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ABSTRACT OF 1+B DISSERTATION
!

Nitrification Bnha*cenent in Powdered

Activated Carbon—*ctivated Sludge

b

Adam 8. Ng
Doctor of Philosaphy in Engineering
University of Cllifoﬁnin. Los Angeles, 1985

Professor Michael K, Stenstrom, Chair

Previous investigators providpd evidence that the addition of

powdered activated carbon (PAC) to| mitrifying activated sludge (AS) can

improve nitrification rates. Plausiple but unsubstantiated mechanisms

proposed to explain these observations include adsorption of compounds
toxic to nitrifiers; enhanced growth of nitrifiers and/or concentration

of trace nutrients on the carbon s

The major objective of this JLsentch is to further define the
mechanism of nitrification enhanrenent in PAC-AS, Using refinery and
synthetic wastewater feed, a serie;‘of acute and chronic experiments, as
well as experiments with variable carbon dosages, was conducted to
evalnate the relative importance ofl adsorption, suspended solids, and
microbial acclimation on AS nitrification rates. The general procedure
was to compare the effect of a '%pﬁhed" adsorbable/non—adsorbable, inhi-

bitory compound on nitrificatio% rates in AS and in AS supplemented
|

xvi




|
either with PAC or inert suspended }olids (bentonite clay).
I

With "'spiked’’ adsorbable inhijitors. the acute experiments demon-

strated nitrification enhnnce-entj due to PAC addition im wmnacclimated

sludge cultures. Statistically sij ificant enhancement due to either
PAC or bentonite addition was Pot evident in any experiment where a

nonsdsorbable inhidbitor was :dded.ﬁ

|
i
A chronic experiment gave equence that the addition of PAC to AS

can indirectly inhibit nitrification by virtue of desorption of a previ-
ously adsorbed inhibitor. In this (same experiment, it was shown that an

adequate dose of virgin PAC an dramatically arrest the effect of an

adsorbable inhibitor and restore fﬁll nitrification capability.

Results from the variable P:C dose experiments suggested that
there may be an optimal dose of PAC required to megate the effects of an
sdsorbable inhibitor, For adsorbahle inhibitors, PAC addition resulted
in wvirtual complete nitrificatio# and enchancements of 75 to 100% over
that of the controls (i.e., no PAC addition). No significant loss of
nitrification capability was observed at PAC concentrations greater than

2-4000 mg/1 PAC for all adsorbable inhibitors tested. For relatively

non—-adsorbable inhibitiors, enhan*enents of only 3 to 30% were observed
W

at the highest PAC dosage evnluate*.
w
]

The overall results provide Ttrong evidence that the major mechan-

ism of nitrification enhancenen# in PAC-AS is related to the carbon’s
|

ability to adsorb inhibitors.

xvii




bucno

The modern dsy sctivated slu*ge process was originally conceived
in 1914 by Arden and Lockett, {ho were the first to realize that the
naturally occurring microbial ptoc%ss could be captured and controlled
in a slurry type reactor, Here#ofore biological wastewater treatment
had been restricted to processes u*in; microorganisms growing in fixed-
films, At the time of their devcl%p-ent understanding of process kinet-
ics and stoichiometry was non—exis%ent, and the mechanisms of treatment

such as '‘adsorption on the concrctJ walls'’' were frequently proposed.

Presently the activated slndqe process is usuvally the process of
choice for treating domestic and industrial wvastewaters, especially for
larger applications. Ve now lqderstnnd the process kinetics and
stoichiometry much better than iﬂ the time of Arden and Lockett, but a

understanding of its behavior still eludes us.

Over the past decade, severaq important developments have been
made to enhance activated sludge ﬂrocess performance and energy comser—
vation., One of the important enhancements for improved performance is
the addition of powdered activated carbon. The motive for adding
activated carbon was the notion that the carbon would remove biologi-
cally resistant compounds that ere not degradable by the microorgan-
isms, providing levels of treatment which were previously omnly obtain-

able with physicochemical treatnentjtechniqnes.

Early work in the powdered activated carbon-activated sludge pro-

cess is described in various patents of Derleth (1927) and Statham




(1938), while the modern patent wag held by DuPont (Hutton and Robertac-

cio, 1975) until recently, and qold to Zimpro Corporation. Since the
development of the activated slndgq—powdered activated carbon process, a
number of evaluations have been nndc of the process’ efficacy on various

types of wastewaters.

The success of PAC research is demonstrated by the curremt opera-
tion of a number of full scale PAC—nctivated sludge (PAC-AS) treatment
plants in both the municipal and indnstrial sectors, Operational data
from bench, pilot and full scale %lants have provided evidence that PAC

has the following benefits over ckoentionul activated sludge systems:

- Improved organics rqnovuls

~ Improved removal ofiBPA priority pollutants
— Improved sludge thiqkening/de'ltering

- Reduced sludge bulkﬂng
- Increased color re-évnl

— Suppressed aerator fonning

— Improved nitrificatijon

The primary objective of early PAC-AS research was to determine

the carbon’s ability to remove bionogicully resistent organic compounds,

Although some or all of the ldvnntapes of PAC addition have been rou-
tinely reported in a number of sthies. there is a lack of fundamental
understanding of the process nechnn%sns responsible for these benefits.
This 1is especially true in the relLtively few cases where improved nit-

rification was noted. To date, almpst all PAC-AS studies have focused




uwpon the elucidation of the mechanism(s) involved in increased organic

removals. An equally important bedefit of PAC addition is mitrification

enhancement sand
explain this phenomena, no research
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concentration of trace nutrients at
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tative support for these theories, |

The experimental program, cnq
to evaluate the relative inflnenceﬁ
suspended particles and 3) acclimat
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The effect of sludge acclimation to
included in this study because
acclimation ability may be an impor

of nitrification inhibition.

The bench scale study was con

although a number of mechanisms have been proposed to

has been conducted to substantiate
proposed to explain nitrification
unds toxic or inhibitory to nitrif-
ers on the surface of the carbon; and

the carbon surface, among others,

esearch is to further define the
enhancement, To differentiate among
rimental program was devised with
of th; ‘dsorption and surface growth

evious researchers have provided ten-

ried out in four phases, was devised
of 1) adsorption, 2) the presence of
ion on activated sludge nitrification
compounds with known characteristics.
an industrial wastewater feed is
the literature review suggested that

tant variable in the ultimate degree

ducted in the UCLA Water Quality Con-

trol Laboratory. In an effort to gﬁin practical results, an arrangement

was made to obtain wastewaters with

a west coast refiner operating a




large, integrated oil refinery, The wastewater was periodically
obtained (approximately every four weeks), and three 15 liter bench
scale treatment plants (reactors) ﬁere assembled and operated using this

wastewater. In additiom, two benci scale plants were operated treating

s synthetic glucose-based wastewater, in order to provide for a source

of unacclimated sludge cultures or experimentation. Reactors were

operated with and without carbon, using both types of wastewaters. Addi-

tionally a reactor treating refinery wastewater was operated with ben-
tonite clay. Bentonite clay is a suspended solid which is known to have
suitable surface chemistry for -ic;obial attachment, but limited ability

‘for adsorption of organics. A clay was chosen which had approximately

the same mesh size as the powdered jactivated carbon.

An intensive survey of all know nitrification—inhibiting compounds

and their carbon adsorption pr‘perties was made. From this survey s
group of compounds were selected f‘r evaluation, Selection was based
upon a compound’s adsorptive and n?trification inhibitory properties and

the likelihood of finding it in refinery wastewaters.

‘\
The specific objective of the study was to evaluate the mechanism
of nitrification enhancement, The‘ rocedure was to evaluate a series of
compounds which were could be grouped as adsorbable-inhibitory (AI),
nonadsorbable—inhibitory (NAI), nohadsorbable-noninhibitory (NANI), and
adsorbable—noninﬂibitoty (ANI). Compounds selected were aniline (AI),
phenol (AI), cyanide (NAI), acrylonitrile (NANI) toluene (ANI) and
ethanol (NAI). Nost of these compounds are traditionally associated with

refinery or petrochemical processes, and their presence in the west




coast rofinmery wastowater was confirmed with gas chromatography/mass

spectrometry.

A series of experiments using both refinery and synthetic wastewa-
ters was conducted to distinguish enchancement due to the adsorption of
inhibitory compounds from preferential microbial attachment. The effect
of a ''spiked”’ ndsorbable/non—adsolbnble. inhibitory/non-inhibitory com—
pound on nitrification rates was cjnpnred for control activated sludge
gnits and those containing either |PAC or bentonite. If higher nitrifi-

cation rates are observed in PAC units compared to bentonite units when

a spiked compound with both sdsorbable and inhibitory characteristics is

tested, the adsorption theory is sﬁpported. Conversely, if equal or
higher nitrification rates are 7bserved in the bentonite units when a
non—adsorbable, inhibitory co-poun% ijs used, the surface attachment
theory is supported. The use 04 non—-inhibitory compounds for testing

served the major purpose of verify#ng experimental techriques since the
1

ratio of nitrification rates shou14 be close to unity in these cases.

The effects of selected c&-ponnds on mnitrification rates in
acclimatized and non-acclimatized sludges were slso examined in parallel
to the experiments discussed sbove. The overall experimental program

was divided into four phases:
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2 given biological system will react
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Phase IV: Carbon Dose Experiments !

— A geries of experiments ﬁsing nitification inhibitors of known

adsorptive characteristics was performed in the presenmce of vari-

able powdered activated carbon dosages.




LITERATURE REVIEW

NITRIFICATION

Biocggnistrx

The biological process of nitkification is carried out sequen-
tially under serobic conditions pribcipally by two chemoautotrophic gen-—
era Nitrosomonas and Nitrobacter. These are responsible for the oxida-
tion of ammonia to mitrite and nihrite to nitrate, respectively. Both
organisms depend on -enbrnne-boundeﬁ oxidative electron transport chains
in which chemical energy is derived from their respective inmorganic
sources, These energy-yielding okidations are coupled to ocellular
biosynthetic reactions which invblve the fixation of carbon dioxide
through mechanisms very similar to @hose of the Calvin cycle in pho-

tosynthetic organisms, The general stoichiometric reaction sequence

occurring during nitrification can be written as follows (USEPA, 1975):

NE, + % 0, = No, + 2B + H,0 + 58-84 Kcal .
| 1

NO, + % 0, —> NO3 + 15.5 - 20.9 Kcal

(2)

Although it is well establish?d that certain heterotrophic organ-
isms are also capable of nitrifica%ion, it is generally considered that
heterotrophs contribute insignifica#t quantities of nitrate in natural
systems (Wallace and Nichols, 1?69; Verstraete and Alexander, 1973).
The basic metabolic mechanisms and #nternediate biochemical pathways of
nitrifiers has been reviewed prev?onsly by Wallace and Nichols (1969),

Aleem (1970) and Painter (1970). T@e sections that follow will focus




upon the recent developments in the biochemistry of mitrification,

Ammonis Oxidation by Nitrosomonas

The oxidation of ammonia by Nitrosomonas involves a complex path-
way which is mnot yet completely understood. Hofman and Lees {(1953)
were smong the first investigators to obtain experimental evidence that
the oxidation of ammonia to nitri#e ptopoeds via hydroxylamine (Nﬂzon)
since it was observed that hydroxyl%ninc accumulated during ammonia oxi-
dation in the presence of hydrazin?. an inhibitor of hydroxylamine oxi-
dation. These findings were snppor#ed in later studies conducted by

Engel and Alexander (1958) and Anderson (1965).

Lees (1954) speculated that t#e oxidation of ammonia to nitrite
should theoretically occur in t#ree steps since the comversion of
smmonia to nitrate involves a six eiectron transfer causing the valence
change of nitrogen from -3 to +3. iAssn-ing a two electron transfer for
each oxidation-reduction reaction, ﬁt least two intermediates with the
oxidation states of -1 and +1 n?e expected in the reaction sequence.
Aside from the initial reaction to %orn hydroxylamine, many intermediate
products have been proposed, snchjus pitroxyl (NOH), mitric oxides (NO
or Nzo) and hyponitrite (N2¢2)‘ Unfortunately, this other
intermediate(s) has not yet been co;clnsively identified, The reason is

probably due to its extreme chenicai instability.

The fact that Nitrosomonas cells are incapable of oxidizing
ammonia wunder anaerobic conditio#s in the presence or absence of an

electron acceptor led Rees and ano# (1966) to suspect that molecular




oxygen 1is essential at least in the formation of hydroxylamine,
Indirect evidence for this suspicion was provided through 180 tracer
studies conducted by Verstraete and Alexander (1972) which demonstrated
that the oxidation of ammonia to hydroxylamine through heterotrophic
nitrification involved the incorporation of molecular oxygen. Nore
recently, Hollocher, et al. (1981) presented definitive evidence through
isotopic methods that ammonia to hyﬂroxylu-ine oxidation proceeds by way
of a direct insertion (momo-oxygenase) reaction inmvolving 02, They
observed that of the two atoms ﬁn 02, one is inserted in Nn: to form
NH,0H while the other is presumsbly reduced to water. Furthermore, they
theorized that since the only sburce of reducing equivalents for the
reduction of that oxygen atom is NH&OH, the oxidatiom of NH: and Nﬂzon
must be functionally 1linked. Thhs theory is not novel as it has been
proposed by earlier investigators (ﬁooper. et al,, 1972; Hooper and

Terry, 1977) and was recently further advanced by Suzuki, et al.(1981).

The intermediate(s) involved in hydroxylamine oxidation to nitrite
remains highly speculative at this time, Work by Nicholas and Jones
(1960) with Nitrosomonas cell-free gxtracts which produced nitrite from
hydroxylamine aerobically in tho: presence of mammalian cytochrome o,
provided direct evidence of the involvement of an electrom tramsport
chain, A subsequent investigttibn by Anderson (1964) revealed that
under anaserobic conditions in the p*esence of Nitrosomonas cell extracts
and a hydrogen acceptor (methylene Slne). nitrous and nitric oxides were
produced in the amounts equivalent to the hydroxylamine added. However,
under aerobic conditions in the pr*sence of methylene blue or mammalian

cytochrome c, conversion of hydrozylamine to nitrite was observed.
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Moreover, in the presence of cjtochro-e ¢, hydroxylamine and cyanide
under serobic conditions, nitrite ﬁrodnction was inhibited. This inhibi-
tion was removed when methylene blue replaced cytochrome ¢ in the reac-—
tion media. These results led Andqrson to suggest that the metabolism
of anon to nitrite 1is a two ﬁtep process involving in formation of
nitroxyl and its subsequent nonenzybatic decomposition to nitrous oxide.

Nitrous oxide was then converted to nitrite by an enzyme system requir-

ing oxygen.

Almost concurrent to Anderson’s findings, Aleem and Lees (1963)
‘de-onstrnted that anon oxidation py Nitrosomonas was mediated by cyto—
. chrome b, ¢, and a-type conponents.% They suggested that NHZOH oxidation
is activated by the enzyme hydrbxyla-ine—cytochrone ¢ reductase (now
referred to as hydroxylamine oxidor?dnctase) which they bhad partially
purified and studied. This enzyne;was found to be sensitive to various
metal-binding agents which led the investigatOts to conclude that the
oxidation step involves the particibation of electron transport carriers
and is mediated by & cytochrome enzyme system requiring a metal. It was
shown by Nicholas (1962) using pmramagnetic resonance on Nitrosomonas

particles, that the essential metal involved in the oxidase system is

copper.

Since then, the enzyme complex hydroxylamine oxidoreductase has
been extensively purified and s#ndied further (Ritchie and Nicholas,
1974; Hooper, et al., 1978; Terry a?d Hooper, 1981) The enzyme has been
shown to be able to use either cyto#hrone ¢ or phenazine methosulfate as

an electron acceptor and carries out the removal of at least two elec—
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trons from hydroxylamine:

NH,0H — (NOH) + 2¢ + 2n*
(3)

Although intact Nitrosomonas cells can oxidize Nﬂzon to NO;
stoichiometrically, the mnitrite yielded by the enzyme system is less
than 50% even aerobically, the rc-ainder being nitrate (Nog). nitric
oxide (NO) and nitrous oxide(NZO) (ﬁoopor. et al., 1979). These results
are in contrast to the nitrite yielhs of 80 to 90% obtained by Aleem and

Lees (1963) with a 85-fold purified; enzyme.

A number of cytochromes have been purified and characterized from
’Nitrosononls europege recently, These include: cytochrome ¢(C0)-550,
c(C0)-552 (Miller and Wood, 1982, 1983); ¢-552, c¢-554 (Yamanaka and
Shinra, 1974), a1l (Brickson and Hooper, 1972b);p-460 (Erickson and
Booper, 1972a) and hydroxylanine? oxidoreductase. Current research
(Suzuki, et al,, 1981) hypothesizes that cytochrome c—552 is reduced by
Nﬂzon in the presence of hydroxyl;n}ne oxidoreductase and cytochrome c-
554 and the reduced c—-552 is oxibized by cytochrome al in air, Thus,

the electron flow from NH,OH is suggested to proceed as follows:

NHZOH + Hydroxylamine reductase — C-554 —) C-552 — al — 02

The more recent purification of CO-binding cytochromes (Miller and
Wood , 1983) which are frequently a#sociated with the function of a ter-

minsl oxidase, may shed further ligﬁt into the mechanism of hydroxylam—

ine oxidation.

12




Suzuki, et al. (1981) advanced a hypothetical scheme of ammonia
oxidation based on the i-:ediat# formation of peroxonitrite (ONOE).
According to Suzuki, peroxonitrite Ls an sttractive intermediate in that
its presence could explain the fo*nntion of nitrate from hydroxylamine
nonenzymatically., It was shown by Hughes and Nichlin (1970) that

peroxonitrite, when protonated, is unstable and isomerizes to nitrate:
ONOO™ + H' —> ONOOH — HNO,

Noreover, studies of anon oxidatios in alkaline solutions demonstrated
the production of nitroxyl ioms (NO”) which forms peroxomitrite in com—
bination with O,, Copper ions can eatalyze the reaction of peroxoni-

trite with NHZOH to nitrite. If ammonia can be hydroxylated by peroxon—

itrite, then Suzuki suggests the following reactions for ammonia oxida-

tion:
NH, + ONOOH — NH.OH + HNO
3 2 ’2
(4)
NH,OH —> NOH + 2¢~ + vY: o
‘ (5)
NOH + 0, —> ONOOH
(6)
Totaling:
+ Y
Nll3 + 02 - IINO2 + 2H + 2e )

where reaction (4) and (6) are tightly coupled. This is in accordance

13




to earlier theories proposing that ammonia and hydroxylamine oxidatioms
are functionally linked. The hypothetical scheme for ammonia oxidation
is illustrated in Figure 1. In Figure 1la., ammonia is initially
hydroxylated by O, plus electrons derived from emdogenous metabolism or
added NADH., Once the hydroxylation is initiated, electrons from NHzon
oxidation become available for further hydroxylation of ammonia. At
steady state (Figure 1b.), the oxidation of mitroxyl (NOH) is coupled to
ammonia hydroxylation with peroxonitrite as the possible intermediate.
The only electrons going through the electron transport chain system to
molecular oxygen for possible energy gemeration are the two electroms

derived from hydroxylamine.

Oxidation of Nitrite to Nitrate by Nitrobacter

The oxidation pathway of nitrite to nitrate by the Nitrobacter
species is relatively simple coppnred to that of Nitrosomonas and is
better understood. The oxidative miechanism proceeds via a series of
enzymatic steps involving the sequential transfer of electroms from
nitrite to molecular oxygen whose role is strictly that of a terminal
electron acceptor (Lees and Simpson, 1957). It was also demonstrated by
these same investigators that the oxidation involves the cytochrome-
electron transport enzyme nitrite oxidase and that the transfer of elec—
trons is mediated by ¢ and al-type cytochromes. Later, Aleem, et al.
(1965), working with 180 and H;so;isotopes. discovered that the oxygen
atom in nitrate was generated from water and not from molecular oxygen.
These important findings led to§the current understanding of nitrite

oxidation. The oxidation of nitrite to nitrate by Nitrobacter can be
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0,

NH3A—-' NHZQ

I 2e- j
Endogenous / | 0,
¢-552 (ONOQH) ===—= HNO3
al
o 1a: Initial State of
2 Ammonia Oxidation -
NH,0H
2e-
c-554 (NOH)
1 b—02 nNH;
> HNO
c-552 (ONOOH) 2
al
l ~ 1b: Steady State
02

Figure 1: Proposed Oxidnt#on Pathway for Ammonia
to Nitrate (After Suzuki, 1980)
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represented by the following scheme (Aleem, 1970) and redox equations

(Sundermeyer and Bock, 1981):

NO2

- cyt, ¢ —> cyt. Al = 02
Nitrite Cytochrome

Oxidase Oxidase

NO, + H,0 + 2 cyt. al(+3) => NO7 + 2H' + 2 cyt. al1(+2)
2 T, 3 ()

208" + 2 cyt. al(+2) + 0.5 0, & Hy0 + 2 cyt. al(+3)
: 9)

Totaling:

NO2 + 0.5 02 - NO3

In equation 8, oxygen is not involved, nitrite is oxidized to
nitrate by water, protons and electrons released, and the electrons are
transferred to cytochrome al, an essential component of thé nitrite—-
oxidizing system, and then snb:cQuently to oxygen. Equation 8 is the
energy-yielding step, which is coup#ed to the electrotransport phospho-
rylation, No intermediates of nitrite oxidation have ever been found

(Painter, 1977).
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Energetics and Energy Assimilation

The standard free emergy changes for various nitrogen reactions
have been calculated by Aleem (1970) and relevant reactions are
presented here in Table 1. The initial oxidation of ammonia to hydroxy-
lamine is slightly endergonic (see%lele 1) and it has been suggested by
Anderson (1965) that some ’‘energy—linked’’ activation of ammonia prior to
its oxidation is necessary. This contention has yet to be substantiated
by experimental evidence, It is well established however, that the sub-
sequent oxidation of hydroxylanin& to nitrate ( AG® = -68.89 Kcal/mole-
»N). which is coupled to the olectﬁon transport chain, is the major

. energy yielding source for Nitroso-bnus.

As with most autotrophic bacteria, Nitrosomonas must reduce pyri-
dine nucleotides (i.e., NADH) because the latter participates in the
reduction of carbon dioxide in biosynthetic reactions. Inspection of
the free energy changes in Table 1 shows that the direct reduction of
NAD+ by either smmonia or hydtoxylahine is highly unfavorable from a
thermodynamic point of view, From this, it would appear that the reduc-—
tion of NAD+ is energy dependent and would more likely involve hydroxy-
lamine than ammonia (AG® =+35.6 vs. AG® =+56.3 Kcal/mole for ammonia).
The experimental evidence for the emergy-dependent reduction of NAD+ by
hydroxylamine was provided by Aleem (1966), who showed that the required
energy could be supplied through th@ oxidation of hydroxylamine or by
exogenously supplied ATP. According to current theories regarding auto-
trophic respiration, it appears tﬁlt chemoautotrophs use & process

called reversed electron transport (Pelczar, et al., 1977). Electrons
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Table 1: Standard Free Energies of Reactions

8T

Reaction A G° (Kcal/mole-N) - E(volts)
+ +
NH, +1/2 0, —> NH,OH + H +3.88 +0.899
- +
NH,OH + 1/2 0, —> NO, + H,0 + H -68.89 +0.066
N0; +1/2 0, — No; -18.18 +0.420
+ + +
NE, + NAD'+ H,0 —) NH,OH + NADH + 28 +56.3 —

+ +
NBZOH-I-ZNAD +B20——)N02+2NADH+SB +35.6 —




normally flow from NADH to oxygen through the electrom tramsport chain,
thereby gemerating ATP, In reversed electron tramsport the opposite
occurs in that part of the ATP genmerated by the cell must be utilized to
form NADH for use in the assimilation of carbon dioxide via the Calvin
cycle. It is still unclear whether reverse electron tramsport iamvolves

the same, s separate or s branched electron tramsport pathway in Nitro-

somonas.

Aleem (1966) dedunced and concluded from experimental observations
that reverse electron reaction was approximately 40% efficient,
Although this is s relatively high energy efficiency for biological sys-—
 to-s. this requirement coupled with the fact that the Calvin cycle
requires 9 moles of ATP and 6 moles of NADH2 (to be provided through the
oxidation of ammonia or nitrite) to produce 1 mole of glyceraldehyde-
3-phosphate (Stanier, et al.,, 1976) clearly demonstrates that the reduc-
tive process requires a great deal of energy. The high emergy require-
ments for nitrifiers undoubtly accounts for their relatively low cellu-
lar yields as compared to those of heterotrophic organisms. Table 1
also shows that the oxidation of nitrite to nitrate mnets approximately
18.2 Kcal/mole—N. Thus, Nitrosomonas obtains more emergy per mole of
nitrogen oxidized than does Nitrobacter. This fact is reflected in
their relative cell yields (i.e., 0.06 for Nitrosomonas and 0.02 for
Nitrobacter; Painter, 1977). Cell yield is defined as weight of cells

formed per mole of N oxidized.

The mechanism of energy assimilation in Nitrobacter 1is better

understood than that in Nitrosomonas., Kiesow (1972) suggested that the
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interrelationship between the assimilation of energy from nitrite and
the generation of reducing power in Nitrobacter is as represented in
Figure 2. Figure 2 illustrates the mechanism of reversed electron flow
in Nitrobacter. The reduction of NAD+ by nitrite is not possible
directly because the N0;/N0; redox system has an Eo of +0.42 (pH=7)
which is higher than that of the NAD+/NADH+H+ system (Eo=-0.32, pH=7).
To circumvent this thermodynamically ’‘uphill’’ difficulty, electrons flow
from NAD with the consumption of ATP. Acocording to Kiesow, energy
released from nitrite oxidation can be used for two purposes depending
on need. If the generation of ATP is required, it is accomplished
‘through the lower electron transport system in Figure 2 (cytochrome 605,
‘cytochtOne oxidase and oxygen) with the prodmction of Hzo. If carbon
reduction is required, the upper part of the mechanism of Figure 2 is

employed, resulting in the reduction of NAD to NADH. In both cases,

nitrite is oxidized to nitrate.

Microbiology of Nitrification

General Characteristics of Nitrifiers

Watson (1974) has listed all known genera of autotrophic bacteria
associated with naturally occurring nitrification., Of the four genmera
of ammonia oxidizers given, only Nitrosomonas (i.e., N. europeae ) has
been linked to nitrification in sewage. Similarly, only Nitrobacter, of
the three genera reported to be nitrite oxidizers, (i.e., N. agilis )
have been isolated from wastewatéers (Fliermans, et al., 1974). These

highly specialized physiological groups of bacteria are gram mnegative
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Carbon Assimilation

ADP + Pi
‘ E,’
-0.32v
q-

NADH + H* NaD*

ATP
(NOZ + Hzo +0.42V
NOg+2H* T
ADP + Pi
- reduction
== energy
+0.82V
ATP

Figure 2: Proposed Ieclnniq- of Energy Assimilation and
Generation of Reducing Power in Nitrobacter
(After Kiesow, 1972)




and strict aerobes with respect to their ability to nitrify. Other mor-

phological and physiological characteristics of nitrifiers are presented

in Table 2 (Stanier, et al., 1976).

Certain strains of Nitrobacter have been shown to assimilate
organic compounds such as acetate (Delwiche and Finstein, 1965) and for-
mate (Van Gool and Laudelout, 1966) as their sole energy and carbon
source, respectively; however, these strains grew much more slowly than

with nitrite and CO The basis of obligate autotrophy in Nitrosomonas

2-
and most species of Nitrobacter has been attributed to their lack of
certain key enxymes (i.e., a-ketoglutaric dehydrogenase) of the tricar-
 boxy1ic acid cycle (Hooper, 1969); slthough it was also proposed (Pan
and Umbrett, 1972) that growth of nitrifiers on organic compounds is

prevented by the formation of toxic organic products (i.e. pyruvic

acid).

Nutritional Growth Requirements

Aside from carbon dioxide, ammonia or nitrite, a minimal amount of
dissolved oxygen and micronutrients are obligate requirements for nit-
rifier growth., The requirement of dissolved oxygen will be discussed in
deteil in a later section, Up until 1955, it was generally considered
that particulate materials such as calcium carbonate, which was utilized
as a buffer in early culture experiments, were necessary for growth, It
was postulated that the solid surface in the growth media provided obli-
gate surface sites to which nitrifying organisms adsorbed and multi-

plied. Although this ’obligate surface’’ theory was later disproved by
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Table 2: The Genera of Nitrifying Bacteria
(After Stanier, et. al., 1976)

Genus Cell Form Flagella Membrane DNA ' Obligate
Intrustions Composition Autotroph
(Moles % G+C)

Nitrosomonas Rod Subpolar Lamellar 50-51 +
Nitrospira Tight Spiral Peritrichous None 54 +
Nitrosococcus Sphere Peritrichous Lamellar 5--51 +
Nitrosolobus Irregular, Lobed Peritrichous Vesicular 54-55 +
Nitrobacter Rod, often pear * Lamellar 60-62 + or -
shape
Nitrospina Long, slender rod hd None 58 +

Nitrococcus Sphere Polar Tubular 61 +




workers who successfully grew Nitrobacter (Goldberg and Gainey, 1955)
and Nitrosomonss (Engel and Alexander, 1958) in clear media, the role of
suspended solids in the mitrification process remains mnclear. A stimu-
latory effect of suspended particles on nitrification rates has been
reported by a number of investigators in studies with surface waters
(Seppanen, 1970; 1972; Kholdebarin and Oertli, 1977) and soils (Lees and
Quastel, 1946:); Kholdebarin and Oertli (1977) maintain that although
nitrifiers can function very well in the absence of suspended material,
their activities can be enhanced as the amount of particulates increases
in solution. Their results indicated that particle sizes of 1 to 3
micrometers were most beneficial in enhancing mitrification rates. They
" suggested that the enchancement mechanism involves the particle’s abil-
ity to provide a physical support medium for the proliferation of nit-
rifiers. This is in contrast to Lees and Quastel’s theory of substrate
(ammonium ion) concentration at the surface of particles. Conflicting
evidence was presented by Aleem and Alexander (1960) who reported mno
detectable effects on nitrification rates due to suspended particles.
Goldberg and Gainey (1955) asserted that while suspended solids were not
essential for nitrifier growth, attachment to particles will occur if

suspended solids are present.

The ability to cultivate nitrifiers in clear media accelerated
research efforts by other investigators since prior metabolic and
mineral nmtritional studies on nitrifiers were greatly hindered by the
presence of large gquantities of insoluble ingredients in the culture
medium, Consequently, a large amount of information on the nutritional

requirements of nitrifiers was acquired in the subsequent years after
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the clear growth medium had been defined. Sharma and Ahlert (1977), in
a comprehensive review on nitrification, have summarized much of of this
work. This summary along with other results are presented in Table 3.
The results in Table 3 indicate that phosphate, magnesium, iron and
copper (0.03 mg/l1 for Nitrosomonas; Painter, 1977) are absolute growth
requirements for both Nitrosomonas and Nitrobacter. In addition, sodium
is probably required for Nitrosomonss (Loveless and Painter, 1968) while
calcium has been shown to be required by Nitrobacter (Lees, 1954).
Painter (1977) contented that the optimal phosphate concentration (310
mg/1) reported by Van Droogenbroek and Laudelout was excessively high
‘and perhaps ocould be explained by carryover of the element in the imo-

cula and/or the effect of phosphate on the pH of the medium,

Kinetics of Nitrification

Monod Kinetics

The most popular model used to describe substrate limiting nitrif-

jer growth is that of the empirical expression proposed by Monod(1949):

S
(10)
where 1] = specific growth rate, ti:ms_1
Ppax = maximum spegific growth rate, time ™1
S = limiting substrate concentration, mass/volume
K = saturation constant, numerically equal to the
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Table 3: Substances Required or Stimulatory for Nitrification

(After Sharma and Alhert, 1977)

Phosphate

Magnesivm

Molybdenum

Iron

Calcium

Copper

(continue on next page)

Effoct*

Referepce =~

310 as P

Sas P

5
10.5-50.5
(as l;804—1H20)

12.5-50
50-100

10~4(0.0001)
10"2u(1000)
0.5-0.6
7
0.5-10

10.5-50.5
(as c.012-znzo)

0.0.06

0.1

0.1-0.5

Roqd for Ns G § Nb G
Reqd for Ns G § Nb G

Reqd for Nb G

Reqd for Ns G § Nb G
Reqd for Nb G

No effect on Ns A
Ns A+
Slight Ns A-

Nb A+

11-fold increase in
Nb A and G
Slight Nb A,G-
Reqd for Ns G & Nb G
Ns G+
Reqd for Nb 6

Reqd for Nb 6
No effect by itself on
Ns A; + in presence of
5 mg/1 EDTA
No effect on Ns A
Reqd for NG
Ns A+; Added
Ns A+ along with 5 mg/1
EDTA
Slight Ns A+; With higher
concentration Ns A-
Increasing Ns A

Lees (1955)

Van Droogenbroeck &
Laudelout(1967)
Aleom (1959, cited in
Painter,1970)

Lees (1955)

Aleem (1959, cited in
Painter, 1970)
Skinner & VWalker (1961)
Loveless & Painter (1968)

Aleem (1959, cited in
Painter, 1970)
Finstein § Delwiche
(1965)

Lees (1955)
Skinner § Walker (1961)
Aloem (1959, cited in
Painter,1970)
Lees (1955)
Loveless & Painter (1968)

Skinner & Walker (1961)
Lees (1955)
Loveloss § Painter (1968)
Tomilinson ot al (1966)

Skinner & Walker (1961)




Lt

Table 3 Cont: Substances Required or Stimulstory for Nitrification
(After Sharma and Alhert, 1977)

ubstance
Sodium

Marine Salts

Vitamins
A-Palmitate
Pantothenic Acid

Nicotinic Acid
Ascorbic Acid
Biotin

Adenine Sulfate

Sodium Glutamate

Yeast Extract
L-Serine

L~Glutamine

L-Glutamic Acid
L~-Aspartic Acid
Ash of corn steep
liquor
Glucose, p—smino
benzoic acid

Zine

Concentration

0.6-1.5
1.5-7.0

50,000 USP m1~1

0.05 mg/ml

0.0025 pg/m1

0.05 mg/ml
0.05 mg/ml
0-150 mpg

2
0.05 mg/ml
1720 mg/ml

2 mg/ml’
4 pg/mt
1050 mg/m}
4 p/ml
1450 mg/m1
4 p/ml
4 p/ml

2-5

1.0

2-4 fold Nb A+;
100-1000-fold Nb G+
Slight Ns A,G+
Nb G+
Ns 6+4; Nb G+
“Nb- G+
Ns A+; Ns G+
Nb G+
Ns G+; Ns A+
Nb G+
Ns G+; Ns A+
Ns G+; Ns A+
Ns G+

Ns A+; Nb A+;
impure, mixed
cul ture
Nb G+

Bffect+ Rofexrence
Ns A+; Ns G- Loveless § Painter
Ns A-; Ns G+ (1968)
Reqd by some estuarine Finstein & Bitzky
or littoral cultures of (1972)
ammonia oxidizers .
Ns A+; Nb G+ Pan (1971)
Nb G+
Nb A+ Gundersen (1955)
Nb G+ Pan (1971)
Nb G+

Krulwich & Funk (1965)

Clark § Schmidt(1967)
Pan (1971)

Clark § Schmidt (1967)
Pan (1971)
Clark & Schmidt (1967)
Pan (1971)

Clark & Schmidt (1967)

Gundersen (1958)

Cooper § Catchpole
(1973, ocited in Painter,
1977, and in Stafford, 1974)
Aleem (1959, cited in
Painter, 1970)

® All results are for pure cultures unless indicated otherwise.
In mg/1 unless specified otherwise. Ns = Nitrosomonas;
Nb = Nitrobacter; G+ = Growth; A = Activity; + = Simulation;

— = Inhibition, e.g., Ns A+= stimulation of Nitrosomonas

activity,



lowest concentration of substrate at which

p=1/2p

max’ mass/volume

The Monod expression provides for the continuous transition
between first and zero order kimetics based on substrate concentrationm,
Inspection of equation 10 revesls that if Ks is much greater with

respect to S, the expression may be approximated as a first order equa-—

tion:

§ (11)

Alternately, if Ko is much less that S, the expression may be

reduced to a zero—order equation:

max (12)

The rate of substrate removal is related to the specific growth

rate by the following equation:

S
Fewi- P ra-o By
(13)
where Y = yield coefficient, mass organisms grown/mass

mass substrate used
q = specific rate of substrate utilization,

mass substrate/ mass organisms/time = p/Y
q, = maximum specific rate of substrate utilization,

mass substrate/mass organisms/time= p;.xlt
X = microbial mass concentration, mass/volume
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Just as in the case of the Monod equation, eqn., 13 can be approxi-

mated by a first order equation when Ks is much greater than S;

§ (14)

and a zero—order equation when S is much greater than Ks:

q=4
" (15)

Lineweaver—Burke Linearization (1934) is one common method of

determining kinetics constants p__ = and Kg for the Monod expression from

x
kinetic data. This involves taking the reciprocal of both sides of eqn.
'10; rearranging and recognizing that the parameter MCRT or mean cell

retention time (to be discussed ltht) is related to the growth rate as

follows;
ol _'meg$
a 0c Ks + S
(16)
where Gc = NCRT,
= mass organisms in reactor/mass organisms
wasted/day
Linearizing,
1 1 X, a
F=ec=“ +(|‘ ) (g)
max max an

A linear plot of Oc vs. 1/8 yields 1/"nax as the intercept and Ks/p‘“x

as the slope. The yield coefficient Y can then be estimated for a
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similar plot of equation 13 (1/q vs. 1/S). Several other methods are
available for the determination of Monod kinetic parameters, including
those of Hanes (1932) and Hofstee (1955)., Each method bhas its own
inherent advantages and disadvantages (Dixon and Webdb, 1979) and adop-
tion of any particular method will depend largely on the mature of the

data to be analyzed. These methods are summarized in Table 4.

There is substantial literature supporting the uwse of the MNonod
expression (eqn. 10 and 13) to describe nitrifier growth and/or sub-
strate uptake in a variety of enviromments. The equations have been
successfully applied to nitrification in soils (McLaren, 1971); pure
- cultures (Skinner and Walker, 1961, Boon and Laudelout, 1962, Loveless
and Painter, 1968); estuaries and streams (Knowles, et al., 1965, Strat-
ton and McCarty, 1967); and activated sludge systems (Dowing, et al.,
1964, Poduska and Andrews, 1975, Williamson and McCarty, 1975). In
addition, dynamic models of nitrifying activated sludge systems, based
on MNonod kinetics, are available to simulate effects of changing
influent conditions on effluent quality (Poduska and Andrews, 1975; Mur-

phy, et al., 1977; Batchelor, 1983)

The growth limiting nutrient in equations 10 and 13 has been gen-
erally considered to be the energy source for Nitrosomonas or Nitrobac-
ter, and less frequently, the electron acceptor (dissolved oxygen).
Typical values for Monod kinetic constants obtained from the literature
are shown in Table 5. Table 6 summarizes Table 5 in terms of ranges of
kinetic constants reported for differing environmental conditionms. For

comparison, Table 6 includes typical kinetic constants (Sharma and
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Table 4: Popular Techniques used to
Estimate Kinetic Parameters
For the Monod Function

Technique Linearized Form Disadvantages

Lineweaver— i = Most accurate known values

Burke Analysis nax BAX  will be cenmtered near the
origin, while those which are
least accurately known will be
far from the origin and thus
will have -gst influence on

the slope, ]§.

"nax 'lllx

Hanes Analysis % = Points near p are spread out

so the slope, llu-. may be acou-
rately determined. Bowever, the
intercept appears mnesar the origin
which makes accurate determina-
tion of difficult. (Good

for least squares analysis)

Hofsteo Analysis p=p - Ks % p is in both coordinates,
(multiply egn. 16 therefore least squares

by (K, + S) and analysis is impossible.
divf%e by S)
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Table 3: Typiesl Kinetie Constants for Nitrifylag Basteris

(Mitxosowonas)
) § l' l. Culture [ Referense
(hy-!) (—nnn—“ N endined’ Beersy Soures o, Condition
(ng/1) (wg/1)
1.2 (30 %0 0.06 :o :so © 63 (30 %0 pure 7.0-7.4 Skinser § Valker (1961)
.3(18 *°0) .
1.3(23 *°0)
0.7 (20 :c) pare 1.9 As elted by Painter (1977)
1.5 (30 .C) o o pure 8.0 Eagel & Alexander (1968)
1.38 (35 "CO) 0.03-0.1 1.0 (20 C) 0.3 (20 'C) pure 8.0 Loveless } Painter (1960)
0.69 (13 :c) pure 5.0 Loveless | Painter (1968)
0.08 (28 .C) pure 7.6 Loveless § Pajater (1968)
0.35 (10 °C) pure Buswell (1954)
0.50 (15 %0) pure
0.94 (20 :C) pere
1.74 (30 © pure
1.50 (30 °c) pure
0.46 (30 °c) pare 5.0 Lees (1932)
0.5 yurp Pootors (1969)
0.3 (30 °O) 0.08 1.0 As 7.5-8.0 Dewning, ot. sl. (1964)
0.5% (20 *°C) Ball (1974)
1.0 As Briggs, ot. sl. (1968)
(ss eited by Pajnter (1977)
0.3 (20 °C) . As Jeakine (1969)
0.4 (20 °0) 0.2 2.0 As 7.3 Stall § Sherrerd (1974)
1.08 (20 °C) 0.063 As 7.3 Poduske § Asdrevs (1979)
0.32° (20 :c) o As 7.9 Nell & Murphy (1990)
0.45 (23 .C) 0.13 (23 "0 As 7.5-8.0 Beseari, ot. sl (1900)
0.54 (20 °c) 0.3 Ae 1.0 Villiemsea § NeCarty (1978)
0.1 (20 *0) As 6.5 to 8.5  Paiater § Loveless (1983)
te
0.61 (2s °0°°
(10 to 35°) 0.61°° As 7.8 Chartey, ot. o1 (1980)
te 2.8
0.29 2.59 te 4.39 Sys. River Stratton § NeCarty (1967)
Water
0.63 0.08 0.6 Thames Returary Knowles, ot. sl. (1963)
Vater
® ~ Astivated sindge precess o =~ ag TS8/eg infivent TEN
4+ — ung V88 ." substrete ¢ — Nultiple Determinations ever the rasge of tempersture or pl
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Table S Costinwed: Typical Kisetic Comstants for Nitrifyiag Bacteris

(Nitrobacter)
p.- . ) ¢ l’ l' Culture 'L | Referense
(day *) (——!’L‘-'-u—-'t N ”““.‘) Esergy Souree 02 Cosdition
(ng/1) (ng/1)
1.39 (32 °0O) 0.02 8.0 (32 C) 0.34 (z«?o’c):: pure 1.1 Boos & Lasdelot (1962)
3.0 (25 %) 0.48 (295¢) 7
0.72 (32°C)
0.04-0.07 pere Gould § Lees (1960)
0.02 pure Lees & Simpson (1937)
1.4 (14 °0) pure Landelot §
2.1 (18 :c) Yas Trichelea (1960)
9.4 (12 %0
° 2.0 rugp Pooters, ot. sl. (1969)
0.14 (20 °0) As 1.0 Dowaing, ot. sl. (1969)
1.44 (10 .:’l As 1.3 Poduska § Androws (1973)
0.68 (20°0) As 7.8 Bail & Nurphy (1990)
0.27 (23 °C) 0.07 As 7.5-8.5  Becearri, ot. sl, (1980)
0.42 As Staskevioch (1972)
(pure oz)
2.0 As Nagel § Navorth (1969)
0.19 (20 *0) As .0 Painter 8
0.32 (20 °C) As 7.8 Loveless (1983)
0.1 (20 °0) As 7.0
0.22 (20 °C) As 6.8
0.27 (25 °C) As 8.0
0.18 (25 °c) As 6.8
0.084 (20 °C) 0.34-1.77 Sya, River Water Stratton § ReCarty (1967)
0.84 (20 °C) 0.02 1.9 Thames River Water Kaovles, ot, sl. (1963)
® - Aotivated sludge process

44 —— As calculated by Stenstrom § Podusks, (1980)
o — specifie activity (mg N/mg TSS-hr)
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Table 6: Summary of Ranges of Kimetic & Stoichiometrio Coeffieients

Py b 4 I‘ l’ Csalture ‘l'o-posu ture 2]
(day ) (wt. oell por Eaergy Sosrce 0, Condition ({0
wt N oxidized) (mg/1) (i)
Nitrosomonss
0.7-2.2 .03-0.1 1.0-10.0 0.5 pure 20-30 7-8
0.3-1.08 0.05-0.1% 0.063-2.5 0.2 As 16-3% 1.2-8.8
Nitrobaster
1.39 0.02-0.07 1.4-9.4 0.954-2.0 pere 14-92 7.7
0.1-1.44 0.07 - 0.42-2.0 As 20-33 6.5-8.8
Hoterotrophs
7.2-17.0 0.37-0.79 < 1-181 0.0007-0.1 As 20 7.0




Ahlert, 1977) for heterotrophic bacteria grown on glucose substrate.

Several important points can be made with respect to the tables.
For example, Table 6 shows the the values of Paax for nitrifiers are at
least an order of magnitude smaller than that of heterotrophs, indicat-
ing that nitrification in activated sludge processes will occur only
where the specific growth rate is low. Furthermore, the values of Ks
(energy source) are seen to be relatively low for both nitrifying genera
as compared to the substrate concentrations normally encountered in a
typical wastewater treatment plant (i.e., 20-40 mg/l NH:—N). This would
mean that nitrifier growth rates are essentially independent of sub-
- strate concentration (zero—ordered reaction) over s broad range. Such
zero-order substrate kinetics have been reported by numerons investiga-
tors under various conditions (Engel and Alexander, 1959; Nicholas and
Jones, 1960; Wild, et al,, 1971; Kiff, 1972; Huang and Hopson, 1974;
Hall and Murphy, 1980; Sutton, et al., 1981) over the composite range of
1.6 to 673 mg/1 NB:—N). Tomlinson, et al. (1966) has suggested that the
rates of nitrification will not be limited by emergy sources ss long as
the concentration of ammonia and nitrite exceeds 3 and 10 mg/I-N,

respectively.

However, there appears to be some disagreement in the 1literature
with respect to the true reaction kinetics of nitrification., A recent
investigation by Charley, et al. (1980) gave evidence that nitrification
rates followed strict Monod type kinetics at all operational concentra-—
tions at a treatment plant., They reported that the ammonia concentra-

tion at which p is 90% of u-‘x'(s90) can be as high as 22.5 mg/1 (35°
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C). At the S90 value reaction kinetics can be regarded as changing from

first to zero order. They also reported first order reaction kinmetics

for Nitrobacter up to 20 mg/1 nitrite.

Until the recent work of Painter and Loveless (1983), there was a2

paucity of data for p___ values of Nitrobacter in activated sludge. In

over half the p___ values reported in Table 3, p,,, for Nitrosomonas
is greater than that of Nitrobacter in activated sludge. According to
Painter and Loveless, in these ocases it 1is Nitrobacter rather than
Nitrosomonas that could be the deciding factor as to whether or not full
nitrification will occur under any given set of comditions., Moreover,
" they implied that in some circumstances nitrite accumulation should
occur even under optimal npitrifying oconditions, However, situations
such as those proposed by the authors are rarely observed. One possible
explanation for this may lie in the enmergetics of nitrification. Nitro-
somonas obtains approximately four times the emergy per mole of nitrogen.
oxidized than does Nitrobacter (see eqns. 1 and 2). As such, this would
suggest that Nitrobacter would have to oxidize nitrite approximately 4
times as fast to generate the same mass (assuming equal cell mass/unit
energy produced). Although Paax for Nitrosomonas may be greater than
Nitrobacter for a given set of conditions, their specific growth rates,
p may be equal in magnitude due to a lower Ks value for Nitrobacter, It
should be pointed out that no Ky value has yet been reported for Nitrob-
acter in activated sludge systems. The common observation that nitrite
rarely accumulates in natural biological systems points to the fact that
the Nitrobacter species have developed a capacity for rapid nitrite oxi-

dation. And by doing so, the current general comnsensus is that the
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overall nitrification process is governed by the activity of Nitrosomo—

Several investigators (Sharma and Ahlert, 1977; Beccari, et al.,
1980; Painter, 1977; Hall and Murphy, 1980) have noted the broad ranges
of kinetic constants reported in the literature for nitrifiers. In par-—
ticular, the wide range of values for Fpax is disturbing since the
design of wastewater mitrification systems depends on the accurate esti-
mation of this parameter. It is generally accepted that the estimation
of nitrifier kinetic parameters in mixed cultures of autotrophs and
heterotrophs is difficult at best, Most of this difficulty apparently
_stems from inadequate methods of estimating the fraction of microorgan-
isms which are auntotrophs. It is mnecessary to determine nitrifier
organism mass or to precisely know yield coefficients to determine the

values of p in equation 13 for differing culture conditioms.

Sharma and Ahlert (1977) reviewed several methods used previously
to estimate nitrifier concentrations im both pure and mixed cultures,
Included in their discussion are the drawbacks of the various methods.
They concluded that most methods were based on invalid assumptions while
others are insufficiently tested to warrant gemeral umse. MNore recently,
Hall and Muorphy (1980) reviewed several techniques that have emerged
within the last 5 years or so for nitrifier concentration measurement.
Among these methods are techniques based on most probable number (MPN);
fluorescent antibodies (FA); and 14 C-bicarbonate incorporation. They
dismissed the MPN and FA techniques on the basis of their inheremnt prac-

tical limitations and the 14 C-bicarbonate assimilation technique
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because of its questionable assumption that the relationship between

carbon uptake and nitrification is constant,

Instead they proposed s relatively simple technique based on pure
culture equivalent activities to estimate the nitrifier kinmetic con-
stants. Their technique, which is essentially a modification of an ear-
lier method proposed by Srinmath, et al, (1976), involves the direct
addition of knmown quantities of pure nitrifiers in a mixed 1liquor sam-
ple, along with a selective inhibitor (N-serve) of Nitrosomonas
activity. Substrate concentration or products formed are measured as
function of time and compared to concurrent assays consisting of 1)
-mixed liquor, and 2) mixed liquor with known pure culture additions,
Increments of activity resulting from the known addition of nitrifiers
are used to calculate p based on observed zero order kinetics. In the
presence of N-serve, any changes in ammonia concentration could be
attributed to heterotrophic effects since N-serve, at the concentrations
nsed, is known to inhibit Nitrosomomas activity completely while Nitrob-
acter or heterotrophic activity remain unaffected. The proposed estima-—
tion method appears to hold promise, particularly in wastewater
analysis, since in situ determinations can be performed in a short

period with relative ease.

From the foregoing discussion, it is clear that there is a criti-
cal need for improved and perhaps standardized techniques for the meas—
urement of nitrifier kinetic constants., It is well established that the
accurate determination of specific growth rate or specific substrate

removal rate is essential for the proper design of biological nitrifica-
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tion systems,

It is likely that the variability of reported kinetic constants
can be attributed mot only to inadequate measurement technmiques but also
to differing culture conditions. The exact kinetics occurring during
nitrification are governed by any number of complex interacting factors
relating to previiling culture conditions. These factors include pH,
dissolved oxygen comcentration, presence or sbsence of micromutrients or
inhibitors, temperature and interactions with heterotrophic organisms in
mized cultnre. No relationship is available to allow the prediction of

g at specified levels of these parameters,

Nitrification in Activated Sludge Processes

To date, biological nitrification in activated sludge systems is
the form of ammonia removal generally considered the most attractive in
terms of process applicability and cost effectivenmess (USEPA, 1975;
Focht and Chang, 1975). It is also recognized however, that nitrifying
organisms are extremely sensitive to prevailing environmental conditions
and process variables. Sufficient information based on literature
reports and years of operational experience is now available to provide
some basis for the design of nitrifying systems (USEPA, 1975). Imn addi-
tion, two excellent reviews have appeared to address the subject of nit-
rification ‘and/or denitrification ss applied to wastewater treatment

systems (Focht and Chang, 1975; Sharma and Ahlert, 1977).
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Nitrification in activated sludge systems can be obtained if the
conditions suitable for the retention and accumulation of nitrifying
organisms are maintained. The necessary conditions may be expressed in
terms of inorganic substrate comcemtration, MCRT, pH, temperature, dis-
solved oxygen concentration, presence of required nutrients and absence
of inhibitory or toxic substances. The interplay among these various
factors plus the presence of a diverse heterotrophic population in any
given system makes for a unique and extremely complex ecosystem from
which only gross genmeralizations cam be made. The purpose of this sec—
tion is to review the various factors affecting the nitrification pro-
‘cess, with emphasis on activated sludge systems. It is important to
'note that the interpretation of the results presented herein should be
approached with caution since they were obtained under different sets of

conditions. Generalizations are made when deemed appropriate.

MCRT, OLR and HRT

Downing, et al., (1964) were among the first investigators to
attempt a quantitative description of nitrification in wastewater treat-
ment plants. The most important finding in this work was that the
growth rate of nitrifiers can be related to a manipulative process vari-
able referred to as mean cell retention time (MCRT) or MCRT. The growth
rate of microorganisms can be related to the design of activated sludge

systems by the following expression:

(18)

where 6c = mean cell retention time

40




NCRT can be calculated from operating data by dividing the quan-
tity of biological mass in the reactor by the guantity of biological
mass wested daily. As discussed earlier, the growth rate of nitrifiers
ijs much lower than that of heterotrophs, consequently in combined
carbon-nitrogen oxidation systems, s solids wasting program must be
established in order that the slower nitrification population can be

retained and utilized efficiently., The MCRT is the critical parameter

in this regard.

The minimum MCRT required to achieve mnitrification consistently
for any given system is largely dependent upon the growth rate of nit-—
 rifiets and the net biological solids production rate of the proocess.

As noted previously, the growth rate of nitrifiers is influenced by and
sensitive to many environmental factors and process operating parame-
ters, The net solids production rate, however, is largely dependent on
heterotrophic growth rate and yield which are primarily determined by
process operating parameters. The parameter MCRT is inversely propor-—
tional to the orgamic loading rate (OLR) which, along with hydraulic
retention time (HRT) determines the comcentration of organic substrate
in the waste stream under dynamic conditions, Higher OLR’s will produce
increased sludge quantities that must be wasted from the system. An
increased wasting rate will then result in a decreased fraction of the
slower growing nitrifying population in the reactor. Continued opera-
tion at higher OLR's may ultimately lead to the cessation of nitrifica-

tion due to the "‘washout’’ of the nitrifying population.
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The maximum F/M ratio, defined as OLR divided by the mass of reac-
tor biological solids, required to maintain consistent nitrification
appears to be in the range of 0.3 to 0.4 1b BOD/1b MLVSS/day (Balakrish-
nan and Eckenfelder, 1969), and for increasing values sbove that range,
the degree of nitrification has been found to decrease correspondingly
(Prakasam and Loehr, 1972). Johnson and Schroepfer (1964) and later
Prakasam and Loehr (1972) reported that a minimum MCRT of 3 days is
required for nitrification in laboratory scale activated sludge units,
Poduska (1973) and Poduska and Andrews (1974) summarized previous
results on the effects of MCRT in relation to the degree of nitrifica-
‘tion obtainable (see Figure 3) and also noted that at temperatures less
'thun 20° C the MCRT required to maintain high nitrification efficiences

increases markedly.

Figure 3 points out an interesting fact in that under steady state
conditions, activated sludge systems will tend to give an ''all or nome”
response to nitrification for a givem MCRT. The high efficiencies of
nitrification are associated with the low Ks (energy source) values of
nitrifiers. Poduska and Andrews (1974) pointed out that there are occa-
sions when this phenomenon will not occur. One is when the reactor is
subjected to dynamic loads, in which case a slightly higher MCRT will be
required. Other occasions can be attributed to the presence of inhibi-

tory substances,
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Figure 3: Comparison of Nitrification Data taken from the Literature

and Results Predicted by the Steady State Model of
Podusks and Andrews (After Poduska and Andrews, 1974)



Effect of Temperature om Nitrification

Tomperature has a2 profound effect on nitrification rates. In a
full soale municipal treatment plant, Beckman, et al., (1972) observed 90
to 95% nitrification at 18° C with a MCRT of 6.5 days and only 75% nit-—
rification at 10° C. Sutton, et al. (1981), in studies conducted in a
full scale Canadian industrial treatment plant, reported that the degree
of nitrification was secasonal with the loss of nitrification each winter
as the aerobic basin temperature approached 10° c. In addition, they
observed that complete nitrification could not be sustained during
winter months even under conditions of good process control with MCRT
" greater than 70 days. As a result of these findings, it was decided to
proceed with a project to raise the aerobic basin temperature during

winter months,

Barly studies with mixed and pure cultures of nitrifying organisms
revealed that the growth rate of nitrifiers, as well as that of hetero—'
trophs, is a strong function of temperature. Knowles, et al. (1965) fit
kinetic dats collected from suspended growth cultures and determined the
following mathematical relationships between nitrifier growth rate and

temperature (8 to 28° C):

Log., 1 = 0.413(T) - 0,944
10 mnax (19)

for Nitrosomonas (where T is expressed in degrees Celsius) ; and
L°810 Ppax = 0.0255(T) - 0.492

(20)

for Nitrobacter.
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They also reported that nitrifier Ks (energy source) vslues were
dependent upon temperature and established empirical expressions for
these relationships as well:

+
L°310 KS(NH4—N) = 0,051(T) 1.158

(21)

for Nitrosomonas; and

Log,, Ko(NO,-N) = 0.063(T) — 1,149
10 2sNOy (22)

for Nitrobacter.

Charley, et al. (1980) reported that the relationship between Ks
_and temperature as proposed by Knovles does not always hold. From
kinetic data generated from laboratory scale activated sludge units,
they observed a general increase of KS (NH:-N) with temperature over the
range of 10 to 35°C, but found that the Ks for Nitrosomonas was lowest
(0.61 mg/1) at 15°C. Moreover, they reported that the 5(90) value (5.49
mg/1) at 15°C was the lowest among all the temperatures tested. These
findings suggests that the pitrification reaction kinmetics at this tem-
perature are more efficient than at any other temperature studied. How-
ever, these findings do not mean that treatment plants nitrify the
fastest at this particular tempersture since the overriding factor
governing nitrification in activated sludge is the fraction of nitrif-
iers present. This, in turn is largely dependent on Poax ©F MCRT and
temperature, Their findings do indicate however, that at 15°C, a given
population size of nitrifiers would oxidize ammonia more efficiently
than the same size population at any other temperature studied. A

further implication is that nitrifiers spparently have different optimum
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temperatures for carbon assimilation (growth) and energy production

(nitrification).

Because both p and Ks are & function of temperature, it is impor-
tant that both parameters be considered when attempting to determine the
effect of temperature dependent nitrification. The empirical equations
presented above can be used to approximate temperature sffects but the

actual effects can only be determined through experimentation.

In wastewater treatment systoms, tomperature is the most difficult
environmental parameter to control. This difficulty is reflected in
many cases where nitrifying ability is partially or completely 1lost in
’treat-ent plants situated in colder climates, Studies involvi;g nitrif-
jcation in activated sludge have imdicated that the nitrification rate
approximately doubles for a rise in temperature from 10 to 20°C (USEPA,
1975). The optimum temperature for nitrification in activated sludge is
reported to be in the range of 30 to 35°C with a pronounced decrease at
temperatures below 18°C and above 35°C (USEPA, 1975). Therefore, in
many treatment plant environments nitrification proceeds at suboptimal
temperatures. In order to compensate for low or suboptimal tempera-
tures, operation at higher retention times and/or higher MCRT are often
required to maintain reasomable nitrification efficiencies. For exam-—
ple, Sutton, et al. (1981) reported, based on bench scale studies, that
the minimum MCRT required to nitrify Du Pont wastewater was 25 to 30

days at 20°C; compared to 55 to 60 days at 10°C.
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pH and Alkalinity Effects on Nitrification

In general, functions relating pH to nitrification rates in pure,
mixed or activated sludge ocultures are fairly flat over a limited pH
range and steadily decrease on either side of the plateaun, For pure
cultures of Nitrosomonas, plateau ranges of 8.0 to 8.5 (Buswell, et al.
1954); 7.2 to 9.2 (Engel and Alexander, 1958) and 7,0 to 8.2 (Loveless
and Painter, 1968) have been reported. For pure cultures of Nitrobac—
ter, Lees (1954) and Boon and Laudelout (1962), reported the optimal pH
range to be 8.3-8.6 and 7.3 to 8.4, respectively. Similarly, optimal pH
ranges for nitrification in activated sludge have been reported to be
 8.4 to 8.6 (Rimer and Woodward, 1972); 7.5 to 8.5 (Downing, et al.,
| 1964) and 7.5 to 8.0 (Painter and Loveless, 1983). Although there are
apparent differences among reported optimal pH ranges, in all cases the
optimal pH is at least 7.0. The differences im reported ramges are
likely attributable to differences in culture conditions (i.e., trace-
element status in the medium; Loveless and Painter, 1968) and/or nitrif-
ier strains. It is generally accepted that nitrification will occur
optimally at a neuntral to slightly alkaline pH (Focht and Chang, 1975;

Sharma and Ahlert, 1977) of 7.0 to B.0.

Most of the controversy regarding pH effects on nitrification
rates appear to be reported outside of the optimal range. Nitrification
rates for Nitrosomonas have been reported to occur with 50% optimal
activity at pH values as low as 6.2 to as high as 9.6 (Engel and Alex-
ander, 1958), although much narrower ranges have been observed (Hofman

and Lees, 1952; Loveless and Painter, 1968). For activated sludge Hall
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(1974), Downing, et al. (1964) and Painter and Loveless (1983) reported
that the lower 1limit at which nitrification can occur is 6.2, 6.5 and
6.0 respectively. In contrast, nitrification at pH values as low as 4.0
(Prakasam, et. al., 1974) and 4.9 (Prakasam and Loehr, 1972) have been
reported to occur in poultry wastewaters. Disalvo and Sherrard (1980)
and Stankewich (1972) reported nitrification occurring in activated
sludge systems at the pH of 5.1 and 5.8 respectively. It has been shown
however, that nitrifiers have the sbility to acclimate to pH values out-
side their optimal ranges while retaining similar nitrification abili-

ties (Haug and McCarty, 1972),

Anthonisen, et al. (1976) has suggested that the mechanism respon—
sible for lowered nitrification rates at pH values above or below the
optimal range involves pH dependent NH3/NHI and NOE/HNO2 equilibria in
aqueouns enviromnments, He proposed that free ammonia (NH3) and free
nitrous acid (HNOZ) which increase in concentration at higher and lower
pH’s, respectively, inhibit nitrifying organisms., This theory has been
disputed by Poduska (1973) who performed impulse nitrite spiking tests
st various pH 1levels and demonstrated that the overall effect of a pH
decrease was significantly greater on nitrite oxidation rate than that
attributed to the increase in concentration of I!NO2 alone. From this,
it would appear that the mechanism responsible for the effect of pH on
nitrification rates is more complex than that proposed by Anthonisen,
and merits further study. The subject of substrate and end product

inhibition will be reviewed in greater detail in a later section.
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The effect of CO, ptoduceﬁ from the degradation of organic matter
in the treatment of domestic wastewaters is gemerally mot a problem
since the CO, is the equilibrimm with the atmosphere. Although the
optimal pH for nitrification may be greater than 8.0, Wang, et. al

(1978) recommended operating treatment plants at 7.6 to 7.8 in order to

allow CO, to escape to the atmosphere.

If highly nitrogenous wastes are present in the waste stream,
depressed nitrification rates may be observed in cases where inadequate
buffering capacity exist. The effect of nitrification on pH depression
is readily apparent by imspection of the following synthesis and oxida-

- tion equations for nitrifiers (USEPA, 1975):

55 NEY + 76 0, + 109 HCO, —
4 2 3 (23)

CsH,NO, + 54 NO, + 57 H,0 + 104 H,CO4

(Nitrosomonas)

+ -
400 NO2 + NH‘ + 4 Hzco3 + Hco3 + 195 02 -

(24)
Cs!!.’NO2 + 3 320 + 400 N03
(Nitrobacter)

Development of equations 23 and 24 was based on a reasonable cell
yields and the commonly used empirical formulation for microbial cells.
These equations indicate that a large amount of alkalinity (HCO;) will

be utilized during nitrification., Although s small part of this will be
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utilized in autotrophic biosynthesis, the majority will be used to neu-
tralize the production of free acid (%) in context of the carbonmic acid
system, A ratio of alkalinity destroyed (as mg/l CaCOs) per mg of
ammonia oxidized of approximately 7.1 has been calculated (USEPA, 1975).
Wang, et al, (1978), neglecting biosynthesis, showed that one mole of
calcium bicarbonate is mneeded to neutralize every two moles of nitric

acid produced from the nitrification process:

2 NEY + 2 HCO

4 3t 4 02 + Ca(Hm3)2 -

(25)

Cl(N03)2 + 4 COZ + nzo

In wastewaters where insufficient buffering capacity exists, eqn.

25 can be wused to readily calculate the amount of added alkalinity

(lime) required.

It has been shown that pH strongly imfluences the toxic effects of
heavy metals in activated sludge. This will be discussed more fully in

s later section,

Effect of Dissolved Oxygen of Nitrification

Equations 23 and 24 indicate that oxygen is required for the
oxidation—reduction reactions occurring in nitrification., These equa-
tions correspond to an oxygen comsumption ratio of approximately 3.15 mg
Ozlng NBI—N oxidized and 1.11 mg Ozlng NOE—N oxidized (USEPA, 1975). It

remains a point of controversy as to whether or mnot stoichiometric

amounts of oxygen are used during nitrification (Sharma and Ahlert,
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1977) and it has been suggested (Kiesow, 1972 as cited in Sharma and
Ahlert, 1977) that the variable oxygen consumption rates for nitrifica-
tion reported in the literature may be explained by variable
stoichiometry exhibited by Nitrobacter during inorganic sssimilation

(see Figure 2),.

The concentration of dissolved oxygen (DO) in wastewater treatment
plants has a significant effect of nitrification rates. Murphy (1974,
as cited in USEPA, 1975) observed that nitrification was more efficient
at 7 to 8 mg/1 DO than at 1 mg/1, Nagel and Haworth (1969) determined
that the relationship between DO and nitrification rates could be fitted
“with the Monod expression over the concentration range studied. These

experiments, carried out in full-scale treatment plants, indicated that

the xs (0,) value was a surprisingly high value of 2.0 mg/l,

A number of other experimental and theoretical studies involving
pure and mixed and activated sludge cultures have been reported on the
effects of DO on nitrification rates. Notable among these investiga-
tions is that by Stenstrom and Poduska (1980) who reviewed and summar-
ized much of the previous work in this respect. This summary is
presented in Table 7. Several important generalizations can be made or

inferred from inspection of Table 7:

1, Oxygen substrate limitation exists in nitrification processes and
maintenance of a minimal dissolved oxygen concentration is essen-—

tial to achieve a sustained degree of nitrification.

2, The Ks(Oz) values for nitrifiers are reportedly higher than that
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Table 7: Suamary of the Effects of DO on Nitrificatios

(Teken from Steastrom § Poduska, 1980)

K, (p0) [
Organism ng/l ng/l Cosditions and remarks References
Nitrosomonas 0.3 20 C Puge oultare Loveless & Paiater (1968)
0.28 Pu‘ eulture Pooters ot al. (1969)
1.0 Zero~erder , pure euiture Schoberl & Eagel (1964)
2.0 Zero~-order Knovies ot al. (1963)
Nitrobacoter 1.84,2.4¢ Puze euliture, by respirometrie Potors ot s, (1969) and
0.83 amperometrie and micro Laudelout ot al. (1976€)
cslorimetrie techaique
0.34,0.48 at 20,29,35 C respectively
0.72 Caieniated from Boon § Lawdelosnt
(1962)
2.0 Zero-order Sohoberl & Ragel (1964)
4.0 Zero—order Knowles ot al. (1965)
Nitrosoeytie 7.8 Zero-order Guadersen (1966)
Ocsanons 0.5-0.7 Inhibitory Forster (1974)
Niteifiers, 1.0-1.5 Proper operatios of ”’2 Jonkias (1969),Balakrishhan § Bekesnfelder
gonerally (1969), Viid ot al. (1971), VWuhrman
(1968)
0.8 Ia sqil Calosiated by Shak § Coolman (1978)
0.5 Ishibvitory’, ia ASP Bragstad § Bradaey (1937)
0.9 hhlbluo-‘ ia ASP Downing & Sersgg (1958)
0.3 Inhibition 4is ASP Dowaing & Booz (1963)
0.2 Inhibitory ia ASP Dowaing ot al. (1964)
0.9-1.0 Proper operation ia ASP Dowaing et al. (1964)
4.0 Nazimum rate of mitrification Yurhman (1963)
0.42 Ia pure oxyges ASP Stankewich (1972)
2.0 In ASP

Nagel & Navorth (1969)

1 Zero~Order NIN DO comcentration for sero—order kisetiecs
1 ASP= acotivated sludge process
3 Ishibitory, so resction

4 Ishibition, reaction depends mpon eoncentratios



of heterotrophic organisms, This implies that the presence of
organic matter can directly inhibit nitrifiers by virtoe of the

competition for available DO at low concentratioms in activated

sludge.

3. A wide range of critical dissolved oxygen concentrations and
h:lf-SAtnrition constants have been reported in the literature.
Consequently, the factors affecting the effect of DO on nitrifica-

tion have not yet been well established.

Stenstrom and Poduska (1980) addressed this later point by explor-
ing several mechanisms that might explain the variability of results
'roported in Table 7. The mechanisms considered were the effects of oxy-
gen diffusion in flocs, variation between measured results due to
stesdy—state and dynamic measuring techniques and double—substrate lim
ited kinetics, They reasoned that although experimental evidence was
lacking, the first two mechanisms are both theoretically plausible
explanations and warranted further investigation, The authors then
demonstrated, through computer simulations, that the mechanism of
double—substrate limited kinetics could account for much of the variable

results seen in Table 7.

The concept of simultaneous multiple substrate kinetics was pro-
posed before by Bader (1978) and applied in the following form by the
authors to describe double substrate limited nitrification:

B =p __(
-uxs+s1 s

S
1
) %ksz) - K

1 2 (26)
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where S = substrate 1 concentration (emergy source)

1
S, = substrate 2 concentration (0,)
ko1 = half-saturation coefficient for §,
KSZ = half-saturation coefficient for §,
KD = decay or maintenance coefficient, time™!
p’ = net specific growth rate, time™1

Figure 4 (taken from Stenstrom and Poduska, 1981) illustrates the
effects of double substrate limiting kinetics on the growth rate (MNCRT)
of nitrifiers assuming typical kinetic constants, The investigators
concluded, based on their analysis, that the lowest DO concentration at
_which nitrification could occur is approximately 0.3 mg/l. They further
propose that at a low MCRT, it is possible to nitrify as efficiently as

at 8 higher NCRT, although in such cases the required DO concentration

is much greater.
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DISSOLVED OXYGEN CONCENTRATION (mg DO//)

i 0.009
0.008
0.007
N 0.006
0.005
-
1 X :
0.004

0.00

1 1 1 1
2 4 6 8

AMMONIA NITROGEN CONCENTRATION (mg-N/{)

Figure 4: Net Growth Rate Contours Versus Ammonia Nitrogen
and Dissolved Oxygen Concentration. (Numbers on
curves indicate growth rate, hrs ~. (After
Stenstrom and Poduska, 1980).

. s 8
.. 2, _x
® "-ix(l + 8 )(I + 8 )
s, - "1 '8 2
1 2
-1
Poax = 0.02 hrs ‘SDO = 0.5 mg DO/1

+ -
‘S = 1.0 mg NB4‘N/1 ‘D = 0,005 hrs 1
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Inhibition of Nitrification

For academic and practical reasons, it is important to have a con-
cept of how nitrifiers sre inhibited or killed. Many physical processes
and chemical compounds may slter or destroy nitrifier activity. Typical
physical processes include low or high temperature and osmotic ptessute.
or surface tension effects, while a great number of chemical agents in
appropriste concentrations are capable of inhibiting or ceasing nitrifi-
cation completely. The purpose of this sectionm is to review much of the
literature relating to the inhibition of nitrifying organisms, with spe-
cial emphasis on specific inhibitory compounds and the classification of
. their effects through kinetic data., Knowledge of the mode of action for
particular inhibitors and its threshold concentration required to exert
appreciable effects may make it possible to predict and perhaps modify

conditions under which nitrification can continue.

The inhibitory effects of chemical compounds on -icrobiolo;ical-
processes in general may take on onme or more of many possible modes of

action, These include:
1. Damage to the cell wall
2, Inhibition of cell wall synthesis
3. Alteration of cell permeability
4, Alteration of protein and nucleic acid molecnles

5. Blockage of biosynthetic reaction (antimetabolites)
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6. Inhibition of enzyme action

The relative importance among these mechanisms of action have been shown
for specific classes of chemical substances in studies with certain
heterotrophic microorganisms (Hugo, 1971). Much less is known about the
general action of inhibitors om nitrifying organisms although it is

likely that certain inhibitors will act in a similar manner to that of

heterotrophs.

For the sake of generality, Carpenter (1971) has arbitrarily
grouped major inhibitory chemical agents along with their possible
mechanisms of action on microorganisms., This is summarized in Table 8.
"Most common among the modes of inhibitory or toxic action is that of
disruption of cell membranes and enzyme function. It is probable that
many of the inhibition effects (short of complete and irreversible toxi-
city) due to chemical substances can be explained by enzyme inhibition.
As will be discussed later, numerous attempts have beeﬁ made to quantify
nitrification inhibition through the use of existing kinetic theories

and models describing enzyme inhibition,

Enzyme Inhibition

There is vast amount of literature (i.e., Webb and Leyden, 1966;
Laidler and Bunting, 1973; Dixon and Webb, 1979) available which
describes quite elaborately the various theories and kinetic mechanisms
of enryme inhibition 4in pure systems. In this report the discussion
will be limited to the ’classical mechanisms’’ relating to steady-state

single substrate enzyne‘inhibition. This is done in recognition of the
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Table 8: Major Toxic or Inhibitory Chemical Agents
and Possible Modes of Microbial Action

Group

Examples

Possible Mode of Action

Soaps

Detergents

Acids
Akslies

Alcohols

Phenols

Halogenic
Compounds

Heavy Netals

Basic Dyes

Sodiom Lsuryl

Suflate (anions)
Quaternary Ammonium
Halides

xzso4. organic acids
Lye (NaOER), Quicklime

Methyl, Ethyl,
Prophyl, Butyl, etc.

Phenols, cresols,
Lysols, etc.

C1, I, Br,
Hypochlorite, etc.

Hg, Ag, Cu, Cr, eotc.

Crystal violet,
Brillant Green

Disrupt cell membranes and
incresse permeadbility

Disrupt cell membranes,

probably by combining with
1ipids and proteins; N and
P comspounds lsak from cell

Destroy cell walls & membranes
Destroy cell walls and membranes

Denstures and coagulate
proteins

Denstures amd precipitates
proteins

Oxidizes -SH, -NH, of
enzymes or coenzymes and
membranes

Reacts with -8H groups
of enzymes Or coesniymes;
precipitates proteins

Probably forms salts
with nculeic acids
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fact that nitrifier enztyme systems are not yet well defined and that it
is ocurrently impossible to express the more sophistieat;d mechanistic
models in terms of the complex enzymatic processes involved in anitrifi-
cation., It is acknowledged that the basic mechanisms to be reviewed can

strongly influence the development of future empirical models character—

izing nitrification inhibition.

Michselis—Menten Kinetics

The theoretical basis of almost all ocurrent enzyme imhibition
models is Michaelis-Menten kinmetics. As such, it is worthwhile to
. briefly review the elementary comcepts imvolved im this theory. The
basic assumption of MNichaelis—MNenten kinetics is that enzymatic
oatalysis occurs through a series of elementary reactions involving the
formation of an eniyme-substrate complex:

S + E ":&L" IES-:S£0> P

K_q

where S, E, ES, P represent the substrate, free eniyme, enzyme-
substrate complex, and product, respectively. Assuming equilibrium con-

ditions (i.e., when the rate of formation of ES is equal to its rate of

breakdown);
K, (E)(S) - K_,(ES) -~ K,(ES) = 0
1 1 2 (27)

The total enzyme comcentration Eo can be expressed as,

(Eo) = (E) + (ES)
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(28)

and the rate of reaction as,

V= K,(ES)
(29)
Using equations 27, 28, 29, V can be expressed as,
v = 52 EQ S
Kh + 8
(30)

where K = Michaelis—Menten comstant, (K_; + K;)/K; and K,(Eg) is

usually written as the maximum reaction velocity V , thus the final

form of the Michaelis—Nenten equation can be written as:

=V S
max K- + S
(31)
Figure 5 shows a typical plot of this equation. Although this
equation is similar in form to that of the Monod equation discussed ear—
lier, the former has theoretical basis whereas the Monod equation is

strictly empirical, Nevertheless, the parameters V;. and x‘ can be

x
determined with experimental data wsing the previously described tech-

niques for the Monod equation.

Classical Enzyme Inhibition Mechanjsms

An enzyme inhibitor can have the effect of binding with the sub-
strate and/or the enzyme-substrate complex, thus influencing the rate of
the reaction. When inhibition occurs in enzyme systems, the following

three different types of behavior are to be distinguished depending upon
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Figure 5: Plot of Michealis-Meanten Equation



the manner in which the degree of imhibition is affected by the sub-

a

strate concentration (i.e. ammonia or mitrite):

1, In pure competitive dinhibition, the degree of 4imhibition 1is

decreased as substrate concentration increases.

2. In pure non—-competitive imhibition, the degree of inhibition is

unaffected by the concentration of substrate.

3. In pure unco-pétitive inhibition, the degree of imhibition 1is

increased as substrate comcemtration is increased.

The rate expressions relating the velocity of reaction to sub-
" strate and inhibitor comcentration for each particular type of imhibi-
tion can be derived according to its corresponding mechanism of imhibi-

tion.

In the case of pure competitive imhibition, the proposed mechanism

is as follows;

K_1q
+
|
El
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where I = concentration of inhibitog

K_3/Kg = dissociation constant for the enzyme-

inhibitor complex = KI

In this scheme, the degree of inhibition observed will be depen-—
dent on the relative amount of substrate and inhibitor present. The
presence of the inhibitor will not have an influence on V;.x since at
high substrate concentrations it will not compete effectively for sites
on the enzyme. However, because the equilibrium between enzyme and

inhibitor has to be displaced, more substrate will be necessary to reach

Vaax 20d hence K will be increased. This effect can be expressed

‘.-utheluticully in terms of the equilibrium equations for the mechanism;

K, S (Ep - ES - EI ) = (K5 + K;) ES
K; I (E; - ES - EI ) = K_g(EI)

V= Kz ES
Solving for V using these relationships:

V= Vaax SI
Km(l +i-;) + S

(31)

Thus the effect of competitive inhibition is to increase Km by a

factor of (1+I/KI) without affecting the value of V;‘x.

The mechanistic pathway representing pure non-competitive inhibi-

tion is as follows:
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K4 K2
S + E "TE:;' ES——> P
+ +
| 1
K K-
KLg
El —  ESI
K -
$
+
S

The lengthy derivation of the equilibrium rate expression has been
presented by Dixon and Webb (1979) and will not be reproduced here. The
"tesultin; equation is,

V= v;lx = 1
(S + li)(l + f;)

(32)
Inspection of equation (32) reveals that the effect of non-competitive
inhibition is to divide V __ by the factor (1+1/K;), leaving K unaf-
fected. If I becomes infinite, v;.x may become zero amd it would be
impossible to alter the inhibitory effect by simply increasing the sub-

strate concentration.

The mechanism for uncompetitive inhibition is shown below,
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K1 K
S+E —® ES—2e P

and it corresponding rate expression can be derived as,

V= Yll!s

K, + S(1+ ‘I-I-)

(33)
" In this case, the effect of the imhibitor reduces both V;.x and K.
Here, s high substrate concentration will mot overcome the inhibition

effect since the inhibitor binds with ES rather than E,

Characterization of Inhibition

The effect of inhibitors cam be distinguished by the use of
reciprocal 1linear plots similar to those described in Table 4 for the
estimation of Monod kinetic parameters., Experiments are run in which
the eoffect of substrate concentration onm reaction velocity is measured
in the presence and absence of the inhibitor thereby yielding two linear
plots. The relative positions of the two lines will be characteristic
of the type of inhibition. Table 9 and Figure 6 shows the linearized
equations for Lineweaver—Burke analysis and the typical resulting plots.
Following the characterization of inhibition type, the value of KI can

. ’
be estimated by using the values of K.' and V.“x obtained from the graph
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Teble 9: Classicel Bazyne Inshibition Meohanisme
and the Determinstion of Kinmetio and
Ishibition Constants by Lineveaver-

Burke Plots,

Inkibition
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Figure 6: Effect of Inhiﬁi;Sr;‘of Various Tyﬁei on
Lineweaver—Burke Plots of Substrate
Concentration on Enzyme Reacttion Velooity

Vo (V' and K v = vy and K, in the presence
of the inhibItor)



in conjunction to the values K gnd Vpax Obtained from the uninhibited
data. The values of K-' and V-‘x' are defined as K-(1+I/KI) and

V;.x(1+I/KI). respoctively.

The distinction among the types of inhibition is oftem mot easily
made based on graphical analysis due to the difficulties associated with
the given technidnes (soe Table 4). For example, exact experimental
data is often mnecessary to conclude that the lines are truly parallel
(as in uncompetitive inhibition) rather than weakly intersecting (as in

non~competitive imhibitionmn).

The Hunter—Downs plot is another method frequently used to charac-
'rterize inhibition effects (Dixon and Webb, 1964)., This technique
depends on the ratio of substrate concentration to imhibitor comcentra-
tion and thus is less subject to the disadvantages of the reciprocal
linearized methods described previounsly. A Hunter-Downs plot may be
constructed by plotting the term I(a/(1-a)) against substrate concentra-'
tion, where a = V(in the presence of the inhibitor)/V(in the correspond-
ing control). A large value of I(a/(1-a)) represents a weak inhibitor
and a small valoe indicates strong imhibition. If the isnhibition is
competitive, the Hunter—Downs plot will slope upward to the right
whereas in non-competitive inhibition, the data will 1ljie on a horizomtal
line. For uncompetitive inhibition, the line should slope downward.
Although this technique canmot be used to quantify Kh or KI, it bhas its
advantages over other methods in identifying the type of inhibitiom

exhibited,
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A more accurate determination of K; can be obtained graphically
from reciprocal linearized plots made at different inhibitor concentra-
tions (Dizon and Webb, 1979), If the slopes or intercepts of these
lines are plotted against If the slopes or intercepts of these lines are
plotted against inmhibitor concentration, KI can frequently be determined

directly. The results of such plots for the three classical inhibition

mechanisms is shown below:

Type of Imhibition Plot intercept on base line
competitive slope vs. I KI
non—competitive intercept on KI

vertical axis

un—competitive intercept on KI

vertical axis

Alternately, Dixon and Kornberg (1962, as cited in Dixon and Webb, -

1979) presented a simple graphical procedure for the determinationm of
KI‘ In this method, the velocity of the reaction V is determined with a
series of inhibitor concentrations at constant substrate concentration

S, to yield a straight line when 1/V vs. I is plotted. Then a second

series of points are determined at another substrate concentrationm SZ'
yielding a second line which cuts the first line at KI‘ This method was
found to be applicable for competitive and non—competitive types of
inhibition. In the case of un-competitive inhibition, a plot of 1/V vs.
I will yield a series of parallel limes at different substrate concen-
trations making it impossible to determine KI. Proof of the applicabil-

ity of this technique is presented by Dixon and Webb (1979).
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Specific Inhibitors of Nitrification

The results of many studies performed with pure, mixed or
activated sludge cultures have clearly established that nitrifiers are
sensitive to a variety of compounds commonly found in wastewaters, espe—
cially those of industrial origin. In addition, both nitrifying genera

have been reported to be subject to substrate and end product inhibi-

tion.

The effect of inhibition on nitrification processes usually
implies that of lowered mitrifier specific growth rates and maximum sub-
‘strate utilization rates. The ramifications of these effects are obvi-
"ons in relation to wastewater treatment systems, bowever what might not
be as obvious is that the degree of inhibition is contingent wupon many
factors aside from the mere presence of a particular inhibitor., Painter
(1970) provided an overall perspective on nitrification imhibition in

this respect. He notes that the degree of effectiveness of an imhibitor

depends on:
1. presence of microorganisms other than nitrifiers
2, concentration of the imhibitor

3. duration of exposure to the imhibitor

4, circumstances of exposure (i.e., whether nitrifiers are in a

batch or continuous system)

5. presence of other inhibitors which may exert antagomistic or
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synergistic effects

-

In addition, pH and the total conceatration of biological solids in the

system has been shown to affect the ultimate degree of inmhibition

expressed in mnitrification processes.

Substrate and End Product Inhibition in Nitrification

Both nitrifying organisms are reportedly subject of substrate and
product dinhibition although the actusl inhibitory species have mot yet
been conclusively identified. The most ;enornlly» accepted theory of
substrate-product inhibition is based upon ammonia/ammonium and
"nitritolnitrous acid equilibrias in aqueous solutions. Given that such
equilibria are dependent upon pH and temperature, it has been difficult
to distinguish these effects from that of a oconcentration change in
nitrogen species, According to the theory, agqueous ammonia undergoes
the following reaction in water:

I + -
NH,(aq) + H)0 o — NH, + OH

with an equilibrium expression of,

+ -
[NBI] foH ]

[NH;]1 (aq)
(34)

for water:

+ -
K, = [H] [oH ]
(35)
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For practical purposes, the total ammonia is the sum of the ion-

jzed and unionized form (free smmonia):

[NH3)(total) = [NB;](unionized) + [NHj] (36)

Using equations 33, 35, and 36, the following expression may be

derived for the ratio of unionized ammonia to total agueouns ammonia:

[Nﬂal (cnionized) 4
lﬂﬂsl(totnl)

+
(x,) [H']
v (37)
Using the same analysis for mitrite/mitrouvs acid equilibria, the

following expression can be obtainmed,

[lNOz] 1
[Nozl (total) 14 (E!)(Kz)
" .
[0: 0 (38)

where ‘2 = dissociation coanstant for the

nnozlno; equilibrium

Thus at progressively lower pH'’s, more and more nitrite is in the
form of undissociated nitrous acid (HNOZ). Conversely, at progressively
higher pH'’s increasing amounts of ammonis is in the form of free ammonia
(an). For example, at pH 7 only about 0.5% of the total ammonia is in
the free form compared to 5% at pH 8. Although it has been reported
that nitrifiers are capable of withstanding a wide range of substrate

concentrations (i.e., up to 1960 mg/1 of NH; and 5000 mg/1 NO, ; Sharma

and Ahlert, 1977) with only slight inhibitory effects, results from
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other studies have suggested that the formation of free ammonia or

nitrons acid in minute quantities canm have a very powerful imhibitory

effect.

Boon and Laudelout (1962) studied the influence of nitrite and
nitrate concentration on the activity of Nitrobacter and reported that
optimal activity occurs at 280 mg/l nitrite, while mitrate inhibited the
rate of oxidation non—competitively. This inhibitory effect was shown
to follow the substrate inhibition model of Haldanme (1930). They also
theorized that the depressed rates of oxidation at higher nitrite con-
centrations was due to the formation on HNO2 at lower pH’s. This theory
“was subsequently supported by Prakasam and Loehr (1972) and Anthonisen
.>(1976) who reported nitrite oxidation inhibition above IINO2 concentra—
tions of 0.3 and 0.22 mg/1 respectively. Both studies also indicated
that free Nﬂs was inhibitory to Nitrobacter activity, although Prakasam
and Loehr suggested that this effect was less important than that due to
HNOz, Additional observations by Prakasam and Loehr on the removal of
inhibitory effects in the presence of denitrification led them to pro-

pose that the incomplete ammonia oxidation was due to the end products

NO2 and N03.

Anthonisen (1976) used data collected from Ilaboratory batch and
continuous nitrifying systems to devise an operatiomal graph for the
evaluation of substrate and product inhibition. He proposed that both
ammonia and nitrite oxidation were inhibited by free ammonia and nitrous
acid by virtue of the substrate’s propensity to permeate nitrifier cell

wells., He concluded that free NH3 in the concentration rniges of 0.1 to
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1.0 and 10 to 150.0 mg/1 was inhibitory to Nitrobacter amd Nitrosomonas,
respectively amd that the toleramces within these ranges depended upon
the initial concentration of exposure. Moreover, he reported complete

inhibition beyond HNO2 concentrations of 2.6 mg—N/1.

Neufeld, et. al, (1980), in studies conducted with pure ammonia
oxidizers, reported that the imhibitory effects of free NH3 began at a
concentration of 10 mg/1 and that these effects could also be described
by Haldane's substrate inhibition model based on classical Nichaelis-

Menten kinetics:

V= Tmax
u+%+%)
(39)
where V = nitrification rate, mg anl.g VSS—-day
v;ax = maximum nitrification rate, mg NH3/-3 VSS—-day
K‘ = half saturation constant, mg NHsll
S = substrate concentration, mg N33/1
KI = inhibition constant, numerically equal to

the highest substrate concentration at which

v=1/2 V;“.
The values of KI' based on empirically developed equations were reported
to be 500 mg/1 (pH 7); 500 mg/1 (pH 8) and 200 mg/1 (pH 9).

Eeenan, et al. (1979) conducted studies in a 1leachate treatment
plant and reported conflicting results with those of the preceding stu-

dies. These investigators observed no relationship between the specific
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oxidation rate and the concentration of free ammonia, but instead
obtained a reasonable fit to the Haldame's inhibition model wusing ion-

ized ammonium (NH:) as the inhibitory substrate.

To further complicate the subject of substrate imhibitiom, Kholde-
barin and Oertli (1977) reported data from batch mitrification studies
with surface waters, suggesting that ionized ammonium exerts a stimula-
tory eoffect on nitrification rates. MNore significantly, their experi-
ments on nitrite oxidation at differeat pH's in the initial absence of
free ammonia demonstrated that elevated pH's (i.e., pH = 9.5) exerted
the inhibitory effect rather than the presence of free NH,  These later
_results are consistent with those cited previously (Podusks, 1974) and
"snpport the contention that the overriding effect seen at higher sub-
strate concentration might be due to a yet unknown mechanism relating to
pH in general rather than to the elevated concentrations of free ammonia

or undissociated nitrous acids.

Specific Inhjbitors of Nitrification in Pure Culture Studies

Many pure culture studies have demonstrated that nitrifiers, espe-—
cially Nitrosomonas, are sensitive to a large number of inorganic and
organic compounds ss well as many heavy metals. It has been postulated
(Tomilinson, et. al,, 1966) that the greater susceptibility of Nitroso-
monas may be due to its relatively complicated enzyme system compared to
that of Nitrobacter. Much of the reported work on specific inhibitors

of nitrification was performed with pure cultures of Nitrosomonas.
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Lees (1952) showed that oxygen uptake rates of Nitrosomonas are
inhibited in the presence of chelating agents (i.,e., histidine,
allythiourea, thioures, 8-hydroquomline) in support of similar results
proeviously obtained with soil orgamisms (Quastel and Scholefield, 1949).
Joensen and Sorensen (1952) studied the cff;ct of s variety of known
enzyme inhibitors and herbicides on pure cultures of Nitrosomonas iso—
lated from manure., Their results indicated that the most powerful inhi-
bitors were orgamic sulfur compounds containing SH-groups (i.e., oys-
teine; diethyldithiocarbamate) or those giving rise to them through tau-
tomerism (i.,e,, thiourea). They suggested that the mechanism of toxi-
city might be due to the imactivation of those enzymes requiring heavy
fnetals such as copper or nickel. Anderson (1965) reported that micromo-
lar concentrations of cyanide inhibited ammonia oxidation whereas
thiourea had no effect on hydroxylamine oxidation. This indicated that
certain inhibitors can be specific to the pathway of ammonia to nitrite

oxidation,

Hooper and Terry (1973) undertook an extemsive investigation on
ammonia oxidation inhibition in which they categorized a wide range of
inhibitors according to its possible mode of action. They presented the

grouping of inhibitors as follows:

1. Metal binding compounds— Those compounds which may disrupt
enzymatic function due to a stromg affinity for essential
metals (i,e., copper). A partial listing of these compounds
include allythiourea, KCN, Diethyldithiocarbamate as specific

inhibitors of ammonia oxidation and NnNz, Na3s as inhibitors
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to both ammonia and hydroxylamine oxidation.

Enzyme snd heme-binding compounds— Those compounds which have
a high affinity for emxymes of the electrom tramsport chain
(i.e., cytochromes or catalysis). These compounds include
CO, thiosemicarbaxzide, diphenylthiocarbazone, N-serve, and

ethyl xanthate.

Uncouplers of oxidative phosphorylation and ishibitors of
electron transport. Ia bacteria, this group of compounds
presumably inhibits ome or more of the following: oxidative
phosphorylation, ATP-dependent NADP reduction; proton pump-
ing, or ion transport. This group of compounds may consist
of 2-4 dinitrophenol, N-N’ dicyclohexylcarbodiimide, phena-

zine methosulfate and 2-6 dichlorophenolindephenol,

Short chain ulcohqls and amines— These compounds are inhibi-
tors of ammonia but not of hydroxylamine oxidation. The pos—'
sible mode of inhibitory action may be dume to the disruption
of membrane function and/or reaction with catalysis., Among
the more powerful inhibitors studied in the group were
methanol, ethanol, n— and i- propanol, methylamine and ethyl

acetate.

Niscellaneous factors such as Nzo, light and low temperature
are also inhibitory to nitrification, although the mode of

action is considered distinct from the other categories

listed.
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In another major study of nitrification inhibition, Hockenbury and
Grady (1977), investigated the effect of selected organic compounds on
nitrifying cultures with the major objective of identifying and quanti-
fying the effects of industrially significant inhibitors. Their results
jndicated that of the 52 compounds tested, 20 were inhibitory at a con-
centration of 100 mg/l and of these 20, 12 compounds contained ome or
more benzene rings in the structure. The most powerful inhibitors were
found to be dodecylamine, aniline and methylaniline, all of which inmhi-
bited nit;ification 50% or greater at 1.0 mg/l. Among the 13 most
industrially significant compounds tested, aniline, ethylenediamine and
hexamethylene were reported to be the most potent inhibitors. Only 3
‘co-ponnds (st 100 mg/l), p-nitrobenzaldehyde; p-nitroaniline and n-
methylaniline, 21l of which were inhibitory to Nitrosomonas, were found
to be inhibitory to Nitrobacter. These investigators also characterized
the inhibition of aniline, dodecylamine and ethyldiamine, all inhibitors
of ammonia oxidation, The results, obtained from Hunter-Downs plots,
revealed that all three inhibitors followed a wuncompetitive type of
inhibition. They suggested that these effects may be related to sub-

strate inhibition.

Neufeld, et al. (1980) evaluated the effect of phenol on & culture
of strict nitrifiers using respirometric techniques. The concentrations
of phenol tested (2 to 75 mg/1) were found to cause progressive inmhibi-
tion of ammonia oxidation. In an attempt to characterize imhibition
type, a series of experiments was run at various substrate concentra-
tions, Anslyzing the resulting data with Lineweaver—Burke plots, they

showed that the influence of phenol followed a modified mnon-competitive
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type of inhibition in which K ' varied with the square root of phenol
concentration. In separate experi-ents run at various imhibitor comcen-
trations, slope and intercopt analysis revealed a !I value of
(2.1-;/1)1/2. The overall results were then used to obtain a kinetic

expression for relating the MCRT to effluent ammonia concentration for a

CSTR activated sludge reactor.

Several investigators have reported the effects of a variety of
heavy metals in pure nitrifying cultures., Skinner and Walker (1961)
found that chromium and nickel at concentrations of less than 0.25 mg/l
had an inhibitory effect on the growth of Nitrosomonas., Painter and
. Loveless (1968) demonstrated the ishibition of Nitrosomonas growth by
copper, zinc, and cobaslt at concentration ranges of 0.05-0.56 mg/1;
0.08-0.5 mg/1 and 0.08-0.5 mg/1l, respectively. They noted that although
copper is an essential element for Nitrosomonas growth as evidenced by
its stimulatory effects at low concentrations (0.005-0.03 mg/l), its
presence at higher concentrations can result inm complete but reversible
(with the sddition of EDTA) inhibition. They also provided evidence

showing that the toxic effects of heavy metals can be influenced by pH.

Beg, et al, (1982) recently studied on the toxic effects of three
inorganic compounds; sodium fluoride, sodium arsenite and potassium
dichromate, on nitrifying organisms in a packed bed, fixed-film biologi-
cal reactor, Their data indicated that the inhibited ammonia oxidation
rates, due to all the compounds tested, followed zero—order kimetics and
exhibited a non—-competitive type of inhibition., Assuming that Kn is

much less than S, the investigators reduced the non-competitive equation
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to the following form;

vinxxl =
K + 1 LA

V=

They then used the observations of zero-ordered kinetics and the

following equation relating the velocities of uminhibited reactionm (70)

to the inhibited reaction (71):

Y
j=1--1
Yo
to derive an equation for mnon-competitive zero-ordered nitrification

" inhibition kinetics;

1/i = (KI/I) + 1.0
(40)

The authors correlated the data using equation 40 and found that
the concentrations required to inhibit nitrification 75% were 3654 mg/1
(KI =1218 mg/1), 876 mg/1 (KI = 292 mg/1) and 150 mg/1 (KI= 50 mg/1) for

sodium fluoride (gs F), sodium arsenite (as As) and potassium dichro-

mate, respectively,

Specific Inhibitors of Nitrification inm Activated Sludge

The autotrophic nature of nitrifying organisms led to an earlier
belief that orgamic matter, in general, was inhibitory to mitrification.
(see reviews by Painter, 1970 ; Focht and Chang, 1970). It is mow gen-

erally sccepted that this is not the case. Although peptone (1-10 mg/1)
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was reportedly inhibitory to Nitrosomonas (Buswell, et. sl., 1954), more
recent studies (Painter and Jonmes, 1963; Beccari, et. al., 1980) have
indicated that the peptome concentrations studied (up to 60 mg/l) exert
no appreciable effect of nitrification rates. Beccari, et al. (1980)
extended the study of the effect of carbonaceous substrates on nitrifi-
cation to include various compounds commonly found in sewage (i.e., glu-
cose, glutamic acid, starch, etc.). They reported no significant

effects on nitrification due to the substrates tested.

The earlier observations commonly made of depressed nitrification
rates in municipal and industrial wastewater treatment plants can be
. attributed to unsuitable operating conditions (i.e., low DO or MCRT)
rather than to the presence 6f organic matter (Downing, et al. 1964;
Kiff, 1972; Hockenbury and Grady, 1977). Moreover, it has been shown
that the presence of organic matter in sewage can have a stimulatory
effect on nitrification processes (Hockembury, ot al., 1977). It is
becoming increasingly more apparent that the detrimental effects of

organic matter on nitrification are specific rather than general.

There have been a number of studies performed to determine the
effect of specific inhibitors on nitrification in activated sluodge cul-
tures. The most comprehensive study to date is that conducted by Tomi-
linson, et, al., (1966). A summary of the results of this exhaustive
study is presented in Table 10 along with other relevant studies. Also
included in this table are the results from pure culture studies cited
previously. Several important generalizations can be made from the work

of Tomilinson:
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Table 10: Rffeats of Varjous Compounds on Nitrifisstios

Concentration Bffeet Referesee
(1) 2) (3) (4)
£

3,3,-sipyridine 100, 91%-/AS Soskesbury sad Orady(1977)
N, N, ~dieyslohoxylegrdodiinide IO“I SO%—/BC Nooper ot ol (1979)
a e, dipyridyl (2,2 - bipyridine) 10 _, --{BC Nooper ot al (19795)
e 8 ~bis{hezalivereacsetonyl)eyeslchexanone th_’l T40-/8C Nooper ot al (1979)
p-diethylemineethyldiphony lprepylacstate 3210 “n 65%-/RC Hooper ot sl (1978)
(4-ehlore-e-tolesy) seotis aeid methozone (ss abeve) 0.01N N-7/90 Jensen ot al (19352)
1-S-diphesylearbonbydraside 100 0%-/AS Nookenbury and Orady(1977)
1-saine-3-ssphtel-4-sulfenis A 100 %~/ AS Boekonbury esd Grady(1977)
1-ehlere~4-nitrobensons 100 o%-/AS Hoskenbury and Orady(1977)
1-1senleetinyl-1-1soprepyl-hydgasine (iproaiazid) 0.01N 88%-/8C Neoper st sl (197%)
1-naphtylemine 100 S1%-/A8 Boekesbury sad @rady(1977)
3,4 disitrophens] “l_l‘ T9%-/A8 Temlinsen ot al (1966)
3,4-41chlore(S-phonylphonozy)otiylanine BBz 10N 96%~/BC (1979)
3,4-d1chlorophononyncotie seid (2-4 D) 9.002% 0/ 90 (1932)

0.003N 61%-7/90 (1953)

0.01M 708~1/90 (1952)

0.01!‘ M-7/90 (1982)
3.4~dinitrephenel h“l(ol) 2x10 N 79%-/8C (1979)
2,4-disitrophencl (aldifen) 0.00035% SON-7/90 (1952)
3.4~dinitrophenel (aldifen) 0.001N TON~-17/90 Jonson ot o1 (1952)
3,4-41nltrephonel (aldifen) 0.0010 $7%-1/%0 Jonses ot a1 (1932)
2.4~d1nitrephenel (aldifen) 0. ggzl 97%-1/90 Jonsen ot of (1952)
2,441kl ore-6-phonylph olyuiylﬂotlyl-ho 10 ’l 96%-/2C Heeper ot ol (1979)
3,6-41ehlorophenclindepbenc] (Tillman’s reag) 10 --/8C Besper ot ol (1979)
3-emine-3,5-411edobensele seid 100 O~/ AS Noskonbury end Orady(1977)
2-amino~4-ehloro-6-methyi-pyrinidine 10mg/kg OAoel in/ 80 Bremsuer § Deady (1974)
3-emise-4-ebhlore-6-me thyl-pyrinidine 10mg/xg 34%-3/90 Brouner § Buandy (1974)
3-ebhlero-6-triohloromethyl-pyridine (N-sorve) 0.03 1%-28/80 Gering (1962)
3-ehlore-6-trishloreme thyl-pyridine (N-sorve) 1 M-28/50 Gering (1963)
3-ehlore~6-triohloronsthyl-pyridine (N-sezve) 10 - VYoots ot a1 (1979)
2-ehlere-6-triedloromethyl-pyridine (N-sezve) 10 9%-28/90 Goring (1961)
3-ehlore-6-triehlorome thyl-pyridine (N-serve) 100 T9-/AS Tomlinsen ot e} (1966)
1-ehlore~6-trishlorcnethyl-pyridine (N-sesve) 10ug/kg - VYoots ot sl (1979)
3-shlore~6-triobloromethyl-pyridine (N-sorve) 0.3 79%-28/90 Goring (1963)
2~wethy] pyridine (a plesiine) 100 - 40% Ns A-, W A-/AS Staftord (1974)
1-methyi-4-eblorophenoxyseetie seid 0.003n ST%-7/90 Jensen ot sl (1952)
2-methyli-4-chlorephonexyscstie o0eid 0.01m 0%-17/90 Jomsen ot al (1992)
2-methyl-4-shlorophenesyscetio seid 0.0020 40%-7/%0 Jensen ot a1 (19352)
J-aminetrissele (amintrels) {2 | ~--/BC HNoeper ot oi (1973)
4-methyl pyridise (y-pleeline) 100 908 No A=,)99%0 A-/AS SBtafferd (1974)
S-hydrozyquiseline (8-quisolinol,exyquineline, 13, TM-/AS Tomlinsen ot sl (1966)
S-quinelinol (S-quinolinol) 10 'R --/3C Booper ot ol (1979)
EDTA (EDETIC aeid) )!30.’ IM-/A8 Tomlinsen ot sl (1966)
N-segve 5210 R S6%-/2C Soeper ot a1l (1978)
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N-sorve
ssetenide
seotose (2-prepaness,dimebtyl keytose)
seetose (2-propasone,dimethyl keytose)
sestenitsile
aerylonitrile
alsaine :
sliyl slechel (2-prepes—i-el,vizyl earbinel)
sllyl edloride (eholerallylese)
allyl isethioeysnate
sliythioures (thiosinamine,sllythiesarbenide)
sminocethenel (ethenelemine)
sninogseaidine (byéresincesrbozinidanide)
aniline
asniline (Vensenanine,phenylanise)
anthranilie aneid
sreonite,Ma
aspartate
aside, Na(8323)
do, Na(8325)
Na(8313)
Na(8329)
Na(8319)
Ns(8329)
Na(e329)
Na(8325)
Na(8323)
agobongens
bSenesothiasele disulphide
bensidine dihydrechleride
bonsessine
benzyl thiureaiwm ehloeride
bensylanine
brueise
butenel,n (a-butyl sleshel,i-butenel)
Sutensl,t (ter-butyl aleshel)
esletmm
sarben disnlifide (sardes bisuifide)
ssrbon dissifide (ecurben bisulifide)
osrben disulfide (Sithivesrbenie anhydride)
ohlorste,K (poterste)

eblorination

shierobonsene

ohloreforn

shrome, trivelont

ohreme, triveleat .-
sitrie seid

eobalt

sopper

sopper

10

100

2000.
o.14M

100

100

0.010
19.5

1%

1.9

107%n

0.2

10”-

100

1.7

100
1.921073n
0.048

10 o8
0.00001%
0.00001N
0.00002%
0.000020
#.00005M
0.00003%
0.00010
0.00014
100

s

100

100

r

100

100

0.110
0.110
0.5-20,
10ug/kg
10ug/ksy
’s.
0.00001-8,0010
0.00001-0,001N
0.002M
0.6-2.0mg/1
100

18

18

0.3

100
0.08-0.8
0.03-0.3¢
0.05-0.5¢

O/A8
T9-/AS
--/8C
o%h-/AS
-/AS
0,Aeclin
TM-/AS
19-/A8
19%-/A8
82%-/BC
43%-/8C
74%-/8C
06%-/A8
19%-/A8
0n-/AS
T%-/A8
0,Aselinm
90%-/8C
S0%-13/90
S0%-7/900
708-7/90
14-12/90
108-12/80
sm-1/80
m-12/90
9%-7/90
OB/ AS
19~/ A8
4%/ A9
SON-/AS
79%~/A8
26%-/A8
on-/AS
--/8C
$Mm-/8C

0

”M-14/90
7%-3/90
19%-/A8

» 8-,Ne A~
» - ,Ne A~
19-/A8

+ thea BCoii
OR-/AS
TR-/AS
TM-AS

Ne O~
o%-/AS

-/BC
Ne A-

Voots ot ot (1978)
Roekenbury and Grady(1977)
Temiinsen ot sl (1966)
Rooper ot al (1975)
Hookesbury snd Oredy(1977)
Boskeabury end Uredy(1977)
Quastel § Sehelenfield (1949)
Tonlinsen ot ol (1966)
Tomlinsen ot sl (1966)
Toulinson ot sl (1966)
Nooper ot ol (197%5)
Hesper ot ol (1979)
Hoeper ot sl (19795)
Hoekenbury and Grely(1977)
Tonlinsen ot a1l (1966)
Bockenbury and Oredy(1977)
Tenlinson ot al (1966)
Quastel § Sehelonfield (1949)
Beoper ot sl (1979)
Jonsen ot al (1952)

sl (1932)
(1952)

(1952)
Jounsen ot at (1953)
Jonsen ot o} (1952)
Jensen ot sl (1952)
Joensen ot al (1952)
Soskenbury end Graly(1977)
Tenlinson ot ol (1966)
Boskenbury sand Oraly(1977)
Hoekesbary snd Grady(1977)
Tonlissen ot sl (1966)
Hoekenbury and Gredy(1977)
Hoskenbury ond Orady(1977)
Boeper ot sl (1975)
Hooper ot ol (19735)
Leveloss & Painter (1968)
Beomaor § Dundy (1974)
Sremner § Busdy (1974)
Teulinsen ot al (1966)
Leos § Quastel (1949)
VYoots ot 2l (1979)
Temlinsen ot al (1966)
Strem ot sl (1976)
Boskesbury ond Orady(1977)
Tenlineen ot o] (1966)
Skismer § Velker (19631)
Skiaser § Walker (1961)
Reekenbury and Grady(1977)
Leveless | Painter (1968)
Loveless § Painter (1968)
Leveless & Paiater (1968)
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sopper
seppor
sopper
sopper with EOTA
oresel, meta (3-methylphenet)
sronel, orthe (2-methylphesel)
oresel,pars {(4-methyliphenel)
eyanate, Na
eyanide,
oyeaide,
syenide,
14

syanide,
eysaides
oystelne
systoine-BC1 (Pp-meresptesionine)

systeise-BC1 (p-meresptesinine)
eyostoine-EC1 (p-mereaptosisine)

oytesine

di-ellyl other

dieyandiamide (eysneguenidine)

diethanslamine

dlethylamine

diethyldithiconrdanate (dlothylenrvanedithiole eeid)
digsanide (biguanide)

dimethyl-p-sitrosesniline (aveelorine)
dimethylanine HC1

dimethylaminonazebensene

dimethylglozine

dinitreotrhoeresel (3,5-dinitre-2-bydronytelnens)
disitrootrhosresel (9,5-d1aitre-2-hydresytolivens)
dinitrestrhosresel (3,5-dinitre-2~hydrozytelsens)
diphenyl guesidine

diphenylenine

diphenylsarbasene

diphonylithiesarbasene (phonyldiasencearbothiole A)
dithio exemide (othane dithicemide)
dithicsarbonate,Na oyelopentancthylons
dithicsarbamate, N

dithiosarbamate,Na dimethyl

dithiscarbanate,Na methyl

dithioesrbanate, dimethy]l NB4 dimethyl
dithiocearbenate,piperidinimm eyelopentanethylone

130,

N

..
0.005-0.48
11.4

12.8

16.5 .
3. !llg‘ n
5.210 !
3.5510 °®
0.00001N
9.000028
0.00002%
0.00005K
0.00005N
0.0001M
0.0001K
0.65
20mg/1
0.01M
0.0001N
0.0002M
0.000SN
9.01%
6.05ag/nl
100

150

100

100
109
s0

19

100

100

100
0.00020
.0005K
0.0018
s0.

100

100 _,
3210 “N
1.1

23
0.0000024
0.000004x
0.00002M
0.00002M
13.¢
0.9
19.3

1]

19%-A8
OAs

19Ne A~
]

19%~/A8
T9-/AS
19%-/A8
19-/A8
T1M-/RC
199~/ A8
17%-1/90
49%-11/90
63%-1/%0
$9%-11/90
n-1/90
959-12/80
€9%-12/30
19-/A8

0,Aeelin
16%-7/90
”%-1/90
1000-12/90
100%-7/90
» o
19%-/A8
19~/ A8
OB~/AS
O%n-/AS
-=-/2C
T9%-/A8
19-/A8
Oh-/AS
-/ A8
JOR-/AS
/%0
61%-7/90
71%-1/90
19%-/ A8

[ L]
Oh-/A8
SO%-/%C
T9-/A8
19M-/A8
93%-7/90
cN-1/90
100%-7/80
M -12/90
T19%-/AS
TM-/AS
19%-/A8
T-/AS

Tonlinsen ot ol (1966)
Tomlinsen ot sl (1966)
Tonlineen ot al (1966)
Loveless § Painter (1948)
Tomlinson ot sl (1966)
Tomlinson ot al (1964)
Tomiisson ot a1 (1966)
Tomlinsen ot ol (1966)
Seoper ot sl (1973)
Tenlinsen ot ol (1966)
(19352)

(1952)

(1952)

(1952)

(1953)

(1982}
Jonses ot sl (1951)
Tomlissen ot al (1966)
Neteall & Rddy (1979)
Quastel § Sehelenfield (1949)
Jonsen ot a1 (1952)

t a1 (1982)

ot ol (1952)
Jonoon ot a1 (1932)

Pen (1981)

Tomlizson ot o1 (1966)
Tomiinsen ot sl (1966)
Roskesbury and Orady(1977)
Boekenbury and Orady(1977)
Boeper ot sl (1979)
Tomlinses ot sl (1966)
Tomlinson ot sl (1966)
Beskesdbury osd Orady(1977)
Beskondury and Grady(1977)
Rookesbury snd Orady(1977)
Jonsen ot ol (1932)

ot al (1952)

Temlinsen ot sl (1966)
Beskesbury and Oredy(1977)
Heekeabury asd Orady(1977)
Beoper ot al (19735)
Tomlinsen ot al (1946)
Tomlinsea ot al (1966)
Jousen ot al (1952)
Jonson ot ol (1952)
Jensen ot o1 (1952)
Jonsen ot al (1952)
Tomnlinses ot al (1966)
Tomiinson ot al (1966)
Tomlinson ot al (1966)
Tomiinsen ot al (1966)
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dithiol

di-methionine
dl-wethionine
d1-methionine
d1-sethionine

ethanel
othyl seotete (sootie seld othyl ester)
othyl urethane (urethen)

othyl thate (zanthogemate)
othylosnediamine

othylurethene

glstamate

slyeine

guenidine cardesate (carbamsaidine)

hossnethylene dimmine
hezamethylonototramineg
bydrazise

1-agiaise

1-histidine

1-histidine

i1-1ysine (2,6-4isminchensneie A)
1~1ysise {2,6~diaminchesancic A)
1-methionine

i-sethienine

1-threonine

1-threonine

I~valine (3-smineisevelerie A)
s~ehlercearbonyloyaatdophonyihydrasons
segaesim

weleninme

mereaptobonsothissele (IDT,2-Densethiszelothiol)
methanel

wethionine

methyl fsethiceysnate (ise thiceyssatenethane)
sethyl thisrenien ssiphate
sethylenine (aminomethane)
sethylemine BC1

sethylone blwe

mothylone bine

wonesthenolenine
s-methyleniline
sephthylothylonediomine 41EC1
niekle

nlekie

ainbydria

p-aniscbenzeis aeid
p-aninoprepiophencee

0.0005-0.01K
dng/t

1200 ng/ml
4ug/1

gl

100n
$0-100

100

]
s21072n
0.01%
0.9

6.3
0.01N

18

10N
100,

100

100

100
0.,00004N
0.0004n
100

100

100

--/BC
S0%-7/80
T%-7/90
33%-12/90
86%-1/30
”°0%-7/90
M-7/80
9%%-/A8
--/8C
T9-/A8
--/BC
19-/A8
--/8C
19%-/A8
—18/mes0
0,Aeslin
O,Aeclin
1M~/ AS

» -
SIN-/AS
On-/AS
75%-/A8

Ne A-,Ns O-
No A~

Ne A-,Ns @~
Ns O~

Ne A=, O~
-—16/mese
No A-,Ns O~
Ns O~

Ne A-,Ne @~
Ne A-,Ns -
$3%-/8C
0-/AS
79%~/A8
~/8C
0,Aeclin
T9%~-/A8
19-/A8
s-/RC
T-/A8
-=-/BC
19M-/A8
100-/A8
0%~/ AS
93%-/A8
T~/ AS
TM-/AS
JON-/AS
/A8
SO%-/AS

Neeper ot al (1978)

al (1932)

al (19352)

al (1932)

a1l (1952)

al (1932)

sl (19352)
Hockonbury ond @rady(1977)
Beeper ot at (1979)
Tealinsen ot ol (1966)
Beoper ot al (1979)
Tomlineen ot sl (1966)
Booper ot sl (1973)
Boekenbury sand Orady(1977)
Quastel § Seheloafield (1949)
Quastel & Seheloenfield (1949)
Quastel ) Seholonfiold (1949)
Tomlinsen ot al (1966)

Pan (1981)

Hookesbury snd Oredy(1977)
Hookonbury and Grady(1977)
Tomlineen ot sl (1966)
Clerk § Sehmidt (1967e)
Guaderoon (19995)

Clark & Sehmidt (1967s)

Pas (19891)

Clark § Sedmidt (1967s)
Qusstel § Sehelentield (1949)
Clagk § Sekmidt (1967e)

Pan (1981)

Clazk & Sedmidt (1967e)
Clark § Sekaidt (19672)
fleoper ot ol (1973)
Levelese § Painter (1968)
Hoekesbary and Graly(1977)
Tonlissen ot al (1966)
Nosper ot ol (1978)

Guastel § Sshelenfield (1949)
Tomiineen ot sl (1966)
Temlinsen ot al (1966)
Reoper ot al (1979)
Tenlinsen ot a1l (1966)
Beoper ot sl (1978)
Tomlissen ot al (1966)
Heskenbury snd Grady(1977)
Nookenbary aad @rady(1977)
Boskenbury end Gredy(1977) .
Townlinsen ot sl (1966)
Tomlinson ot sl (1966)
Reekenbury and Grady(1977)
Sockesbury ead Orady(1977)
Hoekesbury end Orady(1977)
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r‘lplnyl-ln-lalo‘
p-aitrosniliine
p-sitrobenzsldedyde
p~phenylazessiline
pantothenis aeid (vit, B)
phonazine methosslfate
phesol

phenel

phenel, o~,n-,p-srerole
phonelpyridine)
phleridsin

phioridzin

Phloridsin

phiorideia

polymyzin B

potassium thieeyanste (petsssimm sulfeeysnate)

propanel, i

propsscl,s

propylamine

purines

pyridine

pyrinidines (metadiasine)
pyruvate (1-exeprepancic A)
pyruvete (2-oxeprepancis A)
shodanine B

seo-butylamine

skatole (9-methbyl-1N-indele)
]

szide(8329)
oitrate
tlenride
fleuside
tleuride
flenride
iedoscetate
fedeacetate
fodencetate
fedoasotate
sulfide
stearie aeid
streptomyein
stryebaine BC1
ssifamie Acld
sslfasilenide
sslfathiasele
sulfathienele
tannie aeid

tesnin § derivatives, phenelie seids , flavensids
tasrine (2-amineethenesuifonis A)
ssifenie A)
sulfonie A)

tesrine (2-amineeth
teurine (2-smineeth
totrs ohlerosslieylanilide

tetramethyl thisresdisnlphide (thired)

0.05eg/01
0.04ng/ul
30.00003
100

100

OR-/A8
$4%-/A8
T6%-/A8
Sa-/A8

» -

--/BC
0,Aeelin, A8
19%-/A8
0,Aeelin, AS

1%-12/90
$M-7/90
89%-12/80
N-1/90
--/RC
T/ A8
$1%-/BC
--I8C
O%-/AS

» o~

0% N A-,)99% % A -/AS
» o

» o-

» o-
-/ AS
OR-/AS
19%-/A8
19-/A8
-/AS
o%-1/80
19%-7/90
9%-1/90
9%-7/90
22%-7/90
92%-7/80
96%-112/90
9%-7/90
--/BC
O~-/AS
T9-/A8
19%-/A8
OR-/AS
OR-/AS
OAeolin
I%-5/90
200~/ A8
9%-7/90
€M-12/90
66%-1/%0
SM-/RC
T9%-/A8

Bockosbury ond Grady(197T7)
Bookesbury snd Qrady(1977)
Soekenbary and Gredy(1977)
Boekesbury snd Grady(1977)
Pan (1981)

Booper ot st (1979)
Stafford (1974)

Temlinson ot ol (1966)
Stafferd (1974)

Jensen ot ol (1992)
Jensen ot al (1952)
Jonsen ot al (1952)
Jonsen ot o1 (1932)
Rooper ot el (19795)
Tonlinses ot sl (1966)
Booper ot al (19795)
Reoper ot sl (1979)
Hookesbury and Oredy(1977)
Pen (1901)

Stefferd (1974)

Pan (1981)

Pan (1981)

Pan (21981)

Hoskesbury and Gredy(1977)
Hoskenbury and Grady(1977)
Tomiinsen ot a1 (1966)
Tomlinson ot o1 (1966)
Boekenbury and Orady(1977)
Jonsen ot a1 (1952)
Jonses ot ol (1932)

ot a1 (1932)

ot al (1952)

ot al (1932)

ot ol (1952)

ot s (1952)

ot al (19352)

ot sl (1979)
Seckenbury snéd Grady(1977)
Tomlinsen ot a1l (1966)
Tomlinsen ot al (1966)
Hoskesbury sad Orady(1977)
Seskenbury ond Grady(1977)
Bremaer § Buady (1974)
Bremnser § Dendy (1974)
Boskesbury ond Orady(1977)
Riee & Paucholy (1974)

ot ol (19%2)
Jonson ot al (1952)
Jonsen ot al (1932)
Hooper ot al (1979)
Tomiinson ot al (1966)
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tetramsthyl thinremmonessiphide 16. 19-/A8 Tonlinsen ot sl (1%6)

thienine Somg/ml Ns A- Gundoreen (1939)
thiossetanide (ethanethiocamide) 0.5, T9-/A8 Toniinson ot a1l (1966)
o (bydresinessrbothicamide) 10 °n M-/BC Hooper ot al (1975)
fde (hydrazincesrbothiosmide) 0.18 TM-/AS Tomliases ot al (196¢)
(thioesrbomide) 0.000002N n-1/90 Jonsen ot 8l (1932)
thiosrea (thicearbanmide) 0.000005K m-12/%0 Jousen ot sl (19351)
thiesres (thiessrbamide) 0.0003% —16/me Quastel § Sehelentield (1949)
thienres (thicearbemide) 0.01N 19%-/mes0 Quastel § Sehelenfield (1949)
thionrens (thicearbanide) 0.076 T-/AS Tonlinsen ot o1 (1966)
teidytylonise 100 OR-/AS Soskesbury snd Grady(1977)
tristhanolanine 100 OR-/AS Bockenbury snd Grady(31977)
triothylamine 100 SM-/A8 Hoskenbary ond Grsdy(1977)
trisethylamine (N-N-dinethylnethananine) 118 TM-/A8 Tomlinsen ot sl (1966)
ares 100 /A8 Heokonbury ond Oredy(1977)
vitiaming,b6,012,0t0, 0.035ng/01 » G- Pea (1901)
sine 0.08-0.3 - Leveless § Palnter (1968)

a1l sencentrations ia mg/1 ualess ethervise seted. Alteraste memes are ia psranthesis and separated by ceumas.

A fu the compound fis1d jo an sdbrevistion for aseld

Koy for sywbels is “WETECT selmsa.

= inhibitery —- eompletely ishibitery, une aitrification -a or --a vhere u 1s s swmber corresponds te isbibitery o2
complotely indibitory sfter n daye ozposure percent preceeding the *-* sign indicates level of inhibitica Ne G or W
@ precesding the ' jndiestes inhibitien of growth
of Nitzesomonag or Mitrobaster., respestively.
Ne A or Nb A preceoding the °-* jpdicates inhibitlien of setivity
of Nitrosemonss or Nitrobaetes. respectively.
/A8 wmessurements made in setivated slundge
/RC meassremesnts o is an earichment oulture
/PC  sessursments m in pere eslitere
/30 messurements msde ia soil




1.

2.

S.

6.

7.

The most inhibitory class of compounds were found to be
nitrogenous organosulfur compounds such as thiourea,
thioacetamide and dithioxide. These compounds generally
inhibited the oxidation of ammonia as opposed to hydroxylam—

ine or nitrite oxidation.

Although the short term effects of inhibitory compounds on
ammonia oxidation were found to be similar to that reported
for pure culture work, there were considerable differemces in
tolerances to cyanide and bheavy metals. In this respect

activated sludge cultures exhibited a much greater tolerance.

Except for cyanide, the compounds found to be powerful imhi-
bitors of Nitrosomonas had relatively 1little effect on
Nitrobacter. However, chlorate, hydrazine, and sodium azide

were more toxic to Nitrobacter tham Nitrosomonas,

The compounds studied generally appeared to follow the non-

competitive mode of inhibitionm,

The effect of mixtures of inhibitors was generally greater

than the effects of individual compounds.

Activated sludges bave the ability to acclimate to certain
inhibitory substances (i.e., thiourea, cyanide) and this

ability may be related to the initial concentration to which

the sludge is exposed.

Short term inhibitory tests do not generally give a good




indication of actual conditions in a treatment plamt. Accli-
mation to a ’powerful’’ inhibitors cam result in much lower
effocts under treatment plant conditions. Comversely, heavy
metals may exert a more severe effect, possibly due to the

exhaustion of the adsorptive capacity of organic matter.

8. The inhibitory effects of the compounds examined varied from
day to day according to the mitrification capability of the

sludge.

Since the work of Tomilinson, et. al, (1966), a number of studies
on specific inhibitors in activated sludge have been reported, each of
which have supported one or more of the points cited above. Stafford
(1974) 1investigated the effect of phenolic compounds on continuous
nitrifying activated sludge units using ammonium thiocyanate (500 mg/1)
as feed. His results showed that activated sludges were capable of
nitrifying ammonium thiocyanate and that the addition of 10 mg/1 phenol
completely inhibited ammonia oxidation while nitrite oxidation was unaf-
fected at phenol concentrations uwp to 100 mg/1l. Although the reported
concentration of phenol required to produce 75% inhibition was the same
as that reported by Tomilinson, the required concentrations of o, m and
p-cresols were approximately 3 times lower. They also provided'evidence
for acclimation of activated sludge to nitrifier inhibitors and showed
that acclimated sludges handled shock loads of phenol (up to 100 mg/1)

much more readily than unacclimated sludges.
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Joel and Grady (1977) examined the nitrifying ability of activated
sludge in a series of experimenmts using continuvous flow and £fill and
draw reactors receiving aniline as feed. In the continuous flow experi-
monts, where aniline eventually served as the sole carbon/mitrogen
source for organism growth, it was shown that a MCRT of 7 days was suf-
ficient to remove any inmhibitory effect aniline had on the nitrifiers.
They reported that COD removal and nitrification could occur simultane—
ously provided that the heterotrophs had degraded aniline to a non-—
inhibitory concentration. The authors notgd however, that these results
were obtained under carefully controlled steady state conditions, Com-
plete inhibition of nitrification ocourred if the reactor was subjected
'ito a shock load of aniline, raising the concentration in the reactor &
few mg/1. In the fill and draw experiments, it was shown that, within
the range of 4 to 13 days, MCRT had no effect on aniline degradation,
although longer MCRT resulted in greater nitrification efficiencies. In
these experiments aniline degradation and nitrification were found to be
sequential with nitrification commencing as soon as aniline was reduced
to non—inhibitory concentrations. Furthermore, it was observed that the
metabolic by-products of aniline degradation enhanced the rates of nit-
rification in separate stock cultures of nitrifiers. The overall
results in the study demonstrated that a severely inhibitory ocompound
such as aniline could be degraded sufficiently to allow mitrification to

occur if the proper conditions were met,

Wood, et al, (1981) examined the toxic effects of various com-
pounds on nitrifying activated sludge in batch test procedures similar

to that used by Tomilinson. They noted, as Tomilinson did, that the
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inhibitory effects for a given compound varied from batch to batch.
Thus, their data, which are also presented in Table 10, t;prosent mean
effects from several tests, They also observed that in many cases the
total inorganic mitrogen at the end of the test period varied directly
with the extent of nitrification. There was s loss of imorganic mitrogen
during the aseration period of the test and this loss was found to be
proportional to the extent of nitrification. The authors discussed
several mechanisms by which this loss of imorganic mitrogen could be
accounted for and concluded that the most likely mechanism involves the
reduction of mitrite by the ecopper coataining enzyme hydroxylamine
nitrite reductase , previously isolated by Hooper (1968). The investi-
'-;ators also presented evidence in support of the theory of enrymatic

copper chelation as being the major mechanism of imhibition by thiouvrea

and its analogues.

According to this theory, the inhibitory mechanism operates via a
reaction of the thiol tautomer with copper of an essential eniyme

resulting in the formation of a stable Cu-S bond:

gt

nm!/) nr‘q BN

>c=s —> \c—s’ —> \c—sn
o /

NH2 an

Wood reasoned that if this theory holds, the extent of inhibition should
be proportional to the electron density of the sulphur atom. This, in

tuorn should be inversely proportiomal to the -I (inductive) effect of
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substituents (i.e., those with a tendency to withdraw electrons) on the
nitrogen atom. Using both Tomilinson's experimental data as well as

their own, the investigators found these postulates to be wvalid.

Brasm and Klapwijk (1981) recently presented results on the effect
of added copper on nitrification rates in activated sludge with dif-
ferent mixed liquor concentrations and different pH's. These results
showed that the inhibitory effect of copper is dependent upon the free
copper concentration in the system rather than the total copper concen—
tration. The free copper concentration in activated sludges was demon-—
strated to be strongly correlated to pH and sludge comcentration, with
. the free copper concentration increasing as pH and/or sludge con-
bcentrntion decreased. They suggested thet these findings could mot only
explain the effect of pH on nitrification by means of heavy metals (as
cited originally by Painter and Loveless, 1968) but also the wide range

of reported tolerances to heavy metal inhibition in the literature.

PAC—-ENHANCED NITRIFICATION

Among the first reports of enhanced nitrification in the powdered
activated carbon-activated sludge process was that made by Stenstrom and
Grieves (1977), who reported improved nitrification in 42 liter reactors
operated over a 15-month period at the Amoco 0il Texas City Refimery.
The objective of their investigations was to determine the quality of an
experimental powdered ocarbon produced from petroleum coke. They reported
that PAC reactors nitrified much more reliably than non-PAC reactors,

producing a mean effluent NH3—N concentration of less than 1.0 mg/1l. The
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non~PAC reactors produced a mean effluent concentration of 5.1 mg/l,
while the influent NH,-N was 19.8 mg/l1. The relative improvement in
ammonia oxidation wes much greater than the improvemeant in removal in

other contaminants.

Subsequent tests (Grieves, et. al, 1979) showed that the PAC reac-
tors did not always nitrify better than non-PAC reactors. Over a summer
period at the Texas City Refinery mon-PAC and PAC reactors produced vir-
tually identical nitrification rates; however, over the mext cool period
the PAC reactors nitrified more efficiently. During the latter phases of
this research a reactor was operated with catalytic—-cracker catalyst
- "fines’’ added in lieu of activated carbon., The nitrification efficiency
of this reactor, and the nitrification efficiency of amother reactor
using s very poorly performing carbon, were no better than the effi-
ciency of the non-carbon control reactor., They concluded that a prob-
able mechanism of nitrification enhancement was adsorption of inhibitory
compounds, since reactors operating with non-adsorbing suspended solids
nitrified no better than the control reactor. They also noted that the
enhancement was most observable under microbiologically stressed condi-
tions, such as lower temperature, or higher influent chemical oxygen

demand (COD),

Further experiments at the Amoco Wood River Refimery im larger
scale reactors (pilot scale, approximately 10,000 liter reactors) demon-—
strated less nitrification enhancement; however, the general 1level of
nitrification in the pilot reactors at this refinery was always better

than the results found previously at the Texas City Refinery. The non-—
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carbon reactors produced mean an—N effluent concentrations less than

1.0 mg/1. Therefore it would be difficult to enhance nitrification,

Other investigators have reported variable findings with respect
to improved nitrification with PAC addition in activated sludge. Thi-
bault, et. al., (1977) investigated the claims of increased treatment
efficiencies due to PAC addition with 4 liter bench-scale refinmery
wastewater fed activated sludge units. Their objective was to evaluate
different ocarbon types and treatment performance using various carbon
doses. They reported marginally improved organic removals at high carbon
levels regardless of carbon dose. Both the carbon and mon—carbon reac-—
. tors did not nitrify throughout the study period. Their results on
shock organic loads experienced throughout the test period indicated
that certain carbons (i.e., wood-based units) are able to withstand and
recover from upsets better than other carbons (i.e., lignin or coke
based units). In addition, their results suggested that PAC addition‘
could have detrimental effects on treatment efficiency due to desorption

of accumulated toxic compounds during shock loads,

Bettens (1979) conducted industrial tests with the addition of PAC
to an activated sludge plant treating textile-finishing plant wastewa-
ters, His results, based on observations 'before and after PAC addi-
tion’’ over a three year study period, showed that almost complete and
stable nitrification efficiencies were achieved only after many wmonths
of uninterrupted PAC dosing (50-100 mg/1 influent). MNoreover, denitrif-
ication ability was found to improve in the single stage reactor. Bet-

tens attributed the increased stability of the nitrification/ denitrifi-
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cation system to the ’'high concentration of nitrifying organisms

attached to the carbon particles’’,

In treatability studies of chemical production wastewaters,
Leipzig (1980) reported that stable nitrification efficiencies were pos-—
sible in PAC pilot reactors operating at high MCRT; whereas nitrifica-
tion was found to be variable and less efficient in parallel non-PAC
reactors. The major portion of this study was divided into two test
periods devoted to testing the effect of hydraulic reteation time (HRT)
and carbon dosage on nitrification efficiency. A general increase in
nitrification efficiency with HRT and carbon dossge was noted in the

first test period, however, this relationship deteriorated during the
| second test period. Nitrification was found to be most efficient in a
reactor operating at an intermediate HRT (2 days) and carbon dose (167
mg/1 influent) in the 1latter period. In all cases, the PAC reactors
outperformed the parallel control reactors in terms of nitrification
efficiency. Leipzig suggested that this was due to the adsorption ofr

inhibitory compounds and/or nitrifier attachment to the carbon surface.

In the same report, Leipzig performed additional experiments on
PAC-AS reactors to examine the effeots of cold temperature and equalized
and unequalized wastewater feed over an extended period of time, A tem-
perature shock from 22° C to 7° C over 24 hours resulted in the complete
cessation of nitrification within 16 days; whereas nmitrification in a
similarly operating reactor graduslly subjected to the same temperature
decrease over 90 days was unaffected. In two separate experiments, con-

ducted 1in series over an eleven month period, a PAC—-AS reactor achieved
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an average nitrification efficiency of 97% with equalized wastowaters as
feed compared to 82% with unequalized wastewater. Unfortunately, the
latter series of experiments are 1less convincing evidemce for PAC
enchanced nitrification since no control reactor was operated for the

purpose of comparison.

Specchia and Gianetto (1984) recently demonstrated increased
nitrification/denitrification capacity due to PAC addition in a full
scale industrial plant treating dye-works wastewater. Their comparisons
were based on 'before and after PAC addition’’ to the aeration basin (800
mg/1 reactor concentration) over a four month period. The investigators
- suggested that observed results were due to either low disssolved oxygen
concentrations at the bottom of the aeration basin created by PAC addi~
tion or to the high concentration of nitrifying-denitrifying bacterias on

the carbon surface.

In summary, previous reports have provided strong evidence to
indicate that the addition of PAC can result in improved nitrification,
especially under '’stressful conditions’’ such as low temperature and/or
the presence of inhibitory compounds, Although mechanisms such as
adsorption of toxic compounds and preferential surface growth have been
suggested for explaining PAC enchanced nitrification, no studies have

attempted to define the mechanism by which the enhancement phenomenon

occurs.
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Proposed Mechanisms for PAC-Enhanced Nitrification

Various mechanisms for explaining PAC-enhanced nitrification have
been proposed. All are possible and in fact it is quite difficult to
disprove any mechanism, or to show that one mechanism is dominant, The

following sections describe proposed mechanisms,

Adsorption of Inhibitory Compounds

As shown previously many compounds inhibit nitrification. Some of
these compounds are biologically resistant while others are resistant
as well as highly adsorbable by activated carbon. Therefore, it is
'likely that the presence of activated carbon protects the nitrifiers
from the adsorbable compounds., Evidence to support this theory was
demonstrated to a limited degree in the previous work of Stemstrom and
Grieves (1977) in that non-adsorbing suspended solids added to the reac-
tors did not enhance nitrification, However, ome could argue that the
same carbon characteristics which promote adsorption of organic ocom-

pounds also promote attachment of nitrifying bacteria,

Preferential Microbial Attachment

In the early days of anaerobic digestion it was thought that
suspended solids, in the form of an inorganic inert material such as
soda ash or calcium carbonate, were required as & medium to grow the
anaerobic bacteria (Buswell and Hatfield, 1939). This theory may have
slso been applied to nitrifiers because the earliest isolations of nit-

rifiers in pure culture were always made on precipitates such as calcium
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carbonate (see Nutritional Requirements). This theory applied to anaero-—
bic digesters still has its followers today, and inert materials

('Digestaid’’) are frequently added to ''sour’’ or ''stuck’’ digesters.

The existence of surface area in the mixed 1liquor may promote
stronger floc—organism associations which retain the nitrifying organ-—

isms longer in the activated sludge reactor.

Enhanced Bioactivity

It has been proposed that activated carbon may actuslly concen—
trate trace elements or nutrients at its surface which may stimulate
.-icroorganis- growth, There is very little experimental evidence to sup—
port this theory, but it is plausible. For example, it is known that
some inhibitors, such as thiourea, inhibit nitrification by complexing
free copper, effectively ''starving’’ the organisms of copper. The pres—

ence of carbon may provide a mechanism of overcoming this type of imhi-~

bition.

Bioregeneration

'"Bioregeneration’’ is a term which is being used by some research-
ers to describe the synergism which is often observed in PAC reactors.
Various researchers have noted that for certain cases a PAC reactor
removes an organic compound more efficiently than would be expected from
either adsorption or biodegradation alome. Explanatory theories have
been proposed which require that the compound first be adsorbed to the

carbon surface, making it available to the microorganisms at higher
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concentrations than would be expected im the mixed-liquor, thereby

stimulating biological growth.

This theory is questionable, since it is not known whether the
adsorbed compounds are actually available to the microorganisms. Furth-
ermore the theory’s applicability to enhanced nmitrification is even more
questionable, since adsorption of ammonia at the pH and concentration
found in wastowaters is negligible; however, it has been shown that cer—
tain amino acids and growth factors required by nitrifying bacteria need
not be synthesized by the cell if they are present in solution because
they can be tramsported through the cell walls (Clark and Schmidt, 1967;
Delwiche and Finstein, 1965). This is in direct contradiction to the
vknovn strict chemoautotrophy metabolism of the nitrifying bacteria and
the phenomenon is not well-documented or accepted (Ida snd Alexander,
1965) however, if true, carbon could be stimulatory to the nitrifiers by
concentrating these growth factors and making them more available.
Bioregeneration may also be important im the acclimation of hetero-
trophic microorganisms to certain slowly biodegradable inhibitors of
nitrification, Once adsorbed, these compounds are in contact with the
biomass for a length of time equal to the system’s NCRT, This would
allow more time for heterotrophic acclimation and ultimately for the

removal of nitrifier imhibition.

The various mechanisms discussed are all realistic ways of
explaining carbon—enhanced nitrification. The most plausible is the
adsorption of toxic organics theory based upon the previous work, but

other theories may still be importanmt.
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CHARACTERISTICS OF ACTIVATED CARBONS

There are various ways of describing activated ocarbons. These
methods have arisen over the years from operational tests performed by
various industries using carbon in manufacturing processes. MNany of the
tests are strictly empirical, while other are based upon isotherm
results. The need for tests to describe carbon arises because manufac-
toring techniques and carbon sources vary comsiderably, producing car—
bons with very different properties and activities. The proliferation of
the various tests resulted because industries have rather special needs
which can only be guantified by specific tests. Carbons tend to be clas-

. sified by the test results,

Two broad classifications are granular and powdered. Granular car-
bons generally are retained by 40 mesh or smaller screens, while
powdered carbons generally pass 100 mesh screens. The mesh size is an
indicator of the distribution of surface area available to adsorptionm.
Granular carbon has the vast majority of its surface area in the inter-
stices of the particle, while the majority of powdered carbon'’s surface
area is on or near the particle’s true outside surface. This distribu-
tion of areas affects kinetics, and powdered carbon is used in applica-
tions which require the most rapid rates of adsorption. An example is
in potable water treatment where powdered carbon is added to floccula-
tors and mixers and subsequently removed by filters, The contact time
for removal in this application is quite short, thereby requiring rapid

reaction rates for efficient operation.
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Isotherms

Isotherms are the most common way of describing the ability of
carbon to adsorb a chemical substance. There are several types, but the
most commonly used are the Langmuir, Freundlich, and the Branauer,

Emmett, and Teller (BET) isotherms.

Langmuir

The Langmuir isotherm is based upon physical sdsorption theory and

is described as follows:

Qb C
% = 1+ ®C,)
(41)
where:
9, = adsorbed material (mass material/ mass carbon)

Q = maximum value of q as C° approaches
Ce= equilibrium concentration of the material (mass/volume)
b = experimentally determined constant, equaling the rate constant
for adsorption divided by the rate constant for desorption,
To estimate the values of Q and b, the isotherm is frequently plotted in

Minearized’’ form, as follows:

1 1 1

q, ab C, *a
(42)
This equation can be plotted as a straight line if éL'is plotted against
(]
éL. The slope of the best-fit straight line through the data points is
e
- and the intercept is l. This is the commonly accepted method of

o

Qb
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parameter estimation for this isotherm and others (with modification of
the linearized equation). However, it has been shown that the use of the
reciprocal form biases the data and parameter estimates, which is the
ssme problem encountered with the estimation of growth kimetics ‘parane—
ters, Fortunately, adsorption data are usually easier to collect than
biological groyth data, and a variety of computer—aided parameter esti-

mation techniques are available (Sweeny, et. al. 1982).

Freundlich Isotherm

The Freundlich Isotherm is an empirical isotherm which makes it
- less desirable from a theoretical viewpoint, but it often describes the
experimental isotherm more sccurately. For this reason it finds more
frequent application in envirommental engineering. The isotherm is

described as follows:

1
q =K C°
€ ¢ (43)
where
K and i are experimentally described parameters,
The linearized form of the isotherm is as follows:
1n(q,) = Ia(K) + I 1n(C,)
(44)

This equation is very easily plotted as a straight line on log-log
graph paper, with the slope of the best fit line approximating %. To

define K one must also define the nunits of Ce' For environmental
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engineering work, Ce is most frequently defined inm units of mg/l.

Again, the comments made earlier about bias and the method of Sweeny et,

al. (1982) apply to parameter estimation for this isotherm.

BET

The BET isotherm can be thought of as 2 multilayer Lamgmuir isoth-

erm and takes the following form:

.« - BC 0’
G ey [1+ -1 G =
s [ (C )
(45)
" where:
Cs = saturation concentration of solute
Q° = moles of solute adsorbed at equilibrium comncentration
when & complete monolayer of adsorbent is formed.
B = experimentally determined parameter relating to the
energy of interaction of the surface and solute.
The linearized form is as follows:
" - =1 2]
(Cg - Cp) q. B Q° B 'C (46)

The BET isotherm is of major importance in defining sctivated car-

bon properties. The surface areas of various carbons are determined by

the BET isotherm of nitrogen adsorption.
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Specific Indicators of Carbon Properties

cacy.

1.

As mentioned previously there are many indicators of carbon effi-

The commonly used omes are tabulated as follows:

BET specific surface area: The BET surface area, usually reported
as nzlg carbon, is calculated from the adsorption of Nz. The sur-
face area can be used to directly compare carbons; however, the
adsorption of compounds on different carbons is usmally not the

same, resulting in different quantities adsorbed per unit of sur-

face area,

Pore volume: The pore volume is usually reported in c-slgran and

°
is usually reported for two pore sizes: less that 15 A and greater

0
than 15 A, The volume of larger pores is important when trying to

remove contaminates with greater molecular weights,

Phenol Number: The phenol number is primarily used in water treat-
ment to evaluate a carbon’s potential for removing phemol from
drinking waters (phenols form chlorophenols during disinfection by
chlorine; therefore it is highly desirable to remove phenols prior
to chlorination in order to reduce the health effects and taste
and odor problems associated with chlorophenols). The phenol
number is amount of carbon in mg/l required to reduce a phenol

solution from 100 micromoles/1 to 10 micromoles/l in 30 minates.

Iodine number: The iodine number is the amount of iodime, in mil-

ligrams, adsorbed per gram of carbon when the equilibrium concen-
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tration (Ce) of iodine is 0.02N. Therefore the iodine number is a

point on the experimental isotherm,

Nolasses number: The molasses number relates to the ability of a
carbon to remove high molecular weight, color producing materials
from molasses, The test requires the use of ; standard carbon
with a known or specified molasses number., Molasses samples are
then decolorized with specified weights of each carbon, and the
optical density of the decolorized samples is measured. The

molasses number is calculated a2s follows:

Mo, ost carbon =

Optical Density known carbon
Inknown carbon * Optical Density test carbon

(47)

Methylene Blue number: The methylene blue number is similar to the
jodine number is that it is a point on the experimental isothernm,
numerically equal to the milligrams adsorbed per gram of carbon

when the equilibrium concentration is 1.0 mg/1,

Some typical carbons and an experimental carbon were described by

Grieves, eot. al, (1980)., Table 11 shows two carbons. Carbon B is very

similar to the carbon used in this study.
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Table 11: Activated

Carbon Properties

Property Carbon Carbon
A B
Surfncezhn 3183 1518
BET n“/g
Pore Volg-e. c-slg
> 15 é 0.15 0.56
<15 A 2.08 1.33
Iodine Number 2933 1663
Methylene Blue 533 -
Number
Phenol Number 2.02 -
Bulk Density, ;/vm3 0.315 0.401
Nolasses Number 12 350
Screen Analysis (wt %)
Passes 100 mesh 99.97 297
Passes 200 mesh 95.5 85.95
Passos 325 mesh 72.7 65.85

After Grieves, ot. al,

(1980)
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Adsorption Characteristics of Varjous Organic Compounds

In order to determine the candidate nitrification inhibitors,
search was made of sdsorption characteristics of verioms organic com-—
pounds. These were later matched with the mitrification characteristics.

¢
Table 12 shows the results of the search. The values reported are gen-
erslly Freundlich isotherm coefficients, although some are q, values at
specified equilibriem concentrations, Care should be taken when wusing
these results. Many of the results are contradictory or quite variable.
Some of the variability is probably due to the method of estimating %
and K. Also many of the references cited are for review papers of hand-

. books; the original source should be consuvlted prior to using the

results from this table.
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Teble 12: Sunmary of Carbon Adserption Capseitios fer Variens Compounds

Compound Meorption hn-otn‘ Referesce
(1) 2) ({1
1]
3,9 ,~d1chlorobonsidine 240/0,952 Poshtman snd Debbe (1981)
4,4,-methylone~-bis(2-shloresniline) 190/0.64 Debbs and Codhos (1990).
4,4 -nethylens-bis (2 ohorosniline) 240/0.5% Foobtmas and Debbs (1981)
«-BEC (hensehlorosyelobozane/isolindane) 303/0.43 Debbs and Coehen (1990)
e-ondosnlfas 194/0.50 Dobbs and Cohen (1900)
a-saphthol 190/0.32 Dobbs and Coben (1980)
a-saphthylanine 160/0.94 Dobbs and Cehen (1990)
p-BUEC (2 bloresyeleh /1se 1indase) 220/0.49 Dobbs and Cohen (1990)
p-endossifen €15/0.99 Dobbs ssd Coehen (1980)
$~naphthel 200/0.26 Dobbs and Cehen (1900)
p-saphthylemine 1%0/0.30 Dodbs and Cohon (1990)
p-naphthyisaine 166/0.29 Foehtuan and Debbs (1981)
v-B8C (1eolindene) 256/0.49 Debbe snd Cohen (1990)
1,1,1-triehleroethane 2.48/0.348 Dobbs snd Cobea (1990)
1,1,2,2-tetrachloreothone 10.37/0.37 Dobbe anéd Cohen (1990)
1,1,3-triehloroethane 5.81/0.60 Dobbs and Cohen (1990)
1,1-41ehloreethane 1.8/0.5% Dobbe and Cohon (1990)
1,1-dishloreesthylons 4.9/0.54 Dobbs and Cohen (1990)
1,3-diphenylbydrazine 135/0.16 Dobbs and Cohea (1980)
1,1-d1phenyibydrazine 149/0.292 Foshtuan and Debds (1981)
1,2,9,4-tetezabydornaphthalone 74/0.81 Dobbs and Cohen (1900)
1,32,4~trliedlorophencl 1571/0.31 Dobbs and Cehen (1990)
1,2-41brome-3-ehioro-prepane (DBCP/3-chlere-1,2-dibromopropens) $3/0.47 Dobbs asd Cohen (1990)
1,3~dichlerobonzone 129/0.43 Dobbs and Cohen (1900)
1,2-dieblerebonzone 300/0.43 Weber ot. al. (1990)
1,2-41chloreethane 3.6/0.88 Dobbes snd Coben (1990)
1,2-61ehloropropane 3.9/0.60 Dobbs anéd Cohen (1980)
1,2~d1chloropropene 8.2/0.46 Dobbe end Cohen (1990)
1,2-trans~dishlorosthons 5.1/0.91 Dobbs and Cohen (1900)
1,9-4ichloredenzons 118/0.45 Dobbs and Cohen (1990)
1,4-d1chlorobenzens 121/0.47 Dobbe and Cehon (1980)
1,4-41chlerobensene . 226/0.37 Yeber ot. sl. (1977)
1-shloro-2-aitrobensene 130/0.46 Debbs and Cohes (1900)
2,9-dimethylphonct $52/0.248 Singer and Yen (1981)
3,4,6~trichlorophencl 153/0.40 Dobbs and Cohen (1990)
3.,4-d1chlorophencl 157/0.38 Dobbds and Cohen (1990)
2,4-dimethyiphenel 78/0.44 Dobbs and Cohen (1990)
2,4-dimethyphencl 184/0.09 Nathews (1981)
2,4-disitrephoncl 38/0.61 Dobbe and Cohen (19890)
2,4-dinitrotoluens 146/0.31 Dobbs snd Cohen (19090)
3,6~41wethylphenel $52/0.248 Singer and Yen (1981)
2,6~d1aitrotoluene 145/0.92 Dobbe and Cohes (1990)
2-soetylaminoflvorens 318/0.12 Dobbe and Cohen (1990)
2-ohloroethyl viayl ether 3.9/0.80 Dobbe snd Cohen (1980)
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2-ehlorensphthalons
2-ehlorophencl

2-ethyl butanmel

2-othyl hozasel
3-ethylphencl
2-1sopropyiphensl
3-sethylphenol
2-sitrophencl
3,9-4ichblorobensidine
3,4-bensoflnorasthone
3,4~d1inethylphencl
9-ethylphencl
S-methylphenel
4,6-41nitro-e~eresel
4-sminobiphenyl
4-bsomophenyl phenyl ether
4-ehlozophenyl phenyl ether
4-dimethylanineasebenzone
4-ethylphenol
4-methylphensl
4-niteediphonyl
4-aitrepheno]
S-bremonreasi]
S-ehlerenraeil
S-f1serenraeil

[ ]

T

BDTA

N-butylphthalate
N-dimethylsitressnine

MN-aitrosodi-a-prepylenine bis(2-ehlereisepropyl) ether

N-aitresodiphenylanine
POR-1016
r(e-1221
PCB-11232
PCR-1254
ssessphthons
ssonaphthons
ssonaphthylone
ssetaldebyde
ssotie seide
seetone

assetons eysashydria
ssotophenons
asetophencae
aeridine oramge
seridine yollow
sereloin
serotela
aerylie seld
aserylositrile
asdenine

280/0.46
s1/0.41
170
138
$32/0.222
671/0.248
383/0.172
99/0.26
900/0.20
57/0.37
$52/0.248
$32/0.222
988/0.173
169/0.92
200/0.26
144/0.68
111/0.26
249/0.24
$32/0.222
383/0.112
370/0..27
76/0.17
44/0.47
25/0.58
$.3/1.0
232/0.91
322/0.50
0.86/1.5
220/0,45

6.8210 /6.6

24/0.36
220/0.37
338/0.66
142/0.70
630/0.73

1,920/1.14

140/0.43
190/0.36
115/0.37

2

44

43

0.

194

74/0.44
180/0.29
230/0.12
1.2/0.63

61

129
1.4/0.51
71/0.38

Dobbs and Cohen (1990)
Dobbe end Cohen (1980)
Perrieh (1981)
Perrioh (1981)

Singer asd Yea (1981)
Sisger and You (1981)
Singer and Yoan (1981)
Dobbs and Cohen (1900)
Dobbs asnd Cohen (1900)
Debbs and Cohea (1980)
Singer asd Yea (1981)
Singer and Yea (1981)
Siager and Yen (1981)
Dobbs and Cohes (1990)
Dobbs and Cohen (1990)
Dobbs and Cohes (1980)
Dobbs ané Cohes (1980)
Dobbs and Cohen (1990)
Singer and Yeun (1981)
Siager snd Yeu (1981)
Dobbs end Cehen (1990)
Pobbs and Cohen (1990)
Dobbs snd Cohen (1980)
Debbs snd Cohen (1900)
Dobbe and Cohen (1980)
Dobbe end Cehen (1980)
Dobbs and Cohen (1990)
and Cohen (1990)
snd Cohen (1980)
Dobbs ssd Cohen (1990)
Dobbe end Cohen (1990)
Debbs snd Cohen (1990)
Wober ot. ol. (1977)
Debbs and Cohen (1980)
sad Cehen (1990)
ot, al, (1977)
Nethows (1941)

Dedbs and Cohon (1900)
Dobbs end Cohen (1900)
Perrieh (1981)
Perrioh (1981)
Porrioh (1981)

Dobbs and Cohen (1990)
Porcioh (1981)

Dobbs asd Coden (1980)
Dobbs end Cohen (1990)
Dobbs and Cohen (1900)
Dobbs end Cohes (1980)
Porrich (1901)

Porrioh (1981)

Dobbe and Cehes (1900)
Dobbe and Cohen (1990)
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sdiple aeid
sdiple acid (ph=3)
aldria
sliylslechel
sliylenine
snethele
sathrasene

Yonzene

bensene

bonsene

beasene

bonsidine

bessidine &1EC1
besse(s)pyrens
bonze(ghilperylone
bomso(k)flverenthone

bonsels aeid

bonsois seid

Senzothiasele
beasethiasele
bie(2-ehloresthoxy) methane
Sis(2-othylhenyl) phthslets
bi9-3-ehlorosthylether
bromodichioreme thene
Sromoform

bromofora

beomeforn

. betanel

butyl serylate
batyl ether
betylenine
Sutylamine
butylbenzyl phthalate
butyraldohyde
butyrie soid
saprofe seid

sarben tetrechloride
sarhon tetrashloride
oarbon totrashloeride
sarhen tetrachioride
eblordane
ehlorodessene
shlorobenzene
ebloroethane
eblegeform
shleroforn
eblereforn

oholise ehleride
shrysone

0.
20/0.47
€31/0.92
24
€3
300/0.42
$76/0.70
188
0.70/2.9
1.0/1.6
16.6/0.39
17.8/0.40
18.5/1.158
36/0.48
17%/0.288
220/0.37
93.6/0.44
10.7/0.97
181/0.57
0.76/1.8
188
120
120/0.27
11/0.63
11,300/1.5
1170.94
19/0.76
19.6/0.52
200/0.83
73.1/0.62
107
193
’”

0.
103
1,520/1.2¢
106

119
194
11.1/0.88
25.3/0.58
29.8/0.70
40/0.84
243/0.39
91/0.99
93/0.98
0.59/0.98
11/0.84
2.6/0.73
6.3/0.73

0.
6/0.50

Dodbe snd Cehea (1990)
Perried (1981)

Dobbs and Cohen (1980)
Perrioh (1981)

Porsioh (1901)

Dobbs and Cohen (1990)
Dobbs and Cohen (1900)
Perrioh (1981)

Perrioh (1981)

Dobbs asd Cohen (1980).
Weber,ot. o1, (1990)
Veber,ot. sl. (1990)
Fochtuan and Dodde (1981)
E1 Dib sné Breadway (1990)
Foehtuss and Dobds (1981)
Dobbe and Cohen (1980)
Dedbs and Cohen (1980)
Dobbs snd Cohkea (1990)
Debbs and Cehen (1990)
Dobbs anéd Cohen (1900)
Perrieh (1981)

Debbs and Cohon (1980)
Perrich (1981)

Dobbs anéd Cohen (1990)
Debbs and Cohen (1990)
Perzicd (1981)

Perried (19681)

Dobbs and Cohen (1990)
Porrieh (1981)
Fochtanss and Debbs (1981)
Perrioh (1981)

Porrish (1901)

Porrieh (1981)

Dobbs snd Cobhos (1900)
Porzioh (1981)

Dobbs asd Cohea (1990)
Pozeioh (1981)

Porrieh (1981)

Porriod (1981)

Dobbs and Cohen (1900)
Weber ot. sl. (1977)
Wober ot. sl. (1977)
Porrich (19891)

Dobbs ané Cohen (1980)
Dobbs and Cohen (1900)
Perrieh (1981)

Debbs and Cohen (1980)
Porrich (1901)

Pobbe and Cohen (1900)
Weber ot. o1. (1977)
Dobbe and Cohea (1980)
Nethows (1981)
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arotensidebyde

syelohonanone

syelohexanone

eyslehozylomine

sytosine

4i-N-butyleamine
4i-N-propylanime
4idenzo{a,bh)sathracsens
didromoehioromedtane
dibronoeblercasthane
diehierethane (ph=10)
diehlerethane (phe$)
diehlorethane (phef)
dichlerebroncme thane
éiehlereisoprepyl ether
dieldris

dieldrin

diothyl phthalsnte

diethylene glyeol

diethylons glyeel

diethylens glyeel (mencbutylether)
diethylene giyeol (momoethylether)
difsobutyl keytose

dimethyl phthalate
dimethylnitresanise
dimethylphonylearbinel

dime thyliphthalate

diphonylenine (332%)
dipropylens glyeel

endosuifan sullste

ondrin

othanel

othanol

othexytriglyoel

othyleorylate

othylbonzene

othylbensene

othylebloride

othylens diedleride

ethylens glyool

othylene glyeol (mencbstylether)
othylese glyeel (momoethylether)
ethylone giyeol (monohexylether)
othyleae glyeol (momomethylether)
othylone glyeel mencethyl seetste
othyloncdisaine

fiuorenthese

flvorenthons

flsorese

fluerese

fornsldobyde

forale seid

1]
134
6.2/0.718

0

1.1/1.6
174
174
69.3/0.75
€3/0.98
4.8/0.%4
4/0.61
$/0.58
4/0.60
7.9/0.61
200
151/0.56
606/0.51
110/0.27

97/9.41
=10 /1.9
210/0.33
97/0.41
120/0.31
33
686/0.81
666/0.80
0.

20
199
157
100/0.40
$3/0.79
36/1.8
163
13.6
112
63
170
a8
132
21
664/0.61
$8/0.38
196/0.51
330/0.28
18
L1

Perrioh (1981)

Perrioh (1981)

Dobbs and Cohen (1990)
Dobbs aand Cohen (1980)
Dobbs snd Cohen (1980)
Perrich (1981)

Perrish (1901)

Dodbs end Cohen (1900)
Perrich (1981)

Dodbs ssd Cohen (1990)
Porrieh (1981)

Porrich (1981)

Porrieh (1981)

Dobbs and Cehes (1990)
Perriok (1981)

Tebor ot. sl. (197T7)
Dodbbs sad Coben (1900)
Dobbs ané Cohen {1980)
Dobbe and Coehen (1980)
Perriod (1981)
Porrioh (1981)

Porried (1981)
Perrieh (1981)

Dobbs and Cohes (1980)
Fochtman snd Dedbs (1981)
Dobbs sad Cebon (1990)
Perrich (1981)

Dobbds end Cohen (1980)
Perrioh (1981)

Dobbe anéd Cohen (1990)
Dobbs and Cohen (1990)
Dobbs end Cehoen (1990)
Porrieh (1981)
Porrioh (1981)
Parriek (1981)

Bl Dib and Bresdwsy (1980)
Dobbe end Cohen (1990)
Perrieh (1901)
Porrieh (1981)
Porzieh (1981)
Porrieh (1981)
Porrieh (1981)
Perrieh (1981)
Porrieh (1981)
Porrich (1981)
Perrieh (1901)

Dobbs and Cohen (1990)
Nathows (1981)

Nathews (1901)

Dodbs and Cohen (1990)
Perrioh (1981)
Pezriok (1901)
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guanine (4416)
hopteehlor
heptachior opeszide

hoxzechiorobutadiens
hozaohlorebutradione
Sezsebleroethane
bezsmethylonsdismine
hoxylene glysol
hydroquisone (4708)
hydroquinens (4705)
fesbutanel

fecbuty]l asetate
feohperens

fsephorens

1soprepasel

iseprepyl ether
nethonel

sethyl butyl keytome
methyl fseamyl keytose
oethyl foedbutyl keytose
mothyl prepyl keytens
wethylons obhloride
mothylothyl keyteons
norpheline

s-amyl aleshel
a-butylphthalate
s-hezanel
saphthelone
naphthalene
asphthalone

o~anisidine
o-zylens
p-ehlerometaoresel
p-aiteoeniline
p-senylphesns}
p-xylene
peceldobyde
pontashiorophensl
phemasthrone
phesanthrone
phenol

phesol

phesol
phonyinerenrie seetate

phesyimerenrie sestote(ph=9)

propescl
propiosalidebyde
propienie secid
propylens diehloride

130/0.40
1,220/0.98
1,038/0.70

4350/0.60

360/0.63

250/0.43

96.5/0.38
0.
123
0.
90/0.28
84
164
93/0.99
193
28
162
7
1359
169
169
139

1.971.16

|

[
183
220/0.37
191
128/0.41
192/0.43
62.8/0.902
135/0.43
60/0.43
50/0.34
120/0.22
124/0.1¢
140/0.27
150/0.37
83/0.16
148
150/0.43
133/0.43
215/0.44
134/0.0078
21/0.54
86/0.14
270/0.44
130/0.54
38
18
(1]
18

Dobbs and Cohea (1900)
(1980)
(1990)
(1990)

Dobbs sad Cohen
Porrish (1981)
Dobbe and Cohea (1900)
Dobbs and Cohen (1980)
Dobds and Codhen (1900)
Perrieh (1901)

Dobbs and Cohen (1990)
Porrieh (1901)

Porrieh (1981)

Perrioh (1981)

Dobbe and Cohen (1900)
Porrich (1981)

Perrieh (1981)

Porrioh (1901)

Perrioh (1981)

Perrieh (1981)

Porrish (1991)

Porrioh (1981)

Porrieh (1981)

Dobbs and Cohen (1990)
Persioh (1901)

Dobbs and Cohen (1990)
Porrioh (1981)

Porrieh (1981)

Perrioh (1981)

Nathows (1981)

Dobbs ead Cohen (1990)
Foehtaan sad Pedbe (1901)
Veboer ot, sl. (1900)
Dobbs esé Cohen (1900)
Debbs and Cohen (1990)
R1 Dib asd Breadway (1980)
Dobbe and Coken (1990)
asd Cehen (1980)
Dobbs and Cohen (1990)
Debbs and Coken (1980)
Perrioh (1981)

Dobbs snd Cohen (1980)
Nathowe (1981)

Dobbs and Cohen (1980)
Singer and Yeu (1981)
Debbs and Cohes (1980)
VYeber ot. al. (1977)
Debds snéd Cohoa (1900)
Dobbe asd Cohen (1900)
Perrieh (1901)
Perrish (1981)

Porrieh (1981)
Poerrioh (1981)
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propyleme glycol 116

propylene oxide 52
pyrone 66/0.24
styress 120/0.56
styrens oxide 190
t-butanol s
tetrachioroethene 276/0.54
tetrachloroethene $1/0.56
tetrasthylene glycol 116
thynine 21/0.91
toluesne ) 26/0.44
toluene 40/0.38
tolsene 90/0.30
trichloroethene 28/0.62
teichloroethene $2/0.45
trickloroethylesne 21/0.50
trieklorofluorome thane $.6/0.24
teisthanolanine 0.
triethylone glyool 108
wrasil _ 11/0.68
valerie aeid 159
viaylesetate 129

Porrioh (1981)
Poerrioh (1981)
Nathews (1981)

Dobbs and Cohen (1990)
Perrich (1981)
Porrich (1981)

Weber ot. al. (1977)
Dobbs and Cohea (1980)
Perrioh (1981)

Dobbs asd Cohen (1990)
Dobbs and Cohen (1980)
Nathews (1981)

B1 Dibd and Broadwey (1990)
Dobbs sand Cohen (1990)
Weber ot. al. (1900)
Perrich (1981)

Dobbs and Cohen (1900)
Dobbs and Cohen (1990)
Perrich (1981)

Dobbs asd Cohen (1980)
Perrich (1981)
Porrioch (1981)

¢ The adsorption parsmeter {s ng/1 of compound sdsorbed per gram of sotivated
esrbon at 1 mg/l equilidrism comcentration, umless otherwise moted. Whes the
adsorption paremeter imciudes s slask, the paramter sorresponds to the Laagmuir
or Froeundlish lsotherm parsmeters, Q and b (mg sdsorbed compound/g oarbon, and
9g/1), or K and 5" (mg sdsorbed sompousd/g earbon, and dimensionless), respee-
tively. Nany of the rofornves sited are review summaries end are mot the origisal

reforencess for the adsorption data. Bee ench referense for additiomsl motes.



EXPERIMENTAL METHODS

Experimental Apparatus

Reactors and Associated Experimental Equipment

Five identical 'Eckenfelder—type’’ continuous flow activated sludge
reactors were operated in parallel and used as a source of microorgan-
isms for experimentation. Of the five reactors, three received refimery
wastowater (RW) as feed while the remaining two reactors received a glu-
cose based synthetic substrate, Among the RW fed reactors, PAC addi-
-tions were made in ome and bentonite additions in another, with the
third acting as s control. For the 2 glucose fed reactors, PAC addi-
tions were made in one and the other served as & control. The operating

processes for the reactors is shown below:

Reactor Number

Glucose Fed Refinery Wastewater Fed
1 2 3 4 5
Additions PAC none PAC none Bentonite

Each reactor, as shown in Figure 7, was constructed of 1/4' plex-
iglass with a working volume of 12.2 liters in the aeration section and
1.5 liters in the solids-liquid separator section. The two sections was
separated by a sliding baffle which fitted snugly into slots to both

sides of the reactor wall, Several holes were provided in the 1lid of
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the reactor; larger holes for a pH probe and access for maintemance pur-
poses and smaller holes for influent feed, base addition and air 1lines.
A port hole on the side of the aeration section was used to withdraw

mixed liquor for analysis and for the control of sludge age.

Air, which was added through diffuser stomes located near the bot-
tom of the mixed liquor aeration section, provided oxygen for microbisl
activity and growth as well as turbulence for mixing purposes, Airflow
rates, which ranged from 5 to 10 SCFH, were monitored independently in
each reactor by routing the air through a rotameter prior to its intro-
duction into the mixed liquor. Lower airflow rates were necessary at
- times to control reactor foaming and higher flow rates were occasionally
required to provide adequate mixing. Even with the lowest sirflow rates
used, the dissolved oxygen concentration in the mixed liquor was always
above a level (i.e., 3 mg/l) that would be expected to limit the growth

of either heterotrophs or nitrifiers at this high MCRT environmment.

The pH was maintained independently in each reactor at a range of
7.0 to 7.2 by means of either an industrial grade pH comtrol unit
manufactured by Lees and Northrup or by a similar type unit manufactured
by Horizoms, Inc. (Model 5997-20). Each pH control system consisted of
a combination pH electrode (Orion model 34), immersed in the mizxed
ligquor, and a pH control unit with set point dials to control the action
of a pump for base addition., Whenever the pH would fall below a set
value, the base pump was actuated, delivering NaOH (1.0 -2.0 N) directly
into the aeration section to bring the pH back up to its predetermined

operating value,
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Feed Systems and Substrates

Glucose—Based Feed Dilution System

Due to the large quantity of glucose-based substrate required by
reactors 1 and 2, a dilution system was used whereby concentrated sub-
strate was automatically diluted before being pumped into the reactors.
The concentrated feed and a mixing reservoir was contained in a refri-

gerator at 10° C, A schematic of the dilution system is shown in Figure

The liquid level in the mixing reservoir was electronically sensed
1by two float switches which controlled both the concentrate feed pumps
to the reservoir and an external solenoid valve for the flow of dilution
tap water. The diluted substrate was pumped directly from the mixing

reservoir into the reactors using a separate pump system.

Glucose Substrate Composition

The substrate feed was composed of glucose, smmonia and other
nutrients required to support the growth of heterotrophs and nitrifiers.
The composition of the concentrated feed solution is shown in Table 13,
The CaCl,-MgCl, solution was separately pumped into the reservoir at
each dilution cycle. This was done to prevent the formation of calcium
phosphate precipitates in the concentrate. The pH of freshly prepared
feed concentrate was adjusted from 7.9 to 7.0 with concentrated BHCI1
prior to use. Fresh concentrate was prepared when required (usually 4-5

days) or when, in rare occasions, the concentrate appeared cloudy. This

117




19

REFRIGERATOR

Feed to I

%

—
£
Time | Solenoid
Relay I l'r‘-' Valve
T |
L...l. |
| Y Switches =f'-l]
I
_ | I L
= - | II Electronic
r 00| = =——t=—d]  ControlBox
|
Concentrate MgCl- Mixing | Tap
substrate CaCl Reservoir Water
reservoir solution |

Figure 8: Schematic of SubstrateVDilution Systenm



Teble 13: Concentrate Feed gnd Minersl Boletjops

Conceatrated Feed (add to 1.0 liter Distilled Water)

onen Amount ¢
Trace Mineral Solution 2 al.
&Clz-l.Clz Solution Sal.
x2m4 25.0
Yeast Extract 10.0
Glucose 103.5
(NII4)280‘ 10.0
llll‘Cl 45.0
Trace Mineral Bolution (to 0.5 liter Distilled Water)
FoCl, 19.5
lnClz-A uzo 4.75
ZnClz 3.%0
Ct(.'lz-z lzo 2.08
CoC12—6 nzo 2.90
(m4)lo1024-4 l2 (1] 2.10
Nn’ citrate 176.5
Nl23407° 10 ll2 (] 1.20
c.cxz-u.mz Solution (to 0.2 liter Distilled Vater)
(:n(:lz 2.%0
lgClz-G lz ] 4.10

® grams added unless othervise aoted
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cloudiness indicated excessive microbial contamination, The concentrate
was diluted approximately 250 times during each cycle, resulting the the
calculated influent concentrations shown in Table 14, The total steady

state influent smmonia—N concentration was calculated and measured to be

50 mg/1 an—u.

The following steps were taken to minimize microbial growth in the

feed lines and in the mixing reservoir:

1. The reservoir was thoroughly rinsed with hot water

at least once a week.

2. The entire length of the feed lines (Tygon tubing) was

manually squeezed daily and its contents disposed of.
3. The feed lines were changed every 3 weeks.

4, The temperature in the refrigerator was

maintained at 10° C at all times,

Refinery Wastewater Feed

Three of the five reactors were fed refinery wastewater obtained
from a nearby oil refinery. The wastewater, drawn from the effluent
side of dissolved air flotation units (DAF), was trucked from the
refinery to the UCLA campus in seven 55 gallon polyethylene drums and
stored in a walk-in refrigerator at 4° C. From there, the wastewater
was automatically pumped, using an electronic filling/refilling system,

into a refrigerated reservoir in the laboratory. From the reservoir,
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Table 14: Influont Substrate Concentrations .

anc Concentration (mg/l)
Glucose 371.3
xznro‘ 88.1
NB4C1 158.7
(Nl4)2804 35.3
Yeast extract 35.3
03012 5.9
lgClz-GHZO 10.5

(Trace Salts)

FeCl 3 0.275
lnC12-4B2 0.067
le(!l2 0.047
Cu(Cl 2-2320 0.029
Coﬂz-‘lzo 0.041
(NB4)lo.,O“—4820 0.029
Nazn 40.,--10320 0.016
le citrate 2.49
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the wastewater was pumped into the activated sludge reactors by a
separate pump system. Since refinery wastewaters are gemerally 1lacking
in phosphorus, an essential nutrient for microbial growth, phosphoric
acid (1 mg/1 feed) was manually added to the RW reactors on a daily

basis, No other nutrient was supplemented.

For each batch of wastewater received from the refimery, determi-
nations of ammonia-N, nitrate-N and TOC were made. A GC-MS analysis was
performed for base/neutral/acidic extractable organics in three separate
batches of wastewater inm order to screem for potential inmhibitors of
nitrification and to assess the general composition of the wastewater.
_1This work was dome by James Montgomery Consulting Engineers, Inc. in
Pasadena, California, using a Finnigan 4000 GC/MS. In addition, a heavy
metal analysis on s single batch of wastewater was performed by the

SOHIO Research Center, Cleveland, Ohio.

Reactor Start-Up and Operation

The powdered activated carbon (PAC) used in this study was West-
vaco Nuchar SA-15 and the bentonite clay used was obtained from Westwood
Ceramic Co,, Los Angeles. Prior to reactor seeding, the following steps

were taken to prepare the PAC reactors:

1. PAC was dried at 150° C for 3 hours and stored in a dessicator

before use,

2, The steady state carbon concentration to be used, based on initisal

operating variables, was calcuolated using the following mass
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balance equation (Grieves and Steastrom, 1977);

3.
c = (Ci)(oc)/(en).-oc-c-oo(“l)
where C = equilibrium mixed liquor carbon
concentration, mg/1
Ci = Influent carbon concentration
based on feed rate, mg/l
= 25 mg/1
Oc = gludge age, in days
= 20 days
Gn = hydraulic retention time, days
= 0.5 days
4. Based upon the initial steady state reactor carbon concentration'
calculated (C=1000 mg/l) and the volume of the aeration sectionm,
an appropriate amount of dried PAC was weighed and placed into the
reactor,
5. The reactor was then filled with tap water and the air turned on,

sllowing the carbon to wet.

6. After 2 days, the air was turned off and the carbor allowed to

settle.

7. The supernatant was decanted from the reactors and the reactor was

seeded with activated sludge.
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Similar steps were taken to prepare the bentonite reactors; however,
because the bentonite particles tended to agglomerate when wetted, it
was necessary to slowly suspend the particles in an agitated Dbeaker

containing tap water before adding the suspension to the reactor.

All reactors were seeded with mixed liquor obtained from the aera-
tion tanks of the Hyperion Wastewater Treatment Plant, Los Angeles, Cal-
ifornia. The initial MLSS concentration was measured at 2450 mg/1. Due
to delays in obtaining the refinery wastewater feed, the initial feed
used for 2ll reactors was diluted Sego, a complex carbonaceous sub-
strate, supplemented with potassium phosphate and ammonium chloride.
,The TOC, NH:—N and P0:—P concentrations in the influent was maintained
..at approximately 160 mg/1, 25 mg/l and 10 mg/1l, respectively during the

start—up period. Appropriate volumes of PAC and bentonite were added as

a slurry to the aeration section of the reactors on a daily basis,

Following one month of steady state operation, the sludge age for-
all reactors were inocreased to 60 days in anticipation of the fimal
operating conditions to be used during experimentation, Two months
after the initial reactor start-up, the feed was switched from Sego to
the refinery wastewater in reactors 3, 4 and 5, At this time, the PAC
and bentonite dosage and the hydraulic retention time for these reactors
were increased to the final operating values of 50 mg/l1 feed and 24
hours, respectively. Due to the presence of organic nitrogen in the
Sego substrate, reactors 1 and 2 were switched to the glucose-based
feed. This change was necessary to facilitate the measurement of nitro-

genous species in the influent and to have better comtrol of nitrogen
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input.

The final operating conditions used during the experimental period

were as follows:

Reactor feed HRT Sludge Age Ci C
(days) (days) (mg/1) (mg/1)

Glucose based substrate 0.5 60 25 3000

Refinery wastewater 1.0 60 50 3000

To ensure steady state conditions existed during the experimental
" period, all reactors were operated at the parameters specified above for
the period of 2 sludge ages prior to the start of experiments. With the
exception of initial foaming problems encountered in the bentonite reac-
tor and occasional technical problems associated with pH coatrol, all
the reactors operating smoothly during this period, regularly achieving.
TOC removal efficiencies of > 95% for glucose reactors and > 80% for the
refinery reactors. Slightly higher TOC removal efficiences were mnoted
for the PAC reactors in both the glucose and refinery wastewater units,
Consistently high NH+-N removal efficiencies were observed for the glu-

4

cose fed reactors, however the NHZ—N removal efficiencies for all
refinery reactors were erratic (19-90%) during the first 6 weeks of
operation. This may have been due to the presence of inmhibitors in the
wastewater, In the following 3 weeks, the refinery reactors comn—

sistently removed ammonia at efficiencies greater than 99 %, It was

after this period of stable operation that experimentation began.
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Experimental Procedures

Isotherm Studies

Two sets of adsorption isotherm studies were performed. One to
assess the relative adsorptive capacities of PAC and bentonite using the
refinery wastewater as an adsorbate and another to determine the adsorp-
tive characteristics of aniline using PAC and bentonite as the adsor-
bent. The later isotherm was done because aniline was considered to be
an ’ideal’’ inhibitor for experimental use im this study. Its effects on
nitrification are well documented in the literature and it is known to
. be both biodegradable and adsorbable, although the extent of its adsorp-

tive properties have not been well established.

1) Refinery VWastewater Isotherm: The procedure for this isotherm

consisted of the following steps;

a) PAC and bentonite were dried at 150° C for 3 hours amd placed in

a dessicator before use.

b) Appropriate amounts of PAC and bentonite were analytically
weighed and placed into 150 ml Pyrex square bottles, Two
bottles containing neither PAC or bentonite was retained as

controls,

¢) 125 ml of refinery wastewater was added into each bottle,
resulting in PAC or bentonite concentrationms of 0.1, 0.2,
0.4, 1.0, 2.0, 5.0 and 10.0 grams/]1 refinery wastewater and 2

controls,
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d) All bottles were stoppered; placed in a horizontal position on
an orbital shaker (Labline, Model 3590) and agitated at 130

RPN for 3 hours (room temperature = 27-29° C).

e) At the end of the agitation period, the contents of each flask

were vacuum filtered through a 0.45 micron membrane filter

and analyzed for TOC,

2) Aniline Isotherm: The procedure used for this isotherm was
similar to that just described, except that 100 ml of a test solution
containing 100 mg/1 (pH adjusted to 7.0) aniline was used in liew of the
refinery wastewater. Also, s slightly wider range of carbon and benton—
'1ite doses were evaluated (0.1, 0.2, 0.6, 1.0, 2.0, 5.0, 8.0, 10.0, 15.0
and 20.0 grams/1 solution)., The agitation period was 9 hours which was
representative of a typical batch inhibition experiment, Residual
liquid phase aniline concentrations were determined by gas-liquid

chromatography after centrifugation,

Batch Experiments with Specific Inhibitors of Nitrification

A series of batch experiments was run to examine the short-term
influences of PAC, bentonite and sludge acclimation on activated sludge
nitrification rates in the presence of selectively spiked compounds.
The selection of the compounds used in these experiments was based pri-
marily on the information available in the literature on the inhibition
and adsorption characteristics of the specific compound. Other con-
siderations included the solubility and the industrial significance of

the compound. The selected compounds at the concentrations used in
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experiments are summarized as follows:

batch

adsorbable—inhibitory: aniline (10, 10 mg/1)

phenol (10, 20 mg/1)

adsorbable—noninhibitory: toluene (10 mg/l)
nonsdsorbable—-inhibitory: cyanide (1, 3, 3 mg/l1)

nonadsorbable—noninkibitory: acrylonitrile (10 mg/1)

Unless otherwise noted, the following procedure was used for all

experiments:

Prior to each test, the NH:—N and NOE—N effluent concentrations

were determined for each activated sludge reactor and recorded.

430 m1 of mixed liquor was withdrawn from each reactor into 500 ml
flasks and an appropriate volume (1 to 3 ml) of a NB4c1 solution
was mixed into each flask to bring the concentration of NBI—N to a

predetermined level (i.e., 75 mg-N/1).

The volume of mixed liquor in each flask was divided equally into
two 250 ml Erlenmeyer flasks containing mixing beads. For each
pair of flasks, an appropriate volume of the test solutiom com—
pound (e.g., sodium cyanide) was added into one of the flask to
bring its concentration to the desired 1level, while the other

flask was retained as a comtrol,

All flasks (250 ml) were placed under a hood and aeerated for a
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specific period of time, The air was supplied through a dispos-—
able Disposo pipet at a flow rate of 3.5 SCFH to emsure adequate

dissolved oxygen concentrations and mixing at all times,.

Shorily after the start of aeration (typically 1 to 2 minutes),
two separate 5 or 10 ml samples of mixed liquor was withdrawn from
each flask with volumetric pipets. The mixed—liquor samples were
diluted to volume with an appropriate dilution solution in 100 ml
volumetric flasks, capped, and stored for the analysis of ammonia
and nitrate at the end of the seration period, These samples were
designated as t=0. All samples were preserved according to the
procedures prescribed by §Standard Methods (1975). See also

Analytical Methods.

Additional samples were takem throughout the aeratiom period. In
the first two experiments with 10 mg/l1 aniline and 1 mg/l cyanide,
the aeration period was 24 hours with sampling intervals ranging
from 1.5 to 9 hours. In all the following experiments, the aera-
tion period was 9 hours with samples taken at t =1, 3, 5§ and 9

hours.

Every hour throughout the seration period, the pH was checked and
adjusted, if necessary, to the range of 7.2 to 7.4 (using 0.05 or

0.IN NaOH). The volume of caustic use was mnoted and recorded

after each pH adjustment.
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Chronic Experiments with Aniline

Two consecutive tests were conducted to determine the long-term
influences of PAC and bentonite additions on activated sludge nitrifica-
tion rates in the presence of aniline, & known adsorbable and imhibitory
compound. The two tests were carried out over a period of 2 months
using the three continuous flow RW fed reactors as experimental nunits,
Consistent ammonia oxidation efficiencies of > 99% over a period of one
week or longer were a necessary prerequisite prior to the start of each
test, This was to ensure that the observed inhibitory effect could be

attributed to the presence of aniline rather than to poor nitrification

_in general.

In the initial test, all three reactors were subjected to a simul-
taneous step and pulse input of 30 mg/l aniline and a pulse input of 75
mg/1 NHI—N. Immediately following this, the concentrations of ammonia

and nitrate in the mixed liquor were sampled with time at regular inter--

vals (every 2 to 8 hours) for 265 hours and then once a day for the mext

3 weeks.

In the second test, the reactors, which had been operating with a
continuons dinput of 30 mg/l aniline in the RW feed, were subjected to
another simultaneous step and pulse input of aniline and a pulse spike
of 75 mg/l NEZ—N. The step input resulted in the increase of aniline
concentration from 30 to 60 mg/1 in the feed, while the pulse input con—
sisted of a spike of 60 mg/l aniline directly into the reactors. The

concentrations of ammonia, nitrite and nitrate was monitored with time

using sampling intervals of 2 té 3 hours np to the first 100 hours and
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once a day thereafter.

steps:

1,

The general procedure for these tests consisted of the following

Prior to the chronic experiments, a separate pump system was
installed for the continuous addition of aniline to the RW reser-—
voir. This system consisted of a time-controlled pump operating
via 1liquid 1level switches in the feed reservoir. At each reser—
voir filling cycle, a predetermined volume of aniline was pumped;
diluted and mixed with the incoming stream of refinery wastewater,
The aniline was pumped from a prepared concentrated stock solutiom
contained in a flask adjacent to the reservoir. The amount of
concentrated aniline pumped gave an incoming feed concentration of

30 and 60 mg/l1 aniline for the first and second test, respec—

tively.

Prior to the start of each experiment, the RW reservoir was
thoroughly cleaned by scrubbing and rinsing with hot water. Each

test began with the reservoir at the start of a new filling cycle.

The influent and effluent ammonia concentrations were measured for

each RW fed activated sludge umit,

The RW feed pumps were turned on to give the step input of ani-

line,

10 m1 of & concentrated aniline solution was pipeted directly into

the aeration section of each reactor to give an instantaneous
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6.

(pulse) input of anilinme,

20 ml of a concentrated stock solution of ammonium chloride was

pipeted into each reactor to give an instantaneous concentration

of 75 mg/1 NBI-—N.

Two 10 m1 mixed liquor samples were taken directly from the aera-
tion section of each reactor at every sampling period. The sam—
ples were diluted to volume in a 100 m1 volumetric flask with dis-
tilled water (for the analysis of NH:~N) or with a dilution solu-
tion (for the analysis of N0;-N). For nitrite samples, 100 mls,
of mixed liquor from each test reactor was withdrawn and allow to
settle., Using a volumetric pipet, 1 or 2 mls. of the resulting
supernatant was withdrawn and diluted with distilled water into a
200 m1, volumetric flask., The settle mixed liquor and supernatant
was then promptly returned into aeration section of each

corresponding reactor,

Throughout the entire test period, the pH was maintained at 7.0 to
7.2. Cumulative caustic (1.0 N NaOH) usage was recorded for each

reactor.

Usual daily sludge wastage and carbon or bentonite additions were

maintained throughount the tests,
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Carbon Dose Experiments

A series of batch experiments using variable carbon doses was per—

formed to

study PAC-activated sludge mitrification enchancement in the

presence of a known nitrification inhibitors with different adsorption

characteristics. The general procedure consisted of the following

steps:

1.

5.

PAC was dried at 150° C for a minimum of 3 hours and stored

in a dessicator until use.

For the initial experiment, s weighed amount of dried PAC was

put into solution and mixed into a volumetric flask.

The NH:—N and NOE-N concentrations in the effluent of the

non—carbon glucose fed reactor were measured,

A measured volume of mixed liquor was withdrawn from reactor
and divided equally into Erylenmeyer flasks (250-500 ml

volume).

In the first experiment, appropriate volumes of the PAC
slurry was pipetted into 4 of the flasks to give the desired
carbon concentrations. PAC doses tested in the initial exper—
iment was calculated to be 387, 775, 1960, and 4000 mg/1. 1In
the subsequent experiments, the PAC was snalytically weighed
and placed dry into the designated empty flasks prior to
the introduction of mixed liquor. PAC doses tested in here

were 500, 1000, 2000, and 4000 mg/l. In all experiments, a

133




10.

minimum of two flasks were retained as controls and did not

recieve any PAC,

An exogenous source of NHI—N in the form of a solution of
ammonium chloride was pipetted into each flask to bring the

NHI—N concentration from <0.1 to 40-50-N mg/1l.

1.0 ml, of test compound from a concentration stock solution
was pipetted into the test flasks to give the desired calcu—

lated concentration,

It should be noted that the changes in volumes brought about
by the additions of PAC, NH,C1, and the aniline were

accounted for in the calculation of the final concentrations

used,

All flasks were placed under a hood and aerated throughout
the experiment. In the initial experiment, air was supplied
through a disposable Disposo pipet at a flow rate of 3.5 SCFH
to ensure adequate dissolved oxygen concentrations and mixing
at all times, In subsequent experiments, air was supplied
through disposable, plastic aquarium diffuser stones at the

same flowrate,

One or two minutes after the start of aeration (designated
t=0), 2 separate 5-10 ml portions of the mixed liguor were
withdrawn from each flask, using volumetric pipets, and added
into a 100 ml1 volumetric flask half filled with distilled

water and an appropriate preservative, The flasks were then
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diluted to volume, capped, shaken, and stored for the

analysis of ammonia and nitrate at the end of the experiment,
11, Step 10 was repeated for t = 2,4,6, and 8 or 9 hours.

12, Every hour throughout the seration period, the pH was checked
and manually adjusted, if necessary, to the ramge of 7.2 to

7.4 using 0.1 N NaOH,

Activated sludge mixed liquor used in the initial carbon dose
experiment was obtained from a continumously fed non-carbon glucose reac—
tor operating at a sludge age of 60 days, hydraulic retention time of 24
_bours and an sverage influent ammonia concentration of 45 mg/l ammonia-
N. Automated control of pH in the reactor was achieved by adding NaOH.
Subsequent carbon dose experiments, performed 9 to 12 months sfter the
initial experiment, utilized mixed liquor from the reactor now operating
at a sludge age of 9.0 days, hydraulic retention time of 8 hours, and
influent ammonia-N concentrations of approximately 50 mg/l. Auto-atedv
control of pH in the reactor was achieved using a saturated solution of

sodium bicarbonate.
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Analytical Procedures

Analysis of Ammonis-N

An Orion Model 95-10 ammonia specific ion electrode in conmjumnction
with an Orion ionanalyzer (Model 407A) was used to directly measure
ammonia concentrﬁtions in the influent, mixed liquor and effluent sam-
ples. The probe was calibrated at least once, using laboratory prepared
standards, prior to and during each analytical runm, All samples were
preserved with 1N HC1 (0.1 m»1/0.1 liter of sample) and stored in capped
volumetric flasks. Because the probe is only sensitive to diisolved
_1anmonin. the pH of the sample was raised to 11-13 with 10 N NaOH immedi-
ately prior to analysis. The probe method was found to give accurate
and repeatable readings for the concentrations encountered in both glu—
cose and RW reactor derived samples. Sample volume analyzed were 100 ml

or aliquots diluted to 100 ml.

Analysis of Nitrite—N

Nitrite nitrogen was determined by a wet chemical technique as
described in Standard Methods, (1975, method 418C, page 370). All
nitrite samples were preserved with 4 mg HgClz/1oo ml sample, filtered,
and diluted with distilled water to be cover the applicable range of the
method (0.01 to 1.0 mg/1 NOE—N). Briefly, the method consisted of
measuring N0; in the sample through the formation of a reddish purple

azo dye produced by the coupling of diazotized sulfanic acid with NED

dihydrochloride. Photometric determinations was accomplished by using
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Bausch and Lomb Spectromic 20 (1 cm light path) at 543 nm. Standard

curves were obtained for each analytical run using serially diluted

nitrite standards (NaNOz) prepared in the laboratory.

Analysis of Nitrate-N

A calibrated Orion 93-07 nitrate electrode with an Orion MNodel
407A ionanalyzer was used for the determination of nitrate in all sam-
ples. Initially the cadmium-reduction method (Standard Methods, 1975,
pp. 370) was used. However, after an evaluation of the two methods for
analyzing nitrates in refinery wastewater, it was decided that the probe

“method was the better choice, based on the following observations:

1. Although both methods suffered from unknown interferences present
in RW MLSS, the electrode method was judged to be at least as

accurate as the Cd-reduction method.

2. The electrode method was a much faster and a more economical tech-

nique than the Cd-reduction method.

3. The efficiency of the Cd-reduction column decreased rapidly and
eventually exhausted completely after omnly a few sample rums
(approximately 8-9 samples), The degree of the reduction in
column efficiency or the point of exhaustion was difficult to
detect or predict during analytical runs., This made it difficult
to establish the proper time for corrective measures, such as Cd
regeneration or cadmium granule replacement. Often times, the

reduction in column efficiency was detected only after samples had
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already been amalyzed.

Other colorimetric techniques for the analysis of mitrate, such as
the Chromotropic acid and the Bruoine methods, were also considered for
potential application. These methods were eventually abandoned in light
of the fact that these methods also suffered in one way or snother from
serious interferences, poor reproducibility, poor sensitivity or exces-
sively tedious procedures with undesirable reagents (Jenmkins, 1977). It
was recognized that although significant experimental errors may result
with the use of the electrode method, it was considered that this method

was best suited for the particular wastewater to be analyzed.

In using the electrode method for the determination of nitrate, a
constant ionic strength background must be maintained. This is accom—
plished by the addition of an ionic strength adjuster (ISA) solution
directly into the sample to be analyzed. The recommended ISA for water
and domestic wastewater samples is 2 ml of 2M ammonium sulfate/100 ml.
sample, resulting in an ionic strenmgth background of 0.12 M. This ISA
gave good accuracy and reproducibility for glucose fed influent, MLSS,
and eoffluent samples, but poor to adequate results were obtained with
refinery wastewater derived samples. An alternate ISA (Milham, 1970;
Orion Nethods Manual, 1976) normally used for the analysis for nitrates
in soils, was tested and found to provide more acceptable results for RW
samples (see Table 15). The modified ISA consisted of the following:

16.66 g A12(SO 18H20. 4.67 g Agzso4 and 2.43 g NHZSO3 in one liter

4)3 ®
of distilled water, The ionic strength background for this ISA was cal-

culated to be 0.49 M, According to Milham (1970), the sluminum sulfate
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Table 15: Comparstive Results of Different ISAS
in Analysis of Nitrates in Refinery

Vastevater Samples (diluted 1:20)
Using Known Addition Method

Intially Added Calculated Messured Nos % Error
Measured llO3 Total Using regular
Nos(ppn—ﬂ) Nos ISA
76.0 4.9 80.9 85.4 5.6
9.6 85.6 106.9* 24.9
14.2 90.0 95.3¢ 5.9
18.5 94.5 106.5¢* 12.7
Initially Added Calculated Measured NO % Error
Measured N03 Total Using Nodified
NO3 (pp—-N) NO3 ISA
76.5 4.9 81.4 85.0 5.3
9.6 86.1 85.5 0.6
14.2 90.7 92.5 1.9
18.5 95.0 112.5 18.4

® = Unstable Readings on Meter
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removes organic anions; the silver sulfate precipitates chlorides and
the sulfamic acid destroys excessive nitrites that may interfere with
the analysis. In this study, the modified ISA solution was used as a
dilution 1liquid for the analysis of nitrates in RW derived samples,
while the 2M ammonium sulfate ISA was used for mitrate amalysis in glu-
cose substrate derived samples. The dilution liquid used in the later
cases was distilled water., All samples were preserved with 1 M boric

acid (1 m1/100 ml sample).

Analysis of Organic Nitrogen

7  Organic nitrogen was analyzed for using a wmodification of the
 -ethod described by Scheiner (1976). The method is essentially the
micro-Kjeldahl technique described in Standard Methods (1976). Sample
volumes of 5 to 10 ml were digested in 100 m1 Kjeldahl flasks for at
least 2 hours, The digestive solution was composed of 134 g potassium
sulfate, 200 ml concentrated sulfuric acid and 5 ml selenium oxychloride-
(catalyst) per liter. Following di;?stion, the mixture was diluted with
distilled water to volume in a 200 ml volumetric flask. The resulting
solution was analyzed for ammonia nitrogen using the selective ion elec-—
trode described earlier, using a 10 N NaOH and ‘NaI (30 g/0.1) solution
in lieu of 10 N NaOH for pH adjustment to > 11.0. Calculation of
smmonia nitrogen concentration was made according to the Orion Methods
Manual (1976) using the concentration ratio, Q (unknown/known) for Kjel-
dahl digests. Standard known ammonia concentrations ranged from 1.0 to
5.0 mg/1 ammonia-N. Differences in ammonia concentration before and

after digestion was attributed to organic nitrogen, Accuracy of the
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overall method was determined by amalyzing a number of amino acids and
ammonia chloride solutions of kmown concentrations. Results of these

preliminary tests indicated measured values were within 5 % or better of

known values (see Appendix IV),

Gas Liquid Chromatography Analysis

Liquid phase aniline concentrations for the adsorption isotherm
and ocarbon dose experiments were measured by direct aqueous injection
using & Varian Vista series 6000 gas chromatograph and a Hewitt Packard
3300 integrator. The column used was s 22 meter SP2100 operated isoth-
" ermally at 110° C, Optimal operating conditions for the analysis of ani-

line was found to be as follows;

Injection temperature = 200° c.

- Detector (Flame Ionization) temperature = 300° C,

— Carrier gas (He) flowrate = 2,0 ml,./minute.

- Detector make—up gas flowrate = 30.0 ml,/minute.

— Air flowrate = 300 ml./minute.

- Hydrogen flowrate = 30 ml,/minute,

— Method of injection: splitless at 1,0 microliter sample size.
~ Purge vent: opened after 0.9 minutes at 100 ml1 He/minute.

- Senmsitivity = 4 to 32 x 10 11,
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Reproducibility for a given injection was found to be within 3%
for peak area response and 7% for peak height response. All calcula-
tions were based on peak area response. A standard area curve was found
to be more reliable than an sbsolute response factor (i,e.,
concentration/area counts) for determining unknown aniline concentra-
tion. Using the standard curve and at the lowest semsitivity used, it
was possible to detect aniline at s concentration of approximately 0.3
mg/1l by direct aqueous injection. According to the definition of the
limits of detection (defined s three times the baseline noise), it is

possible ‘' to detect amiline to 1less that 0.1 mg/l1 at the semsitivity

used.

For the carbon dose experiments, s preliminary test was conducted
to determine whether aniline could be recovered from the liquid phase of
mixed liquor and accurately analyzed for by gas chromatography. The
nature of the substrate used for reactor feed suggested that there would .
be little interference in the analysis of amiline by direct aqueous

injection. The procedure used for the test was as follows;

1. 1.35 liters of mixed liquor (MLSS= 1250 mg/l) was withdrawn
from the glucose non-carbon reactor and divided equally into

3 flasks with magnetic stirrers,

2. An appropriate volume of aniline stock solution was added via
volumetric pipet into each flask while mixing in vortex,
resulting in calculated aniline concentrations of 1.0, 5.0,

and 10.0 mg/1 aniline.
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3. After mixing the contents in each flask for 2 wminutes, 10.0
ml. of mixed liquor was withdrawn from each flask and centri-
fuged for 3 minutes or when a clear supernantant was visible,
The resulting supernantant was then pipetted into 7.7 ml
glass vials with teflon lined caps and stored at 4° C until
analysis. These steps were necessary to preserve the stabil-
ity of aniline and have been found to be satisfactory for

subsequent analysis of gas chromatography.

Resunlts of this test are shown below;

Calculated
Aniline Area Counts Aniline Measured
Concentration (HP Integrator) Comc. (ave.) % Difference
1.0 3208,3600 0.86 14.0
5.0 15402,14128 4.34 13.2
10.0 30991,33156 9.64 3.6

The largest differences were associated with the snalysis of the
lower aniline concentrations. It is likely that part of the difference
between the calculated and measured aniline concentrations was due to
inherent experimental error and/or due to adsorption of aniline onto the
biomass, The latter explanation is reasomable since all measured concen-
trations were found to be less than the cooresponding calculated values.
The largest difference (14%) in this test was substantially 1less than
that of an extraction step for the analysis of aniline wastewaters. Rig-
gins, et. al, (1983), using a SP2100 glass capillary column to gquantify

aniline and its derivatives in wastewaters (by extraction with methylene
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chloride) reported aniline recoveries of 75% or better. Given that the
aniline recoveries at the concentrations of interest for these particu-
lar tests were greater than 75% by direct aqueous injection, an extrac—

tion step was deemed unnecessary.

TOC analysis

All total orgamic carbon (TOC) determinations were made with an
Yonics TOD and TOC analyzer (Model 1270) which employed a combustion-—
infrared method for the analysis of soluble and purgable TOC. Samples
were collected in glass bottles; preserved with concentrated HC1 (pH <
. 2) and stored st 4° C, if analysis was not immediate. All samples were
‘either filtered (0.45 micron) or centrifuged and purged of inorganic
carbon using HC1 prior to analysis, A minimom of 3 comsecutive repli-
cates per sanple was analyzed with the last two replicates averaged and
recorded. The calibration solution standard was acetic acid and a new

standard curve was obtained for each analytical runm.

Analysis of MLSS and MNLVSS

Total mixed liquor suspended solids (MLSS) and mixed liquor vola-
tile suspended solids (MLVSS) concentrations for each reactor were
determined at various times throughout the entire experimental program.

For the non-carbon reactors, the solids were determined by the following

procedure;

1) 2.1 om glass microfiber filters (Whatman 934-AH) were placed into

porcelain Gooch crucibles (Coors C8450-4) and washed by vacumm
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filtration of 3 successive 20 ml portions of distilled water. The cru-
cibles were ignited in a muffle furnace at 550 + 50°C for 15 minutes;
allowed to cool in dessicator; and analytically weighed (constant

weight) immediately before use.

2) A well mixed 5 ml portion of mixed liquor was passed through the
filter in the orucible. The entire crucible was dried at 103°C in an
oven for ome hour; sllowed to cool in a dessicator and weighed for the

determination of MLSS. Two replicates woere made for each sample with

the averaged value recorded.

3) For volatile solids determinations, the crucibles from the preceding
'1analysis were ignited in a muffle furnace at 550 + 50°C for 15 minutes,

allowed to cool in a dessicator and weighed.

For the carbon and bentonite reactors, the MLSS concentrations may
be determined using the above procedure and the following equation based

on the steady state reactor concentration of carbom or bentonite;

lLss(bionns) = .Lss(-easured) -C

where MLSS = the total suspended biological
(biomass) solids in the reactor

HLSS(-e"ured) = the MLSS measured using the

proceeding technique

C = the steady state carbon or
bentonite concentration in the
reactor, This is defined by the
variables in equation 41,

The MLVSS concentration can be determined by a similar steady state
equation;

NLVSS MLVSS — C * MLSS * X

(biomass)
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where X = the fraction of PAC or bentonite
volatilized in MLVSS tests
(assumed to be equal to the fraction
of PAC or bentonite volatilized in a
separate test with PAC or bentonite)

Alternately, Arbuckle, et al, (1982) proposed a method that can be
used for the determination of biological solids concentrations in PAC
sludges operating under nonsteady state conditions. Briefly, the pro-
cedure involves the determination of MLSS, MLVSS at 400° C, and MLVSS at
550° C for PAC sludges and PAC by itself. The following equation was

developed by Arbuckle calculate ILVSS(biO'.‘s).

"Lvssgbio-ussz
MLSS =V (550) — CAR * X (550)

fraction of MLSS volatilized at 550° C

where V (550)

X (550) = fraction of PAC volatilized at 550° C

CAR fraction of MLSS which is PAC

Based on studies with different PAC sludges, Arbuckle used the following

empirical equation to define CAR;

_ ¥(400)-0,9%V(550
CAR %{266%:6f§3¥%§§6%

where V(400), V(550)

fraction of MLSS volatilized at
400° C and 500° C, respectively

fraction of PAC volatilized at

X(400), X(550)

400° C and 500° C, respectively

According to Arbuckle, the average error of 5 tests wusing this method

was 4.4 % with a high of 16.7 % . In this study, the steady state
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method was used to determine the MLSS and MLVSS concentrations in the

bentonite reactors, while Arbuckle’s method was used for PAC reactors.
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RESULTS AND DISCUSSION

PRELININARY EXPERIMENTS

GC/MS Anslysis

GC/MS analysis of the untreated refinery wastewater was performed
three times during the beginning of the study. The purpose of the
analysis was to determine the variability of the wastewater and to
screen the wastewater for specific nitrification inhibitors. As men-
tioned previously, it was desired to use inhibitors im the later experi-
ments which are typically found in refinery wastewater., Table 16 show
. the results of the GC/NS analysis conducted on September, 1982,
December, 1982, and Februmary, 1983, The tables show the Nerk index
number in parenthesis after the compound, in many instances. The tests
sre similar in that they show the presence of a large number of phenolic
compounds and straight chain hydrocarbons. All tests detected aniline.
Organic acids and ring compounds, such as anthracene, were found at low
concentrations, Compounds were selected for further evaluation in the
batch and chronic tests from this data and from the results of the

literature review of nitrification inhibitors and adsorption charac-

teristics.
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Table 16: Results and Comparisions of OC/NS Amalysis

Conponand

Set 3
(Sept 24, 1982)

Set 3

Dee 28, 1982 Feb 2, 1943

e e 4inethylbonsencncthenel
1,1-41nethyloyelepentans
1,3,9,4-tetrabydronaphthalone
1,3-dimethylpiperidine
1,4-dinethylanphthalese
1,7-dinethylnsphthalone
1-butezy-2-prepanel
1-wethyl-2,5-dibydrelindone
1-wethyl-2-piperidiene
1-setbyl-2-pyrrelidinine (aicetine)
1-methylethyl bensens
l-nly!untnlm
phenel
3-methylphenel (o-~eresel, o-hydrozytelnene,2571)
S-methylphenol (m—eresel,2570)

2,3 dimethylphenel gvl.ﬂl’l“."’“)
2,4-4ivethylphenel ~ (m-xylemol,9744)
2,5 dimethylphenel (p-zylenel,9744)
2-ethyl-4-methyliphenel
3-othyl-S-asthylphonel

3,4,3 trimethylphonel

2,4,6 trimethyliphenel

[4 9 phenels

9,4 dimethylphene]l (as-e-xylenel,9744)
4-othyl-2-methyliphenel
3.6-diwethylpiperidine

3-butenyethanel (butyl eollesolve,ethyinmencbutylliether)
2-shlerotelnene

3-othylpyridine

1-methyl-2-butanens
3-uethyl-3-oyelopenton-1-one
1-methyl-2-hepton-d-ene
2-methyl~-2-pontanene

1-me thyl-eyslopentenens
3-methylbutasoie seid
3-methyleyelopentancas

2-methylfuran

2-wethylunaphthalone

2-methylipropancie aeid (isobutyrie A.methyliscbutyrate)

.12
0.04
0.014

0.93
0.2%
0.36
0.12

0.08
0.17
1.9

-»

O OOWMAWND
.
& bW

- W &

0.47
0.17
0.04

.08
0.2

0.08
0.11

0.02
0.0¢

0.12
5.6
0.038

10,

10,

11.
3.2
2.0
0.9¢

o.M
0.08
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2-methylpyridine (a-pieeline) 0.11 0.041

3-othyleyelopentone 0.072
S-methyi-2-eyolohezen-1-one 0.12 0.14
S-methyi-2-eysloponten-1-one 0.49 0.8 0.46
J-methyibutanele acid (isovalerie A,delphiale A) 1.9 2.2 0.88
J-methyleyelopentenons 0,024
S-methylthiophene 0.04 0.02
J-pentanone 0.06 0,04
4~othylpyridine 0.1
4-methyl-2,9~4ibydreindone 0.
4-methyli-2-pentencl 0.008
4-methyl-2-pentanens 9.01 0.008
4-methylaniline (nonemethylamine,wencmsthyleailine) 1.9 0.48
4-oetyns 0.99 0.78
sailine (bogun-lu.m-yl-ho) 4.9 1.9 0.91
sathrevene (718) 0.009 0.001
Yonzene 0.21 1.7
Senseanthracene 0.0028
butanele acid (butyrie A,othylacetie A) 1.3 3.1 1.9
orysene 0.0019
eyelohozanens (ketohonamehtylone, adiple Reytene) 0.06 0.06
sysiopentanene (ketoeyelopesntane, adipie ketons) 0.1 0.140 0.09
dimethyldionifide (thiedigiyeolio A, meresptoscetie A) 9,23 0.24 0.12
“-othylnntnlnzt 0.01 0.11
éimethylphthatate  (DNP,methylphethaisite,3244) 0.13
dosossne (Cyull, ) 0.02 0.01 0.03
dedocane dcnl“) 0.12 0.08 . 0.4s
sloesane (C”l“) 0,023 0.01 0.03
othyl bensene  (3699) 0.13 0.18 0.29
Sensisesane (C“l“) 0.029 0.01 0.08
heptasocssne (c”l,‘) 0.007 9.003 0.02
heptadosane (C‘ l," 0.03 0.02 0.14
hoptaneis aold (enanthie A,eemasnthie A,4523) 4. 5.2 0.5
hezscesane ( ‘l“) 0.011 0.003 0.02
heozadosane (Cl l") 0.07 0.08 0.16
tn!-olo seid il‘.l'l‘"l. A, 9568) 5.1 6.7 2.9
a,p sylese ‘(dlutbyltnulo.’ﬂ!) 0.%6 0.53 0.51
sephthalens  (tar esmpher,6194) 0.08 0.03 0.1
sanes 0.01
nge 0.06
o-zylene  (dimethylbenszens,9743) 0.2 0.39 0.39
ootavessne (C”l") » 0.008 0.008 .18
ostadesens (C, B .) e 0.03 0.02 0.07
pentacesans (t”i”) 9.015 0.01 0.04
pestadecsne (C‘ l’ ) 0.09 0.03 0.28
pestencis eeid in‘nlo A,prepylacetie A,509%) 4.8 2.3 2.2
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phenantirene + (iso-anthracens,6996)
pyrons

pyridine

pyrrole

tetracossne (C .50)
tetradecans (C, .H,0)
totnhyd‘otnophno

tolsene (methylbenzene,9213)
triscontane

trisosase (Cz,l‘.)

tridecane

trimethylbonsones (mesitylene)
L TTITTY VY

sndecane (cli'il’

0.007

0.017
0.13

0.67
0.02
0.17

0.002
0.003
0.08
0.07
0.01
0.03
0.04
0.852

0.01
0.04
0.4

¢ volatile organis priority pollstant

+ organie priority pollutant

Comnpounde in parsnthesis are alternate nemes; the awmber in paranthesis is the

Negok Index (1976) registry awmber.



Refinery Wastewater Isotherms

-

Refinery Wastoewater Isotherms: Two isotherms were performed with
refinery wastewater as the sdsorbate, Westvaco PAC (Aqua—Nuchar SA) was
used as the adsorbent in one test and bentonite clay imn the other,
Results from the»isother-s. which were conducted using the same batch of
wastewater, are shown in Table 17 and Figures (9-14), Data for carbon
demonstrated less—than—favorable adsorption equilibria for this particu-
lar wastewster, and in the case of bentonite, little or =no adsorption
capacity was demonstrated. For PAC results, the equilibrium adsorption

data correlated well with the Freundlich (r? = 0.8) isotherm model.

Using the calculated parameters for the Freundlich adsorption
model, the reactor equilibrium conditions (i.e., when the effluent TOC =
100 mg/1; see Fig. 15 ) suggost that at a carbon dose of 50 mg/l, the
steady state reduction in TOC due to carbon adsorption would be less
than 1.0 mg/1. However, steady state operational datas on effluent TOC‘
(see Fig. 16) 1imdicates that the refinery PAC and bentonite mnits con-
sistently achieved greater TOC reduction efficiencies than that of the
corresponding control umit. Also increased organic removal due to PAC

addition is consistent with observations cited in a number of studies.

Several mechanisms have been proposed to explain this common
observation, Among those are adsorption of influent substrate, enhanced
biological assimilation, bioregeneration of adsorbed organics and mets-

bolic end product sdsorption.
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Table 17: Refinery Wastewater Isotherm Results

PAC ST0C
Dose (mg) C:(l!/l) q in g in C,, 1/q IIC.__
12.5 420.0 0.300 -1.20 6.04 3.33 0.00240
50.0 400.0 0.125 -2.80 5.99 8.00 0.00250
125.0 345.0 0.105 -2.25 5.84 9.52 0.00289
250.0 292.0 0.079 -2.54 5.67 12.65 0.00342
625.0 235.0 0.043 -3.15 5.45 23.25 0.00458
1250.0 218.0 0.023 -3.76 5.38 43,10 0.00458
2500.0 165.0 0.014 -4.25 $.10 70.20 0.00606
Bentonite
Dose (mg)
12.5 400.0 0.340 -1.80 5.99 2.94 0.00250
50.0 425.0 0.025 -3.69 6.04 40.00 0.00235
125.0 398.0 0.036 -3.32 5.98 27.80 0.00251
250.0 408.0 0.013 -4.34 6.01 16.90 0.00245
625.0 398.0 0.0072 -4.93 5.98 138.90 0.00251
1250.0 - - - - - -
2500.0 - - - - - -

Note: At bentonite doses greater than
1250 mg, it was mot possible to
filter samples to obtain a con-
sistent value of c‘.

Blank TOC= 450 mg/1

Volume of sample = 125 =al.
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The results from the isotherm study suggest that the increased TOC
removals in the PAC unit are due to some mechanism(s) other than the
steady state adsorption of the influent substrate. This is supported,
although less dramatically, by the steady state effluent TOC data for
the glucose—fed reactors (see Fig. 17). Although glucose is a non-
adsorbable substrate, the PAC reactor generally outperformed the mon—PAC
reactor in TOC reduction. Therefore it appears that in this study,
influent substrate adsorption is not important under steady state condi-
tions because PAC is at equilibrium with the treated effluent compounds

snd concentration rather than the influent compounds and concentration.

Other mechanisms such as enhanced biological assimilation (EBA)
.can be considered an explanation for increased organics removal., Im
other studies, increased steady state oxygen uptake rates and/or
increased MLVSS in PAC units over non-PAC units were taken as evidence
for EBA. In this study steady state data on oxygen uptake rates and
MLVSS concentration (see Table 18) taken at various intervals throughout
the entire study period provides no definite evidence to support the
existence of EBA, In fact, the MLVSS concentrations in the PAC and ben-—
tonite clay reactors were generally less than in the corresponding con-—

trol reactor,

One possible mechanism that may account for the observed TOC
reduction by PAC is metabolic end product (MEP) adsorption. MEP are
organics of microbial origin (i.e., metabolites, slime or cellular com—
ponents from Ilysed organisms). Recent studies by Schultz (1982) with

radioactively labeled phenol substrates showed that 75% of the MEP pro-
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Table 18: Oxygen Uptake Rate and MLVSS Data
Date = Oxygen uptake rates (mg 02/1 hr)
! GC GNC RC ENC BEN
12-6-82 I 10.6 10.0 16.0 14.4 14.0
2-18-83 { 11.2 11.3 15.7 15.0 14.2
3-15-83 : 11.1 10.8 15.6 15.1 15.0
= MLVSS (mg/1)
' GC GNC RC RNC BEN
12-18-82 3060 2520 2836 3059 2918
1-19-82 ! - 4440 - - -
2-8-83 4404 5262 4000 5998 3754
2-28-83 | 3021 4998 5634 6000 3770
6-7-83 = 4782 6296 6517 4844 3292
7-27-83 i - - 8396 5313 4443

Note: Arbuckl

MLVSS for the PAC reactors. Values for x4 0
= 0.74 were doetermined experinengally.

and X
NVSS 10

e's method (1982) was used to calculate

=0.0784

r the bentonite reactors was measured
and calculated by the steady-state method.
Oxygen uptake rates were measured with an
immersed DO probe in BOD bottles.
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duced from the biodegradation of phenol was irreversibly adsorbed by
PAC. Other studies (as cited in Schultz (1982)) suggested that the
adsorption of MEP may play an important role in PAC systems, especially

if the wastewater to be treated contains a low amount of adsorbable com-

pounds.

The less pronounced differences in TOC removal efficiencies mnoted
for the glucose reactors (see Fig, 17) may be attributed to the differ—
ence in substrate fed. Glucose is a very simple and ossily biodegrad-
able substrate, whereas the refinery wastewater contains & wide variety
of very complex compounds, many of which biodegrade very slowly (see
Table 16). The differences in substrate mo doubt influence the micro-—
abial population in the respective reactors -— thus influencing the
nature and quantity of MEP produced. It should be noted that the ben-—
tonite unit performed as offectively as the PAC unit with respect to TOC
removal efficiency. If indeed the MEP adsorption theory is valid in

this situation, a MEP isotherm study with bentonite should be under—

taken,

Aniline Isotherms

Two isotherms were performed using aniline as the adsorbate with
PAC and bentonite as the adsorbents, The results, shown in Tables 19-20
and Figures (18-21), indicate that aniline is nonadsorbable on bentonite
and adsorbable on PAC. Aniline was not adsorbed at bentonite doses of
less than 1000 mg/1l, consequently these dosages were excluded in the

celculation of idisotherm parameters, The equilibrium ‘data for the
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Table 19: Powdered Activated Carbon Isotherm Results

PAC Aniline q log q 1/q 1/C. log C,
Dose(g/1) Ce(l;/l) (mg/mg)

20.0 0.25 0.00498 -2.302 200.5 4.000 -0.602
15.0 0.38 0.00664 -2.178 150.6 2.630 -0.420
10.0 0.50 0.00995 -2.002 100.5 2.000 -0.301
8.0 1.27 0.01234 -1.908 81.0 0.790 -0.104
5.0 1.32 0.01974 -1.705 50.7 0.750 -0.120
2.0 13.5 0.043285 -1.364 23.1 0.074 1.13
1.0 30.1 0.06989 -1.155 14.3 0.033 1.47
0.6 41.1 0.09817 -1.008 10.2 0.024 1.61
0.2 76.8 0.11600 -0.93355 8.6 0.013 1.88
0.1 88.6 0.11399 -0.9431 8.8 0.011 1.94
Bentonite
Dose (g/1)
20.0 53.5 0.00232 -2.6335 430.1 0.019 1.72
15.0 71.9 0.00187 -2.7273 533.8 0.014 1.85
10.0 73.0 0.00270 -2.5686 370.4 0.013 1.86
8.0 17.2 0.00285 -2.5451 350.9 0.013 1.89
5.0 78.0 0.00439 -2.3565 227.3 0.013 1.89
2.0 81.8 0.00989 -2.0409 109.9 0.012 1.91
1.0 94.2 0.00580 -2.2365 172.4 0.011 1.97

Initial aniline = 100.0 mg/1
Volume of sample =100 ml.
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Table 20: Calculated Adsorption Parameters for PAC

1
Freundlich | K
Model { £ 1/n at C° = I.O mg/l
1
. |
Adsorbate {
|
Refinery | 0.8 2.58 2.8 x 10 3mg/g PAC
Wastewater ’
|
Aniline : 0.98 0.52 12.2 mg/g PAC
|
1
Langmiur I rz - .
| va° Q°
Model |
]
I
|
Adsorbate |
|
|
Refinery | * * .
Wastewater |
|
|
Aniline } 0.97 41.5 15.4
]

Note: For RW: At C = 100 mg/1 TOC,
q,= i1 mg/g PAC
according to the Freundlich
model.

For aniline: At C = 1.0 mg/l, q.=
12.% mg/g PAC gccgrding to
the Freundlich model and
15.8 mg/g PAC according to
the Langmuir model.

%: Data does not fit model
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adsorption of amiline on carbon fitted both the Freundlich (r2 = 0.98)
and the Langmuir (r2 = 0.97) reasonably well, Figure 18 shows that the
PAC isotherm resembles that typical of an isotherm described by the
Langmuir model. This suggests momolayer solute disposition and reversi-
ble adsorption sites on the carbon surface. Equilibrium considerations
suggest that approximately 12.2 mg of aniline per gram of carbon is
adsorbed at s equilibrium aniline concentration of 1.0 mg/l. Calculated

adsorption parameters for both the refinery and aniline isotherms are

shown in Table 20.

BATCH INHIBITION EXPERIMENTS

A series of batch experiments was performed for the various inhi-
bitors used in the study. In order to interpret observed nitrification
ratos,_sone quantitative method of determining a reaction parameter was
needed, Using knowledge of the half-saturation Monod coefficients, a

zero—~order kinetic method can be used.

It has been shown that the K, value for nitrification is in the

range of 0.5 to 2.0 mg/l; therefore, for ammonia concentrations sbove
2.0 mg/1 one can use zero—order kinetics to describe ammonia oxidation.

The kinetic expression for ammonia oxidation in a batch reactor becomes:

oNHy o
dt (48)

If ammonia oxidation is rate limiting, the nitrate production can be

similarly modeled:
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oy
dt (49)

Therefore the rate constant, K, can be determined using simple linear

regression when the of ammonia concentration is above s few milligrams

per liter.

Data analysis included linear regression for the evaluation of the
ammonia and nitrate reaction constants from observed zero order kimetics
and covariance snalysis using the Gemeralized Linear MNodel (GLM) pro-
cedure of the Statistical Analysis System (SAS, 1981). Covariance
analysis tests for the heterogeneity of the slopes between the treatment
-group (i.e., in the presence of the added compound) and the control
group. This analysis was restricted to comparisons between test and con—

trol groups since they differ only in the presence or absence of the

added inhibitory compound.

The calculated reaction rate comstants, K for each experi-ental‘
flask are shown in Table 21, In general, for RW derived flasks, the K
values for ammonia oxidation and nitrate production were not found to be
in stoichiometric agreement; nitrate production rates were usuvally
higher than the corresponding sammonia oxidation rates. This was prob-
ably due to excessive cellular lysis releasing nitrogen from the addi-
tion of the inhibitory compound or because of the inherent analytical
difficulties associated with the measurement of nitrate in this particu-
lar type of wastewater (see Analytical Methods). For this reason the
ammonia data, which was considered to be more reliable than the nitrate

data, was selected for further analysis.
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Table 21: Ammonis Oxidation Comstaants, K and Regression Coefficients, r

Spiked Compouand Type [ 6CC GNC GNCC RC RCC RNC RNCC BEN BENC
Acrylonitrile NANI 4 0.96 0.99 0.96 0.99 0.98 0.97 0.92 0.97 0.92 0.98
10 mg/1 -k 3.47 3.33 3.38 3.28 2.39 2.49 1.25 1.48 1.07 1.13
(8/3)
Aniline Al r 0.95 0.98 0.72 0.99 0.9 0.99 0.96¢ 0.9 0.8 0.99
10 mg/1 -K $.12 6.98 1.87 5.92 4.76 5.47 4.17 4.82 3.17 4.14
(6/14)
Duplicate 4 0.98 0.9
Tost -K 4.82 6.98
Asiline Al T 0.88 0.0% 0.66 0.582 0.9 0.9¢ 0.94 0.98 0.81 0.95
10 mg/1 -X 0.9 0.03 ~0.39 -0.269 1.44 1.83 0.84 1,78 0.4 1.42
(2/28)
Cysaide NAI H 0.81 0.9 0.9 0.97 0.97 0.98 0.97 0.93 0.9 0.98
3 mg/1 X 0.66 2.9 1.39 3.76 1.28 2.46 1.8 2.15 0.7%2 1.78%
(4/28)
Cyanide NAI 4 0.12 0.9 0.49 0.97 0.78 0.96 0.88 0,95 0.3 0.9
3 mg/t -£ 1 -0.16 4.3 0.72 3.88 2.17 4.86 1,33 2.37 1.7 2.5
(6/7
Phonol Al 4 0.69 0.95 0.98 0.94 0.96 0.94 0.99 0.98 0.9 0.9¢
10 wg/1 -K 1,26 2.89 2,69 3.68 2.46 2,50 1.84 1.83 1.82 1.77
(5/13)
Phenol Al z 0.98 0.99 0.67 0.97 .09 0.97 0.98 0.91 0.98 0.9¢
20 g/l -k 4,36 S.42 1.59 4.42 8.28 $.46 2.65 2.44 12.08 2.1
(8/28)
Tolsene ANX 4 0.99 0.9 0.9 0.9 0.98 0.95 0.96¢ 0.9% 0.9 0.9%
10 =g/ -K 5.8 S.44 5.24 5.19 4.22 4.02 93.15 5.13 4,24 3.29
(6/10)
Duplioate r 0.97 0.99
Tost -£ . 3.88 4.05

NANI= mom-sdsordable, som-inhibitory eompound GC = glwoose carboa remctor

Al= adsorbable, imhibitory composnd GNC = gincose mom—oarbos reactor

NAl= sos-sdsorbable, imhibitory compousd RC = refinery ocarbon resctor

ANI= gdsorbable, mos-imhibitory compouad . ENC = refinery mom—carbos reactor

k= ssmonia ozidatios rate comstamt, mg NH_/hour BEN = refinery beatonite

= 1isear regressios correlation coo"hl’nt Appended C demotes correspoadiag ocomtrol



Table 22 presents the ammonia oxidstion rate comstant in terms of
an inhibition coefficient, 'I'. I is defined as the ratio of K in the
presence of the added compound to K of the coatrol flask. This is done
to facilitate comparisons among the different reactor types and the
degrees of inhibition observed. An I value of 1.0, or less than 1.0
would indicate, respectively, no inhibition, or an inhibitory effect on

nitrification, due to the sdded inhibitory compound.

Inspection of Table 22 reveals that the sddition of acrylonitrile
(non-adsorbable) and toluene (adsorbable), which are both known to be
non—-inhibitory to nitrifiers, did mot significantly affect the rate of
" nitrification. With the exception of two cases (toluene in the benton—
jte reactor, I=1.29, and acrylonitrile in the refinery wastewater non-
carbon reactor, I=0.85), all I values for all flasks are close to unity.
Duplicate tests on the same reactor type in two separate test runms
(i.e., aniline and toluene) indicated that the reproducibility of I.

within an experimental run is approximately 7% or less.

The original intent of performing experiments with known non-
inhibitory compounds was mnot only to provide for the evaluation of a
full spectrum of compounds, but also to provide a means of determining
the precision experimental technique. In this respect, the results with

the non—inhibitory compounds show that these objectives are met.

Table 22 shows that for adsorbable/inhibitory compounds such as
aniline or phenol, the benefits of PAC addition are promounced for unac-
climated activated sludges (i.e., glucose fed reactors). In two cases

out of three, the PAC reactor was able to handle a shock load of the
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Table 22: Nitrification Inhibition Coefficients, I

Spiked Compound | Type GC GNC RC BNC  BRBEN
Aorylonitrile NANT 1,04 1.02 0.96 0.85 0.95
10 mg/1 i
Aniline | ar . . 0.787 0.48  0.345
10 mg/1 (2-28-83)
Aniline AT | 0,733,0.691 0.316 0.87 0.87 0.91
10 mg/1 (6-14-83)
Cyanide NAI 0.15  0.183 0.592 0.542 0.444
1 mg/1+ | :
Cyanide NAI | 0.228 0.369 0.508 0.607 0.422
3 mg/1 | |
Cyanide NAI 0.153 0.186 0.446 0.56 0.708
3 mg/1 |
Phenol AI 0.435 0.736 0.98 1.0 1,02
10 mg/1 :
Phesol AI 0.804 0.36 0.95 1.09 0.97
20 mg/1 |
Toluene | anx 0.99 1.0 1.05,0.96 1.0 1.29
10 mg/1 I ,

¢ The reactors were not nitrifying prior to the experiment.

Therefore valid comparisons could not be made,

+ Because ammonia concentration was greater at the end of
the test period than at the start for the test flasks,
K(tost)+1/K(control)+1l was used to calcultate I,



inhibitory compound much more readily than the sorresponding non—PAC
reactor, In the case where the non-PAC unit outperformed the PAC umit
(according to I values), the difference is not statistically signifi-

cant, and will be discussed further later.

As seen in Table 22, the differences among the refimery wastewater
fed reactors subjected to adsorbable inhibitors are less pronounced than
that of the glucose fed reactors. This is attributed to the ability of
the microorganisms to acclimate to a particular type of wastewater feed.
Since the microorganisms in these reactors were routinely exposed to a
wide variety of inhibitory compounds in the refinery wastewater for an
- extended period of time (including aniline and phemol), it is speculated
that the adsorption due to the relatively low PAC or bentonite dose
(i.e., 50 mg/1 feed) used was not sufficient to provided any further

improvement beyond the benefits of acclimation,

It should be noted however, that in the first batch experimental
run conducted (i.e., 10 mg/l aniline), ;he PAC reactor outperformed the
corresponding non—PAC and bentonite reactors., It is conceivable that
the refinery reactors, at this earliest stage of experimentation, were
not yet fully acclimated to the wastewater. This then, would provide a
more sensitive experiment for the detection of any beneficial effect of
the added carbon., A similar experiment with 10 mg/l1 aniline which was
run 3 1/2 months later showed no appreciable benefit of PAC for the

refinery reactors.
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Perhaps the strongest evidence for microbial acclimation ability
in the refinery wastewater is the experiments when cyanide was spiked.
Table 22 shows that cyanide, a non—adsorbable inhibitor, had detrimental
effect on all measured nitrification rates. Although the results are
inconclusive with respect to any observable benefit of added PAC or ben-
tonite, the benefits of acclimation are evident in all three runs in
which cyanide was tested (refinery wastewaters usually have some small

cyanide conceatratiom).

Table 23 presents a more rigorous analysis of the batch inhibition
experiments with a pre—established criteria for judging the benefit of
- PAC or bentonite addition. The results of covariance analysis (SAS,
1981) on ammonis oxidation rate data for all experimental rums are shown
in this table, Covariance analysis car be described as combining the
methods of linear regression and analysis of variance. In this study,
the null hypothesis (i.e., no difference between the test and control
flasks) is tested, and either accepted or rejected according to a
prescribed level of probability, using the F statistic. The F statistic
is defined as the ratio of the variance between oxidation rates in the

test flask and control flask to the variance within each flask;

F = ¢22 (between)
o” (within) (51)

Theoretically, the two variance estimates should be equal if the null
hypothesis 1is true, however due to sampling fluctuations F may differ

substantially from 1.0.
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Tadble 23:

(Test flask versws comtrol flask)

Regression Results (F statistics) for Ammonis Dats

Reactor

Aczylonitrile

Aniline

Aniline

Cyanide Cyanide Cyanide Phenol Phenol Toluene

type (10 mg/1) (10 mg/1) (10 mg/1) (1 mg/1) (3 mg/d) (3 mg/1) (10 mg/1) (20 mg/1) (20 mg/1)

(NANI) (AI) (AY) (NAI) (NAI) (NAI) (AX) (AX) (ANI)
Glwoose 0.07/0.866 Note 1 2.23/0.186 | 16.25/0.007 | 45.3/0.008 | 32.24/0.001 3.2/0.123 2.13/0.198 0.01/0.934
Carbon (o) {no0) (yes) (yes) (yes) {no) (no) (no)
Gluocose 0.01/0.913 Note 1 13.82/0.01 25.1/0.002 $.69/0.054 | 12.23/0.129 0.04/0.85 6.02/0.0498 0.02/0.88
Noa-Carbon (no0) (yes) (yes) (mo0) (yos) (o) (yes) (no)
Refinery 0.03/0.866 1.64/0.237 | 0.42/0.541 | 14.65/0.009 | 4.4/0.081 4.23/0.083 0.16/0.705 | 0.08/0.781 0.05/0.837
Carbon (£1)) (mo) {no) {yeos) (mo) (no) (n0) (mo) (no0)
Rof inery 0.39/0.58 15.74/0.004 0.68/0.44 0.86/0.39 3.12/0.126 2.31/0.179 0.0/0.99 0.08/0.786 0.0/0.988
Non-Carboa (no0) (yes) (no0) (no) (no0) (no) (no) (no) (no)
Ref inery 0.03/0.828 10.2/0.013 0.1/0.77 10.76/0.17 26.8/0.002 1.1/0.336 0.01/0.922 0.02/0.884 0.92/0.378
Bentonite (no) (yes) (mo) (yes) (yes) (o) (o) {mo) {mo)

Notes:

1, Resctors were mot aitrifyiag prior to experiment.

2, Ammonia data points less that 2.0 mg/1 were deleted.

3. Ammonia data points takem after 10.5 hours were deleted.

KEYI: Boxzes read as follows:

F value/ probability > F
significantly differeat at a =0.08

(yes or mo)



For s given sample size and level of significance, the larger the
F value, the more significant the difference between the variates. The
prob > F is the observed level of significance of F or the probability
of accepting the null hypothesis if true., Thus, the larger the prob)F
value, the greater the credibility associasted with the accepting the
null hypothesis. The level of significance typically used to reject the
null hypothesis is either 0.01, 0.05, or O0.1. In this study, the
preselected level of significance is 0.05. Thus, if the null hypothesis
is rejected at a 0.05 level of significance, it may be said with 95%
confidence that the rates of ammonia oxidation between the test and con—
trol units differ and that this difference is attributed to the differ-
“ ences between the control and experiment, which for this case is omly

the presence of the inhibitory compound.

The results of the statistical analysis confirm the generaliza-
tions drawn from the table of inhibition coefficients. No differences
are observed for the non-inhibitory compounds regardless of ndsorption(
characteristics, The statistical results for cyanide, a non—adsorbable
jnhibitor, show no definite advantage in adding either PAC or bentonite.
In fact, the non-PAC units performed as well or better than the PAC or
bentonite units when spiked with cyanide, For the adsorbable inhibi-
tors, the benefit of PAC is clearly demonstrated in unacclimated
activated sludge., For the refinery reactors, the benefits of PAC is
statistically significant only in the earliest experimental run. This
ijs presumably because the refinery reactors were mnot yet fully

acclimated,
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The raw data generated from the series of batch inhibition experi-

ments are presented in Appendix I.

CHRONIC EXPERIMENTS

The results of the chronic experiments are presented in Appendix 2
and plotted in Figures (22-29). In the initial test (Figures 22-24),
each refinery reactor was subjected to a simultanecous pulse and step
sddition of 30 mg/1 aniline, sn adsorbable nitrification imhibitor.
Figure 22 shows surprising results in that nitrification was completely
inhibited in the PAC reactor, whereas the control and bentonite reactors
. resumed nitrification to completion following a lag period of 6 (con—
trol) to 14 hours (bentonite) of continuous operatiom, Further evidence
for the complete inhibition of nitrification in the PAC reactor is pro-
vided by the concurrent observations of negligible sodium hydroxide con-—
sumption for pH maintenance (see Figure 23) and a continuous decrease in.

reactor nitrate concentration (see Figure 24).

The reason(s) for the lack of nitrification in the PAC unit were
quite perplexing and it was decided (on the 75th hour of the experiment)
to add 1000 mg/1 of PAC to the inhibited reactor. Figures 22-24 shows
that the biological response to the added PAC was dramatic with an
immediate resumption of nitrification, sodium hydroxide uptake and
nitrate production. Although Figure 23 indicates a short lag in sodium
hydroxide uptake, it is not indicative of true consumption, since the
aniline spike had raised the reactor pH from 7.0 to 8.3. The caustic

pump was set to actuate when the pH dropped below 7.0; thus the 1lag
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Figure 22: First Chronic Experiment: Ammonia vs Time
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Figure 24: First Chronic Experiment: Nitrate vs Time
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noted in Figure 23 actually represents the period of time in which the

reactor pH dropped from 8.3 to 7.0.

Following the experiment, daily reactor effluent samples indicated
that nitrification proceeded in all reactors at efficiencies greater
that 99 % (with 30 mg/1 aniline in the feed) for the mnext three weeks

until the second chronic experiment commenced.

It is difficult to interpret the results of the initial chronic
experiment, given that aniline is an adsorbable inhibitor and that the
PAC unit was the only reactor type severely inhibited. One plausible
explanation for the observed results is desorption. Desorption involves
" the displacement of a previously adsorbed compound by another whose
adsorption affinity for the carbon is greater. It is possible that such
a compound existed in the refinery wastewater and when displaced by the
spiked aniline into the 1liquid phase, even in minute quantities,
resulted in the observed inhibition, In effect, the PAC had sequestered
this potential inhibitor from the microorganisms in the bulk solution,
If acclimation to the compound was possible, it was effectively
prevented by reduced exposure. Desorption of the compound may have
allowed the microbes an opportumity to slowly acclimate for a short
period of time (i.e., 75 hours) until the virgin PAC was added. For
this explanation to be feasible, the unknown composnd of interest must
be both a powerful inhibitor of nitrification and 1less adsorbable than
aniline. Inspection of Tables 16-18 on the GC/MS results of the
refinery wastewater and Table 10 on nitrification inhibitors shows many

potential candidates.

190




In the second chromic experiment, (Figures 25-29) the reactors
were subjected to a step increase aniline concentration from 30 to 60
mg/1 along with a pulse addition of 60 mg/1 aniline. It should be noted
that sll reactor conditions were similar to that of the first chronic
experiment except that the PAC reactor was nov ruaning at a steady state
PAC concentration of 4000 mg/1. This was because of the additional 1000
mg/1 PAC spiked in the initial experiment. The daily carbon dose was

adjusted appropriately to maintain this PAC reactor conmcentration (i.e.,

66.7 mg/1 feed).

Figure 25 shows that all three reactor types responded similarly
“with respect to ammonis oxidation with no apparent advantage of PAC or
bentonite addition. Ammonia oxidstion was typically inhibited for 15
hours before the effects of the aniline dissipated. This observation is
consistent with the results of Joel and Grady (1977) who suggested that
heterotrophic aniline degradation and nitrification was sequential with
nitrification commencing as soon as the sniline was reduced to non-—
inhibitory concentrations. Concurrent data on soluble TOC further sup-
ports this theory. Figure 26 shows that the filtered mixed liquor soc
in each reactor sharply increases approximately 30 to 40 mg/1 when the
spiked aniline was added. An aniline concentration of 60 mg/l
corresponds roughly to 48 mg/l1 TOC. After approximately 16 hours, the
initial incresse in SOC was reduced by more tham 50% in all reactors.
Whether this decrease was primarily due to microbial degradation or to
the '‘washout’’ of aniline (i.e., OH = 24 hours) or a combination thereof
is unknown, however, it appears that as soon as the aniline reaches some

threshold concentration, nitrification beginms.
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Figure 26 also suggests at a carbon dose of 66.6 mg/1 feed, little
of the aniline is adsorbed from the liquid phase. This is evident from
the differences noted among the increases in SOC in each reactor. If
the SOC increases are due wholly to the addition of amiline, it would
appear that the PAC reactor adsorbed no more than 5 mg/1 SOC ( 6.5 mg/1
aniline). This, in turn, would suggest that the adsorptive capacity of
the PAC in the reactor had been effectively exhausted under prior steady
state conditions. Thus, for the PAC dose and aniline concentration used
in this experiment, the results indicate that the acclimation period of
activated sludge to an inhibitory compound is more important in mediat-
ing the toxic effects to mitrifiers than the addition of PAC under

" steady state conditionms.

Data on nitrate production (see Figures 27-28) shows, unexpect-—
edly, that Nitrobacter activity was inhibited. Prior batch experiments
and the initial chronic experiment with aniline demonstrated that the
inhibition of Nitrosomonas is the primarily mechanism; however, it is
spparent that at higher concentrations, Nitrobacter is severely inhi-
bited. Figure 29 points to the interesting observation that nitrite
uptake and nitrate production recovered most rapidly in the bentonite
and PAC reactors. This logically suggests that of the nitrifying organ-
isms, Nitrobacter would be more apt to be associated with surface growth
attachment, Although this theory could account for some of the
discrepancies reported in the literature regarding the role of suspended
solids on nitrification, much more resecarch is needed to substantiate

this hypothesis,

192




Following the chronic experiments, daily effluent samples indi-
cated that all reactors consistently achieved nitrification efficiencies

greater than 99% in the presence of 60 mg/l aniline in the feed.
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CARBON DOSE EXPERIMENTS

Preliminary Discussion

Results of the initial carbon dose experiment using 10 mg/l1 ani-
line, shown in Table 24 and Figures 30-32, demonstrate that adsorption
of inhibitory compounds, without other mechanisms, can enhance nitrifi-
cation. Table 24 also indicates that ammonia oxidation and nitrate pro-
duction was not in stoichiometric agreement; nitrate production was up
to 60% higher than that expected for an inorganic nitrogen balance.
Non-stoichiometric nitrification, although not as pronounced, had been
noted in earlier experimental runs involving refinery wastewaters and
'iwas attributed to a number of possible factors., Among these factors
were nitrogen release from excessive cell lysis due to the addition of
the inhibitory compound; endogenous decay; analytical difficulties asso-
ciated with the measurement of nitrate in refinery wastewaters; or a

combination of these factors.

Other investigators (Andersom, 1964; Hopper and Nason, 1965;
Painter, 1970; Wood, et. al,, 1981) have noted "mon—quantitative’’ nit-
rification in activated sludges, however, a loss of inorganic =nitrogen

rather than a gain was cited in these previous studies.

To address this apparent discrepancy, an experiment was attempted
to assess and differentiate nitrogen release due either to emdogernous
decay or to excess cell lysis from the addition of aniline. The pro—
cedure was to follow all measurable mitrogenous species with time in 3

activated sludge cultures differing only in the addition of thiourea
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Table 24: Effect of 10 ppm Aniline on Nitrification under
Variable Powdered Activated Carbon Doses

Ammonia Concentration (mg/1-N)

Hours 1e¢ 2 3 4 5 é

0.0 45.8 46.2 44.0 43.8 45.7 46.0
2.0 35.0 44.8 36.0 37.0 38.8 42.2
4.0 22.7 44.2 23.5 26.5 29.5 38.0
6.0 16.1 42.2 12.4 16.0 19.9 30.0

9.0 2.9 42.5 1.4 1.6 5.6 18.2

Nitrate Concentration (mg/1-N)

0.0 23.8 25.0 24.2 26.2 26.2 27.5
2.0 37.0 30.0 42.5 43.0 40.5 38.0
4.0 47.5 34.5 56.5 54.2 54.0 44.0
6.0 53.8 40.0 71.0 67.0 63.0 54.0

9.0 66.0 46.0 107.0 90.0 89.6 67.0

1= control: no carbon, no aniline addition

2= anjiline control: no carbon, 10 mg/l aniline
3= carbon dose: 4000 mg/1; 10 mg/1 aniline

4= carbon dose: 1960 mg/1; 10 mg/1 aniline

5= carbon dose: 775 mg/1; 10 mg/1 aniline

6= carbon dose: 387 mg/1; 10 mg/1 aniline

(MLSS concentration= 3300 mg/1)
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(1.0 mg/1); thiourea (1.0 mg/1) and aniline (10.0 mg/1); or no additions
at all., Thioures is a known potent inhibitor of ammonia oxidation
(0.075 mg/1 produces 75% inhibition, Tomilinson, 1966) and is commonly
used to inhibit nitrification during BOD tests., Nitrogen release due to
endogenous decay was followed in the culture with no added compounds.
Cell lysis due to aniline addition was taken to be the difference in
inorganic mitrogen production (after adjusting for endogenous decay)

between the cultures with and without aniline addition,

It should be noted that nitrate in the initial carbon dose experi-—
ment was analyzed for by the same nitrate sensing module used in the
_ienrlicr experiments involving refinery wastewaters. To avoid the possi-
‘ble introduction of probe error associasted with its prior use in
refinery wastewaters, a new sensing module was obtained and wused for

this and subsequent experiments,

Results of the nitrogen balance experiment are shown in Fignres'
33-35. Initial nitrogen measurements for the activated sludge used were
1.0 mg/l1 ammonia-N, 0.26 mg/l nitrite-N, 43.5 mg/1 nitrate-N, snd 260.0
mg/1-N Total Kjeldahl Nitrogen (TEN). Mixed liquor suspended solids was
measured to be 2150 mg/1 and filtered TEN was 0,94 mg/1-N. Figure 33,
corrected for initial nitrate-N, indicates that for the culture with no
additions, practically all inorganic nitrogen was in the form of
pitrate-N with only a trace of nitrite-N (0.1 mg/l) present. Over the 8
bour aeration period, approximately 6 mg/l nitrate-N (corrected for ini-
tial ammonia-N) was formed. Using initial Kjeldahl Nitrogen (EN) as san

indication of microbial mass and neglecting heterotrophic ammonia uptake
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(i.e., efflnent TOC ¢ 6.0 mg/1), the endogenous decay coefficient, Ky
can be approximated to be 0.07 day'l. This value is typical for

activated sludge systems operating under the conditions specified (0c =

9 days, OH = 8 hours).

Figure 33 also shows that while ammonia oxidation was inhibited in
cultures with added compounds, nitrite oxidation did occur. Both
thioures and aniline are specific inhibitors of ammonia oxidation at the
concentrations used; however, it appears that complete nitrification
inhibition did not occur since the total nitrate produced in these cul-
tures exceeded the initial concentration of mitrite. After correcting
'for the initial ammonia—N concentration, the total imorganic nitrogen
.‘prodnced after 8 hours for cultures spiked with thiourea and thiourea §
aniline was 6.7 and 6.9 mg/1-N, respectively. In comparison of inor-
ganic nitrogen production in all three test cultures, there appeared to
be no significant difference in the amount of nitrogen release due to

the sddition of aniline and/or thiourea over the duration of the test.

The purpose of including TEN analysis on filtered and unfiltered
samples in this experiment was to obtain an overall mitrogen balance.
Unfortunately, EN determinations on unfiltered samples were found not to
be sensitive enough to detect the expected corresponding decrease in
organic N (i.e., 6-7 mg/1-N). Figure 35 shows that measured KN values
to be within the 1limits of anmalytical error inherent in the Kjeldahl
method used (5%, see Appendix IV). It was anticipated that filtered KN
determinations (Figure 34) would provide for a more sensitive technique

by which the organic N loss could be detected. However, with the excep-
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tion of one sample, the TEN detected in the filtrate samples
corresponded to the measured smmonia-N for amy given sampling period.
After correcting for the ammonia—N present in the TEN determimations,

EN (organic N) was detected in only one filtrate sample,

The results of the nitrogen balance experiment suggested that the
total amount of mnitrogen released through either endogenous decay or
through excess cell lysis was not sufficient to account for the non-
stoichiometry of nitrification observed in the initial carbon dose
experiment. Therefore, the pronounced inorganic mnitrogen inbalance
resulting in the initial experiment was attributed to a faulty nitrate
_.sensing module in the selective ion probe. It should be moted that the
inornll lifetime of the sensing module, depending on use, varies from a
few months to 1 year. Although probe performance was routinely moni-
tored through calibration checks prior to all experiments, it is con-
ceivable that the probe had begun to fail during snalysis of nitrate in

the initial carbon dose experiment,

Nitrate was analyzed for with a nev sensing module in all subse-
quent experiments reported. Carbon dose experiments using aniline (10
mg/1) were repested twice. In addition, nitrification inhibitors with
different adsorption characteristics including phenol (20 mg/l), cyanide
(0.7 and 1.4 mg/1) and ethanol (2500 mg/1) were also evaluated., Nitrif-
jocation inhibition and adsorptive characteristics for these compounds
are shown in Table 25. Data from Table 25 were largely extracted from
the literature and hence are subject to interpretation due to differing

sets of conditions under which the values were obtained. Nonetheless,
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Table 25: Adsorption and Nitrification Inhibitory
Characteristics of Compounds Tested
In Carbon Dose Experiments

Compound Freundlich Langmuir Concentration
Parameters Parameters Required for 75%
Inhibition
Aniline K=12.2 mg/g Q=0.065 7.7 mg/1
2l =0.52 b= 0.324
Phenol K=21.0 mg/g Q=0.158 5.6 mg/l
2l =0.54 =0.176
Cyanide b max. absorp.= 2.0 mg/g 0.65 mg/1

at C_ = 20.0 mg/1

Ethyl Alcohol K=0mg/g max adsorp.= 20 mg/g 2500 mg/1
at C_ = 1000 mg/1

® = no data available
See table 12 for references on adsorption data
Inhibition data from Tomilinson (1966)



table 25 does provide an indication of the relative adsorptive and inhi-
bitory characteristics of the compounds under evaluation. For non-
adsorbable compounds, imhibitor comcentrations to be testod were chosen
to give approximately 75% inhibition in control units without PAC addi-
tion. This was done to ensure that nitrification would continue in any

given experimental unit and that any benefit, due to PAC addition, would

be detected.

Results, presented in the order in which the experiments were per—
formed, asare plotted on Figures 36-37 for 10 mg/l aniline; Figures 38-39
for 20 mg/1 phenol; Figures 40-41 for 0.7 mg/1 ocyanide; Figures 42-43
'for 1.4 mg/1 cyanide; Figures 44—45 for 2500 mg/1 ethanol; and 46-49 for
'lld mg/1 aniline. In the latter experiment, nitrite and liquid phase
sniline was measured by gas chromatography st specific sampling inter-

vals. Raw datas for all experimental rums are presented in Appendix III.

Calculated smmonia and associated nitrate production comstants K, .
for each experiment are presented on Table 26. Ammonia oxidation reac-
tion constants were determined by simple linear regressionm on observed
zero—ordered reaction rates (under mnon-limiting substrate conditions,
i.06., < 2.0 mg/1 ammonia-N). Also included in table 26 are coefficients
of determination tz. which indicates the sccuracy of fit between the
data and the linear regression equation., When necessary, the nitrate
production rate constant was estimated using omly the corresponding data
points from which the ammonia oxidation rate constant was determined.
This was done because, in certain cases towards the end of am experi-

ment, nitrate production rates were observed to level off to a plateam

206




0T

.00

No ﬁAC

—p
v

500 mg/1 PAC

T T -—9
.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

TIME (HOURS)

Figure 36: Nﬂé vs Time for Variable Carbon Dose (10 mg/1 Aniline)




807

No PAC, No Aniline 2000 mg/1 PAC

4000 mg/1 PAC

500 mg/1 PAC

No PAC
T T 1 T T T T 1
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
TIME (HOURS)

Figure 37: NO3 vs Time for Variable Carbon Dose (10 mg/l Aniline)




607

500 mg/1 PAC

1000 mg/1 PAC

4000 mg/1 PAC No PAC, No Phenol

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8 00
TIME (HOURS)

Figure 38: Nll3 vs Time for Variable Carbon Dose (20 mg/1 Phenol)




01?

(]

o

o 2000 mg/1 PA
o

o No PAC,

Q- No Phenol 1000 mg/1 PAC

o . 500 mg/1 PAC .
ol * ]

n No PAC

[an )

(o)

o

m

[an)

[an ]

o ] 1 T | ¥ T T 3
“b.oo 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8

TIME (HOURS)

.00

Figure 39: N03 vs Time for Variable Carbon Dose (20 mg/1 Phenol)




50.00
i}

40.00

TIT

.00

No PAC
500 mg/1 PA:
4000 mg/1 PAC
No PAC,
No Cyanide i
¥ T * T 0 T T ]
.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 6.00

TIME (HOURS)

Figure 40: Nll3 vs Time for Variable Carbon Dose (0.7 mg/1 Cyanide)



(4144

120.00

100.00

o No PAC, > 4000 mg/1 PAC
= No Cyanide

ol ‘, 500 mg/1 PA

- " No PAC

o

o

o ¥ 1 T T T T
“.00 1.00 2.00 3.00 4.00 S.00 6.00 7.00
TIME (HOURS)

6.00

Figure 41: N03 vs Time for Variable Carbon Dose (0.7 mg/l Cyanide)




€17

120.00

100.00

4000 mg/1 PAC //,500 mg/1 PAC

7

No PAC

1.00 2.00 3.00 4’00 5. 00 6.00 7.00 8.00
TIME (HOURS)

Figure 42: Nlé vs Time for Variable Carbon Dose (1.4 mg/1 Cyanide




1434

50.00

40.00

No PAC

500 mg/1 PAC

Zz3
[
3o No PAC
2o » No Cyanide 4000 mg/1
a 4000
ECC:': No Cyanide N
Zol \\
DN
> \\
P \
@ \
b= \
? \
g-
o
(]
3 T ¥ T T T T T
“b.oo 1.00 2.00 3.00 4Y.00 5.00 6.00 7.00

TIME (HOURS)

Figure 43: N03 vs Time for Variable Carbon Dose (1.4 mg/l1 Cyanide)




SIT

50.00

o
Q
o
s
[en ]
o
== No PAC, No EtOH No PAC
4000 mg
PAC, No 500 mg/1 PAC
S| EtoH 4000 mg/1 PAC
o]
14V)
(=]
o
o
(=)
[ae)
%. 00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8. 00

TIME (HOURS)

Figure 44: an vs Time for Variable Carbon Dose (Ethanol, 2500 mg/1)




91T

No PAC, No EtO

00 mg/1 PAC, No EtOH

500 mg/1 PAC

4000 mg/1 PAC

T T T { T T 1
.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

TIME (HOURS)

Figure 45: NOB vs Time for Variable Carbon Dose (Ethanol, 2500 mg/1)




LI

No PAC

500 mg/1 PAC

1000 mg/1 PAC

= No PAC
" No Aniline

2000 mg/1 PAC

4000 mg/1
PAC

.00

T LI L) ] v 1
.00 1.00 2.00 4.00 5.00 6.00 7.00 8.00

3.00
TIME (HQURS)

Figure 46: NH, vs Time for Varisble Carbon Dose (Anilime, 10 mg/1)




1u5.00

J

130.00

817

No PAC, No Aniline

g

/

2000 mg/l PAC _ . /
/:"’ia"‘-——ﬂfr’

D~ 1000 mg/1 PAC

"/:;oo mg/1 PAC

500 mg/1 PAC

//,ﬂﬂfﬂ{ No PAC

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8. 00
TIME (HOURS)

Figure 47: N03 vs Time for Variable Carbon Dose (10 mg/1 Aniline)




61

(PPM=-N)

NITRITE

4.00 §.00 8.00 10.00

oo

2.

L

No PAC, No Aniline

2000 mg/1 PAC

/[,

4000 mg/1 PAC

l(l)oo mg/1l P
o v500 mg/1 PAC No PﬁC\;
%00 1.00 2.00 3,00 4.00 5.00 6.00 7.00 8.00

TIME (HOURS)

Figure 48: NO2 vs Time for Variable Carbon Dose (10 mg/1 Aniline)




1144

10.00

\a\ Control, no PAC
~lo e
\_O
oo —
Lid
ZO
o
e
—>o
o
i, —
& \\\soo mg/1 PAC
T=r
a —_— — e,
[em]
o0 1000 mg/1 PAC
Ezd“ 1
|
o 2000 & 4000 mg/1 PAC
. T ‘ T T *
Y. o0 1.00 2.00 3,00 4. 00 S.00 6.00 7.00 8. 00
TIME {(HOURS)

Figure 49: Liquid Phase Aniline Concentration vs. Time




Table 26: N!a-ll and NO,—N Reaction Constants and

’2 for Carboa Dose Bxperimeats

Spiked Type control NA comtrol A 4000 A 2000 A 1000 A S00 A
Compouad
Aniline AL 2 0.99 0.99 0.97 0.99 0.99  0.99
10 mg/1 -KOg,) 12.1 0.25 12.0 11.3 107 3.6
(1-85) £ 0.99 0.99 0.99 099 0.99 0.9
K(No) 8.6 0.6 8.3 8.7 8.0 3.4
Pheaol AT 2 0.96 0.23 096 099 0.87 0.2
20 mg/1 -K(4) 11.7 0.65 11,75 11.73  4.35  0.78
(1-85) pr 0.99 0.7 0.99 099 0.5 0.74
K(No,) 8.0 0.54 7.2 7.8 .5 0.79
Cysnide  NAI :’ 0.99 0.99 0.99 . . 0.97
0.7 mg/1 -K () 12.1 2.6 6.3 . . 4.5
(1-85) r 0.99 0.98 0.99 . . 0.98
K(No) 8.6 2.44 s.s . . 3.8
Cysnide  MAI 2 0.99 0.65 0.69 . . 0.4
1.4 ng/l -K () 10.7 -0.67 1.69 . ¢ -0.1
(2-85) r 0.99 0.74 0.86 . . 0.6
K(Noy) 8.84 0.59 2.2 . . 0.43
Etbamol  NAI P 0.99 0.96 0.97 . . 0.95
2500 mg/1 -KOg,) 10.7 3.8 RY . . 412
(2-85) r 0.99 0.99 0.96 . . 0.99
K(NO,) 8.8 2.82 3.0 . . 2.98
Anilime  AI 2 0.98 0.97 097 0.9 0.99 0.97
10 mg/1 -K(E;) 15.9 3.16 15.0 144  14.1 6.1
(2-85) r 0.99 0.98 0.99 099  0.97 0.99
K(No,) 11.8 2.07 11.3 11.3 11.0 6.1

AI = Adsorbable imhibitor; NAI = Non—adsorbable imhibitor
Control NA = Coatrol with mo activated carboa or imhibitor added
Control A = Control with imhibitor added but no activated cardoas
4000 A = Inhibitor and 4000 mg/1l carbom added

500 A = Inhibitor sad 500 mg/1l carbon added

¢ = Carboa doses ot evaluated in these experimesntsl rmas
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following depletion of ammonia; thus obscuring the inherent linearity of

the reaction.

In general, nitrate production rate constants were observed to
range from 60 to 100% of the corresponding ammopia oxidation rate con-
stants. However, at the end of each experiment, measured nitrate comcen-—
trations were all within 14% of expected values (based on the
stoichiometry of nitrification and excluding ammonia release due to
endogenous decay). The reason(s) for the low nitrate production rates,
relative to the corresponding ammonia oxidation rates, observed espe-
cially in the early stages of the experiments are unknown; although
_‘si-ilur findings have been reported in published studies. Hall and Mur-
.phy (1980) reported dats from batch activated sludge nitrification stu-
dies, indicating nitrate production rates 85% of corresponding ammonia
oxidation rates, They offered no explanation for these observations.
One possible explamation is the accumulation of nitrites, implying that‘
Nitobacter had limited overall nitrification., In the final carbon dose
experiment with 10 mg/1 aniline, nitrite was measured with time. These
results, shown in Figure 48, indicate that nitrite oxidation limiting

conditions may explain the lag in nitrate production rates.

Another possible explanation is that offered by Wood, et. al.
(1980), who reported inorganic nitrogen losses of up to 43% inm batch
nitrification inhibition studies with activated sludge cultures. After
exploring a number of possible explanations to account for their
results, the investigators attributed the losses to the reduction of

nitrite by hydroxylamine-nitrite reductase in Nitrosomonas when '‘suffi-
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cient’’ nitrite is present. The enzyme hydroxylamine-nitrite reductase,
isolated by Hopper (1968), reduces nitrite in the presence of hydroxy-

lamine to give mnitrous (NZO) and pitric oxides (NO) under aerobic condi-

tions, The authors did not define what constituted a "'sufficient’’
nitrite concentration but the prerequisite for this reaction to occur is
the presence of nitrite, However, if the reaction kinetics for this
form of aerobic denitrification is zero—ordered, then nitrite meed not
be detected during nitrification. Also, it should also be pointed out
that the mixed liquor used in the carbon dose experiments was withdrawn
from continuously fed reactors operating under steady state conditions
(i.e., effluent < 1.0 mg/1 NH;), Subjecting nitrifiers to a pulse addi-
'1tion of s relatively high concentration of ammonia creates conditionms

whereby, at least initially, high nitrite concentrations may result.

For Woods' explanation to be plausible, the degree of inorganic
nitrogen loss observed in the carbon dose experiments should be_
inversely related to the degree of nitrification inhibition observed;
since the function of hydroxylamine—nitrite reductase in Nitrosomonas is
also assumed to be subjected to the inhibitory effects of the added com—
pound. Inspection of Figure 50, which represents the observed % inhibi-
tion and % difference in K between ammonia oxidation and nitrate produc-
tion for all carbon dose experiments, reveals a suggestive trend in that
nitrate production relative to ammonia oxidation decreases with decreas—
ing degree of inhibition, This trend is more pronounced if data from
each experimental run are considered separately (see Table 27). Figures
51-56 are plots of the data in Table 27. The relationships between %

inhibition and % N loss in Figures 51-56 appear to be compound specific.
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Table 27: Percent Inhibition and Percent Imorganic Nitrogen

Loss Observed for Carbon Dose Experiments

Compound

Control NA 4000 A 2000 A

1000 A

500 A

Control A

Aniline
(10 mg/1)
% Inhidbition
% N Loss

Aniline
(10 mg/1)
% Inhibition
% N Loss

Phenol
(20 mg/1)
% Inhibition
% N Loss

Cyanide
(1.4 mg/1)
% Inhibition
% N Loss

Cyanide
(0.7 mg/1)
% Inhibition
% N Loss

Ethanol
(2500 mg/1)
% Inhibition

% N Loss

12.0
25.0

12.0

Control NA = No inhibitor or PAC added
Control A = jahibitor added, mo PAC
4000, 2000, 1000 and 500 A are PAC doses used

with the added inhibitor.

% N Loss = 100 - (I(Nos)/-K(Nﬂs) ¢ 100)
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For the adsorbable inhibitors, amiline and phenol, Woods' explanation
for aerobic denitrification 1is supported. The limited data available
for non—adsorbable inhibitors, cyanide and othamol, is less oconvincing
support for aerobic denitrification. If Figures 51-56 are to be taken as
evidence for the inhibition of hydroxylamine-mitrite reductase activity,
then the observed disparities between initial ammonia and nitrate reac-—

tion rates in the carbon dose experiments can be explained by aerobic

denitrification.

Discussion on Carbon Dose Experiments

. The results for experiments performed using adsorbable inmhibitors
(i.e., phenol and aniline) clearly demonstrate enhancement of nitrifica-

tion rates due to the addition of powdered activated carbon.

In the final carbon dose experiment with 10 mg/l aniline, 1liquid
phase aniline concentrations were measured by gas chromatography at
specific sampling periods throughout the experiment. Results, plotted
on Figure 49, show that liquid phase aniline concentration is directly
related to nitrification inhibition (see Figures 46-47) and inversely
related to PAC concentration. It appears that for cultures with no PAC
addition, spproximately 2 mg/l of aniline was either metabolized and/or
adsorbed onto the biological mass, Figure 49 also indicates that
equilibrium conditions for aniline adsorption were rapidly established

with 80 to 95 % of the total adsorption occurring within 0.5 hour.
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Using the previously determined adsorption isotherm parameters for
aniline, the expected 1liquid phase aniline concentration at any given
carbon dosage may be determined., Expected concentrations can then be
compared with measured concentrations at the carbon dosages used in the
experiment. The following equation, derived from the Freundlich adsorp-
tion model, was used to calculate expected liquid phase aniline concen-—

trations;

CI - Ce - e(ln K¢ + 1n M)
c1/n
£ (52)

where Ci = initial aniline concentration, 10 mg/1l

Cf = final equilibrium liquid phase concentration , mg/l

1/n = experimentally determined Freundlich parameter,
= 0.52
1n !f = experimentally determined Freundlich parameter,
= -4.402; K. = 12.9 mg/g st C,=1.0 mg/1

M = carbon dose, g/l

Ce. the only unknown, can be solved for by trial and error or by a pro-

grammable calculator, Results of expected and measured Ce at the PAC

concentrations used in the experiment are shown below;

PAC dose Expected Liquid Measured
(mg/1) Phase Aniline (mg/1) Aniline (mg/1)
500.0 1.8 3.3
1000.0 0.6 1.9
2000.0 0.17 not detected
4000.0 0.05 not detected

The 1imit of detection for the gas chromatography method used to

analyzed eaniline was 0.3 mg/1, The reasons for the differences between
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the expected and observed values of liquid phase aniline are specula-
tive. Aside from the different mixing conditions used in the experiment
and the isotherm, the presence of biological solids may have interferred
with carbon adsorption sites. Martin and Iwugo (1982) recently reported
on the effects of imorganic and biological solids on the adsorption of
organics by activated carbon. They concluded that suspended solids,
particularly organic suspended solids, could interfere with the adsorp-
tion process, both in terms of adsorption capacity and adsorption rate.
They found that organic suspended solids beginning at 500 mg/l appeared
to interfere with the adsorption process for single solute solutions and

that adsorption was significantly reduced.

By interpolation of Figure 57 (to be discussed) for the final ani-
line experiment of 2-85, it can be estimated that the PAC concentration
at which 75% nitrification occurred was 103 mg/l. The corresponding
liquid phase aniline concentration for this PAC dosage, based on the‘
isotherm parameters, is 6.8 mg/l. For comparative purposes, Tomilinson
(1966) observed, under similar experimental conditions, that the concen-—
tration of aniline causing 75% nitrification inphibition in nitrifying

activated sludge was 7.7 mg/l.

The foregoing discussion suggests, at least for aniline, that nit-
rification inhibition is caused by liguid phase inhibitor comcentration

as opposed to total inhibitor concentration in a given PAC-activated

sludge system.
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Results from experiments using non—adsorbable inmhibitors (i.e.
cyanide, ethanol), at concentrations below that producing complete inhi-
bition, indicate little or no significant nitrification enhancement due
to the addition of powdered sactivated carbon. The results of the
ethanol experiment (i.e., Figures 44-45) are in dramatic contrast to
experiments with adsorbable inhibitors where the degree of nitrification
enhancement was directly related to PAC dosage. In using ethanol, the
Jeast adsorbable inhibitor of all compounds evaluated, there was found
to be no significant difference among nitrification rates in all test
flasks. It should be mnoted that dissolved oxygen (DO) levels in each
flask was measured during and after the carbon dose experiment with 2500
'1-g/1'ethnnol addition. This was done in recognition that potential oxy-
gen limiting conditions might be created through increased heterotrophic
oxygen uptake due to the addition of high concentrations of carbonaeous

substrate. All DO levels were measured to be greater than 5 mg/l.

Data (Figures 40-43) from the experimental runs using cyanide as
an inhibitor of mitrification showed a measurable enhancement effect due
to PAC addition. The degree of nitrification enhancement noted was sig-
nificantly less than those observed for adsorbable compounds and is con-
sistent with other observations suggesting that the degree of nitrifica-
tion enhancement is directly related to adsorptivity of the imhibitor.
However, the degree of nitrification enhancement exceeded that expected

from adsorption since cyanide, as it exists in solution, in highly ion-

ized (CN-).
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A subsequent literature search on methods of cyanide waste treat-
ment revealed that the adsorptive characteristics of cyanide could be
altered under a given set of circumstances. Bernardin (1973) and Hoff-
man (1973), in investigations involving the detoxification of cyanide-
bearing wastewaters, demonstrated that granular activated carbon will
catalyze the oxidation of cysmide to cyanate (CNO-) in the presence of
dissolved oxygen. According to Hoffman, the resulting cyanate ion can
be up to 26 times more adsorbable than cyanide when complexed with
copper or any other divalent metal (except for irom) present., The stu-
dies showed that a 1:1 ratio by weight of divalent metal to cyanide was
optimal for adsorption onto granular activated carbon. Hoffman also
-isnggested. depending om contact time, that the presence of activated
carbon and DO can promote the subsequent hydrolysis of cyanate to bicar-
bonate and ammonia. Reactor feed contained a number of divaleat metals
including copper, cobalt, zinc and manganese at trace concentrations,
The total concentration of divalent metals, excluding irom, in the feed
was calculated to be approximately 0.062 mg/1. Assuming that 10% of
this is in free form, the resulting ratios of cyanide to available
divalent metal in the experiments involving cyanide was asapproximately
0.001 to 0.002. These ratios would result in little enhanced adsorp-
tivity for cyanide for the case of granular activated carbon, however,
it is probable that powdered activated carbon, which is a much more
efficient adsorbent in terms of external surface area, can provide a

means for increased adsorption of cyanide-metal complexes.
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To form a more quantitative basis for comparing the degree of nit-
rification enhancement among different experimental runs, the inhibition
coefficient (I) can be calculated to express the degree of imhibition
observed at oach carbon dosage for each inhibitor evaluated. I, which
was defined and used earlier, is the ratio of calculated reaction rate
constant K in the presence of the added compound to K in the control
(i.e., no added compound). Calculated I's for ammonia oxidation and
nitrate production rate constants for all experimental runs are
presented on Tables 28 and 29. Inspection of both tables reveals that
the degree of nitrification enhancement relative to the corresponding
control (no added compound) at any given carbon dose is related to the
" adsorptivity of the imhibitory compound under evaluation. For nonad-
sorbable compounds such as cyanide, nitrification enhancement above that
in the control with no PAC addition was approximately 16 and 30% at the
highest PAC dose tested (4000 mg/1), for 0.7 and 1.4 mg/l, respectively.
For ethanol, the least adsorbable of the compounds tested, degree of -
nitrification enhancement was only 3 % at the highest PAC tested. In
contrast, nitrification enhancements of 75, 97 and 94 % over the
corresponding controls with no PAC addition were noted for aniline; ani-
line; and phenol, respectively, at 4000 mg/1 PAC. These results provide
further evidence that the adsorption is the major mechanism of nitrifi-

cation enhancement in activated sludges.

Figures 57 and 58 show, respectively, I values for ammonia and
nitrate reaction constants plotted against PAC concentrations for all
carbon dose experiments. Both figures show a general relationship

between the degree of nitrification enhancement and PAC concentration
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Table 28: Nitrification Inhibition Coefficients, I
Based on Ammonia Reaction Constants
For Carbon Dose Experiments
Spiked | Type I Adsorption Control A 4000 A 2000 A 1000 A 500 A
Compound | Parametoers (No PAC) mg/l mg/1 _mg/l mg/1
| | '
Aniline | Al | 12.2 mg/g 0.19 0.94 0.91 0.88 0.38
10 mg/1 | | 0.52
(2-85) | |
| |
Aniline | Al | 12.2 mg/g 0.02 0.99 0.93 0.88 0.3
10 mg/1 | | 0.52
(1-85) | |
|
Phenol : AI | 21.0 ngl/g 0.06 1.0 1.0 0.37 0.07
20 mg/1 | | 0.54
(1-85) | |
|
Cyanide = NAI 2.0 mg/g 0.0 0.158 Ld o 0.0
1.4 mg/l |
(2-85) | |
|
Cyanide | NAI 2.0 mg/g 0.22 0.52 4 hd 0.37
0.7 mg/1 | |
(1-85) I
Ethanol = NAI 0.0 mg/g 0.357 0.387 . . 0.385
2500 mg/1 |
(2-85)

¢ Carbon doses not evaluated in these experiments
AI, NAI = Adsorbable and non—adsorbable nitrification inmhibitor.

Adsorption parameters are Freunlich parameters, K and 1/n for
aniline, phenol, and ethanol based on C sub o# = 1.0 mg/l.
For cyanide, the adsorption parameter represents the maximum
adsorption observed at an initial concentration of 20 mg/l,
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Table 29: Nitrification Inhibition Coefficients, I
Based on Nitrate Production Constants
For Carbon Dose Experiments

Spiked | Type | Adsorption Control A 4000 A 2000 A 1000 A 500 A
Compound | | Parameters (no PAC) mg/1 mng/l mg/1 mg/l
| |
Aniline | Al | 12.2 ng/g 0.18 0.96 0.96 0.93 0.52
10 mg/1 | | 0.52
(2-85) | |
|
Aniline I Al | 12.2 mg/g 0.07 0.97 1.01 0.93 0.39
10 mg/1 | | 0.52
(1-85) | |
| |
Phenol | A | 21.0 mg/sg 0.07 0.9 0.98 0.44 0.1
20 mg/1 | | 0.54
(1-85) | |
| |
Cyanide | NAI | 2.0 mg/g 0.07 0.25 s . 0.05
1.4 mg/1 |
(2-85) |
{
Cyanide | NAI 2.0 mg/s 0.28 0.64 * . 0.41
0.7 mg/1 |
(1-85) |
|
Ethanol | NAI 0.0 mg/g 0.32 0.34 . . 0.34
2500 mg/1 |
(2-85) I

¢ Carbon doses not evaluated in these experimontal runs
AI, NAI = Adsorbable and non—-adsorbable nitrification inhibitor
Adsorption parameters are Freunlich parameters, K and 1/n for
aniline, phenol, and ethanol based on C_ = 1.0 mg/1l.
For cyanide, the adsorption parameter represents the maximum
adsorption observed at an initial concentration of 20 mg/1l CN.
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depending on the adsorptivity of the compound tested. For adsorbable
compounds, at the initial concentrstions used, the relationship can be
characterized by a ''S" type curve. This indicates that nitrification
was enhanced marginally at low PAC doses and that the rate of nitrifica-
tion increased steadily with increasing PAC concentration uwntil a pla-
teau was reached (i.e., no further enhancement). From this relation-
ship, it appears that nitrification enhancement depends upon the lower-
ing of inhibitor concentration, through adsorption, to some threshold
value before nitrification can proceed at reasonsble rates, For mnonad-
sorbable ocompounds, the enhancement/PAC relationship is characterize by
a relatively horizontal curve indicating mno or 1little nitrification

.‘enhancenent with PAC concentration.

It is important to note that in these experiments, unacclimated
activated sludge and virgin PAC was used. For adsorbable inhibitors,
the beneficial effects of carbon were observed almost immediately after
the beginning of the test (i.e., 2 hours). These results support the
adsorption of inhibitory compounds theory of enhancement, and disproves
the other theories, at least for this series of experiments, The other
theories cannot account for the results of these experiments since there
was insufficient time for preferential growth on the carbon surfaces,
and the virgin carbon could not have been laden with trace nutrients or
have been able to concentrate them over short contact times. Therefore,
the role of PAC in mediating the effects of adsorbable inhibitory com-
pounds on nitrification in unacclimated activated sludge has been demon-—
strated., In addition, these experiments provide strong evidence that =a

major benefit of PAC addition in nitrifying activated sludge is
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adsorption of toxic compounds that may be present in the waste stream.
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ADDITIONAL OBSERVATIONS

Several other noteworthy observations can be made with respect to
refinery wastewater fed PAC activated sludge. Throughout the duration

of this study, the PAC reactor consistently demonstrated the greatest

stability.

Operation at an high sludge age (i.e., 60 days) and high organic
loading (i.e., influent > 500 mg/1 TOC, On = 24 hours) invariably
results in high MLSS concentrations and probable settling difficulties
in the final clarifiers. There was never a problem in the PAC reactor
since PAC served as a weighting agent to improve settling. On the other
'1hind, the control and bentonite units often suffered from settling prob-—
lems with high sludge blankets; they generally did not demonstrate con—

sistent and desirable settling characteristics,

The difference between batches of wastewater received provided an
opportunity to compare the stability of all reactors. The PAC reactor
was observed to be the most stable in terms of foam suppression and
color removal, With almost every new wastewater batch, the control and,
especially, the bentonite reactor, experienced severe foaming problems.
No foaming was ever noted in the PAC reactor. Typically it would take
one week of stable operation with a new batch of wastewater before foam-
ing problems would subside in the non-PAC units. Increased color remo-
val in the PAC units over the control and bentonite units was also rou-
tinely observed. The color of the refinery wastewater was yellowish and
the effluent from the PAC reactors was noted to be as clear as the

effluent from the glucose reactors. In contrast, the control and
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bentonite reactor effluents retained the yellowish characteristic of the

influent.

Enhancement of nitrification efficiencies were also evident -—
particularly during the initial start—up period for the reactors. The
later observation is best supported by Figures 59 and 60 which are cumu-
lative probability plots for effluent ammonia concentration for each
reactor type. These figures show that the addition of PAC in the glu-
cose fed reactors made no significant difference in mitrification. How-
ever, the addition of PAC to the refinery reactor resulted in signifi-
cantly more nitrification over the control and bentonite reactors. This
- was presumably due to a combination the factors moted earlier. It
should be noted that these benefits were observed almost exclusively
during the start—up period when reactor upsets were common, Following
the start—up period, all refimery reactors achieved excellent nitrifica-

tion and reactor effluent ammonia samples were taken less frequently.
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SUMMARY AND CONCLUSIONS

An experimental program was designed to assess the influence of
powdered activated carbon (PAC) and bentonite additions on activated
sludge nitrification rates in the presence of ''gpiked’’ compounds of
known inhibitory and adsorptive characteristics. Bentomite (alominum
silicate) is a suspended solid with suvitable surface chemistry for
microbial attachment but limited ability to adsorb organics. Based on
the results reported herein, the findings and conclusions in this study

can be summarized as follows:

1. In batch inhibition studies, nitrification enhancement due to PAC
addition was demonstrated in unacclimated activated sludge cul-
tures in the presence of adsorbable inhibitors. Enhancement due
to the addition of either PAC or bentonite was not evident in any
experiments involving a non—adsorbable inhibitor. These results
provide evidence that adsorption of inhibitory compounds is a -Ote‘
important mechanism for nitrification enhancement than is enhanced

nitrifier growth on the surface of suspended solids.

2, For acclimated activated sludges, nitrification enhancement was
much more difficult to demonstrate, presumably because at the low
dosages used (50 mg/1 influent), the benefits of sludge acclima-
tion were much more pronounced and perhaps obscured any benefit

the added carbon could produce.

3. The chronic experiments showed that acclimated sludges are capable

of recovering from shock load conditions of very high imhibitor
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concentrations to full nitrification with no apparant after
effects. At the dosages used (50 mg/l1 influent), the addition of
either PAC or bentonite provided no significant enhancement of

nitrification rates under the experimental conditionms.

The initial chronic experiment gave evidence that the addition of
PAC to aétivated sludge can indirectly inhibit nmitrification by
virtue of desorption of a previously adsorbed inhibitor. In this
same experiment, it was shown that an adequate dose of virgin PAC
can dramatically arrest the effect of an adsorbable inhibitor and
completely restore nitrification capability. The second chronic
experiment demonstrated that at a high concentration of aniline,
Nitrobacter activity was inhibited. Previous studies had impli-
cated aniline as an inhibitor only to ammonia oxidation. This
experiment also suggested that the Nitrobacter sp. may bave an

affinity for attachment to suspended solids.

Results from the carbon dose experiments indicated that the addi-
tion of PAC in the proper amounts can completely nullify the toxic
effects of an adsorable inhibitory compound inm wunacclimated
activated sludge cultures. For adsorbable nitrification inhibi-
tors, the addition of PAC resulted in no significant loss of nit-
rification capability and nitrification enhancements over control
units (i.e., no PAC added) of 75 to 100%, For relatively non-
adsorbable inhibitors, nitrification enhancements of only 3 to 30%
were observed at the same carbon dosage. These results provide

convincing evidence in support of the theory that PAC can adsorb
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jnhibitory compounds, thereby enhancing nitrification rates.

There appears to be an optimal dose of carbon required to mnegate
the effects of an inhibitor given that its concentration and

jsotherm characteristics are known a priori.

The results from the carbon dose experiments do not support the
theory that concentration of nutrients on the carbon surface is a
major mechanism for nitrification enhancement since the benefits
to nitrification from adding the virgin PAC was observed to be
immediate (i.e., 1 hour or less). Therefore, the effect of con-
centration of nutrients on the carbon surface over such short con—
tact times could provide little benefit in enhancing nitrifier

growth,

Over the course of the experiments it became obvious that an
important factor for continued high efficiency nitrification was
the uniformity of influent fed to the reactors treating refinery
wastewater., It appears that providing a highly equalized influent
wastewater could provide approximately the same benefits to nit-
rification as powdered activated carbon addition at dosage

evaluated (50 mg/1 influent),
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CONCLUSIONS

The results presented herein have important implications in the
wastewater treatment field, particularly in industrial wastewater treat-
ment, where nitrification inhibitors may be present, This study bhas
shown that the major mechanism by which PAC nitrification occurs is
sdsorption of inhibitors that may be present. However, the results also
show that under steady state conditions, the gradusl acclimation of
heterotrophic organisms to nitrification inhibitors is equally important

in maintaining the highest treatment efficiency possible.

Based on the results of the work reported herein, the major con-—

- clusions of this study are threefold;

1, With respect to nitrification enhancement in nitrifying activated
sludges, the effects of the addition of powdered activated carbon
will be observed only in those wastewaters containing a predomi-
nance of adsorbable inhibitors. The addition of inert suspended

s0l1id will not enhance nitrification under these conditions.

2, The acclimation ability of heterotrophic microorganisms in
activated sludge to nitrification inhibitors present in wastewa-
ters, independent of adsorptive characteristics, can be a major
means of preventing loss of nitrification capability. In this
regard, the utilization of equalization basins, in sitvations
where the potential for mitrification inhibition exist, may serve
to buffer inhibitory effects by allowing ample opportunity for

heterotrophic acclimation,
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If nitrification loss due to adsorbable inhibitors is of primary
conceern, the periodic addition of PAC at relatively heavy doses
directly into the aeration basin may be a more efficient and
economical method of controlling ‘’shock loads’’ of adsorbable inmhi-
bitors than is the steady state addition of PAC at low concentra-

tions (i.e., 50 mg/1 influent).
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Appendix I: Results of Batch Inhibition Experiments

10 mg/1 Aniline Spike (6-14-83)

Time  GC __ GNC __ RC ENC  BEN ___GCC___GNCC___ RCC - ENCC _ BENC
0.0 62.0 60.0 60.0 63.0 60.0 62.0 60.0 60.0 63.0 60.0
2.0 67.5 72.0 60.0 61.0 68.5 50.0 44.0 50.0 51.0 52,0
4.0 $2.0 63.5 S6.0 57.0 59.0 27.8 33.0 33.5 42.0 46.0
6.0 35.2 59.0 37.0 40.0 42.5 14.0 20.0 23.2 29.5  32.0
9.0 22.0 47.0 20.0 28.0 32.0 2.1 6.4 12.5 20.2  24.2

No,

0.0 50.5 48.1 120.0 115.0 112.0 50.5 48.1 120.0 115.0 112.0
2.0 49.9 43.0 132.0 112.0 122.0 56.0 54.0 117.0 125.0 114.0
4.0 60.0 48.5 137.0 145.0 141.0 74.0 64.0 150.0 150.0 145.0
6.0 16.5 57.0 162.0 155.0 151.0 89.0 77.0 171.0 158.0 150.0
9.0 93.0 64.5 178.0 169.0 161.0 111.0 95.0 182.0 179.0 165.0

The total volume (mls.) of NaOH required to maintain pH at

7.3 was as follows:

GC:0.25 GNC:0.0 RC:5.7
6CC: 6.6 ONCC:14.3 RCC:10.2
In this experiment, the extraction solution (i.e., Orion

Methods Manual, 1973) was used for the analysis of

BNC: 4.6

RNCC:7.8

BEN: 4.4
BENC:8.15

nitrates in refinery wastewator mixed liquor samples.



Appendix I: Results of Batch Inhibition Experiments
10 mg/1 Toluene Spike (6-10-83)

997

Time GC GNC RC RNC BEN GCC GNCC RCC RNCC BENC
0 54.2 58.0 53.0 48.0 54.5 54.2 58.0 53.0 48.0 54.5
0 47.5 44.5 38.0 36.0 38.0 48.5 44.0 35.5 40.0 42.0
0 32,1 36.5 28.5 29.5 35.0 33.0 36.0 26.2 31.0 32.0
0 22.1  25.6 24.2 23.0 21.2 21.2 25.1 23.5 22.0 26.0
0 7.4 9.8 13.0 19.1 15.5 7.8 10.2 14.0 21.5 25.1

3

0.0 55.0 51,5 118.0 117.0 113.0 55.0 51.5 118.0 117.0 113.0

2.0 57.0 52,2 120.0 121.0 118.0 $7.9 53.0 128.0 123.0 118.0

4.0 73.0 62.5 131.0 127.0 127.0 74.5 62,5 140.0 132.0 135.0

6.0 86.0 73.0 142.0 144.0 150.0 87.0 73,0 145.0 148.0 150.0

9.0 102.0 91.0 1710 170.0 175.0 105.0 92.0 185.0 185.0 177.0

Note: the initial reactor effluent ammonia concentrations
were measured to be as follows prior to ammonia spiking;

GC = <0.1 mg/1 GNC = 0.5 mg/1 RC, ENC, and BEN= <0.1 mg/1
The total volume (mls.) of NaOH required to maintain pH at
7.3 was as follows:

GC:9.1 GNC:16.2 RC:11.0 RNC:8.65 BEN:9.2
GCC:8.8 GNCC:15.6 RCC:10.8 BRNCC:9.25 BENC:8.5
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Appendix I: Results of Batoch Inhibition Experiments

3.0 mg/1 Cyanide Spike (6-7-83)

Time GC GNC RC RNC BEN GCC GNCC RCC RNCC BENC
3

0.0 53.0 355.0 51.0 51.0 50.0 53.0 55.0 51.0 51.0 51.0
1.0 65.0 66.0 60.0 §5.9 55.0 51.0 60.0 40.0 44.0 42.0
3.0 62.0 62.1 58.0 51.0 50.0 41,0 50.0 24.0 37.0 36.5
5.0 58.0 56.0 53.0 50.0 48.5 30.2 40.5 16 .4 31.2 31.0
9.0 57.0 354.0 35.0 4.0 36.0 13.9 23.8 5.6 28.5 26.1
3

0.0 42.0 38.0 92.0 100.0 94.0 42.0 38.0 92.0 100.0 94.0
1.0 44.0 37.5 98.0 95.0 92.0 49.0 38.0 105.0 110.0 107.0
3.0 50.0 41.9 108.0 104.0 98.0 62.0 47.0 125.0 117.0 113.0
5.0 60.0 47.0 104.0 108.0 107.0 76.0 58.5 139.0 121.0 118.0
9.0 70.0 62.5 120.0 118.0 117.0 101.0 81.0 152.0 132.0 136.0

Note: the initial reactor effluent ammonia concentrations
were measured to be as follows prior to ammonia spiking;

GC = <1.0 mg/1 GNC = ¢1.0 mg/1 RC, BNC, and BEN= <1.0 mg/1
The total volume (mls.) of NaOH required to maintain pH at
7.3 was as follows:

GC:0.2 GNC:2.75 RC:0.0 RNC:1.6 BEN:0.95
GCC:14.05 GNCC:14.05 RCC:6.15 BNCC: 5.6 BENC:5.15
pH of the glucose non—carbon reactor was 5.6 initially

and adjusted to 7.2 prior to experiment.
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Appendix I: Results of Batch Inhibition Experiments

20 mg/1 Phenol Spike (5-25-83)

Time  GC___GNC ___EC __BENC _BEN _ GCC__ GNCC___ _RCC _ BNCC _ BENC
NH,
0.0 57.2 S4.0 S1.0 S1.0 50.0 57.2 S54.0 51.0 51.0 50.0
1.0 57.9 54.0 46.0 46.0 45.0 58.0 56.0 42,0 37.0 44.0
3.0 52.0 57.8 36.0 41.0 44.0 42.0 40.0 32,0 38.0 39.0
6.0 38.0 57.0 30.5 36.5 38.0 31.0 33.9 25.0 29.0 38.0
9.0 19.0 36.5 20.1 25.0 30.0 9.2 14.8 17.8 25.0 28.0
NO,
0.0 42.1 78.0 8.0 70.0 69.0 42.1 78.0 8.0 70.0 69.0
1.0 28.5 36.0 79.0 178.0 66.0 38.0 68.0 75.0 66.0 70.0
3.0 360 630 72.0 65.0 59.0 53.0 81.0 72.0 66.0 60.0
6.0 660 73.0 7T4.0 65.0 58.0 172.0 100.0 78.0 72.8 63.0
9.0 8.5 94.0 98.0 74.0 716.0 94.0 120.0 92.0 8.0 76.0

Note: the initial reactor effluent ammonia conceantrations
were measured to be as follows prior to ammonia spiking;

GC = 7.2 mg/1 GNC = <1.0 mg/1 RC, ENC, and BEN= <1.0 mg/1
The total volume (mls.) of NaOH required to maintain pH at
7.3 was as follows:

GC:18.35 GNC:2.7 RC:5.95 RNC:4.65 BEN:4.3
GCC:24.0 GNCC:16.15 RCC:6.65 BNCC:5.75 BENC:4.0



Appendix I: Results of Batch Inhibition Experiments

10 mg/1 Phenol Spike (5-13-83)

Time GC GNC RC RNC BEN GCC GNCC RCC RNCC BENC
0.0 28.0 27.0 25.0 25.1 24,0 28.0 27.0 25.0 25.1 24.0
1.0 22.1  20.1 28.0 22.5 21.0 20.1 15.8 29.1 23.0 23.1
3.0 26.1 21.1 23.9 20.1 21.5 12.4 9.4 26.0 22.2 23.0
6.0 27.1 8.7 . g . 4.0 2.8 . . .

9.0 11.6 1.0 5.3 8.3 7.3 1.0 1.0 5.4 8.6 8.6

2
NO3

0.0 27.0 28.0 60.0 93.0 92.0 27.0 28.0 60.0 93.0 97.0
1.0 21.5 20.1 110.0 105.0 96.0 25.5 26.0 122.0 115.0 102.0
3.0 25.9 25.2 110.0 98.0 91.0 37.0 39.0 64.0 96.0 92.0
6.0 35.0 44.0 119.0 115.0 90.0 51.0 48.0 118.0 67.0 90.0
9.0 50,0 59.9 135.0 117.0 106.0 64.0 60.0 70.0 105.0 100.0

Note: the initial reactor effluent ammonia concentrations
were measured to be as follows prior to ammonia spiking;

GC = 28 mg/1l GNC = 27 mg/1 RC, ENC, and BEN= (1.0 mg/1

The total volume (mls.) of NaOH required to maintain pH at
7.3 was as follows:

GC:4.25
6CC:10.55

GNC:8.6
GNCC:9.95

RC:9.85
RCC: 9.4

BNC: 4.6
RNCC:5.35

BEN:4.5

BENC:4.35
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Appendix I: Results of Batch Inhibition Experiments
10 mg/1 Acrylonitrile spike (5-5-83)

Time GC GNC RC RNC BEN GCC GNCC RCC RNCC BENC
Ni

0.0 32.8 31,6 24.5 24.0 22.3 32.8 131.6 24.5 24.0 22.3

1.0 33.0 27.5 21.5 21.2 18.5 28.5 27.0 20.1 22.2 19.5

3.0 17.1  13.3 10.5 17.8 15.5 21,5 18.8 11.5 20.6 17.9

5.0 15.5 10.8 9.8 20.0 17.2 16.5 13.2 8.5 19.0 16.5

9.0 2.7 1.2 2.6 11.1 10.9 2.1 1.6 1.4 10.0 11,2
NO,

0.0 27.0 28.0 100.0 103.0 99.0 27.0 28.0 100.0 103.0 99.0

1.0 26.0 28.5 102.0 108.0 98.0 27.9 28.2 115.0 115.0 97.0

3.0 42.0 37.0 113.0 110.0 105.0 42.0 41.0 130.0 121.0 100.0

5.0 56.0 50.0 132.0 138.0 113.0 56.0 47.9 133.0 138.0 115.0

Note: the initial reactor effluent ammonia concentrations

were measured to be as follows prior to ammonia spiking;

GC = 7.8 mg/1 GNC = 6.6 mg/1 RC, ENC, and BEN= <1.0 mg/1

The total volume (mls.) of NaOH required to maintain pH at

7.3 was as follows:

GC:16.85 GNC:17.0 RC:6.35 BNC:6.4 BEN:5.75

GCC:16.9 GNCC:16.55 RCC:6.65 RNCC:6.65 BENC:5.25
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Appendix I: Results of Batch Inhibition Experiments

3.0 mg/1 Cyanide Spike (4-28-83)

Time GC GNC RC RNC BEN GCC GNCC RCC RNCC BENC
0.0 27.0 26.2 27.8 27.8 22.0 27.0 26.2 27.8 27.8 22.0
1.0 31.0 25.0 26.0 25.0 21,5 26.0 18.5 17.8 18.5 18.0
3.0 28.1 23.0 21.5 22.5 20.5 17.0 11.2 12.5 15.5 14.2
5.0 26.1 18.1 21.3 22.0 18.0 12.2 6.6 9.1 12.0 10.5
9.0 23.0 14.2 16.0 15.0 15.5 1.6 1.0 2.8 5.6 5.3
NO3

28.0 26.5 94.0 94.0 92.0 28.0 26.5 94.0 94.0 92.0

100.0 121.0 34,0 33.5 128.0 115.0 88.0

33.5 35.0 100.0 138.0 121.0 42.0 41.5 135.0 122.0 92.0

0.0
1.0 31.0 29.0 96.0
3.0
5.0 39.0 40.0 105.0 141.2 1250 58.0 54.0 140.0 138.0 120.0

Note: the initial reactor effluent ammonia concentrations
(mg/1-N) was as follows:

GC: 6.4 GNC: 4.7 RC:<1.0 RNC:<1.0 BEN:¢1.0
The total volume (mls.) of NaOH required to maintain pH at
7.3 was as follows:
GC:0.0 GNC:1,.60
GCC:12.9 GNCC:11.8

RC:0.0
RCC:5.6

RNC: 0.5
RNCC:6.20

BEN:1.3
BENC:6.8



LT

Appendix I: Results of Batch Inhibition Experiments

1.0 mg/1 Cyanide Spike (3-25-83)

Time GC GNC RC RNC BEN GCC GNCC RCC RNCC BENC
0.0 22.4 19.2 25.0 28,0 35.0 22.4 19.2 25.0 28.0 35.0
1.5 21.3 19.2 24.3 27.8 37.2 24.3 19.7 21.3 24.4 36.2
4.0 24.6 25.6 29.1 32,6 41.7 23.6 15.1 13.5 21.6 34.6
7.0 30.0 26.5 29.0 320 450 21,1 12.0 8.3 23.0 33.5
10.3 28,0 24.0 21.0 25.0 41.0 17.0 7.8 3.5 20.5 28.0
NO3
0.0 23.6 28.0 83.6 110.0 58.0 23.6 28.0 83.6 110.0 58.0
1.5 19.2 23.6 98.0 104.0 62,0 35.0 34.2 101.0 108.0 76.0
4.0 22.0 21.8 80.0 90.0 42.0 29.6 40.0 112.0 102.0 81.0
7.0 31.0 27.0 112.0 116.0 58.0 48.0 46.0 122.0 122.0 96.0
10.3 31.0 29,0 111.0 110.0 94.0 50.0 45.8 112.0 114.0 102.0

Note: the initial reactor effluent ammonia concentrations

wore measured to be as follows prior to ammonia spiking;
GC = 22.1 mg/1 GNC = 19.2 mg/1 RC= 1.0 mg/1 RNC= 15.4 mg/1

BEN = 35.0 mg/1

The total volume (mls.) of NaOH required to maintain pH at

7.3 was as follows:
6C:3.05 GNC: 4.5 RC:4.958
GCC:10.5 GNCC:10.0 RCC:11.1

RNC:4.4

RNCC:9.45

BEN:1.3
BENC:11.0
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Appendix I: Results of Batch Inhibition Experiments
10 mg/1 Aniline Spike (2-23-83)

|

Time GC GNC RC RNC BEN GCC GNCC RCC BRNCC  BENC
0.0 19.8 22.5 22.5 22.5 21,0 19.8 22.5 22.5 22.8 21.0
1.5 24.0 25.0 23.0 21.2 22.0 23.4 24.5 15.2 19.0 17.8
3.0 22,0 22.0 21.5 22.1 205 22.5 211 12,9 14.2 12.3
6.0 18,2 22.1 14.3 18.0 20.2 22.0 24.2 6.3 9.6 8.4
8.0 1s.1  27.0 13.7 17.9 20.2 23.0 26.5 5.1 9.2 8.8
10.5 13.0 27.0 8.3 13.0 15.0 21.0 24.5 1.85 2.7 5.2
0.0 13.8 0.7 73.6 96.8 52.8 13.7 0.7 73.6 9.8 52.8
3.0 24.8 7.4 113,99 107.1 114.8 27.0 18.5 116.9 93.6 74.8

Note: Reactor GC and GNC were not nitrifying
prior to the experiment,
Nitrate analyzed by Cadmium Reduction

Me thod.

pH not adjusted in this experiment



APPENDIX II: Results of Chronic Inhibition Experiments
Simultaneous Pulse-Step Feed of 30 mg/1 Aniline (6/23-6/26-83)

Ammonia—-N vs. Time (Hours)

Time RC ENC BEN
0.0 94.0 100.0 105.0
2.0 90.0 99.0 97.0
4.0 87.0 102.0 103.0
6.0 89.0 98.0 101.0
8.0 88.0 84.0 103.0

11.0 90.0 49.0 96.0

14.0 98.0 30.0 99.0

17.0 102.0 8.3 72.0

20.5 96.0 1.2 35.2

24.0 88.0 1.0 33.5

28.5 92.0 1.0 1.0

32.0 99.0 2.9 3.1

36.0 102.0 1.9 2.6

44.5 102.0 1.0 1.0

52.5 103.0 1.3 1.6

60.5 102.0 1.0 1.0

71.0 102.0 1.0 1.0

75.0 101.0 . g

78.0 97.0 . .

80.0 84.0 i g

82.0 72.0 . .

84.0 58.0 . .

86.0 44.2 ¢ .

91.5 14.8 . .

93.5 7.0 * ¢

95.5 2.0 . .

100.0 1.0 . .

123.0 1.0 1.0 1.0

125.0 1.0 1.0 1.0

127.0 1.0 1.0 1.0
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Appendix II: Results of Chromic Inhibition Experiments
Simultaneons Pulse-Step Feed of 30 mg/1 Aniline

Nitrate Data (mg/1-N vs. Time)

Time GC GNC RC
0.0 122.0 128.0 121.0
2.0 116.0 125.0 117.0
4.0 116.0 122.0 115.0
8.0 94.5 94.0 108.0

14.0 81.0 102.0 83.0

20.5 69.0 104.0 96.5

28.5 53.8 104.0 110.0

44.5 48.0 108.0 132.0

28.5 53.8 104.0 110.0

44.5 48.0 108.0 132.0

52.5 33.0 100.0 138.0

60.5 31.5 102.0 135.0

71.0 29.9 102.0 136.0

76.0 29.5 b .

78.0 28.5 g .

80.0 32.0 . .

82.0 36.2 g .

84.0 40.0 . b

86.0 44.2 b *

91.5 56.0 g .

93.5 60.0 . .

95.5 63.0* g

100.0 74.0 g .

123.0 105.0 100.0 115.0
125.0 108.0 101.0 116.0
127.0 108.0 98.0 117.0
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Appendix II: Results of Chronic Inhibition Experiments
Simultaneous Pulse-Step Feed of from 30 to 60 mg/1 Aniline

Ammonia Data (mg/1-N vs. time)

Time 6C GNC RC
0.0 118.0 108.0 108.0
1.0 121.0 94.0 105.0
3.0 128.0 108.0 103.0
6.0 132.0 122.0 118.0
9.0 128.0 125.0 122.0

11.0 123.0 125.0 120.0

13.0 128.0 130.0 108.0

16.0 112.0 105.0 81.0

19.0 78.0 43.9 70.0

22.0 38.5 31.8 14.2

25.0 5.1 5.4 1.4

30.0 1.4 1.0 1.0

33.0 4.4 2.1 2.3

36.0 3.1 2.0 1.8

46.0 1.5 1.0 1.3

50.0 1.0 1.0 1.0

54.0 3.6 4.8 2.5

60.0 1.3 1.1 1.4

73.0 1.1 1.0 1.0

83.0 3.6 1.2 3.3

99.0 1.0 1.8 1.4
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Appendix II: Results of Chronic Inhibition Experiments
Simultaneous Pulse—Step Feed of 30 to 60 mg/1l Aniline

Nitrate Data (mg/1-N vs, time)

Time GC GNC RC
0.0 139.0 138.0 130.0
1.0 131.0 131.0 127.0
3.0 122.0 124.0 120.0
6.0 117.0 117.0 113.0

11.0 100.0 94.0 89.0

13.0 96.0 92.0 87.0

16.0 91.0 86.0 78.0

22.0 84.0 19.9 71.0

33.0 72.0 61.0 56.5

36.0 67.0 59.9 57.5

46 .0 63.0 50.0 54.5

50.0 66.5 53.9 60.0

54.0 54.0 48.5 37.3

58.0 55.0 52.0 40.0

60.0 55.5 40.0 56.0

73.0 52.0 36.0 60.0

83.0 47.0 35.5 80.0

99.0 52.0 36.0 84.0

107.0 52.0 37.0 96.0

119.0 52.0 34.0 100.0

130.0 61.0 38.0 128.0

146.0 68.0 39.5 125.0

153.0 77.0 45.0 128.0

169.0 90.0 §3.0 132.0

191.0 113.0 74.0 133.0

201.0 128.0 92.0 142.0

216.0 129.0 108.0 138.0
223.0 130.0 130.0 142.0
240.0 132.0 132.0 138.0
264.0 138.0 132.0 138.0
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Appendix II: Results of Chronic Inhibition Experiments
Simul taneous Pulse-Step Feed of 30 to 60 mg/1 Aniline

Nitrite Data (mg/1-N vs. time)

Time GC GNC RC
55.0 88.0 125.0 107.0
58.0 92.0 120.0 94.0
60.0 90.0 94.0 89.6
73.0 95.0 121.0 80.0
83.0 . 96.9 34.0
99.0 78.8 82.1 31.2
107.0 175.5 79.0 33.0
119.0 70.0 76.0 14.0
130.0 62.5 80.0 6.0
146.0 53.0 77.0 4.4
153.0 45.3 83.7 2.0
170.0 25.8 . 2.0
191.0 14.0 68.0 2.0
201.0 8.4 56.0 2.0
216.0 4.6 38.0 3.6
223.0 2.0 14.0 2.0
240.0 5.0 8.4 2.0
264.0 2.0 3.4 2.0

Mixed Liquor Soluble TOC (mg/1 vs. time)

Time 6C GNC RC
-1.0 50.3 357.3 58.9
1.0 S52.3 58.4 62.7
3.0 79.4 89.1 g
6.0 8.9 89.1 85.3
11.0 71.3 174.5 175.6
16.0 63.2 70.2 68.3
22.0 65.4 69.7 66.9
36.0 63.2 68.1 67.5
50.0 57.3 63.8 63.8
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APPENDIX 1II: Results of Carbon Dose Inhibition Experiments
Experiment with 10 mg/1 Aniline Spike (2-17-8S5)

Time Control NA 4000 A 2000 A 1000 A 500 A Control A
0.0 54.5 54.3 54.5 54.3 54.5 54.5
0.5 43.5 42.5 i . . .
1.0 32.5 32.0 31.5 36.0 44.5 50.0
3.0 5.4 7.5 9.6 11.2 28.5 41.0
5.0 1.3 1.4 1.6 1.4 18.0 36.2
8.0 1.3 1.4 1.6 1.4 5.0 29.0
N03
0.0 78.0 78.0 78.0 78.0 78.0 78.0
0.5 86.0 84.0 . . d g
1.0 90.0 90.0 90.0 89.0 86.0 82.0
3.0 114.0 112.0 112.0 111.0 96.0 84.0
5.0 125.0 123.0 123.0 125.0 108.0 90.0
8.0 135.0 132.0 135.0 132.0 128.0 93.0
NO2
0.0 3.7 3.7 3.7 3.7 3.7 3.7
0.5 0.0 341 2.9 1.3 0.2 0.2
3.0 6.0 0.9 3.0 1.5 0.3 0.2
8.0 0.08 0.1 0.1 0.1 0.1 0.2
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APPENDIX IIXI: Results of Liquid Phase Aniline Concentrations
With Time in 10 mg/1 Aniline Exp. (2-15-85)

Aniline (mg/l vs. time)

Time 4000 A 2000 A 1000 A 500 A Control A

0.0 10.0 10.0 10.0 10.0 10.0
0.5 n/d n/d - 2.5 6.0 10.1
8.0 n/d n/d 2.2 5.1 8.6

Note: Gas Chromatograph detection limit = 0.3 mg/1
Aniline.
Initial Concentration was calculated.
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APPENDIX I1I: Results of Carbon Dose Inhibition Experiments
Experiment with 10 mg/1 Aniline Spike (1-15-85)

Time Control NA 4000 A 2000 A 1000 A S00 A Comtrol A

NH,
0.0 38.0 38.0 38.0  38.0  38.0 38.0
1.0 22.2 21.5 22.5 26.5  32.0 34.0
3.0 1.0 3.2 1.2 5.8  26.5 35.0
5.0 1.0 1.5 1.0 1.0  20.0 35.0
8.0 1.0 1.0 1.0 1.0 8.0 34.5
No,
0.0 46.0 46.0 46.0  46.0  46.0 46.0
1.0 55.0 55.0  54.5 53.0  49.0 46.5
3.0 72.0 71.0 72.0 69.8  56.0 47.8
5.0 84.0 81.0 83.0 84.0  66.0 51.0
8.0 90.0 88.0 89.0  90.0  82.0 54.2

Control NA = Control, no PAC, no inhibitor
4000 A = 4000 mg/1 PAC, inhibitor added
2000 A = 2000 mg/1 PAC, inhibitor added
1000 A = 1000 mg/1 PAC, inhibitor added

500 A = 500 mg/1 PAC, inhibitor added
Coatrol A = Control, no PAC, isnhibitor added
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APPENDIX III: Results of Carbon Dose Inhibition Experiments

Experiment with 0.7 mg/1 Cyanide Spike (1-17-85)

Time 4000 A S00 A Control A Control NA
0.0 38.0 38.0 38.0 38.0
1.0 34.0 36.0 34.0 22.2
3.0 21.0 27.5 28.0 1.0
5.0 6.8 21.5 22.5 1.0
8.0 1.0 11.5 17.0 1.0
N03
0.0 46.0 46 .0 46.0 46.0
1.0 48.5 48.0 48.5 55.0
3.0 59.5 53.0 51.0 72.0
5.0 74.0 61.0 56.5 84.0
8.0 88.0 74.0 66.0 90.0
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APPENDIX III: Results of Carbon Dose Inhibition Experiments
Experiment with 20 mg/1 Phenol Spike (1-19-84)

Time Control NA 4000 A 2000 A 1000 A 500 A Control A

.0 47.0 47.0 47.0 47.0 47.0 47.0
.0 16.5 16.5 20.5 26.2 43.5 57.0
.0 1.1 1.0 1.1 17.9 43.0 53.0
.0 1.2 1.0 1.0 11,9 45.0 46.0
0 1.0 1.0 1.0 6.1 39.5 46.3
3
0.0 48.0 48.0 48.0 48.0 48.0 48.0
2.0 66.5 65.0 64.5 60.0 53.0 52.5
4.0 80.0 77.0 79.0 69.8 §5.0 51.5
5.0 85.0 80.0 84.0 72.0 55.0 s2.5
8.0 90.0 85.0 89.0 81.0 56.0 54.0
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APPENDIX III: Results of Carbon Dose Inhibition Experiments
Experiment with 1.4 mg/1 Cyanide Spike (1-22-8%5)

Control NA 4000 NA 4000 A 500 A Control A

Time
Nﬂa
0.0 40.0 40.0 40.0 40.0
0.5 35.0 . * *
1.0 30.0 41.0 37.0 40.5
1.5 24.0 ¢ L L
3.0 s 42.0 44.0 44.2
5.0 * 38.5 46 .0 46 .0
8.0 * 26.0 43.0 44 .5
NO3
0.0 46.1 46.1 46.1 46 .1
0.5 49.9 s . *
1.0 54.5 45.0 49.0 45.5
1.5 58.0 s * b
3.0 s 48.0 47.5 46.5
5.0 . 51.0 48.0 46 .5
8.0 95.0 64.0 51.0 51.0
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APPENDIX III: Results of Carbon Dose Imhibition Experiments
Experiment with 2500 mg/1 Ethanol Spike (1-30-85)

Time Control NA 4000 NA 4000 A 500 A Control A
N
0.0 40.0 40.0 40.0 40.0 40.0
1.0 30.5 30.0 40.0 43 .8 40.0
1.5 24.0 24.0 o L .
3.0 L s 32.0 33.0 33.0
5.0 ® . 24.2 24.8 26.0
8.0 s b 7.7 9.7 10.0‘
NO3
0.0 46 .1 46.1 46.1 46.1 46.1
0.5 50.5 49.9 . . .
1.0 54.5 54.5 46.5 47.0 49.5
1.5 59.5 58.0 . L .
3.0 L . 52.0 54.0 54.0
5.0 . * 57.0 59.0 60.0
8.0 100.0 95.0 70.0 69.5 69.0
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APPENDIX I1I: Results of Carbon Dose Inhibition Experiments
Intitial Experiment with 10 mg/1 Aniline Spike (3-5-84)

Time Control NA Control A 4000 A 2000 A 1000 A 500 A
0.0 45.8 46 .2 44.0 43 .8 45.7 46 .0
2.0 35.0 44 .8 36.0 37.0 38.8 42.2
4.0 22.7 44.2 23.5 26.5 29.5 38.0
6.0 16.1 42.2 12.4 16.0 19.9 30.0
9.0 2.9 42.5 1.4 1.6 5.6 18.2
NO3
0.0 23.8 25.0 24.2 26.2 26.2 27.5
2.0 37.0 30.0 42.5 43 .0 40.5 38.0
4.0 47.5 34.5 56.5 54.2 54.0 44.0
6.0 53.8 40.0 71.0 67.0 63.0 54.0
9.0 66.0 46.0 107.0 90.0 89.6 67.0




Initial Carbon Dose Experiment (10 mg/l1 Aniline)
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Appendix IV: Results of Kjeldahl Nitrogen Trial Runs

Standard Calculated Expected Expegted Measured Measured %
Compound mg/1-~-N Concentration Q Q mg/1-N Difference
Asparagine 187.0 4.7 2.35 2.4 192.0 2.8
Alanine 157.0 3.9 1.95 1.9 152.0 3.2
Ammonia-N 200.0 5.0 2.5 2.5 200.0 0.0
Asparagine 187.0 4.7 2.35 2.4 192.0 2.8
Ammonia-N* 200.0 5.0 1.0 1.0 200.0 0.0
Alanine™ 157.0 3.9 0.78 0.75 150.0 4.0
Asparagine® 187.0 4.7 0.94 0.95 190.0 1.6
Ammonia-N’ 10.0 0.5 0.5 0.4 9.0 10.0
Asparagine™ 187.0 4.7 0.94 0.95 190.0 1.6

* Expected Q based on using 1.0 ml of 200 mg/1l ammonia—~N as the added standard.
mg/1-N = Q*2+0.2/0.005 Vol of digest = 5.0 ml.

' Expected Q based on using 1.0 ml of 100 mg/1 ammonia—N as the added standard.
Volume of digest= 10.0 ml,

x Expected Q based on using 5.0 ml vol digest. 1.0 ml of 500 mg/1l ammonia-N
was used as added standard.
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