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RESISTANCE TO INHIBITION
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Abstract—The efiect of chromium Cr** on bacterial deniteification was investigisted. The long-term
influence of chromium presence was observed in packed bed reactors using methanok. ethanol, #-propanol,
n-butanol, sec-butanol, tert-butanol, iso-butanol and #-pentanol as the carbon and caergy sources for
denstrifiers. Short-term influence was investigated by the whibition coellicient K, determination within
activated studge under anoxic conditions. The measured inhubtiion constumt X, was equal to $4.2 mgi~}
Cr*~, independently of the kind of organic compound utilized as the electron donor for the bucterial
system. The concepts of the reactor resistance 1o inkibition (RR1) and the resistance 1o inhibition (RN

fave been evaluated,

Koy words—denitrification, inhibition, chromium

INTRODUCTION

Chromium ity water can exist in o number of forms
from Cr*™ to Cr** (Smillie ¢t «f.. [931) but accond-
ing to Schroeder and Lee (1975) only Cr'* and Cr®~
are environmentally important. Chromium salts are
soluble and toxie for aquatic organtsins, especially
salts of chromium Cr®* (Mearns ¢r af., 1976). The
influence of toxic compounds on the denitrification
process is not very weil recognized {Christensen and
Harremoes, 1977). In this work an attenipt to esti-
mate the influence of chromivm Cr** on the
denitrification process in relation to variows com-
pounds used as the energy and carbon sources was
made. The matter of interest was the difference
between the short- and long-term influcnce of chro-
mium on the process course. During the long-term
process some adaptation mechanisms of the bacteri
involved may be expected and results can be different
from those obtained in unacclimated systems under
shock-load conditions. Far the long term inHuenve
jnvestigations the packed bed reactor (PBR) was
chosen because of the long residence time of the
microorganisms within the reactor. The short termn
influence was investigated in activated studge under
anoxic conditions, The eifect of chromium in the case
of the PBR was observed as the relation between the
chromium conceatration and the niirate removal
rate. In the case of the denitrification in activated
sludge the inhibition coeflicient X, was determined.
Ultiliration of various compounds as the electron
donors allowed observation of the effect of chromium
concendration on the denitrilication efficiency for
each kind of substrate oxidized.
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MATERIALS AND METHODS

The pircked bed reactors used For the long-term influcnce
of chromium investigations consisted of plastic columns
d3me td. and 0.8m otall, Columns were placed in a
thermaostitie bath and a temperature of 23°C was miua-
tained during the whole expenmentat period. Reactor puck-
ing conssted of ceramic Raschig naps [3mm long.
tommod. and Wmmid, The PBR were filled with the
packing materiab up 10 0.5m height. Total surfuce of the
pucking was .27 m*. The porosity of the reactors was 0.623,
total volume 9.8 1 and liquid volume 0.51. Detention tirme,
based on the liguid volume was 1 5. The wastes to be treatad
were suppited to the columns with the use of penstaliie
pumps and entered al the bottom. The eifluent ports were
placed at the top of the reactors. The packing material wis
submerged during the expenments. The synthetic waste was
prepared using tap water and stored in phistic containers,
feed soluttons were changed twice a week. The nitrate
concentrition in the influent was adjusted to J0myi™*
NO,-N as KND,) phosphate o 2mgl™t PO-P {as
Na HPO,). The organic compounds: methanol, ¢thanol,
s-propanol,  n-butanol, sce-butanol, tert-butanol,  iso-
butanol and n-pentanel were added 10 the individus con-
trners in the concentritions of about 0%, preater than
stodehiometric requirements, The chromiuns concentrition
Cr o added as Ky CryOQn) was raised duning te experunent
from Tmg§~* Cr®* at the very beginning of the process until
propressive  deterforation of ke results in teons of
dentrification efliciency was oblained, The feed solutions
were deovvgenaeed by means of soditem sulphite Na, 50, by
stoichiometrie addition avcording to the dissolved oxygen
concentration. Al the reagents used were Tabarstory grade.
The stoichiometric quantities of the compounds used as the
electron donors were obtuned from the following equae-
f1ons:
for metiuamol

NO; 4 CHOH =N, + $CO+1H.0+OH" (1)
for ethunok
NO, + SCH,OH = INy+ 100, + 11,0+ 01 {2
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for propanal;

NOy + R CH,OH = N, + {CO, + L H,0 + OH- (})
for butanol;

NOJ +§CH, O = {N, + {CO, + HH O+ OH (9)
for pentanol:

NOJ +;CyH, OH = IN, + {CO, + 2 H,0 + OH~, (5)

The reactor secding was accompiished by means of activated
sludge acclimated to the snoxic conditions and to the other
parameters of the experimental conditions. The activated
sludge 1aken from the Municipal Treatment Plunt was held
under anoxic conditiens during 24h. To the shudge
100 mg 1~ NO-N, 2myg |-' PO,~P, the appropriate amount
of organic carbon compound and § mgl ™' chromium Cré*
were added. The procedure was repeated for each of the
carbon compounds used. After 24h considered as the
adaptation period the inoculum was poured into the individ-
ual filters and the experiment was started. Synthetie wastes
based on fap waler containing 1 mg = Cr** were pumped
through the filters by means of peristaltic pumps. Samples
were coftected twice a week. After obtaining good results,
which means nitrate conversion 1o nitrogen gas of ubout
953, the chromium concentration in the intfluent was in-
creased {0 the next level and so on uniil progressive
detcrioration of denitrification was obtained. Chromium
concentration was measured by means of the AAS spec-
trometer. Measurements for pH were made by means of a
pH meter, for ammonium by means of an fon selective
electrode. The nitrate and aitrite were measurad by follow-
ing the procedures outlined in Standurd Methads (APHA,
1975). Organic carbon concentration was analysed with
Beckman Organ Carbon Analvzer. Al the colorimetric
determinations were made by means of spectrophotometer
UV.VIS Peckin-Elmer-Hitaschi 2000.

The short-term influence of chromium Cr*~ on the
denitrification process was assessed dv measuring the in-
hibition constant A’ in activated sludge under anoxic condi-
tions. The inhibition by chromium Cr** can be considered
as that of a non-compyetitive kind. The relationship between
the reaction velocity and inhibitor concentration for this
type of inhibition can be described by the lollowing equa-
ton {Aiba er af, 1973}

o Ttk "

(K, +s1ih + 0

’

where:

Vo= velocity of reaction, mpl-t bt

= maximun velocity of an enzyme catalyzed reaction
when saturated with substrate, med=th i,
5 = substrate concentration, mgl™',
i = inhibitor concentration, mg ',

K, = Michielis constart, mgi-*,

K, = infubition constant, mgi{-",

man

The value of K, is cqual to the concenteation of inhibitor
which cuuses & decrease in reaction rate to hull of the
maxisiem reaction rate, The velocity of the biochemical
reactions within the activated sludge muy be described by
the Michaclis-Menien equation:

Vo= s = ”m:f‘ (7)
e Ko+

When the concenteation of substrate within the sample is
much preater than the Michaelis constant s » A, equition
{7) may be reduced w the form:

=1 (81

mane

Keeping the substrate conceniration groat enough during
the measitrenient the measured reaction velocity i con-

ZBIGKIEW LEWANDOWSK]

stantly equal {0 the maximum reaction velocity and the
reaction is that of zero order. On ihe same basis equation
(6} can be reduced to the form;
v Lok 9
Ko+i

A simple gruphicid method which gives K, was given by
Dixon (Dixon and Webb, 1964). If the reaction velocity is
determined with a series of inhibilor concentrations a Hnear
retationship is obtained on plotting 1/F against &, The point
of interscetion with the baseline gives — K, directly. This is
evident from linearization of the equation (9):

1 { . i
v r:.-.n r:ru:'K‘.

By putting 11 =0 the intersection point with the
baseline gives — K. Measurements for K were made in
activated sludge under anoxic conditions. Activated sludye
tahen from the Municipal Treatment Plamt was aerated
continuously during M h for oxidation of the organic
compounds adsorbed on the flogs and dissobved in the
shdee iquor. After this the sludge was three times washed.
suspended in tap water and transferred into 11 plastic
cotainers which were placed in a thermostatic bath. The
measurements were carried out at 25°C. Complete mixing
was accomplished by means of magnetic stirrers, Before the
measurement the samples were moderately gerated and
adapted to the temperature of measurerent for 2h. After
2h the solutions of 16g 1% KNO,, 10¢ 17! K.Cr,0. and
10 g1-" of alcohol were added to each of the containers. The
nitrate concentration at the beginning of the meisurement
was about 3 megl~f NO~N. The concentrations of chro-
mium within the samples were different, aecording to ¢xperi-
mentai programate and have been presented in Figs 3 and
4. The cencentration of aicohol within the samples was
200mai~' at the bemnmng of the measurement. Aeration
was stopped and the oxygen consumption was observed by
means of an oxy2en cectrode. The measurcments were
beyun Smin after obtaining wnoxic conditions and the
samples were colfected every F mun for 2h. The reaction
the collected samiples was stopped by addition of chloro-
form and the samples werz analvzed for the sum of nurate
and nitrite concentration with the use of an automate
andyzer. The coneentration of microorganisms was mea-
sured s MLSS. Reaction rute was determined by plotung
the sumy of nitrate and aitrite concentration versus tune and
wiss given s relision to MLSS as the specific reacton rate,
ko The resction tates obtiained for different chromium
coneeitratons were next taken for the inhibition constant
K determination according to the previously descnbed
Dixon’s methed.

(i

RESULTS

The resubts obtained during the operation of the
packed bed reactors supplied with various organic
compounds scrving as the electron donors for deni-
trifying bucteria have been presented in Figs 1, 2 and
in Table 1. Despite the long ruaning time equal to: in
the case of the PBR supplied with methanol 93 days,
ethunot-— 140 days, n-propanol—1i45  days, n-
butanol—120  days, sec-butanol--82 days. tert-
buitanol--18 days, iso-butanol—153 days and »-
pentanol—I1 50 days no adaptation of the bacterial
system Lo the presence of chromium was observed.
The chromium concentration was generally fxed in
the mituent at T mg =" Cr** at the very beginning of
the process and was caised (o a few mgl ™" Cr®* by
the end. In the cases of methanol, sec-butaneol and
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Fig. 1. The performince of the PBR

tert-butanol the start-up procedures failed with the
chromium concentrations in the influent cqual to
Img 17" Crtr. Decreasing the chromium concen-
tration to 0.5 mg 17 Cr** improved the results in the
cases of methanol and sec-butanol. In the case of
tert-butanot even the removing of chromium from the
influent did not allow operation of the reactor with
the elficiency close to 100" denitrification. The re-
sults in terms of the denitrification eficiency deterio-
rated with the increase in ¢chromium concentration,
independently of the carbon compound utitized. The
pti value in the inituent was in the range 7.5-7.8 in

all cases and increased 1o 8.35-9.) in the eflluent -

depending on the process etticiency. In the in-
vestigated reactors it was observed that the initial
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e methanob as the clectron donor

erese in chromium concentration did not result in
any decrense in denitrificition efficiency, As the vrite-
rion of the inhibition starting point the concentrttion
of  chromtutn  which  eaused o decrease  in
denitrificabion etliciency below 93%, has beenp ac-
cepted. It was assumed that the 5°; decrease in the
process eflicieney could be caused by factors dilferemt
from inhibitor action. Concentrition of chronuum at
which 957, eflicicney of the denitrification process
was attained depended on the kind ol compound
used as the clectron donor and was different for the
individual reactors (Table 1). Further wncrease in
chromiwm concentration in the influent resubted in a
constant decrease in the process elficiency. The con-
centration of chromium in the effluent was constantly
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found to be smaller than in the influent, The reason
for this was probably the reduction of chromium by

ZpIGNEEW Lawanpowske

Table 1. Concentration of chromium
which  causes 3 decrease  n
denitrification etliciency to 957

bacterially produced hydrogen sulphide. The possi-

e . , Elec - -
bility of such a reduction has been described by eotran dovor e mg 177
Smillie er al. (1981). Chromium Cr** is practically E‘n;lah:;ol ;.g
insoluble. The concentration of soluble Cr** in equi- n-Propanot 3.0
librium  with Cr(OH), is abowt 10-"moll-? "'B%”’“"'] 32

. . - seC-huiuno .

(Elderfield. I“)?‘O}. In thie water environment consid- tett-Butanol 00
erable quantities of the Cr** are deposited inte the iso-Butanol 15
n-Pentanot 40

sediments as oxides and hydroxides and possibly
adsorbed to particulates as suggested by Curk ¢r uf.
(1965). Inside the reactors a green studge of chro-
mium hydroxide was found which proved that part of

The results of the inhibition cocfficient X, deters
mination have been presented in Figs 3, 4 and Table

chromium had been reduced to Cr?*, 2 From the cquations describing the inhibitor
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Fig. 2. The performance of the PBR using a-propanot as the electron donor.
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Fig. 3. Determination of the K, coeflicient using methanol
as the electron donor,

influence on the reaction rate the &, value and the
reaction rate in the absence of inhibitor, &, have been
derived and presented in Table 2. The meusured X,
values in all eases were found to be in the relatively
narrow range from §1.7 to 86.1mgl™' Cr®~, which
proved that the inhibition coefficient did not depend
on the kind of substrate oxidized as the electron
donor. The mean value of the X, coeflicient was found
to be equal to $4.2mg |~! Cré+.

DISCUSSION

The influence of chromium Cr** on  the
denitrification process in the PBR was investigated
over a long time peried. The concentration of chro.
mium was raised step by step and the denitrification
efliciency decreased. No adaptation to the presence of
chromium during the operating period was observed.
From the obtained results it is evident that the
tolerance limit of individual reactors to the presence
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Fig. 4. Determination of the X, coetlicient using n-propuanol
as the electron donor,

of chromium depends on the kind of carbon substrate
oxidized. While the reactor supplied with propanol
was operated with full efliciency with the chromium
concendration in the influent ¢quak to Smg ' Cré*,
the reactor supplied with sec-butanol did not work
properly with the chromium coucentration equai to
Imgl™' Cr**. On the other hand the inhibition
cocflicients K, were almost equal both for propanol
and sec-butanol. Bt was stated on the basis of the
results that the concentration of chromium at which
the start of inhibitor action 13 evident depends on the
kind of compound utitized as the clectcon donor. As
the criterion of this phenomenon the concentration
of chromium which caused a decrease in the
denitrification efliciency below 95°, was accepted.
The conceniration of chromium  at which the
denitrification efficiency decreased to 95°, was called
“the reactor resistance to inhibition”™, RRI. The RR1
value has been found to be connected with the specific
reaction rate of denitrification in the absenve of
inhibitor, kg, This dependency is presented in Fig. 5.
The values of the specific reaction rates k, have been
taken lrom the equations presenied in Table .
Results presented in Fig. 5 proved the lincar re-
lationship between the RRI value and the specilic
reaction rate of denitrification in the absence of

Tuable 2. The sesults of the kinetie measurements

Speailic
reaction
fate in the
lithtbitzan absence of
coellicient hibitor
Eleetron danor Kinete equation Komg 7Y k1070 theYy
Methanol Lk =d.1521 + 355 545 BN
Ethaunl Lk = 34107 + 11 333 344
n-Prapanat Lk = 2152 + I8N0 514 Sin
#-Butanol 1k =25080 « 216 61 16l
sec-Hutanol Vo =4.2670 + 336 334 15t
tett- Butanol Ik = 53754 + 4351 AR PR
iso+Butanol Bk o= 2703+ 208 344 1
n-Pentanol Eok o 2980} + 237 387 122
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inhibitor:

RRI=2.3 (ky-107%) ~ 5.525, (n

In the case of the long-term process in the presence
of inhibitor the bacterial system is inhibited in two
ways: by the inhibition of the reactien rate and by the
inhibition of growth. The total reaction velocity
depends on the biomass concentration and was mea-
sured within the activated sludge as the specific
reaction rate in relation to the biomass concentration.
The biomass concentration within the PBR was
unknown and probably changed during the process
course. The observations of the PBR behaviour were
restricted to the differences bLetween the chemical
compositions of the influent and effluent, the reactor
itself considered to be a black-box, The total ob-
served reaction rate could be caused by a small
concentration of active microorguanisms as well as by
a greal concentration of microorganisms ol small
activity. All the investigated PBR had the same
deteswtion time. Each PBR was supplied with a
different electron donor giving a diflferent reaction
rate and probably different growth rate. By hypothet-
ical assumption that the biomass concentration
within all the investigated reactors was the same, the
reavtors supplied with the compounds giving greater
reaction rates would need shorter detention time for
the process performance. fa fact all of them had the
same detention time equal to [ h. When the reactors
worked with the eficiency close to 100, some of
them which were supplied with the compounds giving
the greater reaction rates had reserves and could be
operated with the detention time shorter with the
same results of 1007 denitrification. Introduction of
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Fig. 3. Reactor resistunee to anhibition, RRU wvs the
denitrification nute in the absence of inhibitor, &,
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inhibitor caused a decrease in reaction rate, The same
decreases in reaction rates were detected faster in the
case of reactors supplied with the compounds giving
the smaller reaction rate. In the other reactors the
“reserve™ in reaction rate has been reduced with no
influence on the obtained results. The bacterial sys-
tems in all of the reactors were infiuenced by chro-
mium fo the same degree. Every one of the reactors
had anvhow a different “reserve™ in reaction rate
which could be reduced by inhibitor action with no
influence on the observed process efficiency. Every
one showed a different reactor resistance to inhibition
because every one was supplied with a2 compound
giving a different reaction rate. This resulted in the
linear relationship between the RRI value und the
reaction rate as it was presented in Fig. 3.

The expression of “reactor resistance (o inhibition™
should be restiicted to description of the reactor
behaviour, not for bacterial system itself. In this way
the kterature dita expressed in form of “the bacterial
svstem, for example activated shudge. tolerates the
defined concentration of cyanide, phenol and the
like™ leads to misunderstanding because the mea-
sured value of the tolerance limit depends on the
reaclor operation conditiens. No adaptation of bac.
terial system to the presence of chromium was ob-
served during  the described investigutions. Anyhow,
even in the case when some adaptation mechanisms
are involved the consideration should be given to the
feactor resistance to inlubition which came from the
conditions of the measurament, not from the bavcte-
rial svstem properties. In this work the meusurcment
of the inhibition coeflicient K was proposed. The
method has beea adapted from pure eazymology
and seems to be a good twol for inlubitor action
assessment.

According to the previeusly described Dixon's
method a linear refationship is obtaining on plotting
I P against 1. In the case of the described experiments
the expression of 111" has been replaced by 1. which
did not change the X, value but wis more convenient
for the further considerations. The K, value has been
found to be independent of the Kind of compound
used as the electron donor in the respiration cham. ht
was proved in other work by the author {Lewan-
dowski er al.. 1985) that the A value is independent
ol the biomass concentraion as well. Te compare the
behaviour of two microbial systems in the presence of
the same inhibitor but supplied with ditferent electron
donors the two theoretical lines have been drawn in
Fig., 6, From this sketeh it is seen that Tor the same
inhibitor the value of &, is the saune, only the slopes
of the lines are diflerent. That means that the same
increase in the inhibitor concentration  causes
different changes in the reaction rate, depending on
the substrate utilized. The slope of this line hus been
cialed “1he specific inhibition sensitivity”™ SIS

(I

1} i

I
SIS = - —
k
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Fig. 6. The specilic inhibition sensitivity, SIS and the
specific resistance to inhibition, SRI

where:

ko = the specific reaction rate in the absence of the
inhibior.

The SIS value is charmcteristic for the compound
utilized as the electron donor by the bacterial system,
When the SIS value increase the sensitivity of the
bacterial system to the presence of inhibitor increases
as well. The same increase in the inhibitor concen-
tration results in greater decrease in reaction rate
when the compound giving the greater inhibition
sensitivity is used as the electron donor. The inverse
of the specific inhibition sensitivity has been called
“the specific resistance 1o inhibition”, SRI

SRI =4k K, (i3

From the data presented in Table 2 results the mean
vitue of K, equal to 0.2 mg 17" Cr**. By multiplying
this value by the values ol the specific reaction rates
in the absence of inhibitor, &y, the vatues of SR
presented in Table 3 have been obtained for the
individual compounds used in the experiment. The
relationship between the specific resistance to in-
hibition SRI and the reactor resistance to inhibition
RRI is the sume in shape as the one presented in
Fig. . The values on the v-uxis have been mudtiplied
by the constamt A, vilue. The resulting relationship
has the form of:

RR1 = 27316 SRI - 3.327

with r¥ = 0949

The eifect of the hiomass concentration on the
reactor resistance to inhibition has not been in-
vestigated in this work because of the kind of reactor

(1-h

Table 3. The vabues of the SRI for the
compounds used a5 electron donors

SRi
Electron donor imgith)
Methanol 0237
Ethano! 029
n-Propanot 0168
ie-Butanod 0350
se¢» Butanol 0N
tert-Butanol 0187
iso-Dutinol [
r-Pentanol 0.}33
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used in the experiments. According to the prescnied
concept the toxicity effect should be inversely propor-
tional to the biomass concentration within the reactor
because the fotal resistance 1o inhibition is equal:

RI=SRIl-x {15)
where:

R1

RY

hi

resistance te inhibition,
biomuss concentration.

i

Some Eterature data concerned with the toxic effect
of heavy metals can be wtilized to support this thesis.
In the work by Lamb and Tolefson (1973) the toxic
effect of cupric ions on biclogicai oxidation was
investigated. The experiments were carried out in o
laboratory scale continuous How activated shudge
reactor and the toxic effect was measured as the
changes in glucose conversion velocity within the
reactor versus the conecentration of the cupric ions.
The authors come to the conclusion that: “the 1ox-
jarty decreased markedly with tncreased suspended
solids concentration: an §80°, decrease in conversion
at 210 ppm suspended solids was reduced o negli-
gible quantity 3%] by increasing the suspended solids
to 4000 ppm™. In that work the method for reducing
the toxic effect by increasing the solids concentration
was suggested. The data and conclusions 1 wel) the
concept of the reactor resistance to inhibition. Any-
how, the explanation of the authors that “the wreuter
proportion of dead cells at higher suspended cell
concentrations may interact with the tovie metal ions
o reduce their toxiciy”™ seems doubtiul.

II'we presume that under the same conditions the
same concentration ol inhibitor inhibits constantly
the same concentration of biomass we can wrile, by
i = const:

(i
where:

x = bicmass concentration,

! = inhubition rate,

7 =constant, concentration of the hopass being
hibited,

In the case of the results oblmmed by Lamb and
Tollefson by the biomass concentraton equal to
20 ppny;

r=020g 7 and /=080 gives y =006 8"

When  the biomass conceniration  increases o

HI0 ppay:
x=400g i and y =016 1* pives § = 0.04.

The predicted value ol inhibition rate D.04 is close to
the one measured by the authors, equal to .03
Another conclusion of the authors that “toxic
effects on the operation of lagoons could possibly be
far greater than in an acovided shudge system because
of the lower suspended solids concentration”™ seems
to be a particular case from the point of view of the
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reactor resistance (o inhibition concept. The RRI
value depends not only on the biomass concentration
but also on the dewention time, the kind of substrate
oxidized and the temperature as well. So that in the
case of lagoons the disadvantageous effect of the
small biomass concentration can be reduced by pro-
longed detention times,

CONCLUSIONS

(1) Despite the long operation time of the packed
bed reactors no adaptation of bacterinl systems to the
presence of chromium Cr®* was observed,

{2} The packed bed reactors supplied with various
organic compounds as the eleciron donors for micro-
organismis and operated under identical conditions
showed different reactor resistance to inhibition,
RRL

{3) The reactor resistance to inhibition Jefined as
the initial concentration of inhibitor at which the
obtained results in terms of the provess efficiency are
deteriorated may be explained. The reason for this is
the dilfference between the time needed for the process
performance and the detention time. The excess
deteirtion time over that required leads to existence of
“reserve” in reaction rate which may be reduced by
inhibitor action without deterioration of the obtained
results,

(4) The biological reactors can be designed with
the determined reactor resistance to inhibition RR1,
according to the expected inhibitor concentration,

{5) The literature data on the tolerance limits of
bacterial systems 10 the presence of selected inhibitors
are refative in character because the measured “toler-
ance limit"” depends on the measurement conditions.

(6) The inhibition coeflicient X, measurement
seems o be a good tool for the inhibitor action
assessment,

{7} The introduced parameters of specific in-
hibition sensitivity and specific resistance 1o in-
hibition seem to be convenient 1o characterize the
bacterial system being inhibited,
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