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Abstract

Preliminary research on activated sludge potassium efflux (GGKE — glutathione-gated potassium efflux)
as a result of peroxyacetic acid (PAA) dosing were performed. Similar to the case of chlorine dosing, the PAA

dosing causes initiation of bacteria defense mechanisms related to the transformations of gluthathione tripep-

tide, resulting in the increase of potassium ion concentrations in the activated sludge environment. In the range

of biomass concentration from 6.035 g, <5/l to 9.331 g, <5/l and applied peroxyacetic acid doses from 0.12 mg

PAA/gy 55 to 3.55 mg PAA/g, ¢, the increase of potassium ions K* concentration in the activated sludge envi-

ronment after 10 minutes of reaction in batch varied from approximately 3 mg/l to 40 mg/l. The elementary

increase of potassium ion concentrations (mg K'/g,, ss 1) was dependant on reaction time and the PAA dose.

The elementary increase values varied from 0.5 mg K'/(g,; s 1) for the dose of 0.3 mg PAA/g,, ss and 5 min-

utes reaction time to 4 mg K'/(gy; ss 1) for 2.5 mg PAA/g,, s and reaction time equal to 20 minutes.

Keywords: activated sludge, glutathione-gated potassium efflux (GGKE), peroxyacetic acid (PAA),

filamentous bulking, Microthrix parvicella

Introduction

Application of chemical oxidants such as chlorine,
hypochlorite, and hydrogen peroxide are non-specific
methods of filamentous bacteria bulking control in activat-
ed sludge systems [1, 2]. The advantages of chlorine appli-
cation are low cost and well documented operation effects,
but its non-selective interaction with activated sludge
microorganisms, negative impact on nitrification and bio-
logical phosphorus removal effectiveness [3], and forma-
tion of trihalomethanes and other chlorination by-products
substantially limit usefulness of this reagent [4-6]. The
results of research on disinfection of wastewater treatment
plant (WWTP) effluent with peroxyacetic acid (PAA) [7-10]
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prove that the formation of dangerous oxidation by-prod-
ucts is far smaller than in the case of chlorination. It seems
that, similar to chlorine, peroxyacetic acid can be used for
filamentous bulking control, although the experiences with
its application have not been numerous so far [11, 12].

The results of experimental investigations, as well as
many operational experiences at WWTPs with chlorine
application for activated sludge bulking control prove that
too high doses (8-16 mg Cl,/g MLSS-d) can lead to signif-
icant growth of effluent turbidity, resulting from bacterial
cells lysis and weakening of the activated sludge flocs
structure [2, 13, 14]. Turbidity increase can also be due to
deflocculation of activated sludge flocs resulting from the
increase of monovalent cation concentrations followed by
the increase of monovalent cations (M, mval/l) to divalent
cations (D) ratio. According to Higgins and Novak [15], if
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M/D > 2, problems with activated sludge sedimentation
may occur. In turn, Novak et al. [16] found that with M/D
ratio below 3, formation of strong flocs took place. The
increase of monovalent cations concentration in activated
sludge environment can start up the ion exchange mecha-
nism, causing separation of divalent cations from negative-
ly loaded function groups present in extracellular polymer-
ic substances (EPS) excreted by activated sludge microor-
ganisms, according to the theory assuming bridge forma-
tion between Ca’* ions and EPS (DCBT - divalent cation
bridging theory). This mechanism is the reason for the
decrease of sludge flocs size, effluent turbidity increase and
the decrease of sedimentation ability of activated sludge
[17, 18].

Higgins and Novak [15] indicated that the increase of
soluble potassium concentration can lead to significant
weakening of activated sludge flocs structure. Similar
observations were made by Bott and Love [19], who found
that sludge floc can get deflocculated at the presence of oxi-
dant substances, activating the process of potassium leaking
from the cytoplasm of bacterial cells to the extracellular
environment. This phenomenon, known as GGKE
(gluthathione-gated potassium efflux) is related to the self-
defense reactions of most bacteria to the stress caused,
among others, by the oxidants presence’ [20, 21].
Gluthathione (L-gammaglutamyl-L-cysteinylglicyne) is a
tri-peptide of the amino acids glutamic acid, cysteine and
glycine. It protects DNA, RNA and peptides against
destruction by free radicals [22]. Lack of GGKE mecha-
nism can explain specific vulnerability of nitrifying bacte-
ria to the presence of oxidants [23].

Investigating activated sludge reaction to chlorine
application (NaOCl), Wimmer and Love [24] found that the
fundamental reason for activated sludge flocs defloccula-
tion and turbidity increase was potassium efflux causing the
increase of M/D ratio inside the flocs. Similar results are
reported by Henriques et al. [25] after dosing of 1-chloro-
2,4-dinitrobenzen and 1-octanol.

In the article, the results of preliminary investigations of
the potassium efflux from activated sludge as a result of
peroxyacetic acid dosing are discussed. Assessing the rela-
tionship between PAA dosing and changes of K* concentra-
tion caused by the GGKE phenomenon would enable effi-
cient control of peroxyacetic acid dosing to activated
sludge.

Experimental Procedures

The samples of activated sludge were collected from an
external recirculation pipe transporting the sludge from sec-
ondary sedimentation tanks to bioreactors (mUCT system)
of the municipal WWTP in Gdansk (Poland). The follow-
ing parameters of activated sludge were investigated: stan-
dard sludge volume index (SVI), activated sludge concen-
tration (MLSS, MLVSS), microscopic observations of acti-
vated sludge flocs size, shape and structure, the assessment
of filamentous microorganisms spreading and identification
of filamentous bacteria.

The activated sludge contained mainly quite large flocs
(400-500 um), irregular in shape and with a loose structure.
High values of sludge volume index (SVI = 200 — 210
ml/gy; ss) were caused by filamentous bacteria growth
inside the flocs and formation of filamentous structures out-
side the flocs.

Assessment of filamentous bacteria spreading was
based upon a subjective scale worked out by Jenkins et al.
[2]. The filamentous bacteria were identified after Gram
and Neisser colorization on the basis of guidelines given by
Jenkins et al. [2] and Eikelboom and van Buijsen [26].
Microthrix parvicella was identified as the dominant
microorganism. Spreading of this microorganism was
assessed as 4.5-5 in a 7-step Jenkins scale (0-6). Single fil-
amentous bacteria belonging to other species were identi-
fied in the activated sludge: Type 0092, Nostocoida limico-
la and Type 021N.

In the activated sludge sampled from WWTP, concen-
trations of activated sludge (centrifugation — 3000 rpm, 5
minutes) and concentrations of potassium and ammonia
nitrogen (supernatant filtration — 0.45 um) were determined.

The experiments “in batch” were performed at labora-
tory scale bioreactors (2.0 1 active volume). The experi-
mental set was equipped with aeration and sludge mixing
systems. Two investigation series at different sludge con-
centrations were carried out:

I series — 9.331 gy ¢/l
II series — 6.035 gy, o5/l

Activated sludge samples (2 1) were aerated in bioreac-
tors (1 h), maintaining the dissolved oxygen concentrations
at 2.5 mg O,/1 (£0.2), and then different doses of a sub-
stance containing peroxyacetic acid were added. The initial
concentrations of PAA in bioreactors varied from 1.1 mg
PAA/I to 22.7 mg PAA/I in I investigation series (9.331
guss/) and from 1.6 mg PAA/I to 21.4 mg PAA/l in 1T
investigation series (6.035 gy, «s/). The doses of peroxy-
acetic acid, calculated per dry matter of activated sludge,
varied from 0.12 mg PAA/gy; s t0 3.55 mg PAA/gyp 4. A
control sample (without PAA dosing) was examined in each
series of investigations.

The concentrations of potassium were determined after
filtration (0.45 um) of samples taken from the bioreactors 2,
5, 10, 20 and 30 minutes after the addition of peroxyacetic
acid to activated sludge (T = 0). After the last sample was col-
lected, mixing was switched off and then, after 30 minutes of
sludge sedimentation, turbidity was measured (NTU).

During the experiments, the temperature was maintained
at the same level as in the bioreactors at the WWTP (14°C
+1). In the experiments a Steridial P preparation, containing
1.14% of pure peroxyacetic acid, was used. Potassium was
determined in a base solution with sodium tetraphenylbo-
rane, using Hach Lange test with detection limits 8-50 mg
K'/I and precision £5 mg K'/I. For determination of ammo-
nia nitrogen Hach Lange test basing on indophenol method
was used. The determinations of turbidity, dissolved oxygen
and pH were made with a HI98703 nefelometer (Hanna
Instruments), LDO101 luminescential sonde, PHC101 elec-
trode and meter HQ40d (Hach Lange).
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Results and Discussion

Two series of experiments, with different activated
sludge concentrations (I series — 9.331 g, ¢/, II series —
6.035 gy,.s5/1) and different initial concentrations of potas-
sium (I series —24.8 mg K'/1, series II — 23.6 mg K'/1), were
carried out. A rapid and significant increase of potassium
concentration in the activated sludge environment was
observed as a result of peroxyacetic acid dosing to experi-
mental bioreactors (Figs. 1 and 2).

The increase of potassium concentrations for similar
doses of peroxyacetic acid (mg PAA/g,, ) Was propor-
tional to activated sludge concentration in experimental
bioreactors. For low PAA doses (0.12 mg PAA/g;ss and
0.24 mg PAA/g\ss), the observed increase of K* concen-
tration did not exceed 8 mg K'/1 (series 1) (Fig. 1). In IT
series, at similar PAA dose (0.27 mg PAA/guss), the
increase of potassium concentration was about 5 mg K'/I
(Fig. 2). For higher doses (1.47-3.55 mg PAA/gy; ss) a sig-
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Fig. 1. Concentration of potassium ions in the activated sludge
environment, depending on the dose of peroxyacetic acid and
reaction time (9.331 gMLSS/).

MLSS = 6.035 g/l

—{1— 000 mg PAA/gMLSS  —#&— 027 mg PAA/gMLSS —<0— 076 mg PAA/gMLSS
—O0— 151 mg PAA/gMLSS —— 112 mg PAA/g MLSS —&— 249 mg PAA/gMLSS
——3 55 mg PAA/gMLSS

60

50

40

30

Potassium concentration
mg K'/1

20
I L L L
10 T T T T T
0 5 10 15 20 25 30
Time, min

Fig. 2. Concentration of potassium ions in the activated sludge
environment, depending on the dose of peroxyacetic acid and
reaction time (6.035 gMLSS/1).

nificant increase of potassium ion concentrations in activat-
ed sludge environment occurred — by 35-40 mg K'/l in I
series and by 20-23 mg K'/1 in II series.

These results were comparable to the ones reported by
Wimmer and Love [24], obtained during batch chlorination
of activated sludge. At activated sludge concentration equal
to 1.6 guvss/l and a dose of approximately 10 mg
CL/gyvss, the increase of K concentration was about 5 mg
K*/1. Assuming the typical for BNR WWTP ratio of organ-
ics to dry matter of activated sludge (MLVSS/MLSS) equal
to 0.70-0.72, the increase of potassium ions per unit volume
and unit MLSS was 2.0-2.2 mg K'/(gyy s * 1). This roughly
corresponds to the values obtained in the I and II series
(1.5-3.5 mg K/(gyss - 1)) for PAA doses 1-1.5 mg
PAA/gy ss (Fig. 3). The observed potassium efflux (3.5-4.0
mg K'/(guss - 1)) induced by higher PAA doses (2.0-2.5 mg
PAA/g\iss) was substantially higher than the values
obtained by Wimmer and Love [24] for NaOCl.

No significant increase of potassium efflux from acti-
vated sludge was observed when the peroxyacetic dose was
increased over 2.5 mg PAA/g,, s (Fig. 3). These observa-
tions were consistent with the reports of Boot and Love
[19], who found that exceeding the chlorine dose over the
limit value did not result in increase of the GGKE effect.

The results of performed investigations proved that
potassium efflux induced by peroxyacetic acid took place
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Fig. 3. The unit potassium efflux (the increase of K* concentra-
tion/(gMLSS- 1)) depending on the dose of peroxyacetic acid
and reaction time (activated sludge concentrations 6.035
gMLSS/1 and 9.331 gMLSS/1).
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Fig. 4. Changes of sewage turbidity (30 minutes of sedimenta-
tion) depending on peroxyacetic acid dose.

within 20 minutes (Figs. 1-3). A similar rate of GGKE
process was reported by Boot and Love [19], who used
NEM (N-ethyl malemide) in doses below 5 mg/l and
Wimmer and Love [24] during chlorine dosing (in the form
of NaOCl) to activated sludge in the doses from 1 to 16 mg
Cl/guss-

In samples exposed to PAA, after 30 minutes of sedi-
mentation, a turbidity increase was observed from 7.5-8.1
NTU (control samples) to 14.4 NTU (II series - 6.035
gviss/) and 18.9 NTU (I series — 9.331 g, ¢¢/1) (in both
series for the highest PAA dose) (Fig. 4). Wimmer and Love
[24] reported two times turbidity increase (from 40 NTU to
approximately 85 NTU) at the experiments in batch, for
activated sludge concentration 1.6 gy;yss/l and chlorine
dose approximately 10 mg Cl,/gy; vss- The chlorine doses in
the range from about 2.5 to 6.0 mg Cl,/g;vss resulted tur-
bidity increase by about 10 NTU.

Relatively low turbidity increase (despite high biomass
concentration) in the investigations with peroxyacetic acid
can be due to the presence of filamentous structures of
Microthrix parvicella inside activated sludge flocs. This
phenomenon, however, requires further investigation.

Conclusions

Dosing of peroxyacetic acid to activated sludge caused
rapid potassium ion efflux (GGKE effect) from bacterial
cells. The process took place within 20 minutes time.

During batch experiments, carried out with two activat-
ed sludge concentrations in bioreactors (6.035 gy s/l and
9.331 gyis¢/1), the unit increase of potassium concentrations
varied from 3.5 mg K*/(gyu 55 - 1) to approximately 4.0 mg
K'/(guiss * 1), for peroxyacetic doses from about 2.0 mg
PAA/gyiss to 2.5 mg PAA/gy s, and was higher than the
unit values obtained during chlorination in similar experi-
mental conditions. Sewage turbidity after activated sludge
sedimentation, as an indirect parameter describing defloc-
culation of activated sludge, was relatively low, which

could probably result from common occurrence of
Microthrix parvicella, forming extended structures in acti-
vated sludge (backbone theory [27]).

References

1.  MARTINS A. M. P, PAGILLA K., HEIJNEN J. J., VAN
LOOSDRECHT M. C. M. Filamentous bulking sludge — a
critical review. Water Research, 38, 793, 2004.

2. JENKINS D., RICHARD M. G., DAIGGER G. T. Manual
on the causes and control of activated sludge bulking, foam-
ing, and other solids separation problems (Third edition).
CRC Press LLC, Boca Raton, Florida, 2004.

3. LAKAY M. T., HULSMAN A., KETLEY D., WARBUR-
TON C., DE VILLIERS M., CASEY T. G., WENTZEL M.
C., EKAMA G. A. Filamentous organism bulking in nutri-
ent removal activated sludge systems. Paper 7: Exploratory
experimental investigations. Water SA, 25, (4), 383, 1999.

4. SHERTZER R. H. Wastewater disinfection: time for
change? J. Wat. Pollut. Control Fed., 58, 175, 1986.

5. SWITZENBAUM M. S., PLANTE T.R., WOODWORTH
B. K. Filamentous bulking in Massachusetts: extent of the
problem and case studies. Wat. Sci. Tech., 25, 265, 1999.

6. MONARCA S., FERETTI D., COLLIVIGNARELLI C.,
GUZZELLA L., ZERBINI 1., BERTANZA G., PEDRAZ-
ZANI R. The influence of different disinfectants on muta-
genicity and toxicity of urban wastewater. Water Research,
34, (17), 4261, 2000.

7. BALDRY M. G. C,, FRENCH M. S., SLATER D. The
activity of peracetic acid on sewage indicator bacteria and
viruses. Water Science and Technology, 24, (2), 353, 1991.

8. LIBERTI L., NOTARNICOLA M. Advanced treatment and
disinfection for municipal wastewater reuse in agriculture.
Water Science and Technology, 40 (4-5), 235, 1999.

9.  VESCHETTI E., CUTILLI D., BONADONNA L., BRI-
ANCESCO R., MARTINI C., CECCHINI G., ANASTASI
P., OTTAVIANI M. Pilot-plant comparative study of per-
acetic acid and sodium hypochlorite wastewater disinfec-
tion. Water Research, 37 (1), 78, 2003.

10. KOIVUNEN 1J., HEINONEN-TANSKI H. Peracetic acid
(PAA) disinfection of primary, secondary and tertiary treat-
ed municipal wastewaters. Water Research, 39, 4445, 200S.

11. MAUNUKSELA J., MCINTYRE G. A method to solve the
swelling sludge problem in the treatment plants by control-
ling mycelium bacteria. Patent Cooperation Treaty (PCT),
European Patent Office, publication number: W0O9734833,
1997.

12.  GENEJA M. Application of peracetic acid for biological
foam elimination in the SBR bioreactor. Polish J. of
Environ. Stud., 16, (2A), 541, 2007.

13. RAMIREZ G. W., ALONSO J. L., VILLANUEVA A,
GUARDINO R., BASIERO J. A., BERNECER I., MORE-
NILLA J. J. A rapid, direct method for assessing chlorine
effect on filamentous bacteria in activated sludge. Wat. Res.,
34, (15), 3894, 2000.

14. RAMIREZ G. W., ALONSO J. L., BASIERO J. A,
BERNECER I., MORENILLA J. J. Survey of the filamen-
tous bacteria Thiothrix Eikelboomi and T. nivea using a
rapid method for assessing chlorine effect in activated
sludge. In: Proceedings of 9th Specialized Conference
Design, Operation and Economics of Large Wastewater
Treatment Plants, 1¥-4™ September 2003, Praha, Czech
Republic, pp. 225-228, 2003.



Preliminary Investigation of Rapid Potassium...

1201

15.

16.

17.

18.

19.

20.

21.

HIGGINS M. J., NOVAK J. T. The effect of cations on the
settling and dewatering of activated sludges: laboratory
results. Water Environ. Res., 69, (2), 215, 1997.

NOVAK J. T., LOVE N. G., SMITH M. L., WHEELER E.
R. The effect of cationic salt addition on the settling and
dewatering properties of an industrial activated sludge.
Water Environ. Res., 70, 984, 1998.

KEIDING K., NIELSEN P. H. Desorption of organic
macromolecules from activated sludge: effect of ionic com-
position. Wat. Res., 31, (7), 1665, 1997.

SOBECK D. C., HIGGINS M. J. Examination of three theories
of cation-induced bioflocculation. Wat. Res., 36 (3), 527, 2002.
BOOT C. B., LOVE N. G. Investigating a mechanistic cause
for activated sludge deflocculation in response to shock
loads of toxic electrophilic chemicals. Water Environ. Res.,
74, 306, 2002.

ELMORE M. J.,, LAMB A. J., RITCHIE G. Y., DOUGLAS
R. M., MUNRO A. W., GAJEWSKA A., BOOTH I. R.
Activation of potassium efflux from Escherichia coli by glu-
tathione metabolites, Mol. Microbiol., 4, 405, 1990.

BOTT C. B., LOVE N. G. Implicating the glutathione —
gated potassium efflux system as a cause of elec-
trophile—induced activated sludge deflocculation. Appl. and
Environ. Microbiol., 70, 5569, 2004.

22.

23.

24.

25.

26.

27.

PENNINCKX M. J., ELSKENS M. T. Metabolism and
function of glutathione in micro-organism. Adv. Microb.
Physiol. 34, 239, 1993.

KELLY R. T., LOVE N. G. The role of glutathione mediat-
ed oxidative stress response mechanisms in nitrifying bacte-
ria. Proceedings of the Water Environment Federation
Technical Conference WEFTEC’06, Dallas, Texas, 21-25
October 2006, Water Environment Foundation, pp. 6574-
6592, 2006.

WIMMER R. F., LOVE N. G. Activated sludge defloccu-
lation in response to chlorine addition: the potassium
connection. Water Environment Research, 76, (3), 213,
2004.

HENRIQUES I. D. S., KELLY R.T., DAUPHINAIS J. L.,
LOVE N. G. Activated sludge inhibition by chemical stres-
sors —a comprehensive study, Water Environ. Res., 79, 940,
2007.

EIKELBOOM D. H., VAN BUIJSEN H. J. J. Manual on
the microscoping examination of activated slugde. Wyd.
“Seidel-Przywecki” sp. z o0.0., Szczecin, 1999 [In
Polish].

PARKER D. S., KAUFMAN W. J., JENKINS D. Physical
conditioning of activated sludge flocs. J. Water Pollut.
Control Fed., 43, (9), 1817, 1971.





