run using porcelain crucibles. The ash-less
miltipc : filters with solids from the previous test were placed in the pre-
weighed and dried crucible and burned at 600° C for one hour, put in the 103°
oven for an hour, cooled to room temperature in a desiccator for 30 minutes.

Then they were weighed on the Mettler. This was done until the weight on two
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succeeding trials checked to the nearest two ten-thousandths of a gram. This
procedure was also followed on the empty crucible to determine its initial

weight.,

£op
The COD's, both total and soluble, were run for the most part according

to the methods described in Standard Metl-.ds (34) for 10 m} samples. Some were

run according to éhe standard approach and others using the alternate approach
for dilute samples.

The only two exceptions were: 1) the soluble COD's in Part | were
titrated with .025N ferrous ammonium sulfate solution, and part of the soluble
COD's of Part Il run using the alternate procedure were titrated with .005N
solution; 2) the silver sulfate (22 g.) was added to the bottle of sulfuric
acid ahead of time. The equipment consisted of 200 or 250 ml Erlenmeyer
flasks, 300 mm. Pyrex condensers, and either a Linberg or Lab Con heater. The

titrations were done using a 50 ml automatic buret.

Microscopic Observations

All observations of the microbial organisms were done using a Bausch and
Lomb DynaZoom research microscope at 430x or 100x. The various types of
organisms and their relative abundance was recorded, as well as the general
structure of the solids. The unit fed lime~treated sewage in Part f! was
checked at the three pH's used to determine changes In structural and organism

distribution.

Oxygen Uptake

The oxygen uptake measurements were done using a seven-unit Precision

Scientific Warburg--model number 66670. This unit accommodated 7-300 mm.
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manometers and 7-15-ml. Warburg reaction flasks. ﬁne flask manometer combi-
nation was used as a thermobarometer. The thermobarometer flask was filled
with distilled water to the same volume as the test flask. Any change in the
alr pressure or temperature in the room affected all.manometers equally
regardless of volume (15).

The Warburg bath temp. was-regulated at 25° C by means of a No. 62541
thermoregulator accurate to .1° C and the temp. constantly monitored using a
thermometer.

A 10% KOH solution was added to the centerwells to adsorb carbon dioxide.
The entire combipation was agita;ed at 110-120 oscillations/minute to Insure
oxygen transfer.

The change in the level of the manometer fluid (Brodie's fluid) was
correlated into oxygen uptake using calculated flask constants. This calibra~
tion is discussed in the following section.

A more complete-description of Warburg apparatus use can be found in

Manometric Techniques by Umbreit, et al. (14).

EXPER IMENTAL PROCEDURE

A. PART |

This part cc zerns the bench scale tests discussed in the Introduction.
The purpose is to determine whether the removal of soluble organic matter (by
bloadsorption or more importantly oxldation and assimilation by microorganisms)
occurs to a greater extent and at a faster rate for lime-treated sewage than
for settled sewage.

The morning of the testing, four liters of activated solids were

gathered from the Kansas State University pilot plant. This pilot plant tests
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phosphate removal using lime treatment prior to a conventional treatment
involving settling and complete mix aeration. This process is outlined in
more detail by Schmid (3) (k). Also gathered was at least two liters of raw
sewage from the influent to Manhattan's primary settling tank.

Upon returning to the lab, one liter of sewage was added to each of two
one~liter beakers. One of these beakers received |ime treatment from a 50
mg/ml lime solution until it reached a specified level of treatment, usually
either 150 mg/1 or 200 mg/l. The mixture was stirred using a Phipps and Bird
six paddle stirrer at 100 r.p.m. for 10 seconds, then at 20 r.p.m. for 10
minutes, and settled for 30 minutes. The untreated solution was placed on the
stirrer at the same time as the treated. Total and soluble COD's were run on
the supernatant. For some tests the settled sewage supernatant was diluted
so its soluble COD was less than or equal to that of the lime-treated sewage.

One liter of activated sliudge was placed in each of four two-liter
beakers. Then about 800 m!. of warm tap water was added to each beaker. Two
of the beakers were aerated using the lab alr supply channeled through a water
solution and then through a poroﬁs air stone, After 10 minutes of aeration
the solutions were allowed to settle for 10 minutes and the other two were
aerated. This washing procedure was done four times to all solutions. Total
suspended solids tests were run on the activated sludge solutions--the origi-
nal solution collected at the pilot plant and the final decanted, wgshed
solution. All the solutions were intermixed to insure uniformity, and a
soluble COD run on the final solution.

After completing this, 1333 ml of the final activated solids mixture was
added to each of two 2000 ml graduated cylinders. .Next. 666 ml of each of the

prepared sewage solutions--the diluted settled sewage and the lime-treated
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one--were added to their respectively marked cylinder. Aeration was started
Immediately thereafter.

A soluble COD test was made immediately after start-up on each unit. |
Thereafter a soluble COD test was run every 1/2 hour for the first two hours
and every hour for the next four hours, and a final test 20 hours after start-
up. The use of .025N ferrous ammonium sulfate solution Instead of the .05N

normally used was an attempt to increase accuracy.

B. PART Ii

This part includes. the maintenance of two. laboratory activated sludge
solids units and the use of a Warburg manometric apparatus. Using the Warburg,
oxygen uptake curves and reaction-rate constants (kl) for the flrst stage BOD
(biological oxygen demand) were calculated. This data is to indicate more
precisely In mathematical terms the variance In treatability of the two types
of sewage. |

1. Activated Sludge Solids Units

The second phase required the maintenance of activated sludge units.

Two different bench scale units were set up. One unit was fed lime-treated
sewage and the other one settled sewage. Hereafter the §olids will be refer-
red to as either lime solids or settled sewage solids, depending on the type
of material fed.

The sewage used was collected from the influent of the Manhattan sewage
treatment plant in five gallon plastic containers and stored in the laboratory
at 2-5° C.

Each day 2200 ml of the sewage was placed in each of two 2-liter beakers.
After warming the sewage up to room temﬁerature. one solution was treated with

a Ca(0H), mixture (50 mg/ml concentratlon) to a given pH (either 3.8, 10.5, or
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11.5). This was done using the pH ﬁeter and a magnetic stirrer.

Next, the two solutions were placed on the paddle stirrer and stirred at
100 r.p.m. for 10 seconds, at 20-30 r.p.m. for. 10 minutes and settled for 30
minutes. The activated sludge units (one gallon jars) which were settling
during this time were decanted of 1.5 liters (out of a total volume of 3.0
liters) of supernatant. Then the sewage solutions were added to the respective
containers and aeration resumed. This once a day feeding Is based on
McKinney's method (28), which was adopted by Burkhead (15). It is an acti~
vated sludge system with 23 hours aeration and complete sludge return.

Aeration was accomplished by running the lab air supply through a 1000
ml flask (containing 500 ml of water) and then through porous air diffusers in
the sollids jars.

When a new pH for the testing was attempted solids from the pilot plant
were added. The testing was first in order of increasing pH and then In order
of decreasing pH. |

2. Warburg Procedure

These tests were undertaken 1) to determine more precisely what might be
responsible for the greater efficlency in COD removals experienced and 2) to
obtain precision uptake data at various pH levels that might assist In defining
operating procedures for this type of treatment.

To do this it was necessary to use untreated sewage and solids fed
untreated but settled sewage as a control for comparison purposes. Since it
Is conceivable that the nature of the activated solids In a system fed |ime-
treated sewage could have some effect, it was necessary to have various combi-
nations of sewage and activated solids. These tested combinations then draw
upon the four followlng possibilities, with one from each group for a total of

four.
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Sewage
1. Untreated but settled'sewagé.
2. Sewage that undergoes |ime treatment followed by a period of
flocculation and settling.
Sollds
1. Activated solids fed settled sewage.
2. Activated solids fed 1ime-treated sewage.
a. Preliminary Work

The day before any run was started, the sewage was added to the acti-
vated solids units, at least 18 hours In advance. This was to insure that the
bacteria were In the endogenous ﬁhase and that sufficient time had elapsed for
the units to adjust to the shock loading of 1.5-2 liters they recelved every
day.

The night before a run (about 10:00 P.M.), triplicate tests were run on
the solids content of the activated sollds units using prewelghed membrane
filters in aluminum dishes. These measurements were not done quite as accu-
rately as the rest of the solids tests (see analytic procedure), but the
duplication afforded sufficient check. The average of the three was used as
the accepted value.

The morning (9:00 A.M.) of a test about 9 liters, or enough for two pre-
parations, of sewage was collected from the Influent to the Manhattan treat-
ment plant settling tank Just as described in the procedure for activated
sollids units.

The day before a run the inftlial weight of the aluminum dishes contain-
Ing the membrane filters was determined, as well as the weight of the cru-

cibles used for the volatlle solids procedure.
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All glassware including the COD flasks, manometer flasks, pipettes and
beakers were cleaned according to the procedure as described later in this
section.

b, Set-Up

The first thing that was done upon returning to the lab the next morning
was to turn the Warburg on so that the temperature of the bath had time to |
adjust to 25° C. Since most of the manometers went on the apparatus at about
11:00 A.M. and the temperature regulating device was switched on by 9:30 A.M.,
there was about 1-1/2 hours for the temperature of the 10 gallons of water in
the bath to come to equilibrium at 25° C. This usually required about a rise
of 5° C from a lab temp. of 20° C (early in the morning) to the final.

Next, the solids filtered the night before were taken from the 103° C
oven and placed in the dessicator, and then weighed 5 minutes later. The
values for both the lime solids unit and the settled sewage solids unit were
then calculated. Theée values were used to calculate the volume of unit
solution that would be needed to make up a final 75 ml solution at a given
solids concentration using the formula:

kx = 75 ¢

where:

k = conc. of solids in solids unit in mg/m!

¢ = desired concentration of solutions in prepared solution
(thousands of mg/1 = 1, 2, 3)

x = amount of solution that should be decanted.

The solution decanted was then centrifuged and some of the supernatant
in the centrifuging tubes decanted. The tubes were marked in increments of

10 m} so that 40 mo (total) of supernatant for each type of solids was
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retained. This was to insure that a sufficient microbial population was pre-
sent so that long lag periods would be avoided and also to insure that every-
thing in the preparation of the activated sollds solutions was comparable.
After pouring the 40 ml of supernatant into a graduated cylinder, the
solids in the centrifuge tubes were put into solution by rinsing with dis-
tilled water. This rinsing was done until a volume of 75 m! was reached.
This solution was then poured into a specially marked 100 ml beaker and 4-8

drops of BOD nutrient solution [see Standard Methods (34)] was added. The

amount added varied. Higher solids levels (3000 mg/1) received 8 drops and
lower solids levels (1000 mg/1) received k.

At about the same time, the sewage preparation was also undertaken.
This involved exactly the same procedure as that in making up the solutions
for the activated sludge solids units each day. After completing this, about
300-400 ml of tﬁe supernatant was poured into the properly marked plastic
bottles. |

The lime-treated supernatant was temporarily placed in a 500 ml beaker.
Drops of .49 N azsoh were pipetted in, while stirring, until a pH of 8.0 was
reached. This step was necessary to avoid the shock loading of the higher
pH's from inhibiting initial oxygen uptake, particularly since the ratio of
sewage to solids was to be 4 to 1.

After preparation of all solutions, .2 ml of a 10% KOH solution was
added to the centerwell of the Warburg flasks and the top edge of the center-
well was well greased with stopcock grease. Then 1 ml of the prepared acti-
vated solids solutions was added to the respective flasks based on a pre-
viously drawn up scheme, using a 1 ml volumetric pipette. The scheme for the

combinations usually meant that the sollids blanks were in positions 1 and 2.
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The four combinations that were tested were in positions 3-6. The four combi-
nations tested came from combinations of solids and sewage mentioned earlier.
They are:

1.} Lime-treated sewage and activated solids from the unit fed
lime~treated sewage.

2.) Lime-treated sewage and activated solids from the unit fed
settled sewage.

3.) Settled sewage and actlvated solids fed lime-treated sewage.

h.) Settled sewage and activated solids fed settled sewage.

Next, four ml of the proper sewage solution was added to the proper flask
according to the scheme with a four ml volumetric pipette. Flasks | and 2
received four ml of distilled water and flask 7, the thermobarometer--received
five ml. 7

Finally the folded filter paper squares for the centerwells were added.
These squares were made by cutting No. 40 Whatman filter paper into 2 cm
squares. They were folded accordion-style into strips 4 mm wide to insure
maximum surface exposure.

After placing the manometer and attached flask on the apparatus, the
stopcock was left in the open position and the set-up ailowed to come to equi=-
librium with the water bath temperature for 15 minutes. The stopcock was then
closed and the initial reading made.

Readings were taken according to a scheme that followed a set pattern
but followed no absolute guidelines other than readings being more numerous
during the first 12 hours. Readings generally were taken:

1. every 15 minutes for the first 1/2 hour

2. every 1/2 hour for the next 1-1/2 hours

3. every hour for the next 3 hours
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k. every 2-3 hours for the next 6 hours

5. the next reading was the next morning, 8 hours later

6. readings every 3-4 hours until at least 24 hours had elapsed.

Immediately after setting up the Warburg, tests were run on the four
solutions prepared. The two kinds of sewage and both types of activated solids
solutions were tested for soluble and total COD anﬁ total suspended solids.
The activated solids were tested for volatile solids. All the COD's were done
using the standard method.
¢. Flnal Work -

: After the last reading all the manometers were opened and the flasks
removed. The stopcock grease was wiped off the inside, the fil;er paper was
removed from the centerwell, and the excess KOH was carefully removed.

After the above procedure was slowly carried out, the contents of the
flasks were carefully swished and then poured iito a Nessler tube, Next, 3 ml
of distilled water waé added to the flasks and a spatula was employed to
loosen any solids clinging to the sides or centerwell, The contents were then
poured into the respective Nessler tubes., This procedure was repeated with
2 ml of distilled water. This procedure Insured falirly complete cleaning and
left 10 ml of solutlon for testing.

The 10 ml was used for testing of soluble and total COD, and total sus-
pended solids. First, 5 ml of the solution was taken out to run a total COD
test. This 5 m! was diluted with § ml distilled water for a total sample of
10 ml and a final dilution of four. This was run using the standard COD
method. After this, the last 5 m] was filtered through preweighed millipore
filters. The filtered amount was used for the soluble COD test. It was

diluted with 5 ml of distilled water for a final dilution of four. These
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soluble COD's were run according to the alternate COD procedure for dilute

samples, Standard Methods. The filter paper gave total suspended solids.

d. Summary

A summary sheet was prepared from the tests run showing the initial and
final conditions in the Warburg flasks and the total oxygen uptake.

These tests were run with lime-treated sewage at a pH of 9.8, 10.5, and
11.5, and activated solids solution levels of 1000, 2000, and 3000.mg!l, for a
total of 9 tests. The settled sewage and related solids were always run as
comparisons.

Seven trial runs were madg before the technique described above was
arrived at, to insure that the final method was sound. These runs involved
the use of 4 ml of activated sludge and 1 ml of sewage. This ratio is the
opposite of that finally arrived at. These tests showed that a much higher
sewage/solids ratio was important.

3. Glassware cieaning Procedure

The COD flasks were rinsed with distilled water and soaked in chromic
acid solution. After at least 12 hours exposure, the flasks were rinsed with
tap water three or four times and three times with distilled water. They were
stored in an inverted position,

All pipets used were soaked in chromic acid solution at least 24 hours.
They were then rinsed individually with tap and distilled water twice each.

The Warburg flasks were first cieaned thoroughly using tissue., Then the
flasks were soaked in concentrated KOH solution for an hour or two to remove
the traces of grease remaining. Then they were thoroughly rinsed. Finally,
they were soaked in chromic aclid solution for a day and removed. Rinsing with

tap water was done at least four times and at least five with distilled water.
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They were dried in the 103° C oven In the inverted position, cooled in the
desslcator, and stored In an inverted position.
4, Calibratlion of Warburg Flasks
The Warburg flasks were calibrated according to the scheme described by
McKinney (35) with some small variations. Data collected was used to calcu-
late the flask constants. The procedure used is given:
1. The water bath temperature was brought up to 25° C.
2. One ml of demineralized water was added to each clean flask.
3. The flasks were attached to the manometers (stopcocks In
open position). The flasks were allowed 20 minutes to
come to equilibrium with the bath temperature.
4, The manometer fluid was ralsed to the 240 mm mark, the
apparatus closed, and the fluid In the closed side lowered
to the 150 mm mark. Readings were made of the open leg.

5. Step four was repeated twice to confirs the initial reading.

6. The flasks were removed and 8 ml of distilled water was
added to each.

7. Steps 3-5 were repeated.
ACCURACY DATA

The accuracy of the Warburg dafa is important to determine. For this
reason, some duplication was done in experiments where space allowed. Since
the instrument held only seven manometer-flask combinations, limited duplica-
tion was possible. The most that was attempted was to run triplicate samples.
The major attempt at duplication involved lime solids and lime-treated sewage
combinations at a pH level of 9.8. Schmid (3) described thls as the optimum
conditions for the lime-biological treatment process, thus the interest in
accuracy lies here.

Some COD accuracy tests were run. This was done by running COD tests
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on solutlons made using dextrose in distilled water. Solutions at concentra-

tions of 2000, 500, 250, and 125 mg/) theoretical COD were run.
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RESULTS

PART |

The results for this preliminary part are summarized in TABLE 5 for the
seven runs that were made. The MLSS concentrations given (as the footnote
indicates) are the final levels attained after washing and thickening the
solutions brought back to the lab. This thickening was important since the
level In the pilot plant dipped to 800 mg/1. The final solids concentration
in the aerated mixtures was approxlmatelleIB lower than the figure given
since 1/3 of the volume_wgs sewage. Various solids levels uﬁre attempted
ranging from 865 to 3120 mg/1.

The strength of the tw6 types of sewage was adjusted so that at times
the total COD of the lime sewage was 1) less than (Run 2), 2) equal to (Runs
1, 5, 6) or 3) greater than that of the settled sewage (Runs 3, 4, 7). This
allowed a more complete picture to be attained. For all runs where the lime
sewage COD was equal to or greater than the settled sewage, its soluble COD
was significantly greater.

TABLE 5 presents the soluble COD's of the aerating mixtures {identified
by sewage added) at intervals of time after start-up. The soluble COD of the
ML (activated sludge mixture) was run to see how successful the washing pro-
cedure was and to determine the contribution of the solids.

The lime dosage refers to the treatment level of the lime sewage pre-
pared. The pH given Is the pH of the lime sewage before addition to the unit

for aeration.
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PART 11

The results for this part are gliven In the 9 runs as outlined in the
procedure. These runs encompass |) lime-treated sewage and solids receiving
lime-treated sewage at 3 pH levels and 3 sollids concentrations and 2) the con-
trol mixtures using settled sewage and sollids grown on this sewage. The
solids levels referred to in the result and discussion sections of this paper
indicate the activated sludge solids concentrations used in the testing. These
solids serve as the microbial seed in an attempt to reproduce the activated
sludge process. Not counting the contribution of the sewage, the mixtures in
the flasks after the addition of 4 ml of sewage ;ohtain 1/5 of the TSS of the
initial activated sludge sollds added.

The results are presented In three groups of three runs--each group
corresponding to the testing of sewage treated with lime to a given pH. Runs
for each group were made with 1 ml of activated sludge at concentrations of
TSS at 1000, 2000, and 3000 mg/1 and four ml of the test sewage. This should
help determine the effect of the food/microorganism ratio. The groupings are
as follows:

Group 1--lime dosage to end pH of 9.8

Run

la--1 ml of activated sludge at a concentration of 1000 mg/1
1b==1 ml of activated sludge at a concentration of 2000 mg/l
lc=-1 ml of activated sludge at a concentration of 3000 mg/l

Group 2--]ime dosage to end pH of 10.5

Run
2a--1 ml of activated sludge at a concentration of 1000 mg/!}

2b-~1 m} of activated sludge at a concentration of 2000 mg/!|
2¢--1 mi of activated sludge at a concentration of 3000 mg/l
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Group 3--lime dosage to end pH of 11.5
Run
3a--1 ml of activated sludge at a concentration of 1000 mg/1
3b-=1 ml.of activated sludge at a concentration of 2000 mg/|
3c-=~1 ml of activated sludge at a concentration of 3000 mg/1l

The data for each run is summarized using a graph of the computed oxygen
uptake curves and tables showing COD and solids levels for 1) the four sewage
and solids mixtures put into the flasks, 2) the computed values for the combi-
nations using the previous data and the volumes used and 3) the final condi-
tions in the flasks as determined by testing done on the solutions at the end
of the run. Figures 4=12 and Tables 6-14, corresponding to the runs, are given
in the order mentioned above.

Two things should be pointed out at this point. First, a given pH means
that the activated sludge unit receiving daily doses of lime-treated sewage
has been allowed time to come to equilibrium at this particular feed level,
When testing at a new pH, the lime solids unit was reseeded with activated
sludge from the pilot plant aeration tank.- No manometric tests described
herein involved crosses between activated sludge receiving lime-treated sewage
at one pH and lime-treated sewage at another. Second, the use of terms should
be explained. For convenience, the activated sludge solids fed lime~-treated
sewage are called lime solids, and the activated sludge solids fed settled
sewage are called settled sewage solids. Lime-treated sewage and settled
sewage are occasionally referred to as lime and settled sewage feed. The
abbreviation TSS refers to total suspended solids and includes those filtered
out by a membrane filter as explained in analytic procedures. The letters FSS
stand for fixed suspended solids. These are the portion of the TSS that are

not volatilized at 600° C.
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In addition to this data, reaction-rate constants (k|) were determined
- using the method outlined by Thomas (35). This method approximates the first
stage uptake of the BOD reaction by a line using a third degree equation.

173 as the

Graphically, this means plotting on arithmetic paper (time/BOD)
ordinate and time as the abscissa. The k] values are found by multiplying the
ratio of the slope to the ordinate intercept by 6 and then dividing by 2.3 to
convert to base 10 from base e, Two examples of these plots are given in
Figures 13-14 and will be discussed later. These kI values are estimates of
the rate of stabilization of the decomposable organic matter. The k‘ values
are given in TABLE 15. The titles, corrected and uncorrected, refer respec-
tively to 1) BOD values corrected for possible endogenous respiration by sub-
tracting the oxygen demand of the proper activated sludge blank and 2) those
not so corrected. Both values were computed to determine any significant
trends. The type of activated sludge is listed directly under these titles.
The terms listed below the type of sludge refer to the kind of sewage involved
in the flask combination.

Groﬁp 1 Runs

The data for this group is given in Runs la-lc, corresponding to Figures
-6 and TABLES 6-8. The data indicates that for lime solids the average ratio
of total COD/TSS is 1.0k, and for settled sewage solids is 1.14, The lime solids
for Runs la and lc differ significantly from those in Ib for a particular reason.
The first two mentioned experiments were done much later in the testing. Before
these tests were run the lime unlt was reseeded with pilot plant activated
sludge. At that time ferric sulfate was being added to aid in solids settling
in the final settling tank. This additlon results in dark brown actlvated

sludge that is more compact; visually they differ little from the settled
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sewage sollds. This property continued to linger weeks after the addition.
The solids used in Run b, on the other hand, were the bulkier, light brown
solids as described by Schmid (3). Glven the same TSS concentration as the
settled sewage solids and ten minutes settling time, these bulkier lime solids
occupied roughly three times the volume of either the settled sewage solids or
the lime solids complexed wifh ferric sulfate. The soluble COD's of the pre-
pared activated sludge solutions range from 20-65 mg/1 with little difference
between the two types. These low values result from the long daily aeration
period for the activated sludge units and the centrifugation émployed in pre-
paring the solids solutions. The TSS for lime sewage varies from 21 to 56
mg/1, while that for the settled sewage varies from 28 to 128 mg/1, illustrat-
ing the particulate removal during lime coagulation.

. The total COD for settled sewage ranges from 255 mg/l to 320 mg/l, and
that for lime sewage from 151 to 160 mg/). The lime sewage total COD may show
less variation than the settled sewage but the soluble COD of the lime sewage
shows more varlation, 88-151 mg/l, than the settled sewage at 145-15] mg/l.
Thus the lime treatment at this level removes sﬁme soluble COD material but
not In an easily predictable manner. |

The inaccuracy of the data on the final conditions is quickly apparent.
The activated sludge process involves the oxidative assimilation of soluble
organic material Into cell mass, involving an Increase in TSS and a decrease

In total and soluble COD. Taking the ;esults for all the runs, just the oppo-
site apparently occurred. This Is due chiefly to the small amount of fluid
(5 ml) available for testing and the resulting high dilution necessary. To
calculate solids levels only 5 ml of the mixture is available, and this has

been diluted to 1/2 its original strength in the process of cleaning the
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material out of the flasks. Given an experiment when the activated solids
mixture Is at a strength of 3000 mg/1, the final TSS in the flask is 600 mg/l.
The final solution for testing is at a level of 300 mg/1. Given 5 m! of the
mixture, there is only about 1.5 mg filtered out. This small amount results
in large variations. The same general line of reasoning applies to the other
tests.

The data of special Interest are the reaction-rate constants, k,, that

1*
indicate treatability., Taking the data for this group the lime sewage, for
the same type of solids (seed), shows a higher reactivity rate for all tests
and all conditions. To determine how much greater it might be worthwhile to
point out that the ratio of the reaction rate (kl) for lime sewage to that of

settled sewage for a similar sollds is 1.45 overall, and the averages:

1.) corrected for endogenous respiration are 1.6 for settled
sewage solids, and 1.4 for lime solids

2.) for uncorrected data are 1.6 for settled sewage solids and
1.2 for lime solids.’

Also, It is important to note that for Run 1b the bulky lime solids are more
efficlent in stabilizing a given type of sewage. For lime sewage this is 1.0l

versus .86, and for settled sewage .69 compared to .64.



4

"M3S oW
vl — - GLE Lye IS LPE  |spios 3wl
MSS P3[1195
1574} — - 10 Blc el ccv SpIOS SS
yuolq
2 - — €6L | Sol €L | 06l | spyos sg
NuUDIq
Gl — — LLL c0e o} gle SPIOS BN
. MIS pane
. _ - PSS U
601 — - zee | o 6 S | spros ss
a01dN SSL | oD aod SS1 Qo2 aod
uabAx0 a|gnjos IDIOL agN|oS ID3OL juonbuIgLIOD
SUOIPUOD DUl 4 SUONIPUCD DI %SD|4
— 89 Gl 062 | abomas payies
— oS A is]) abomas swi
— cag mw 0S6 ut_Ex:w. SPIoS
— OLOL 0601 | >IN, 3PIos
S$S4 SSL mmu_:em B SANBIN
DLuUNy Jo} DIpQ o Aubwwing g a|qpy




42

00¢

DL uny

054

Joy

S9AJND SyDIdN
(uiud) Wi

S_m__pmmfoooj

usbAx(

tr B4

T SUDg SPIOs = “ = }
| :
A L o ]
m | %
I T s
| | | abpmass PoI1S “SPIoS SS e I

: [ . M i

| _ | pusb3; ]
e —t—4 by —+—t wﬂr e | —f——t—st
L




43

MIS PII11SS
GG2 Ortr Ol 219 02s gzl 929  lspjos SN
M3S ST
202 01074 o0l 090G Ovp Gel 06% SPIOS S5
EEEEN R
YA) Qg¢ Ll L9 | bV 92l %S | spios awi|
ESETTES,
cGe Opt 0zl 829 €IS Gal 049 Splos mwm
MuD|q
1729 0oge €6l +0S Ly G VAA S SPIIOS awli
| 3uD|qg
£9 089 — 145:® i t ele) SPIoS S
a%01dn S| aod aod SS ) aod aod
uabAxO 2|gnjog |D10] slgnjos IDYOL LIONDUIQUUOD
SUOIlIpUOD DU 4 SUCIYPUOD DI}y %S D4
— g2l IGL GG2 SboMmss papeg
— of ISL GGl 9bDMmas swid
00S | ScS02 0z Oggg | ST SPIos]
orS 0602 e oug SWI
ao
| S| G| BB [ i

gL uny Joy ppQ Jo Aubwwing

£ 39p|



Ly

QL uny Jol ssAunD aodNn uabAxO ¢ DOi4
(uld)  swill
O@Om S, 74" “Oo_m_\ " Om@ ; OD_O_‘ “ Omm\. : Om_um L 0% O

)
N (/6w Teyoidn

M

T T auimes 10
- 9Bomss suufspiios s Wy
M. _ =r o W) po
Sbomas pasS SPIOS SS e
| pUSD 3| OG2

o< gz 0Oz Qo ¢

S - -

T
i
L

4 i
] T



45

M3S SulM
IGL Obtr b6 16G GE9 LL ~  |splios awiT
MeS P3aS
o922 08 — 008 669 ocl - SPIIoS SS
MSS PIJ11SS
102 Ovv €1 g8 | oo gzl —  |epyos swi
M3s aWr
i} ove 39 6€9 £99 8L — SPII0S G5
MUD|q
123 09¢€ /6 8GS 19 9 —  |SPlOs suuiT
| unig
€9 0)74%4 ¢ol g OGO L - muv___Om g
SxpidN SsL | Qoo | oo SsL | 40D | oo
UabAx0O 3|gnjos D10 2iqnjos |DIOL  LOIBUIGUUIOD
SUOIUPUCD  |oal] SuonIpuod pijy| NSO 4
e o8 Sl 0O2E |obomas pajiiss
— 17 Q 09l abomas  swiq
— 0Oc€eE Qf N ULDHX_P.WLW SPIHOS
— S80€ 42 i i T L
Ssd SSL| asignios | SoRy P

DL uny Joy DIPg  Jo Aupwiwing 8 9|qDL




46

O Unyd  Jo}  SaAund Syoidn usbAx(O O
(ujud) Sud||

D1 5

Oec O

Oget , OGS, Og OO0V, QG . O

O
-5 &
I |
1 3
1
0L —
1 T
I Q
1 -~
r
1 -
~OGL3
IS
- e pue |
SPOMSS SWII ™~ SPI[OY ST v ¢ <
M .r " ME_JTD:
mma%mm P31118S © SPIoS SS — +
| m W pUab3] 1
TSNP SN N AU O S S T TUL TS S MNP P SR S Ty | o
T t I } —F——— L B ' L

(SanQY)



k7

Group 2 Runs

The data for this group is given in Runs 2a~2c, corresponding to Figures
7-9 and TABLES 9-11. The ratio of total COD/TSS for the activated sludge
sollds mixtures varies from .91 to 1.19 for lime solids and from 1.25 to 1.52
for the settled sewage solids. The total COD of the settled sewage ranged
from f96 to 324 mg/1 and for the lime sewage from 88 to 128 mg/1. The soluble
COD of the settled sewage ranged from 80 to 116 mg/1 and for lime sewage from
72 to )04 mg/1. The level of filterable solids existing in the lime sewage
varled from 15 to 38 mg/] and for the settled sewage from 38 to 68 mg/l. This
illustrates that the lime floc was removing particulate matter from solution.
The amount of particulate matter present in these three tests was less than in
the previous three.

The total COD's of the final mixtures in Runs 2b and 2c reflect more
accurately the expected change from the initial conditions. However, since at
least one of the mixtures in each run showed a gain in COD, the overall
accuracy is questionable.

The k' values for Group 2 indlcate that the lime sewage reaction rates
are greater than those for settled sewage, given the same solids. The only
exception is Run 2b with lime solids. This exception is discussed later. The
ratios of the reaction rates (kl) for lime sewage to that for settled sewage
for a similar solids reveal that, on the average:

1.) For uncorrected data the ratio is 1.5 for settled sewage
solids, and 1.2 for lime solids.

2.) Data corrected for endogenocus respiration gives average
ratios of 1.8 for settled sewage solids and 1.5 for lime
solids.
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Group 3 Runs

The data for this group is given in Runs 3a-3c, presented in Figures
10-12 and TABLES 12-14. The total COD/TSS ratio for lime solids varies from
495 to 1.3}, and that for SS solids from 1.12 to 1.25, The soluble COD for
the solids solutions is still reasonably low, varying from 16 to 28 mg/l for
$S solids and from 28 to 69 mg/1 for lime solids.

The total COD for the settled sewage ranges from 259 to 300 mg/l, while
that for the lime sewage ranges from 81 to 125 mg/1. The TSS for lime sewage
varies from 8 to 23 mg/l and from 60-76 mg/] for settled sewage. The soluble
COD varies from 81 to 125 mg/| Fpr lime sewage and from 105 to 134 mg/l for
settled sewage. The close relationship between soluble and total COD reveals
the extent of removal of particulate matter by lime treatment, as does the TSS
level.

Again little accuracy is apparent in the summation of final conditions.
Given equal conditioné, the lime sewage has a higher reaction rate than set~
tled sewage except for Run 3a with lime solids. This particular exception Is
explained later in this paper.

The ratios of the kl factors for lime sewage/settled sewage for the same
solids are, on the average:

1.) For uncorrected data the ratio is 1.4 for settled sewage
solids and 1.1 for lime solids.

2.) For corrected data the ratio is 1.9 for settled sewage
solids and 1.1 for lime solids.
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ACCURACY DATA

Part of the Warburg manometric accuracy data is presented in TABLE 17.
This involves some duplication, but primarily triplication, at a pH level of
9.8 for the lime solids and the lime sewage. These calculations are represen-
tative of the patterns encountered. The average per cent variation represents
the per cent error involved at a given Ieyel of oxygen uptake. The overall
error for the data presented in TABLE 17 was 3.4 per cent, ranging from 2.2
to 5.2 per cent. The data for lime solids and sewage at a pH of 11.5 indi~
cated an error of 2.1 per cent, and at a pH of 10.5, an error of 3.3 per cent.

The accuracy of the COD tests is presented below:

TABLE 16,~-=C0D Accuracy Data

Theoretical Range of Average
Oxygen Recovered | Recovered
Demand cop (%) cop (%)

mg/1

2000 98-102 98
500 97-101 93
427 95- 98 97
250 90~ 95 95
125 98-100 98

All the tests were run using prepared solutions of dextrose in distilied
water., All tests were run according to the standard method for 10 ml samples

as given in Standard Methods (34). The tests of the mixtures containing a

concentration of 2000 mg/l were run by dilution to a factor of five (sample
of 2.0 ml and 8.0 ml of distlilled water). This was to determine if any dis-
cernible accuracy was lost when testing the activated sludge solids solutions

normally diluted in this manner.
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The COD accuracy tests do not, of course, reflect the variation that
exists in a given sewage or solids solution. This data only reflects the

accuracy lost through faulty procedure.
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DISCUSSION

PART |

The discussion of this part is concerned primarily with soluble COD's
at intervals of time. The MLSS (activated sludge concentration) varies
enough to cover most concentrations existfng in a large~scale plant. Except
for the first run, the soluble COD of the solution containing lime sewage is
less than or equal to that containing settled sewage after two hours. After
four hours and the next morning, this wa§ true of all runs.

Run 5 is one of the most Interesting ones. The total COD for both types
of sewage Is roughly equal, but the soluble COD of the lime sewage is appre-
ciably higher. Yet after two hours the unit containing lime sewage has a
lower soluble COD. This indicates that even though the total demand is com-
parable, the rate of stabilization for lime sewage Is greater, given compar-
able conditions. Since the soluble COD represents most of the decomposable
material, it could be argued that the seemingly increased rate is due to the
more favorable conditions existing for the lime sewage. However, in Run 7 the
initlal lime sewage soluble COD is 24% higher than that of the settled sewage,
but after two hours the solution containing lime sewage has decreased in
soluble COD by 58 percent, while the one contalning settled sewage has
decreased by only 12 percent.

In the end, though, the point could be made that the solids used,
obtained from a process involving lime treatment, are more easily adapted to
lime-treated sewage. The only evldence'against this concerns the soluble

COD's run the morning after a test was initiated. These show the solution
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containing 1ime sewage to have a lower soluble COD, except for those two runs
where the residual was too low to distinguish much difference. This indicates
more complete removal, if not more efficient removal. The acclimation of the
settled sewage to the lime solids had ample tiﬁe {about 18 hours) to occur,
with complete stabiiizatfon of the soluble organic matter.

The data gathered In this section is not completely conclusive, but
Indicates that the aerobic oxidation of lime sewage differs from that of set-
tled sewage and that it Is worth further research. The next section describes

the work undertaken to investligate this further.

PART 11

These results will be explained and theorized in general, and particular
points of interest will be discussed separately for each group.

The overall results indicate that for a given solids seed, the lime
sewage Is stabilized more rapidly than the settled sewage. This is based on
kl values, which indicate the rate of stabilization of the soluble organic
matter., The following table presents data that indicates how much more effi-
ciently the lime sewage is stabilized. Only the uncorrected values are used
since the corrected values show nothing significantly different.

Basically, there are two things that must be expanded on. First, an
explanation must be offered for the slightly greater efficiency of settled
sewage solids over lime sollids in stabilizing lime sewage, as indicated by
the averages in the left column versus those in the right hand column. The
one exception is discussed in Group 1. This general trend can be attributed
to two things. The settled sewage solids possibly support 1) a higher concen-
tration of microorganisms and 2) a more versatile distribution of organisms.

This stems from the toxic effect of the pH levels of the lime~treated sewage.
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TABLE 18, Factors of Relative Stabilization

Ratios of Lime Sewage k Values to Settled Sewage

Run SS Sollds Lime Sollds
la 2.1 1.4
ib 1.4 1.2
lc 1.4 1.2

Average = 1,5 | Average = 1,3

28 2.1 2.0

2b 1.2 ol

2c 1.4 1.1
Average = 1.6 | Average = 1,3

3a 1.7 .5

3b 1.3 1.5

3c 1.1 1.1

Average = 1.4 | Average = 1,1

This limits the range of organisms that can exist, even when the sewage was
neutralized to a pH of 8, as was done at lime treatment levels of pH 10.5 and
11.5. It was impossible to neutralize the latter one further, since in coming
to equilibrium the lime-activated sludge unit tended to turn slightly acidic
(pH 6) by the next day. Since the mozt favorable pH for bucteria Is considered
to be close to neutral, these variable conditions are not conducive for a
stable microbial population. This is essentially Indicative of just what
occurred. VWhen testing at pH = 1.5, it was almost impossible to stabilize the
lime solids unit. When settling out the solids for the purpose of the daily
sewage addition, the supernatant was cloudy even though as much as an hour and
one-half was allowed for settling. The continued loss of solids was accom-
panied by the lack of stability in the protozoan population. Most of the time
few protozoa could be found, and these were usually rotifers. To combat this,

the lTime unit was fed two liters of lime~treated sewage that was neutralized
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twice a day. This did not help. 1t was almost impossible to maintain any
stability during the month of testing at this pH. Frequent reseeding with
solids from the pilot plant was done to‘ass!st. Tests were ne#er done very
close to this reseeding to prevent faulty results.

The second item that requires ex;lanation concerns the major data of
importance==the kl values. Since the data strongly indicates that the lime
sewage Is more biodegradable, the questlon arises as to why thls Is so. The
first main theory concerns the hydrolysis of large molecular weight compounds
into smaller fragments. Zuckerman and Molof (12) (13) claimed that at a pH of
11.5 the effect of lime treatment was to give a molecular weight distribution
substantially different from thaf of raw sewage. They claimed that the main
peak after treatment was at a molecular weight of 400, while before treatment
two peaks existed--ons < 400 and one > 1200-~the one at 1200 being the most
Inclusive. They unfortunately did not test at other pH values so the extent at
other levels of treatment Is not clear. However, this is still a strong pos~
sibility at all three pH's tested. The réason for this concerns the data in
Part | and the pilot plant data gathered here at Kansas State Unlversity. This
data indicates that more complete removal, as well as more efficient removals,
can be expected. The only way this !ncrease could occur is to make the organic
matter more susceptible to biological oxidatlon. Breaking organic molecules
into smaller fragments makes the transfer of substrate from the liquid medium
Into the organism a more efficient process (33). Since hydrolytic enzymes are
limited and the cell hydrolytic process requires time (33), this is a parti-
cularly important factor. It would account for both the increased efficiency
and the more complete removal.

The second theory concerns the adsorption of material by the complex
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crystalline precipitate that results from lime treatment. This precipitate is
considered (3) to be an apatite with base formula Cas(OH)(PDQ)S. The variable
composition may result from substitution of hydrogen ions,

This floc which results from the complexing of the Ca(OH)2 with the
phosphate~: can present charged portions of the floc to the medium.

Zuckerman and Molof (12) (13) suggested adsorption as a possible factor
in their research. The adsorption of long, complex organic molecules with
localized charges would remové some material that is refractory. These
materials would be small in concentration (10) (11) but would be difficult to
degrade. As pointed out by Mills and Stack (27) and Ludzack and Ettinger {28),
branching reduces the degradability of a substance. Also, materials that have
localized charges are repelled by the charges that exist in the cells transport
mechanism (35).

This theory is not substantiated but is one of the two mafn possibilities,
The lower solubile COD'Q for lime-treated sewage indicate that some soluble
organic matter is being removed by flocculation-precipitation, The extent of
this removal is not easily described since it varies greatly. A further ques-
tion arises as to how much of the adsorbed material is refractory.

Thé examples of the plots, Figures 13 and 14, used to determine k] values
show two things. First, in Figure 13 is shown a reasonably good example of
many of the plots. This plot shows a good approximation to a line--very
reasonable accuracy can be expected. Most of the plots were this good. The
second plot, Figure 14, shows the initlal period of high oxygén uptak:. Taking
this into account would give misleading results.since it lasts for such a short

period of time.
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Group 1

In this group it is important to note the total oxygen uptakes listed in
the tables. This reveals that no matter which solids seed was used, the final
oxyg~n uptakes depend on the kind of sewage used. The rate at which this goal
was reached differs significantly among the different combinations. This Indi-
cates that the proportions of sewage (4 ml) and activated sludge sollids (1 ml)
chosen were favorable In this group., This was an objective, to make the final
demand dependent upon the type of sewage used, but to allow various factors
involving both the solids and the sewage to come into play. This was parti-
cularly true of this group, but applies to most of the runs. The effect of
lime treatment on the treatability of the sewage was suspected (12) (13), but
the part played by the solids was not clear.

As mentioned in the results, the solids for Runs la and lc differed some~
what from those of Run |b. Those In Run 1b are characteristic of a process
using lime-treated seﬁage at a pH of 9.8, They are bulky, filamentous (3), and
light brown-gold in color. As detalled earlier, they occupy approximately 3
times the volume of the conventicnal $S solids or of the lime solids in Run la
and Jc. It should be made clear though, that no discernable difference existed
between the protozoa population in the two types of lime solids of this group.
Both types exhibited the predominance of stalked ciliates that Schmid described
(3). There was a difference between the protozoan populations of the lime
sollds and the settled sewage solids. The settled sewage sollds contained a
more prominent population of free swimming ciliates and rotifers. Thus, the
only major difference between the two lime solids that could be discerned was
the more filamentous (dispersed) character that was indicated by bulkiness.

The lighter color is due to this, partlally, but cannot be explained as
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readlly. It is the results of many factors, not all of which are completely
understood.

It is important to be aware of this distinction. The second run involved
the bulkier solids, and as polntéd out, it is more efficient at stabilizing the
lime sewage (1.0} to .86) and settled sewage (.69 to .6k4) than the settled
sewage solids. This is attributed to the bulkiness which permits a more effi-
cient surface area for microbial action. While additional runs are not avail-
able to substantiate this data, it is strongly considered to be an important
factor. The runs in this group are particularly interesting because there was
no neutralization of the daily solution prepéred for addition to the lime
solids unit. This was closer to the actual condifions existing in a large
scale process based on limg-blological.tfeatment. Testing the pH of the acti-
vated sludge after additldn of the daily lime-treated sewage dosage, approxi-
mately | hour was required to bring the pH of the unit down to 7.4, This was
true even when addingrz liters of sewage to & unit with a final volum: of 3
liters. To accomplish this requires the production of substantial amounts of
002. The ability to stabilize this quickly indicates a stable microbial popu-
lation that can endure substantial shock loading. This is particularly
Interesting when it is noted that this addition occurs 23 hours after the pre-
vious one. The bacteria are undoubtedly in the éndogennus phase with substan-

tially reduced populations.
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Group 2

The main points that must be considered in this group are the character
of the lime-activated sludge at pH = 10.5, and the exception to the general
pattern existing in Run 2b.

The character of the lime-activated solids at this pH is characterized
by a small but reasonably diversified protozoan population. It was possible,
but difficult, to maintain a stable activated sludge at this pH. Unless neu-
tralized before the daily addition, foaming of the lime solids unit occurred.
However, neutralization of the sewage prevented no serious problems. The pH
did not turn acidic to any apprgcfable exfent by the next day.

The data for this group indicates, as does most of the data, that the
lime sewage is more biodegradable., Overall, the uncorrected data indicates
that it Is 1.35 times as degradable. This is even considering Run 2b, where
for lime solids the settled sewage is more degradable, However, the oxygen
uptake plot of the liﬁe solids an& lime sewage combination in Figure 8 shows
that nitrification has occurred. This result is substantiated by a duplication
of this particular combination in this run, It indicates almost exactly the
same thing. Projecting the curve to eliminate the nitrification effect, the
kl factor becomes .62 instead of .28, making the factor for lime sewage greater

than that for settled sewage (.42).
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Group 3

The difficulty of maintaining the activated sludge at this pH of 11.5 has
been explained. It is one of the major difficulties encountered in the entire
testing program. It is not entirely unexpected that the only real contradic-
tory result is obtained within this set of data. The encouragiﬁg_fact is the

consistency that exists.
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ACCURACY DATA

The Warburg manometric data replicates indicate that consistent results
can be expected. As pointed cut in the literature review, Caldwell and Lan-
gelier (22) reported average deviations (like those given here) of 2.3 percent
for settled sewage with no activated sludge added. The addition of sludge
should increase the variability of the results because of its undefined charac-
ter. A maximum average deviation of 5.2.as reported here is excellent.

The COD accuracy tests are encouraging. They indicate that the lack of
accuracy in the final conditions for each run was due to the lack of available
quantities for testing and not in the procedure, The precisionz of the COD

test' is reported as 92 percent of the theoretical cxXygen demand.

2The precision of a test refers to its ability to measure the conditions
as they exist.
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CONCLUSIONS

1. Raw sewage that is chemically treated with lime solution before settling is
more biologically degradable than sewage that is settled only. This comparison

is based on the rate of stabilization of both kinds by activated sludge.

2. The bulky filamentous activated sludge that results from feeding Iimﬁﬁ
treated sewage at pH 9.8 is more efficient than conventional activated sludge-
fed sewage. The reason for this is not clear but is possibly related to the
bulkiness of the activated sludge. The addition of ferric sulfate to the
aeration tank of a lime-biological process may eliminate the settling problems
of the activated sludge fn the final setfling tank, but seems to reduce the

efficiency of the sludge at stabilizing waste at the same time.

3. It is bossible to test accurately the biodegradability of a particular
sewage using small volume (15 ml) Warburg flasks. This requires, however, a
substantial investment in time and effort. Trial and error runs must be under-
taken to determine the conditions most suitable for the particular research in

mind.

L. Hydrolysis and adsorption are the main agents at work affecting the bicde-
gradability of lime-treated sewage. Hydrolysis appears to be the most impor-
tant factor of the two, according to present information (12) (13). The pH

appears to be the major factor in hydrolysis, and the lime floc the major fac-

tor in adsorption.

5. It is possible for activated sludge acclimated to lime-treated sewage
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(pH 9.8) to endure heavy shock loadings and still reach pH equilibrium quickly.

6. In general, these conclusions mean that a lime~biological treatment system
as described by Schmid (3)(4) (5) can stabilize the raw sewage more efficiently
and more completely (in terms of effluent COD and BOD versus that of raw sewage)
than a conventional treatment process. This means, in terms of design para-

meters, that shorter aeration periods can produce final effluents low in COD.
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RECOMMENDAT IONS FOR FURTHER RESEARCH

1. Further testing is required using large volume flasks (150 ml)} on larger
volumes of sewage and activated sludge. This allows greater accuracy, which
might permit the extent of the influence of activated sludge and lime treatment

to be determined.

2. It was pointed out in the literature review (20) that the biodegradability
of a wastewater depends on the relative contribution of industrial waste.
Manhattan, Kansas, has very llttie industry. It would be very valuable to test
sewage with a higher proportion of industrial waste (and a lower biodegrada-

bility) to determine the effect of lime treatment.
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This research tested the effect of lime treatment of raw sewage on the
biodegradability of the waétewater. This was accomplished using activated
sludge as the microbial seed. Units were set up in the lab to grow activated
sludge on |ime-treated sewage and settled sewage. Various combinations of
lime and settled sewage plus activated sludge~fed lime sewage or settled
sewage showed that lime sewage is more biologically degradable than settled
sewage. It also revealed that actlvated sludge fed lime sewage at a treatment
level of pH 9.8 is slightly more efficient at stabilizing a waste. This acti-
vated sludge Is also capable of enduring heavy shock loadings and returning to
equilibrium quickly.

The major mechanisms at work affecting the biodegradability of Iime=-
treated sewage are hydrolysis and adsorption. Hydrolysis breaks large molecu-
lar weight compounds into smaller fragments that are assimilated more readily
by microorganisms. Adsorption remove:s some of the soluble organic matter, but
it Is not certain If refractory material Is preferentially removed to any
signififcant extent.

This data suggests that whether on a large scale or not the lime-
biological process effects a more complete removal of COD and BOD material

than conventional treatment In less time.



