Methodology for Application of Adenosine Triphosphate

Determination in Wastewater Treatment

Gilbert V. Levin,* J. Rudolph Schrot, and Walter C. Hess
Biospherics Inc., 4928 Wyaconda Road, Rockville, Md. 20852

B Efficient operation of activated sludge sewage treatment
plants requires a rapid, accurate method for determining
sludge viable biomass. Bioluminescent assay of microbial
adenosine triphosphate (ATP) has been adapted for this
purpose. An ATP extraction technique in which diluted
sludge was treated with boiling TRIS buffer for 1 min was
found to be adequate. ATP, dissolved oxygen (DO) uptake
rate, tyrosine, total microscopic cell count, and turbidity
were determined in pure cultures. After these tests indicat-
ed the applicability of ATP monitoring to activated sludge
control, studies were made in a 20-mgd treatment plant.
ATP analysis was employed to control mixed liquor bio-
mass through regulation of return sludge. A one-month test
period showed good plant performance and revealed close
coupling between ATP content and metabolic activity of
the sludge.

The operation of an activated sludge wastewater treat-
ment plant is based on the metabolic activity of the viable
organisms present in the mixed liquor. Present control
practice attempts to measure active biomass by the deter-
mination of total suspended solids (SS), or, sometimes, sus-
pended volatile solids (SVS) in the mixed liquor. In recog-
nition of the deficiencies of the suspended solids measure-
ment as an index of viable organisms, several alternative
assays have been proposed. Some of these are estimation of
DNA, total protein, organic nitrogen, and enzyme activity.

Adenosine triphosphate (ATP) is a universal constituent
of living cells which has the added advantage of being high-
ly labile when the death of cells releases the ATP in the
presence of living microorganisms. The measurement of
this compound, thus, has the unique characteristic of dis-
tinguishing viable biomass (I); and, therefore, the concen-
tration of ATP represents the viable fraction of sludge.
Furthermore, the ATP/biomass ratio has proved to be rela-
tively constant (2). The possibility of using ATP for con-
trol of the activated sludge process has been the subject of
several earlier papers (3-6).

Materials and Methods

Luciferin-Luciferase Preparation. A commercial (Du
Pont Chemical Co.) lyophilized preparation of the firefly
reagent was used. It was stored at —10°C, and solutions
were prepared daily, in morpholine buffer, as directed by
the manufacturer. j

ATP Standards. A standard stock solution of ATP (1
mg/l.) (Calbiochem) was prepared weekly in pH 7.75 TRIS
buffer (0.025M). All water was prepared to contain less
than 1073 mg/l ATP by heating distilled water in the auto-
clave for 2 hr at 121°C. Serial dilutions of the stock solu-
tion were made daily with TRIS buffer to provide standard
solutions ranging from 10-0.01 mg/1.

Analytical Procedures. Tyrosine was measured by the
method of Folin and Ciocalteu (7). Total microscopic bac-
terial counts were made with a Zeiss phase contrast micro-
scope. Dissolved oxygen (DO) levels were determined with
a Beckman Qs Analyzer (Model No. 777). The sensor was
inserted through the side of the growth flask and uptake
rate was measured as a decrease in DO when the air supply

was stopped. Optical density (OD) of the sample was deter-
mined with a Bausch & Lomb Spectronic 20 Spectropho-
tometer set at a wavelength of 420 nm.

ATP Extraction. Several extractants were investigated
including butanol (8) with sonication, perchloric acid (9,
10), trichloroacetic acid, and boiling TRIS buffer (I). Of
these, the last was selected on the basis of simplicity of pro-
cedure and reproducibility of results for the extraction of
ATP from sludge and mixzed liquor. One milliliter of the
appropriate diluted mixture was added to a 50-ml volumet-
ric flask containing approximately 35 ml of boiling TRIS
buffer held in a boiling water bath. The flask was then
shaken a few seconds and transferred to an ice bath. Upon
cooling, the final volume was brought to 50 ml and filtered.

ATP Assay Procedure. Aliquots of test solutions (10 l)
containing ATP were placed in cuvettes using a 50 ul sy-
ringe and disposable tips. The cuvette was then placed in
the instrument (8). The enzyme mixture (50 ul) was then
injected into the sample cuvette, and the light emission re-
corded. This order of addition (enzyme into sample), rather
than sample into enzyme, significantly improved the preci-
sion of the assay. When this method was used, the entire
sample volume was quantitatively delivered to the bottom
of the cuvette. There was no chance for cross-contamina-
tion between samples since disposable pipet tips were used.
Also, the vigorous injection of the excess and, therefore,
noncritical, volume of enzyme provided better mixing of
the reactants.

Another important aspect of development which im-
proved accuracy and precision was the elimination of injec-
tion through a septum which became contaminated after
repeated use. An adaptor, Figure 1, was fizxed to the barrel
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Figure 1. Syringe adaptor used to eliminate septum light seal
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of the injection syringe. The syringe and adaptor formed
the light seal when fitted into the recess in the top of the
instrument and provided an entry hole so that the needle
did not have to contact the septum during entry or with-
drawal. Thus, subsequent injections were not contaminated
by contact of the needle point with a septum that was wet
on the bottom side with the splash droplets of earlier injec-
tions.

Results

Extraction of ATP from Activated Sludge. The effect
of boiling time on ATP extraction from sludge is shown in
Figure 2. There was no apparent advantage in using the
longer boiling times of 5 or 10 min, recommended by other
workers (3, 11). A boiling time of 30-60 sec was, therefore,
adopted.
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Figure 2. Effect of boiling time on extraction of ATP
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Figure 3. ATP, tyrosine, oxygen uptake rate, total count, and tur-
bidity of a growing E. Coli culture (nutrient broth, 25°C)

962 Environmental Science & Technology

Sludge dilution may exaggerate assay differences be-
cause of the clumped, heterogenous nature of activated
sludge. Blending was investigated as a means of obtaining
more representative samples. Although blending has been
reported to increase microbial plate counts, 2 min (high-
speed with a Sears blender) decreased the ATP levels of
four separate sludge samples by 10-28%. The possibility
exists that less rigorous blending might produce better re-
sults; however, it was not investigated further. Blending
only slightly improved precision of the assay.

The extraction efficiency of the boiling TRIS buffer
method was found to be affected by the amount of sludge
present. Dense sludge yielded inordinately low ATP results
unless diluted sufficiently. Sludge containing concentra-
tions of ATP greater than 2 pg/ml should be diluted prior
to extraction. Best results were obtained when the sludge
was diluted with ATP-free water to 0.1-1 mg/l ATP prior
to extraction. For mixed liquor, the dilution found useful
was 1:10, for return sludge, 1:20.

ATP added to sludge could be recovered quantitatively
only when the ATP addition was made to heat-killed
sludge. When ATP was added directly to viable sludge, the
ATP began to disappear immediately, presumably as the
cells incorporated or degraded it. This fact, however, elimi-
nates the possibility that extracellular ATP might contrib-
ute significantly to the measured ATP level of sludge.

ATP Concentration in Pure Cultures. A series of ex-
periments was conducted to compare ATP concentration
with several other parameters indicative of cell population
and metabolic state during the bacterial growth cycle. This
was for the purpose of better understanding the ATP index
and its applicability to monitoring and controlling the acti-
vated sludge process.

Pure cultures of E. coli, Z. ramigera, and a gram-positive
spore-forming rod, designated Bacillus sp., were grown in
nutrient broth at 25°C for the E. coli and at 35°C for Z.
ramigera and Bacillus sp. A 2-liter flask was equipped

Table I. Concentrations of ATP Per Cell, Based on Total
Microscopic Count and ATP per Mg Dry Weight,
Based on Tyrosine

ATP, ugd per

Time, hr ATP, ug/cell dry wt, mg, of cells
E. coli
0 3.9x 107 1.34
2 6.3 X 107° 1.79
4 17.0% 107 1.94
6 6.3 x 107° 1.49
8 6.3 x 107*° 1.65
Av=238.0x 107 1.64
Z. ramigera
5.5 30.8x 107'® 8.36
25.5 3.1 x 1970 8.06
295 5.0% 1071# 671
Av=13.0x 107 Z.74
Bacillus sp.
3.0 Zo2% 10T 2.83
4.5 53% 107% 1.49
6.0 9.7x% 107® 4.78
7.0 7.6:% 107*® 2.54
21.0 7.5X% 1077 3.43
24.0 7.1% 107 2.69
Av= 7.4x 10™° 2.90

@ Calculations based upon assumption that tyrosine is 2% of
protein by weight and protein is 50% cell dry weight.




with a side port for the oxygen sensor. Influent air and ef-
fluent gas were passed through the stopper in tubes con-
taining sterile glass wool filters. An air flow of approxi-
mately 150 cc/min was used. Oxygen uptake readings were
made by stopping the air flow and recording the decrease
in oxygen concentration with time. Sampling of the culture
was performed by clamping the exhaust air tube and col-
lecting the sample that was pneumatically pushed up and
out of a sampling port. Samples were analyzed for total
protein (tyrosine), ATP, and total microscopic count im-
mediately after collection.

Figure 3 illustrates the results obtained from a culture of
E. coli. Oxygen uptake rate, tyrosine, and ATP reached
maxima at approximately 6 hr of growth and then marked-
ly declined, whereas turbidity remained at a high level and
total count declined only slightly. Similar results were ob-
tained with cultures of Z. ramigera and Bacillus sp.

Table I shows the concentrations of ATP per cell based
upon the total microscopic counts and the calculated ug
ATP/mg dry wt of cells based upon the tyrosine determina-
tion.

These data show that the amount of ATP per dry weight
of cells remains relatively constant for a given species of
bacteria even under conditions of the various phases of
growth. The amount of ATP per dry weight of cells fell
within a narrow range for each species. E. coli, Z. ramigera,
and Bacillus sp. showed average values of 1.64 + 0.30, 7.71
+ 0.65 and 2.9 £1.12 (ug ATP/mg dry wt of cells). Holm-
Hansen (12) has shown that the ATP pools in 30 different
species of algae during exponential growth all fell within
relatively narrow limites—i.e., approximately 0.35 £ 0.05%
of total cell carbon. He also showed that some algae display
decreased ATP levels under conditions of nitrogen or phos-
phorus deficiency.

It is unlikely that nutrient deficiency played a role in
these pure culture analyses; however, it is reasonable to

suggest that the ratios of ATP/protein (tyrosine was used
to compute dry weight), and ATP/total cell carbon (used
by Holm-Hansen) are not directly related. The percentage
of nonprotein cellular carbon would be expected to vary
among species and for different physiological states to a
greater extent than would protein. However, our results
showed the greater variation. This may, in part, be ex-
plained by the fact that the two studies concerned unrelat-
ed organisms.

Table I permits calculation (dividing highest by lowest
reported values) of the range of uyg ATP/cell for E. coli, Z.
ramigera, and Bacillus sp.—4.3, 9.9, and 1.8 fold, respec-
tively. The corresponding calculated ranges for ug ATP/mg
cells were 1.4, 1.2, and 3.2 fold, respectively. A better corre-
lation of ATP with biomass is thus indicated than with
numbers of viable cells. Where total metabolic activity is
the function of concern, as in sewage treatment, this added
aspect of the ATP assay would be an advantage. It might
also be noted, from Figure 3, that the turbidity lagged be-
hind the decrease in cell population while the ATP assay
anticipated it—a valuable quality for a plant control sen-
sor. The limited pure culture work confirmed the sensitivi-
ty of the method and its apparent applicability to activated
sludge process monitoring and control. A test of that appli-
cability was indicated.

ATP Measurements in a 20-Mgd Activated Sludge
Sewage Treatment Plant. Studies were performed at the
Baltimore City Back River Sewage Treatment Plant. This
is a conventional plug flow, activated sludge plant with a
constant 20-mgd flow and an average incoming BOD of 215
mg/l. A MLSS of 1500-2000 mg/l is generally maintained
with a 25% sludge return. Aeration contact time is approxi-
mately 5 hr.

During a one-week period of measurements, the ATP

level of the mixed liquor was 2.8-3.4 mg/l at the head of the
aeration basin. Changes in the rate of sludge return were
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Figure 4. Parameters measured at Baltimore Back River Activated

Sludge Plant
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4@ Data supplied from treatment plant records.
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imposed as shown in Figure 4. The levels of MLATP,
MLSS, and percent solids in the return sludge as affected
by these changes were monitored for a one-month period.
Beginning on Day 18, the return sludge rate was de-
creased stepwise until an 8% return rate was reached. It
was evident after several days, however, that the 8% return
was not sufficient to maintain a stable concentration of
MLATRP; therefore, on Day 21, the return sludge was in-
creased to 12%. A comparison of MLATP and MLSS shows
that these two parameters followed rather similar patterns
with one significant difference. Changes in the return
sludge rate caused changes in the MLATP level much
sooner than changes were observed in the MLSS. Thus, the
ATP measurement, but not the suspended solids measure-
ment, would permit real-time control of return of sludge,

Table Il. Efficiency of Treatment During ATP

Measurement Tests
Prior to test During test
Return sludge, mad 4.5 2.6
BOD reduction, % 96 (95) 95
TOC reduction, % 69 71
SS reduction, % 94 (91) 93
Waste sludged 27,000
produced, |b/day (25,400) 17,000

sDI 0.88 (0.45) 0.89

N.B.: Values in parentheses are the average of data obtained
during prior two months of operation. Other values obtained prior
to test are the average of the data obtained in an approximately
two-week period immediately preceding the reduction in return
sludge.

a Determined by multiplying pump capacity (magd) times percent
solids in sludge.

based on metabolic events which determine treatment.

A 12% sludge return was sufficient to allow for sludge
and ATP accumulation, whereas an 8% return continued to
result in decreasing levels of ATP and solids. This would
support the possibility that the optimum sludge return for
this treatment plant, during the period of testing, was
somewhere between 8 and 12%. The efficiency of treatment
during this period of reduced sludge return as compared
with a period immediately preceding the test, is given in
Table II.

As shown, the plant’s high level of efficiency was main-
tained, but there was a significant reduction in the quanti-
ty of waste sludge produced. This latter effect may be par-
tially explained by the greater contact time resulting from
the reduced return flow, and perhaps increased oxygen
transfer to microorganisms, thereby achieving greater bio-
logical oxidation.

Measurements of ATP were performed on return sludge
and mixed liquor at the head, middle, and end of the aera-
tion basin. As shown in Figure 5, analyses were made at
2-hr intervals during a 20-hr period. Despite fluctuations of
incoming BOD loading (approximately twofold), the ATP
level remained relatively constant in the mixed liquor. A
slight increase in ATP was observed as sludge moved from
the head, to the middle, to the end of the aeration basin.
Values of 2.31 + 0.35, 2.52 + 0.24, and 2.73 + 0.25 mg/], re-
spectively, were obtained. The ATP level of return sludge
showed greater variability and averaged 12.31 £ 0.79 mg/1.
A coefficient of variation of 1.1% was obtained for the du-
plicate analyses.

Discussion

The concept that ATP measurements of activated sludge
may provide a rapid and logical method for controlling the
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food-to-microorganism ratio for maximum efficiency of the
activated sludge process is based on the theory that ATP is
more nearly indicative of active biomass than is MLSS or
MLSVS. The latter two parameters do not correlate well
with viable biomass. Figure 6 plots SVS, ATP, and BOD at
various stages in the aeration basin of an activated sludge
treatment plant. As shown, an increase in ATP throughout
the aeration basin correlated with decreased BOD. The
SVS showed no apparent change. Patterson, et al. (3) cal-
culated that only 15-20% the MLSVS at the University of
Florida plant was viable biomass. McKinney (13) has esti-
mated that the ratio may range from 25-50%. Lesperance
(14) suggests that 80% of the MLSVS in normal sludge is
biological material, but cautions that this figure does not
hold true for certain industrial wastes. Weddle and Jenkins
(4) state that the viable content of conventional activated
sludge is between 10 and 20%. These estimates indicate
that the range in percent viable biomass of normal sludge
may be in the neighborhood of fivefold. A fivefold igno-
rance factor in the active fraction of sludge would have a
major influence on efficiency of the activated sludge pro-
cess.

Too many or too few viable organisms with respect to the
incoming organic load could give rise to unstable process
conditions and lowered efficiency. Changes in the active
fraction of the sludge could easily be monitored with the
ATP technique and the plant process shifted to adjust to

TOC influent levels that can also be monitored in real time.
Improved quality and stability of the effluent would be ex-
pected. Return sludge pumping would be minimized, there-
by reducing operating costs and effectively increasing plant
capacity.
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