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SUMMARY 

This volume.contains the progress report of the Biotechnolog~ and 

Environmental Programs in the Advanced Technology .Section of the Chemical 

Technology Division. Research efforts in these programs during _this 

period have been in six areas: 

1. centrifugal analyzer development, 

2. advanced analytical systems, 

3. environmental research, 

4. bioengineering research, 

5. bioprocess development and demonstr~tion, 

6. environmental control technology . 

Centrifugal Analyzer Development 

Development efforts on the centrifugal analyzer concept have centered 

on the portable Centrifugal Fast Analyzer (CFA) and on applications which 

take advantage of the centrifugal analyzer's unique capabilities and 

versatility. The development of the portable CFA resulted in its 

selection for one of the IR-100 awards for 1977. During the reporting 

·period, emphasis was on the reduction of electronic noise and improve

ment of temperature control. Additional software capabilities were 

added to the microcomputer, and the first production model was delivered 

to the Environmental Sciences Division. Application studies resulted 

in the development of an enzyme amplification reaction which yielded a 

part-per-billion sensitivity to high-energy phosphates and a kinetic 

assay which,r with the CFA's capability for a high-sample throughput, 

helped map a structural gene on a mouse chromosome. -

Advanced Analytical Systems 

Development efforts in advanced analytical systems were c~ncentrated 

in two areas: Appli~ation of high-resolution liquid chromatography (HRLC) 

to the measurement of enzyme activity, and a new concept for automated 

gel electrophoresis. The application of HRLC to measurement of enzyme 

activity, as illustrated by the separation and assay of arylsulfatase 
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isoenzymes developed during this report period, has a potential for 

improved clinical diagnostic procedures for noninvasive diagnosis of 

organic damage and disease. An automated gel electrophoresis system 

which has the potential for a large sample throughput yielding additional 

data for recognizing mutant proteins was conceptualized and its feasi

bility established. 

Environmental Research 

Environmental research efforts during this report period have been 

in four areas: (1) identification of dissolved organics in polluted 

waters, (L) environmental effects of antifoularits, (1) rhPmi r:-al effects 

of disinfectants, and (4) environmental monitoring. 

Pollutant identification, data processing, and mass spectra inter

pretation were greatly facilitated by the installatio~ of a Systems 

Industries System 150 to accumulate and process data from the Finnigan 

3000 mass spectrometer. The use of a computer to collect and massage 

the data from the GC/MS will permit examination of mass spectra for 

specific indicator masses and assist in evaluation and elimination of 

background or noise peaks. Reconstructed gAs rhr.nmatogram and mace 

spectra printouts will provide permanent records of mass spectral 

analyses. To complement anion exchange separAtions on aqueous effluents 

from coal hydrocarbonization bench-sc-.RlP. Pxperiments, a "trnrr rnrichment" 

method-using reverse-phase chromatography has been init.iatP.t-'1. 'T'h.P. 

trihalomethanes, chloroform, bromodichloromethane, and dibromochloromethane 

are formed during the chlorination of cooling waters from both once

through and closed-cycle (cooling towers) systems. Based on values 

determined at the local industrial sites, the local production of the 

carcinogen chloroform is in excess of a ton per year. Planning for the 

Second Conference on Water Chlorination: Environmental Impact and 

Health Effects was completed and the program finalized; Equipment for 

laboratory uv irradiation of wastewater effluents was assembled to allow 

the comparison of the chemical effects of uv irradiation, ozonation, and 

chlorination. Several wastewater samples were collected and processed 

.. 
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for chemical and mutagenic studies, and collection of field samples was 

initiated. The development of a multicellular scintillation counter 

for use in environmental monitoring of ultralow concentrations (less 

than 1 nCi/ml) of radioactive.pollutants in aqueous streams was begun. 

<Bioengineering Research 

Efforts in the bioengineering research program were concerned with 

the utilization of microorganisms or materials derived from microorganisms 

(e.g., enzymes, organelles) to carry out useful process functions for 

energy production and conservation, resource recovery, and environmental 

protection. Studies related to enzyme catalysis were focused on the 

enzyme-catalyzed reduction of water to produce hydrogen. Techniques 

were developed for enzyme separation, purification, stabilization, and 

immobilization. Factors affecting the rate of reduction of the electron 

carrier, ferredoxin, by sodium dithionite were studied. Investigations 

specific to problems in nuclear waste management which included the 

removal of radionuc1ides and chemical contaminants from aqueous process 

and effluent streams were made. Bioreactor component studies which 

addressed ·the construction and operation of a large fluidized-bed reactor 

with tapered entrance and fluid-particle disengaging sections were 

carried out, and a desc·ription of fluid and particle behavior in a two

phase (liquid-solid) fluidized bed was obtained from an anaiysis of 

data taken during the operation. 

Blupiucess Development and Demonstration 

Bioprocess development and demonstration activities du~ing this 

report period included the operation of bench-scale and pilot-plant 

ANFLOW (aerobic, upflow biofilter) units and long-term operation of a 

large fluidized-bed denitrification bioreactor. The ANFLOW demonstration 

pilot plant was operated essentially continuously at feed rates up to 

15.1 m3/day (4000 gal/day) with steadily improving performance. The 

bench-scale unit was also operated under conditions similar to the pilot 

plant, using raw sewage as feed. Results for the smaller unit compared 
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closely with those from the large unit except for a much greater rate 

of methane production by the smaller unit .. A preliminary cost estimate 

comparing ANFLOW with conventional waste treatment indicated that for 

waste treatment plants, lmillion gallon per day or less in size, the 

capfta:l costs of ANFLOW would be less and consume much less energy than 

would conventional methods. 

Environmental Control Technology 

The available and potential technologies for environmental control 

of the aqueous wastes from the hydrocarbonization proce.ss for coal 

liquetaction are being assessed. It has been concluded that the aqueous 

contaminants of most concern are phenolics, trace elements, and poly

.cycliC aromatic hydrocarbons and that these groups will have the greatest 

impact on the types of control technologies used. Efforts during this 

report period have concentrated on six wastewater treatment methods, 

assessing their applicability for trPati.ng hydrocarbonization wastewater. 

The assessment led to several screening tests, including removal of 

polycyclic aromatic hydrocarbons with charcoal and polymeric resins and 

phenol removal with hydrocarb oni.za tion char. ·In addition, the tapered 

fluidized-bed bioreactor was operated on actual coal hydrocarbonization 

wastewater, effectively reducing the phennl lPvel to lQss than 1 ppm. 

• 
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1. CENTRIFUGAL ANALYZER DEVELOPMENT 

M. L. Bauer, W. D. Bostick, R. B. Cunnning, R. K. Genung, 
J. Jackson, J. B. Overton, J. E. Mrochek 

Development efforts on the centrifugal analyzer concept resulted in 

the receipt of a coveted I·R 100 award for the new portable Centrifugal 

Fast Analyzer (CFA) in September. Sponsored by Industrial Research, 

this award is given in recognition of selection as one of the 100 most 

significant new technical developments of 1977. 

1.1 Development of Portable Centrifugal Fast Analyzer 

Development efforts were continued on the portable CFA, with primary 

emphasis on the reduction of electronic noise and the improvement in 

heat pump capacity and temperature control. Additional software capabili

ties were added to the microcomputer, and a preliminary version of 

electronic self-check was implemented. The first production model of the 

portable CFA was delivered to the Environmental Sciences Division for 

their evaluation and use. 

1.1.1 Modifications of system to decrease noise 

Most of the important electronic signal paths for the portable CFA 

are outlined schematically in Fig. 1.1. Illustrated is the careful 

routing of ground interconnections between power supplies and signal 

sources and processing electronics to eliminate troublesome ground 

loops as sources of noise. 

A signal current generated in the photomultiplier tube (PMT, Fig. 1.1) 

is converted to a voltage, conditioned by the preamplifier (AMP), 

am.IJlified and sampled by the sample ann hold circuitry (S&H), and con

verted to a digital signal by the analog-to-digital converted (ADC). 

The first production model of the portable CFA was designed with each of 

these three components (AMP, S&H, and ADC) on separate printed-circuit 

(PC) cards. The ADC was physically located within the microcomputer bin, 

and analog signals were transmitted to it from the S&H PC board, which 
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was located on the opposite end of the analyzer. Thus, analog signals 

were transmitted over some distance within the analyzer and subject to 

noise pickup before being converted to a digital signal which is 

inherently less subject to noise problems. A new analog signal processing 

board was designed and fabricated to attempt to decrea~e some of the 

noise problems observed with the original design. 1 The changes involved 

placing the preamplifier, amplifier, sample and hold circuitry, and 

analog-to-digital converter on the same PC board. With proper power 

supply isolation and elimination of ground loops, an order of magnitude 

improvement in the signal-to-noise ratio was anticipated. The reduction 

in noise actually achieved with this modification is shown in Fig. 1.2 

by comparing noise data obtained using the multiple-board configuration. 

The data in Fig. 1.2 were obtained at 1000 rpm, and improvement was even 

better at higher rotor speeds, where the motor .. generates more noise. 

The use of separate power supplies for this analog signal processing 

board would probably further reduce noise; however, these were not imple

mented at this time. 

1.1.2 Additions to microprocessor software 

A number of additions have been made to the software p·ackage for the 

microcomputer. Modifications include the printing of reaction rate per 

minute in time-based data acquisition, and rate per second in revolution

based acquisition. This format enables activities to be printed out in 

meaningful units by use of an appropriate enzyme factor (1-9999) entered 

ort the last four thumuwlu::!el i:;wi tches, using program 14. 

An additional program has been added to analyze the data from an 

equilibrium-type substrate assay. This program performs a self-blanking 

of the sample by extrapolating back to time equals zero by linear 

regression, using the first six points of the reaction·. Then using a 

specified final measurement (at equilibrium) and an internal conversion 

factor, the program prints out a substrate analysis by multiplying the 

change in absorbance times the factor. Entry to this program is gained 

by entering 15 as the program number (first two thumbwheel switches). 
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The initial point used may be specified; if it is not specified, the 

program uses the first six points. Either the last data point taken 

(if 0 is entered) or the data point designated as the final point is 

used as the end-point absorbance. The correlation coefficient for the 

initial linear regression is printed as an evaluation of that extrapo

lation. The program assumes that at least seven data points have been 

taken; if they have not been taken, an error message is printed. 

Work has been started on a program to perform internal checking of 

the portable CFA for diagnostic purposes. The initial program imple

mented checks operation of the motor, filter bars, and the optical 

system. Certain key values are printed out, but at this time there is 

no internal verification of these numbers. Gross mechanical faults would 

be detected, and the numbers shou,ld enable an operato·r to predict and 

thus forestall failure in various parts of the analyzer. The program is 

selected by dialing 30 on the first two thumbwheel switches; none of the 

other switches are used. The motor is monitored at three speeds for the 

actual speed and for the stability of that speed over ten revolutions. 

The speed in revolutions per minute and the coefficient of variations of 

that speed are printed for a nominal 50, 1000, and 2000 rpm. The motor 

and rotor are halted for a short time period,after which they are 

accelerated to 2000 rpm. The time required to attain 1800 rpm is printed 

and.is a good representation of motor and motor power supply health. The 

top and side filter bars are then each moved from filter No. 1 to No. 6 

and back to No. 1, and a time is printed for each bar individually in 

the forward direction and a composite ·time for the reverse traverse. 

Jamming of the bars or slippage of the cord drive and abnormal positional 

location of a filter are diagnosed by this procedure. Jamming of the 

filter bar results in abnormally long times for transit, while missed 

positional information results in unrealistically short transit time. 

Finally, the program goes into an automatic PMT voltage adjustment 

sequence and a calibration of the base plate. This brings instrument 

noise and optical alignment problems to the attention of the operator. 

Other factors to be included in this self-checking sequence are more 
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exact measurements of clutch and brake operation, lamp intensity, PMT 

power supply, and heat pump operation. 

1.1.3 Evaluation of temperature control on the portable analyzer for the 
Environmental Sciences Division 

Work on temperature control for the portable CFA has continued in 

two general areas. The first area involved modifications of the heating 

system components to extend the range of temperature control. The 

second area involved evaluation of the instrument in an environmental 

chamber to determine the effect of varying ambient temperature on cuvet 

tempPrRturP control. 

The initial arrangement of heating system components for the portable 

CFA is shown in Fig. 1.3. The heat sources and sinks affecting the 

temperature control in this system are identified in Fig. 1.4. Previous 

work2 had identified thermal coupling between the heat transfer plate 

and the heat sink as causing control problems. Additional investigation 

with the system shown in Fig. 1.4 identified changing air t·emperatures 

around the heat sink as being a potentially major disturbance to the 

temperature control system. These changes were primArily related to 

rotational speeds. Rotational motion pr.oduc.ed a centrifugal pumping of 

air, as shown in Fig. 1.4, which produced an npcfrAft nf instrurnent heat. 

To monitor this effect, a thermistor WA8 positioned in the air nt point 

A, again as shown in Fig. 1.4. The results are shown in Fig. 1.5. The 

thermal steady state achieved under control at 1000 rpm was obviously 

disturbed by sudden acceleration to 3500 rpm, for instance. The rpm 

effectively determines the ambient temperature which the heat sink 

experiences. Larger changes .in rpm result in larger changes in this 

ambient atmosphere, and thus require more response from the control 

sy~tem to return to the desired set point. 

In order to minimize problems associated with ·either thermal coupling 

or rapidly changing ambient temperatures, the system shown in Fig. 1.6 

was constructed. In this system the heat transfer plate is isolated from 

the heat sink by a Lexan insulating shield. This shield also increases 
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the isolation of both the plate and the sink from ambient changes 

previously experienced in the air gap between the two components. The 

additional support provided by the Lexan was also intended to prevent 

bowing of the plate and was thus intended to reduce contact problems 

between a rotor and the plate. In addition, the mass of the heat sink 

was concentrated near the heat ptnnp in an effort to get faster response 

and greater capacity for heat transfer (by favoring conductive over 

convective effects, and by minimizing local temperature changes near. 

the heat pump). 

This alternate design was tested in an environmental chamber to 

determine the effect of varying ambient temperature on cuvet temperature 

control. The results are given in Table 1.1. In general, the present 

instrument has the cap~city to control at temperatures higher than the 

prevailing ambient temperature; the most accurate control was obtained 

with test ambient corresponding to the conditions at which the instru

ment controller was tuned. For comparison with the previous instrument, 

it should be noted that at ambients of l5°C, control could not be 

achieved at even 30°C. Although further improvements are anticipated, 

the present instrument i$ thought to be adequate for most laboratory 

applications. For any given ambient environment, it can be tuned to 

give good control at desired points above that ambient. 

Table 1.1. Temperature control points with varying 
ambient temperaturesa 

Desired Ambient temperature 
control point (oC) 

(oC) 15 20 25 30 

25 23.5 24.7 26.0 b 

30 29.0 29.7 30.5 30.4 

37 36.3 36.R 37.4 36.9 

a Instrument temperature controller tuned for 22°C 
ambient. 

b Unstable temperature contr-ol. 

35 

b 

b 

38.2 
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1.1.4 Evaluation of the improved portable CFA 

After implementing the new analog signal board (see Sect. 1.1.1) 

and improved design for the heat sink artd heat transfer plate (see 

Sect. 1.1.3), the portable CFA destined for use by the Environmental 

Sciences Division was tested. · Kinetic assays of two different concen

trations of lactate dehydrogenase (LDH) were performed at 30 and 37°C. 

Previous studies had indicated that cuvet-to-cuvet temperature variations 

were somewhat· higher than desirable and probably contributed to some of 

the assay variability reported for y-glutamyltransferase and leucine 

aminopeptidase. 3 The results obtained for LDH (see Table 1.2) after 

~he modifications were implemented show very good precision and seem 

to confirm acceptable cuvet-to-cuvet temperature variations observed by 

optical thermometry. 

Table 1.2. Kinetic assay of LDH on the 
portable CFA at 30 and 37°C 

Activity (U/liter) 
Enzyme level 30° 37° 

Low 23.75 38.18 
CV a , % 1.09 

High 39.34 63.63 
cv, % 0.45 

aCoefficient of variation. 

2.09 

1.15 

The performance of the portable CFA for a substrate analysis 

(glucose) was compared with that obtained on the miniature CFA, which 

incorporates a PDP/BE subroutine to automatically estimat.P. thP. r~hsnrh;m('l? 

of the. reaction blank, as described previously for the GeMSAEC fast 
4 analyzer. In this routine the initial portion of the reaction progress 

curve is assumed to fit a polynomial, 

2 
absorbance (t) = AO + A1 t + A2t (1) 
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where A1 and A2 are the coefficients, and AO is the intercept at t = 0. 

The intercept is used as an estimate of the reaction blank, obviating 

the necessity of running separate sample blanks with each analysis 

(variable contribution of the sample absorbance to the reaction blank). 

Other authors have suggested that extrapolation using a cubic equation 
5 yields better estimates of the reaction blank in the analysis of glucose; 

however, our experience has shown the quadratic form to be more than 

adequate. 

Two approaches may be used on the portable CFA in assays where 

variable sample absorbances are a problem in substrate analysis. The 

simplest approach is to use a two-point procedure: the first measure

ment is obtained as early as possible in the reaction sequence (~0.1 sec 

for revolution-based data acquisition or ~.5 sec for time-based 

acquisition), and· the final measurement is obtain~d ·after the reaction 

has reached equilibrium. The difference in absorbance is multiplied· 

by an appropriate factor to obtain substrate concentration. Results 

obtained for the analysis of glucos.e by this procedure are shown irt 

Table 1.3. This method is adequate for relatively slow reactions in 

which little transformation of substrate has occurred prior to the 

first measurement, and it seems apparent that the glucose assay by the 

hexokinase reaction meets this criterion. The other approach, using 

the new program for the microcomputer (see Sect. 1:1.2), is based on 

extrapolation of a first-order polynomial and is shown tabulated under 

program 15 in Table 1.3. Data in the interval 0.5 to 18.5 sec (delay 

0.5 sec, 6 points taken, each 3 sec apart) were fitted to obtain the 

intercept shown in the table. 

The standards used in this test were one year old, and the nominal 

concentrations (Table l. 3) may .be less than the actual due to solvent 

evaporation. The estimate of the absorbance at time zero (AO) derived 

from the second-order polynominal expression by the computer in the 

miniature CFA system is not statistically different from the expected 

reaction blank absorbance. The average estimate of AO derived from the 

first-order polynominal expression by. the microcomputer of the portable 
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Table 1.3. Substrate analysis, with automatic reaction 
blank estimation, by use of the CFA 

Nominal glucose Glucose concentration found (mg/dl) 
concentration mCFAa,b ECFAc 

(mg/dl) Program na: Program 

50 55.59 ± 2.llf 53.16 ± 1. 23f 54.50 ± 

100 106.99 ± 0.85 104.26 ± 0.87 105.69 ± 

200 208.38 ± 2.25 206.80 ± 1.89 208.74 ± 

300 289.83 ± 1.66 289.41 ± 3.31 292.05 ± 

amCFA = miniature CFA. 

15e . 

1.12f 

0.82 

1.90 

2.90 

b . 
AO computed by extrapolation to t = 0 of absorbance vs time data for 

c 

d 

the interval 5-28 sec. Extrapolated value is computed by nonlinear 
regression analysis of second-order ·polynomial expression. Average 
extrapolated intercept= 0.0003 AU (theoretical= 0.0000). 

pCFA = portable CFA. 

AO taken as measured absorbance at 0.5 sec. 

eAO computed by extrapolation to t =· 0 of absorbance vs time data for 
the interval 0.5-18.5 sec. Extrapolated value iS computed by linear 
regression analysis of first-order polynomial expression. Average 
extrapolated intercept= -0.0053 AU (theoretical= 0.0000). 

f+ 
-0'. 
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CFA is lower than expected (by 0.005 AU), thus, in principle, over

estimating the true absorbance change (and thus substrate concentration). 
) 

The simple two-point approach gave the lowest estimates of substrate 

concentration, probably due to some substrate conversion prior to the 

first reading (at 0.5 sec). However, as seen from Table 1.3, there is 

.little practical difference among the results obtained by the three 

computational approaches (see Table 1.4), and thus any of the previously 

mentioned approaches may be used for relatively slow reactions. If, 

however, equilibrium is approached in only a few seconds, the fast data 

acquisition capability of the portable CFA together with the absorbance

extrapolation subroutine would be expected to give the most accurate 

estimates of substrate concentration. 

Table 1.4. Comparison of computational approaches to estimated 
glucose concentrationa 

X y 

b 
mCFA . pCFAc 

(program 11) 

mCFA pCFA 
(program 15) 

aSee Table 1.3. 
b 

mCFA miniature CFA.. 
c pCFA portable CFA. 

Linear least-squares 
regression equation 

y (1. 009 ± 0.002) X 

-(3. 32 ± 0.62) 

y (1. 015 ± 0. 003) X 

-(2.41 ± 0. 87) 

1.1.5 Evaluations of solution transfer and mixing 

Correlation 
coefficient 

. 0. 999995 

0.999990 

The time required to complete the transfer and mixing of sample

reagent pairs defines the fast-kinetics monitoring capability of.a 

centrifugal fast analyzer. However, the rapid completion of fluid 

transfer is no guarantee that the binary solutions have been effectively 

mixed, and this must be evaluated separately. 
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An exp~rimental program .to determine the effects of rotor design 

on transfer and mixing is being conducted using the portable CFA. During 

the first phase of the program the geometric parameters of the rotor 

transfer channels were studied; however, dye loading procedures and dye 

concentrations were varied to ensure that observed effects are attri

butable only to ·the geometric variations. La t~r phases of the program 

·will involve investigation of the effects of rotor speed, using selected 

rotor geometries; investigation of the effects of fluid properties on 

transfer and mixing; and detailed examination of transfer and mixing in 

rotors selected on the basis of initial comparative work,. 

Two basic typ~s of rt)tQ~S were used in t.hP. first phrtsP. nf the 

program: the parallel~channel and the sequential-channel (see Fig. 1.7). 

There were two variations of the parallel-channel rotor, one with side

by-side transfer channels (as shown in Fig. 1.7, right) and the other 

with over-and-under transfer channels (Fig. 1.8, right). There were six 

variations of the sequential-channel rotor, all of which resulted from 

the presently used normal standard rotor. The six rotors were labeled 

normal sequential; inertia enhanced (Fig. 1.8, left), inertia impeded 

and flow splitting (Fig. 1.9), extended width, and extended width and 

depth (Fig. 1.10). The purpose of the many modifications to the normal 

sequential rotor was to enable the automated rotor loading station to 

be used ~o load the rotors for studies of kinetically fast reactions. 

The side-by-side parallel-channel rotor cannot be loaded on this 

automated station. 

TI1e tests conducted with these rotors were based on earlier work 

involving the mixing of homogeneous dyes. 6 Blue Dextran dye solutions 

[0.5 mg/ml and 2.0 mg/ml in 0.1 ~ tris (hydroxymethyl) methylamine buffer 

at pli 8.4] were used as substitutes for the sample-reagent pairs. The 

time required to reach a constant absorbance measurement for a pair 

subjected to transfer and mixing was defined as the transfer and mixing 

time, T . The comparison of this constant absorbance measurement with 
m 

that expected for a completely homogeneous solution of the two dye 

concentrations (computed by application of the Beer~Lambert law and also 

experimentally measured for externally mixed solutions of the two dyes) 

gave a measure of the completeness of mixing. 
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Experiments were performed using internal standard solutions within 

each rotor. These internal standards consisted of premixed and premixed

pretransferred dye solutions. Each of the two types of internal standards 

was spaced at 90 ° increments around the periphery of. the rotor. Time 

limitations did not permit evaluation of all eight variations in rotor 

design; however, six designs were evaluated, with the results shown in 

Table 1.5.. These results indicate little difference in the time required 

to complete solution transfer for the parallel-channel and four modified 

rotors. As expected, solution transfer within the normal sequential 

rotor was slowest. The parallel-channel rotor appeared to produce 

slightly more effective mixing; however, the differences between the 

best three rotors in this category were only slight. Further experiments 

to confirm the effectiveness of mixing in the absence of a braking step 

are planned. 

Table 1.5. Comparison of transfer and mixing 
for six rotor designs 

Rotor type 

Parallel channel 
(side-by-side channels) 
Inertia impeded 
Flow splitting 
Extended width and depth 
Inertia enhanced 
Normal sequential 

T a (ms) 
m 

55.7 
57.0 
61.7 
56.2 
55.9 
73.4 

0.59 
0.88 
0.94 
1.53 
2.56. 
1.37 

~ean steady-state settling time minus time of 
first observable absorbance measurement. 

blOO(absorbance of premixed-pretransferred dye 
mluuo aboudJam.:e u[ bluary uye oulu Lluuo a[ Ler· 
transfer)/premixed-pretransferred absorbance. 

1.1.6 Mechanical and electronic documentation 

Mechanical documentation of the portable CFA has proceeded through 

three distinct stages. First, working sketches and notes were developed 

.• 
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with the prototype instrument. Second, using these sketches and notes, 

a second instrument was made; using parts and assemblies from this 

instrument, preliminary engineering drawings were made. These drawings 

were used to make the third instrument; during this process, any errors 

in individual part drawings were detected and corrected. During the 

assembly and checkout of this instrument, any functional errors associated 

with the parts and their interaction will be detected. The final 

corrections will then be made to the engineering drawings, and the 

mechanical documentation will be complete. Assembly of the third 

inotrumcnt io under way. 

Electronic documentation is also proceeding. Preliminary engineering 

drawings documenting the wire-wrap connections for the analog, main logic, 

and main analog bins have been completed. Engineering drawings detailing 

the power supply, top panel interconnections, top panel wiring, and 

chassis~mounted components have been completed. ·They are also being 

checked during the operational tests of the third instrument described 

above. Necessary corrections in the documentation will be made after 

these tests are complete. 

1.1.7 Fabrication 

During this period, final modifications were made to the portable CFA 

fabricated for the Environmental Sciences Division; the instrument and 

a semiautomated washing station were delivered to the Division. The 

mechanical and electronic fabrication of a portable CFA to be delivered 

to the Research Triangle in Raleigh, N.C., has been completed. The 

instrument is being integrated with a min-icomputer system; delivery of 

the final system is scheduled for early 1978. 

Three portable analyzers are being fabricated. These are to be 

delivered to the University of Michigan, NASA, and the Bioanalytical 

Technology Group of ORNL's Chemical Technology Division. The chassis 

and sheet-metal panel fabrication for the main housings and power pack 

housings are being conducted in parallel on these instruments. This 

work is approximately 90% completed. The power supply housings have 

been completed and delivered to an instrument technician for wiring. 
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The analyzer mechanical parts for the University of Michigan instru

ment ·are approximately 90% completed. This instrument will be completed, 

assembled, and delivered for wiring and testing during early October 1977. 

Analyzer parts for which machine setup time was large were made in 

triplicate. Additional parts for the other two analyzers (NASA and 

ORNL) will be fabricated in parallel, with mechanical completion of 

these instruments tentatively scheduled for May 1978. The University of 

Michigan system will include an automated loading station and a wash 

station in addition to the portable CFA. Construction of these items 

is tentatively scheduled to begin in late 1977, with mechanical completion 

scheduled for early March 1978 . 

1.2 Applications 

The versatility of centrifugal analyzers continues to play an 

important role in the further development of this technology. An 

enzyme amplification reaction is described which yields a parts-per

billion sensitivity for high-energy phosphates. The_capabilities of 

the instrument to provide high sample throughput for kinetic enzyme 

assays are utilized in a unique study which helped to map the structural 

gene for brain formamidase to a locus on chromosome 14 of the mouse. 

1.2.1 Genetics of formamidase-5 in the mouse 

Formamidase (kynurenine formamidase, aryl-formylamine amidohydrolase, 

E.C.3.5.1.9) is assayed by its ability to catalyze the reaction 

N-formyl-L-kynurenine + L-kynurenine + formate . 

The study of the genetics of formamidase has been hampered by the absence 

of satisfactory specific stains for this enzyme. Thus, electrophoretic 

analysis, historically the most powerful tool in biochemical genetic 

studies, has had only a very limited usefulness in the study of this 

enzyme. However, kinetic assays of formamidase which make use of the 

high molar absorptivity of some of the products do offer an attractive 

alternative approach. 
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The small sample capability of the CFA was utilized to assay the 

individual brains from freshly killed mice. Formamidase was isolated 

by ammonium sulfate precipitation from homogenized brain preparations. 7 

Chromatographic separation of multiple brain preparations on DEAE 

cellulose revealed the presence of only a single formamidase isoenzyme 

(Fig. l.llA). This was in direct contrast to other tissues (Fig. l.llB, 

kidney; Fig. l.llC, liver), where several separable isoenzymes were 

detected. 

To study the genetics of brain formamidase in the mouse, sixteen 

100-~1 aliquots of individual brain preparations were subjected to 

heat inactivation at Sl°C. Eight sets of duplicate samples for each 

brain were heated at Sl°C for 0, S, 10, 1S, 20, 2S, 30, and 40 min. 

An aluminum heating block, maintained at Sl°C, held 320 samples in 

20 rows of 16 samples each. To ease the tremendous bookkeeping task, 

samples were tracked by block location only, with the 16 samples from a 

single brain sample (forming one column in the block) being assayed 

within a single CFA rotor. After completion of their individual heating 

periods, samples were removed by rows and placed in an identical block 

maintained at dry-ice temperatures. In this manner, two people could 

assay samples on the CFA at the rate of ~120/hr. 

Two alleles of brain formamidase were unequivocally identified by 

their very different heat lability at Sl°C. Four purebred mice 

(CS7BL/10·R£) manifested a rather stable enzyme (T
112 

= 18.2 min), 

while four animals from a different inbred strain (C3Hf/R£) had a 

more heat-labile enzyme (T112 = 5 min). _F1 hybrids derived by crosses 

between these two inbred strains displayed a brain formamidase inter

mediate in heat lability (T112 = 11.4 min) and clearly disttnguishable 

from either parent strain. Linear regression of pooled or individual 

mouse brain samples subjected to heat inactivation for S to 40 min at 

51°C yielded high correlation coefficients, indicating the expected 

linear kinetics of heat inactivation. The variance among different 

animals of the same inbred strain was small, and the procedure was 

judged to be a reliable method for determining animal genotypes. Forty-

six other inbred strains yielded brain formamidase with heat inactivation 
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Fig. 1.11. Chromatographic separation of tissue isoenzymes of 
kynurenine formamidase from (A) mouse brain, (B) mouse kidney, and 
(C) mouse liver, using kinetic assay on the CFA as a column monitoring 
device. Separation was performed on DEAE cellulose; the substrate in 

. the kinetic assay was Nl,~-diformyl-1-kynurenine. 
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kinetics identical to one or the other of the two alleles found in 

c·57BL/10 RR- and C3Hf/R.R-. Twenty-six strains have the same alleles as 

C57BL/10 RR-, while 19 strains had the other allele. One strain (HRS/J) 

maintained with forced heterozygosity is also a heterozygote for brain 

formamidase. 

If these differences are genetic and based on differences at a 

single locus, they should segregate in crosses, giving Mendelian ratios 
' for the various genotypes among the progeny. That this is the case is 

shown in Fig. 1.12, where the heat inactivation profiles of 27 .F 
2 

animals 

resulting from crosses between C57BL/10R.R- are presented~ The animals 

fall into three -discrete classes corresponding to homozygotes for the 

heat-stable allele, homozygotes for the heat-labile allele, and 

heterozygotes. The expected ratios are 1:2:1, or for 27 aminals,· 

6.75:13.5:6.75. The observed numbers were 5:13:9, which does not 

differ signific~~tly from a 1:2:1 ratio Cx2 = 1.22). 

Recombinant inbred strains, first described by Bailey, 8 have now 

been established as an important investigative technique in mammalian 

genetics. Using heat inactivation coupled with kinetic measurement of 

~: .the rate of enzyme inactivation, brain formamidase (For-5) genotypes 

were determined in two series of recombinant inbred strains of mice 

developed at the Jackson Laboratory (Bar Harbor, Maine). One series 

of strains was derived from crosses between strains C57Bl/6J and 

DBA/2J (BxD strains), and the other series was derived from crosses 

between C57BL/6J and C3H/HeJ (BxH strains). Twenty-three BxD and 

13 BxH strains were tested, and they se~regated cleanly into th~ two 

parental,alleles for For-5. Other work performed on these same 

recombinant inbred strains has resulted in the naming of esterase 10 

(Es-10), alleles, the description of its variants, and the mapping of 

its gene locus on chromosome 14 of the mouse. 9- 14 Within these 36 inbred 

strains, a comparison of the two For-5 alleles and the two Es-10 alleles 

showed no recombination between their loci. This suggests, along with 

the inbred strain distribution pattern, that For-5 is very closely 

linked to Es-10 and is therefore on the proximal end of chromosome 14. 
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In the past, the method of choice in biochemical genetic studies 

with higher eukaryotes has been gel electrophoresis. It is useful with 

small unpurified samples and, with suitable enzyme-specific stains, 

has good resolution. However, electrophoresis has a number of limitations, 

among which are the lack of suitable stains for some enzymes and its 

ability to detect only a fraction of the protein variants. It is well 

documented that some enzyme variants which cannot be .resolved by electro

phoresis can be easily detected using heat inactivation techniques. 
. 1 13 d . 1 1 14, is d 

Bernste~n eta. an S1ng1 eta., stu.ying allozymes of octanol 

dehydroge:nase in Drosophila, demons t:t<U:ed t:ha t heaL luat.: Llva tion techniques 

yielded 2 to 3 times more all~les than were obtained by elecrrophoresls. 

tn additional studies of formamidase lu the mouse, we have identified 

six isoenzymes in different tissues of inbred strains. The methods used 

to distinguish among them involved standard methods of protein purifi

cation, genetic techniques, and automated kinetic assays coupled with 

enzyme-perturbing treatments such as heat inactivation, limited proteolysis, 

and inactivation by specific enzyme inhibition. Of these three methods, 

the most useful technique was heat inactivation coupled with automated 

kinetic determination of enzyme activity. Alleles in differenr st:rains 

of mice have been observed at all six of these formamidase loci. Five 

of the six can be resolved by heat inactivation and the other by 

differences in the Michaelis-Menton constant. 

This study has demonstrated the utility of fast kinetic assays 

coupled with enzyme-perturbing and genetic techniques (such as recombinant: 

inbred strains) in the future progress of biochemical genetics. Like

wise, these techniques can play an important rule in the study of 

chemically or environmentally induced mutation in mammals. 

1.2.2 Environmental analysis 

Applications of centrifugal analyzer technology to environmental 

problems are a high-sensitiviry assay for Lhe high-energy phosphates 

ADP plus ATP (adenosine diphosphate and adenosine triphosphate) and an 

evaluation of an extraction procedure for ATP. 
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Enzyme amplification method for ATP and ADP. 
16 

In a previous report 

we introduced a "-recycle"- kinetic procedure for the estimation of the 

two high-energy adenylate moieties, ADP and ATP. The enzymatic.processes 

involved in the assay are as follows: 

where 

ATP + glucose HK, Mg
2
+, glucose-6-phosphate + ADP 

G-6-PDH 
glucose-6-phosphate.~~~~+ 6-phospho-o-lactone, 

+NADP+ +NADPH +H+ 

ADP + phos~hoenol pyruvate ~ ATP + pyruvate , 

HK =hexokinase (EC 2.7.1.1), 

G-6-PDH = glucose-6-phosphate dehydrogenase, 

NADP+ = 8-nicotinamide-adenine dinucleotide phosphate 

(oxidized form), 

PK =pyruvate kinase (EC 2.7.1.40). 

(1) 

(2) 

(3) 

If the enzymes HK and PK and the substrates glucose and phosphoenol 

pyruvate are present in the proper proportions, any ADP present in the 

sample or produced by the reaction with ATP.very _rapidly will be recycled 

to form ATP. · By. this scheme, ATP is not depleted, and the monitored 

chromophore, NADPH, will continue to accumulate during the reaction. 

The rate of production of NADPH will be constant and proportional to 

the amount of ADP + ATP originally present in the sample. 

In Table 1.6 the performance of the recycle kinetic procedure is 

compared for ATP, ATP + ADP, and ADP alone. Since the measured parameter, 

reaction rate, is a relative parameter, concentrations by this method 

are computed by comparison with the reaction rate of an ATP sample 

standardized by an absolute method (reactions 1 and.2 above, no PK 

present). As seen from the table, agreement between the recycle 
. . 

procedure and specific assay of individual components is excellent 

(1-2%). This demonstrates that ATP and ADP are determined equivalently 

by the recycle procedure. This procedure has the advantage, relative 
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Table 1.6. Comparison of assay results by specific assay 
and by recycle kinetic procedure for ATP and ADP 

Sample concentration (M x 104) 
Standard solution Specific assaya Recycle kineticb 

ATP 

Al)p 

Equivolume mixture 
o£ ATP and ADP 

Observed 

Expected 

5.44c 

2.09e 

::5.44d 

2.llf 

a 
Sample volume 10 1 (total volume 130 1); 10 min reaction 
time. 

b Sample volume 2 1 (total volume 130 1); 2 min reaction 
Llm~. 

cHexokinase-glucose-6-phospha te dehydrogenase pr.ocedure. 

dMeasured parameter is relative rate. Rate data converted 
to concentration units by assigning ATP standard a value 
of 5.44 x lo-4 M, as determined by specific assay 
calibration (see footnote c). 

~ . 
H. U. Bt!L'gm~yeL, etl., HeLhods uf Enzymatic: Analysis, 
p. 573 (1965). 

fComputed as apparent ATP concentration (see footnote d). 

gATP concentration (specific assay): 
ADP concentration (specific assay): 

2. 75 x 10-4 M; 
1. 03 x l0-4 M. 

h . 
Computed from observed concentration of components 
prior to mixing. 

.. 
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to the specific assays, of being much more sensitive; with half the 

analysis time required for the stoichiometric procedures, the sensitivity 

is enhanced by an order of magnitude.
17 

A longer analysis time permits 

detection of yet smaller amounts of substrate. 

In a preliminary study, activity determinations by the recycle 

procedure and the reference· bioluminesce.nce procedure were compared for 

an anaerobic denitrification culture. Environmental Science.s Division 

personnel had noticed a severe decline in apparent ATP recovery when 

the culture suspension was exposed to an oxygen-containing atmosphere, 

even for the short time necessary to harvest and wash the cells prior 

to extraction. Therefore, a grab sample of the suspension was used for 

analysis. The culture medium contained large amounts of nitrate ion, a 
18 

known inhibitor for the bioluminescence assay. 

Although the ATP concentration in the extract was very low due to 

the anaerobic culture and the small number of cells in the grab samples, 

the recycle kinetic procedure was found to yield higher estimates of. 

activity than those of the bioluminescence procedure. This is consistent 

with the expectation that the recycle kinetic procedure measures ADP as 

well as ATP, and is very much less affected by the nitrate ion in the 

culture medium extract. 

Enzyme denaturation in ATP extraction with chloroform--carbon tetra-
19 chloride. In a previous report, several different extraction procedures 

were compared for efficiency of isolation of ATP from various substrate 

media. Recovery o£ ATP was judged superior by a new chloroform extraction 

procedure, as compared with extraction by sulfuric acid or butanol. The 

latter two extraction procedures had been previously considered the most 

efficient in an intercomparison of various procedures reported in the 

literature. 16 Although the chloroform extraction procedure is relatively 

neat and efficient, it.was necessary to demonstrate that cellular ATP

degrading enzymes were inactivated as well. 

In the extraction procedure the substrate is sonicated and vortexed 

with buffer and chloroform. Protein should be denatured at the aqueous

organic interface. After discarding the chloroform layer, residual 
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dissolved chloroform ('Vl% wt %) is qack-extracted with water-immisible 

carbon tetrachloride (see Table 1.7, footnote c). To test the effective

ness of the procedure for protein denaturation, we examined the extraction 

of apyrase enzyme (catalog -No. A-6132, Sigma Chemical Co.). Enzyme 

activity was monitored as .ATPase by analysis of residual ATP: 

ATP + H 0 apyras~) ADP +PO 3-
2 4 

Table l.. 7. Recovery of ATP after incubation 
in various media at 37°C for 30 min 

Incubation Residual ATP 
medium found (ppm) a 

Buffer, b 236.2 ± 0.5 

Buffer 240.1 ± 0.5 
(extracted)c 

Buffer + apyrase 
d 

-1.2 ± 0.4 

Buffer + apyrase d 211.6 ± 1.6 
(extracted)C 

aAs determined by Calbiochem ATP Stat-Pack 
. procedure ... 

b0.167 M tris, pH 7.4. 

% recovery 
-of ATP 

= 100 

101.6 

-0.5 

89.6 

c 
Extraction procedure: 6-ml buffered sample (see 
footnote b) + 3 ml chloroform; shake 30 sec in 10-
ml separatory funnel; remove lower organic phase; 
add 2-ml c.arbon tetrachloride; discard lower · 
organic phase. 

d . 
Apyrase added: 'V2 U/ml as ATPase. 

As seen in Table 1. 7, buffer treated by the extraction procedure 

does not contain any residual i.nhibi tory species. In the presence of 

apyrase, ATP is commonly degraded. However, apyrase treated by the 

extraction techniques retains only a trace of activity. In the 

(4) 
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experiment described in Table 1.7, a quantity of apyrase sufficient to 

hydrolyze 60,000 micromoles of ATP during the incubation period could 

only hydrolyze 32 micromoles of ATP after being subjected to the 

extraction procedure, for a residual activity of only 0.05%. Large 

quantities of enzyme and long incubation at.elevated temperature were 

required to demonstrate any residu~l activity, and normal amounts of 

cellular ATPase released during extraction would, in effect, be 

totally inactivated. 

Determination of organic acids. The Environmental Sciences Division, 

prior to receipt of a portable CFA unit, provided us with a list of 

analytical development priorities for future interaction with our section. 

High on the list of needed analytical capabilities are assays for several 

organic acid species, including oxalic, malic, oxaloacetic, and glycolic 

acids. We. selected malic acid for our initial attention. 

B 17 d .. b h d f h d . . f ( ) 1 ergmeyer escr1 es a met o or t e eterm1nat1on o L - ma ate 

with the enzyme malate dehydrogenase (MDH): 

L (-) malate + NAD+ MDH + oxaloacetate + NADH + H (5) 

The equilibrium of the reaction favors production rather than consumption 

of malate. Oxaloacetate may be determined with HDH by use of excess 

NADH and near-neutral pH medium. In order to drive the reaction to 

stoichiometric consumption of malate, it is necessary to remove the 

reaction product, oxaloacetate. Th·is may be done by use of a ketone

trapping reagent (e.g., hydrazine) in basic medium (pH 9.5): 

hydrazine + oxaloacetate ---+ oxaloacetate hydrazone • 

The initial reaction conditions for·the analysis of L (-)malate are 

given in Table 1.8. The buffer pH is adjusted just prior to use. The 

enzyme MDH and cofactor NAD are then added to the buffer (both of 

these components are relatively less st·orage stable· in high-pH medium). 

Initial studies with .D,L-malic acid gave quantitative results that were 

47% of the value expected with 100% L (-) isomer. With 1-malic acid 

the results were 90% of that expected for a stoichiometric reaction as 

(6) 
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Table 1.8. Reaction conditions for kinetic 
assay of L-malate 

Constituent 

L-malate dehydrogenase 

NAD 

Buffer, pH 9.5 
Hydrazine sulfat~ 
Glycinil 
t:UTA 

Initial .reaction 
concentration 

67 U/ml 

2 rng/ml 

0.2 M 
0.5 M 
1 m~/u1l 

indicated in Eq. (5). Under the assay conditions used, MDH has a high 

affinity for L-malate (Krn = 0.16 ~). 

There is a peculiarity of the assay of L-malate by the above reaction 
18 

scheme. Analysis by a two-point stoichiometric.procedure, with a 

5-~ec decay interval, results in an underestimate of substrate concen

tration by about 20%. This is apparently due to an initial fast-kinetic 

reaction phase ·(prior to the 5-sec delay time), before a much slower 

approach to equilibrium. The measured parameter, ~. is, however, 

directly proportional to L (-) malate concentration, and a control sample 

could be used to correct for this phenomenon. When the analysis 

procedure is transferred to the portable CFA, with its. fast-kineti~ 

capabilities, this problem may be obviated. Again, it must be 

remembered that the enzyme is specific for the L-isom~r: and will under

estimate total malate in a racemic mixture (as indicated previously). 

L 2. 3 Assay of specific proteins on the CFA 

The feasibility of performing inert-carrier-based assays on the CFA 

h b . . 1 d" d 19 Th d 1 f h 1 . 1 as een prev1ous y 1scusse . e eve opment o sue assays u t1mate y 

depends upon defining a parameter which characterizes the sedimentation 

of a carrier particle coated with a protein mass. For a given hybrid 

particle (carrier particle with protein mass), the measurement of this 
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parameter must be reproducible before the attached mass can be quanti

fied. Initial work in this area has been performed with hybrid 

particles developed by incubating latex beads (0.11 ]1 in diameter; density 

of 1.05 g/cm
3

; apprpximately 50 ]lg/ml) with a purified sheep IgG 

(approximately 2000 ]lg/ml) in a total volume of 1 ml. Samples (approxi

mately 10 ]11) of the resulting suspension of hybrid particles were 

placed in two of the sample wells of a prototype rotor developed for 
17 

these assays. Sucrose solutions (approximately 11% wt %) were used to 

fill the two cuvets at the end of the sedimentation channels aligned 

wi tli- .the loaded sample wells. All solutions were loaded statically; 

the rotor was then placed in the CFA and accelerated to 200 rpm to 

transfer the samples to the cuvet edges. The rotor was then accelerated 

to a fi~al speed of 2500 rpm. The cuvets were monitored continuously 

to determine the absorbance curves generated by the passage of the hybrid 

particles through the optically monitored zones of the cuvets. The two 

resulting absorbance curves are shown superimposed in Fig. 1.13. The 

difference in total absorbance at any time is probably caused by errors 

in pipetting the 10-ml samples into the sample wells, or by incomplete 
) 

transfer from the wells. The potential for using the time associated 

with the appearance of the zone peak is obvious from this figure. 

However, both the rate at which particles enter the monitored zone 

(slope of curve at early time) and the rate atwhich particles leave the 

monitored zone (slope of curve at late time) appear to be reproducible 

characteristic parameters. A detailed curve analysis to extract sedi

mentation and diffusion coefficients by the method. of moments could also 

be performed if required, particularly when small differences in 

characteristic parameters between two curves are being examined. 

This initial feasibility work will be expanded in future develop

ments. TI1e total development will ultimately demonstrate the limits of 

quantitation associated with dynamic loading of the sedimentation channels 

and transfer of samples from sample wells to sedimentation channels by 

rotor acceleration. The increase in sensitivity possible with the use 

of fluorescent carriers will also be considered. 
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Fig. 1.13. Absorbance curves generated by the passage, under 
centrifugal force, of hybrid latex particles [0.11-pm latex spheres 
E"quilihrated with purified sheep (gG) through the optically monitored 
zone of a prototype CFA rotor]. 
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1.2.4 Determination of arylsulfatase in human body fluids 

· The type II arylsulfatase enzymes (ASA and ASB) have been proposed 

as potentially useful biochemical markers for several types of cancer. 

Increased sulfatase activity in urine has been reported in myeloid 

leukemia; diseases of the bladder, testes, and uterus; and in cancer of the 
20 breast and of the prostatic gland. Recent reports have indicated an 

eleva.tion of urinary ASB isoenzyme in colorectal cancer
21 

and ASA 

isoenzyme in malignant melanoma.
22 

A congenital deficiency of ASA 

occurs in metachromatic leucodystrophy, and ASB is defective in the 

Maroteaux-Lamb syndrome. 

23 In a· previous report, we discussed some of the methodological 

difficulties in the assay of arylsulfatase and in the independent 

estimation of the two type II isoenzymes. A primary concern is the 

susceptibility of the enzymes to inhibitors of human arylsulfatase 

enzymes. Table 1.9 gives the normal range of some of the inhibitory 

species in human blood serum and urine. A comparison of this table 

with Tables 1.10 and 1.11 indicates that the assay of sulfatase 

in untreated body fluids is of dubious value. For example, it has 

been reported that in several types of cancer, sulfatase in blood serum 

did not exceed normal, although the activity in tumors and in dialyzed 
20 

urine was elevated above normal. However, the serum was not dialyzed 

or otherwise treated prior to analysis, and any elevation "of sulfatase 

activity would be obscured by the endogenous anionic inhibitors. 

23 
We have recently reported a simple anion exchange chromatographic 

procedure to separate ASA and ASB for subsequent assay, using the 

substrate p-nitrocatechol sulfate (NCS). At pH values exceeding the 

isoelectric pH (pi) of a macromolecule, the molecule assumes a net 

negative charge and thus will be retarded on an anion exchange resin. 

Table 1.12 lists pi values reported for human arylsulfatase enzymes. 

It should he possible to separate ASA and ASB by anion exchange at 

5 <pH< 7.6. We have used anion exchange at pH 7.5 to separate ASA 

d A f 1 . d h . d . 23 I dd .. an SB rom 1mpet extract an uman serum an ur1ne. n a 1t1on, 

the potent inhibitor phosphate ion is separated from ASB, although it is 
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Table 1. 9. Occurrence of arylsulfatase (type II) -
inhibiting anions.in body fluids of mana 

Normal concentrations (roM) 
Anion Plasma or serum Urine 

-Cl 104 (95-113) 141 (56-254) 

PO 3-
4 

1.0 (0. 8-1. 4) 19 (16-24) 
') so ... 

4 
0.1 (0.09-{).15) 1/.3 (5 .5-27) 

~ata from P. L. Altman, Blood and Other Body Fluids, 
Fed. Amer. Soc. Exper. Biol., Washington, D.C. 
(1961). Data reported as average value (range 
given in parentheses). 

Table 1.10. Effect of selected salts upon the activity 
of purified human arylsulfatase A 

l{esidual 
Assay Salt Concentration activity 

Source conditions added (m~) (%) Reference 

Placenta 10 mM NCS ' KH2Po4 0.005 98 20 
pH 5.0 0.5 51 

5 7 

Na2so
4 

0.5 100 20 
5 89 

100 13 

NaCl 5 100 20 
100 106 

Ag (CH
3

COO) 1 2 26 

Brain lO mM MUS KH2Po4 0.25 4 27 
pH 5.7 AgN0

3 
0.25 4 27 



Source 

Liver 

,, 

Brain 
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Table 1.11. Effect of selected salts upon the activity . 
of purified human arylsulfatase B 

Residual 
Assay Salt Concentration activity 

conditions added (roM) (%) Reference 

10 mM NCS NaH2Po4 2.5 14 32 
pH 6.0 

Na2so4 100 39 32 

KCl 80 52 32 

10 mM NCS BaC1 2 25 59 33 
pH 6.1 

10 mM MUS KH.zP04 0.25 9 27 
pH 5.7 

AgN03 0.25 13.3 27 
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Table ·1.12. Some properties of purified 
human arylsulfatase 

...__ 

.. 
Isoenzyme Source pi Substrate Kma (m~) 

ASB Placenta a: 7. 6 . NCS 1.04 
S: 7.9 NCS 1.96 
y: 8.1 NCS 0.65 

Placenta 8.2 1 

Brain 6. tl-1. :L 
(3 bands) 

:isra1n HUS 8.3 

Liver NCS 2.9 

Liver NCS 0.8 

ASA Placenta 4.7 NCS 1.4 
Urine a: 4.7 

S: 4.8 
y: 4.9 

Liver 4. 4--4.9 
(6 banc;l~) 

Brain MUS 12 . .J 

aKtnetic constant from Michaelis-Menten expression .. 

··-
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subsequently coeluted with ASA by an NaCl gradient. Thus, ASB isoenzyme 

can be determined in body fluids -without the necessity of prior dialysis. 

Dialysis, although an effective means of removing inorganic ions, is too 

slow and requires too large a sample size to be very useful in screening 

numbers of specimens for sulfatase activity. 

Table 1.13 compares arylsulfatase assay with exopeptidase assay for 

samples of urine and blood from colorectal cancer patients. Arylsulfatase 

in urine was determined from dialyzed specimens; we have not yet established 

a normal range for urinary samples by our procedure of chromatographic 

separation followed by kinetic monitoring, using NCS as substrate. Using 

literature estimates of the no~al range of ASB in urine, it appears that 

the enzyme is perhaps elevated in 62% (8/13, correcting for low creatinine 

in 660) of the samples. In several cases (e.g., samples 660 and 1135), 

· apparently subnormal arylsulfatase activities are accompanied by subnormal 

urinary creatinine excretion. Urinary creatinine excretion is often used 

as a check for the completeness of 24-hr urine collection. A very low 

creatinine concentration may reflect an abnormal dilution o.f constituents 

due to excessive urine volume. Urine samples from cancer patients were 

provided by the National Cancer Institute, and we do not have data on 

24-hr urine volume. For the three samples (705, 708, and 1043) with 

normal urinary creatinine excretion, elevated ASB was measured. In 

serum, ASB is elevated in 50% (6/12) of the samples tested, y-glutamyl 

transferase (GGT) in 67% (6/9), leucine aminopeptidase (LAP) in 56% (5/9), 

alkaline phosphatase (AP) in 71% (5/7), and 5 1 -nucleotidase (5'-Nase) in 

60% (3/':J) of the cases. The high incidence of exopep,tidase elevation 

probably reflects a similar incidence of liver metastasis. Again, the 

demonstration of elevated arylsulfatase activity in treated sera from 

cancer patients is in contrast to the findings of other workers who had 

not taken precautions to eliminate the effects of endogenous inhibitors.
20 

Figure 1.14 illustrates the linear hydrolysis of NCS by chromatographically 

separated ASB from human serum; none of the "anomalous kinetics," as 
. 24 25 reported for the ASA 1soenzyme, ' were observed in the ASB fraction. 

The sulfatase isoenzymes are easily separated by ion exchan~e 

chromatography near-neutral pH values (pH 6. 8, Gniot-Szulzycka; 
26 

pH at 

7.4, Harinath and Robins; 
'1.7 

pH 7.5, Stevens; 
28 

pH 7.55, 
29 

Humbel ) . However, 



':able 1.13. En.zyme scree:1.ing in patients with colorec:tal can::er 

Patient 
ID 

Normal range 

Literature 

This stucy 

Colorectal cancer 

705 
321 
660 
661 
755 

1131 
318 
708 
95i 
388 

1043 
1085 

871 
1135 

Urin: sample 
A~A ASB 

(NC/:nl/hc) 

3.:~2~.2a,b 

ND 

44.0 ~E?) 

8-1 
2.9 

22.4 :E?) 
21.1 

ND 
ND 
9.3 
0. 2 
0.1 

14.7 
0.9 

52.7 (E?) 
10.1 

0. 3-2. Sa' b 
L8--4.8e 

ND 

1S.7 (E?) 
;.z CE?) 
~-. 7 

ll. 3 (E?) 
21.1 

C•. 9 
liD 

2:..5 (E?) 
:.. 7 
Q.S 
2~.6 (E?) 
0.5 

16.0 (E?) 
0.7 

Creatinine 
(rr.g/ dl) 

81-162t,c 

:..so.4 
41.1 
37.9 
~ID 

~ID 

tiD 
tiD 
97.3 
tiD 
ND 

!L40.6 
44.3 
NO 
NO 

ASB 
(NC/ml/hr) 

0.5-2.0d 

I 
1. 9-5.9 

7.4 (Z) 
13.2 (E) 

L.9 
6.3 (Z) 
4.6 
8.4 (E) 
4.4 
2.8 
5.8 
4.3 
6.3 (E) 
8.9 (E) 

ND 
ND 

aH. Baum, :<. S. Dodgsc:l, and B- Spen::er, Clin. Chim. Acta ~. 453 (19.59). 

b Assumed m:an volume f·Jr 24-hr urine specimen "' 1500 mL 

GG'I 

435.8 (E) 
355.4 (E) 

9.9 
204.8 {E) 
339. 7 (E) 
28.0 

398.2 (E) 
ND 
25.6 
40.9 (E) 
ND 
ND 
ND 
ND 

cP. L. Alt-:nan, Bloocl 2:1d ·Other Boc7 Fluids, F.A.~.E.B., Washington, D.C. (1961). 

dJ. Singh, D. Tavella, and N. JiFe~~nte, J. Pediatr. 86, 574 (1975) . 

. 

Serurr_ sample 
LAP AP 

(IU/liter at 30°C) 

lS.Q-28.6 

79.5 (E) 
87.5 (E) 
23.6 
49.9 (E) 
66.4 (E) 
:.8.9 

104.5 (E) 
}.1) 

19.3 
22.4 
ND 
:'ill 
:'ill 
~ID 

10-100 

385.5 (E) 
449.2 (E) 

67.9 
160.0 (E) 
550.0 (E) 

42.0 
320.0 (E) 

ND 
ND 
ND 
ND 
ND 
ND 
ND 

5'-Nase 

<14 

15.3 (E) 
19 .1 (E) 

ND 
8.0 

53.6 (E) 
<5 
9.4 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
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Fig. 1.14. Linear rate of hydrolysis is illustrated for the reaction 
of chromatographically separated (from serum) arylsulfataRe R isoenzyme 
with nitrocatechol sulfate in contrast to the nonlinear kinetics reported 
for arylsulfatase A isoenzyme. 
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we found that storage stability of urinary sulfatase eluent fractions 

at pH 7.5 was not particularly good. Two possible explanations for loss 

of enzymatic activity in the fractions are low protein content in urine 

(nonspecific protein could help stabilize the enzyme) and possible 

denaturation of enzyme at higher pH values .(both isoenzymes have activity 

maxima in the pH range 5-6). 

The chromatographic separation of dilute purified limpet sulfatase 

in buffer plus 0.2% bovine serum albumin (BSA) is illustrated in Fig. 1.15. 

Under the conditions used (pH I. S), BSA coelut(:!S pn~U.uudnantJy with ASA, 

ThP. Hr.tivity is apparently enhanced by the presence ot nonspecific pro

tein. Stevens et a1. 30 report that ASA in crude preparations is stable, 

whereas purified, dilute solutions (<0.1 mg of protein/ml) are quite 

unstable. 

As mentioned previously, a second factor likely to influence the 

stability of eluate fractions is the pH of the eluate. Figure 1.16 

compares the activity of sulfatase eluent fractions separated on ion 

exchange columns equilibrated at pH 5.5 and at pH 7.5. The dil~te 

limpet sulfatase applied to the columns was prepared in the appropriate 

starting buffer (0.05 M acetate, pH 5.5, or 0.05 ~ tris, pH 7.5). A 

large enhancement of recovered sulfatase activity was observed in the pH 

5.5 eluate fractions, as opposed to the same amount of enzyme eluted at 

pH 7.5 (the activity of all fractions was measured with substrate buffered 

with 0.5 ~acetate, pH 5.6). The recovery of ASB was especially enhanced. 

Also illustrated ;i;p. this figure is the fact that phosphate ion is retained 

on the pH 5.5 column until it is eluted with salt, just as i.n the case for 
23 

the pH 7 .• 5 eluent. 

Rinderknecht et al. reported a rapid method for removing interfering 

anions from human biological fluids by applying th(:! samvle to em anion 

exchange column and eluting with acetate at pH 5.6. The eluate from 

serum was reported to be stable for at least two weeks at +4°C, whereas 

the urine eluate was stable for only about two days; 31 the enhanced 

stability for the serum eluate is probably due to a greater concentration 

of nonspecific protein. Since these workers did not use concentrated 
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Fig. 1.15. Separation of limpet arylsulfatase isoenzymes by ion 
exchange chromatography on fibrous DEAE cellulose. Virtually quantitative 
recovery of enzyme activity was ensured by the presence of a small amount 
of bovine serum albumin. 
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salts in their sample elution, one would expect (from Fig. 1.15) that 

only ASB would be eluted; indeed, from their results the authors· con

cluded that ASB was the preponderant enzyme in blood. 

From these studies we have decided to separate the soluble sulfatase 

isoenzymes in human body fluids on anion exchange media, equilibrated at 

pH 5.5. If data on ASA activity are required, urine samples will be 

.dialyzed vs dilute buffer at pH 5.5 to 6.0. We will also investigate 

the effect of adding a small amount of nonspecific protein to the 

dialysis tube containing the urin.e sample prior to dialysis, in an 

attempt to stabilize enzyme activity. As reported previously, 23 we 

found the greatest sulfatase activities in those urine samples with 

large amounts of cell debris and evidence of hemolysis. It is possible 

that one contributing factor to the higher enzyme activities in these 

samples was the greater concentration of protective nonspecific protein. 
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2. ADVANCED ANALYTICAL SYSTEMS 

J. E. Mrochek 

Investigations into rapid chromatographic separation of isoenzymes 

with on-line monitoring of enzyme activity are continuing, with current 

emphasis on the isoenzymes of arylsulfatase. A new concept in rapid, 

automated electrophoresis· is described with the capability of not only 

increasing sample throughput, but also uncovering the "hidden hetero-:-

geneity" of proteins by improved resolution. 

2.1 High-Resolution Liquid Chromatographic Systems 

The expansion of liquid chromatographic technology is continuing 

into new and exciting areas. One of the more recent developments is 

its application to the separation and continuous on-line monitoring of 

enzyme activity. Such applications hold the promise uf uul: only better 

separations, but also improved quantitation compared with conventional 

electrophoretic methods. In the long run, these may result in improved 

clinical diagnostic ·procedures for noninvasive diagnosis of organ 

damage and disease. 

2.1.1 Continuous separation and assay of arylsulfatase isoenzymes 

As indicated previously,
1 

p-nitrocatechol sulfate (NCS) is the 

usual analytical substrate used to measure the activities of the two 

isoenzymes of arylsulfatase (type II). Both isoenzymes demonstrate 

high affinity for this substrate; however, kinetic differentiation of 

the individual isoenzymes without prior physical separation is 

"problematic. "
2 

Baum et al. 
3 

introduced a system of differential 

inhibitors and activators to discriminate between the isoenzymes, and 

this system has been utilized by almost all researchers investigating 

the roles of the isoenzymes in disease states. However, these inhibitors 

and activators are not exclusive in their reactivity with the iuclividv.al 

isoenzymes, and thus their act1..1al utility is questionable. 3-6 
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We have adopted the approach of physical separation of the sulfatase 

isoenzymes, followed by analysis of the enzyme fractions by either 

specific or nonspecific reagents. The use of discontinuous chromatography 

on anion exchange minicolumns, as described in Sect. 1.2.4, is relatively 

slow, and activity determination of dilute eluate fractions by use of 

NCS substrate often required long incubation times. We became interested 

in the possibility of continuous chromatography of sulfatase isoenzymes 

with on-line column effluent monitoring. As an alternative to the use 

of NCS as a substrate, we first investigated the use of 4-methylumbelli

ferone sulfate (4-MUS). 

The human arylsulfatase enzymes have a lower affinity for 4-MUS 

than for NCS (see Table 2.1) and a lower specific rate for hydrolysis 

of MUS (typically 5 to 10% of the specific rate for NGS substrate). 

However, assay of the liberated reaction product, 4-methylumbelliferone 

(4-MU), is much more sensitive than for nitrocatechol by a factor of 

2. 3 d f . d 7 d' . hl 4MU to or ers o ~agn1tu e, an , 1n contrast to n1trocatec o , -

can be monitored directly in the reaction medium without addition. of 

reaction-quenching chemicals. Figure 2.1 illustrates the relative 

fluorescence spectra of fluorogenic 4-MUS and the product 4-MU. In 

terms of absolute fluorescence intensity, our 4-MUS substrate (Sigma 

Chemical Company) has a response (relative to 4-MU) of only 0.002% at 

440 nm (the emission maximum for 4-MU). The availability of a Schoeffel 

FS 970 LC flow fluorometer made it possible to detect. even minute 

amounts of 4-MU product (Fig. 2.2). Another attractive feat.nrP of the 

use of 4-MUS as a substrate is that it yields a linear rate of 

hydrolysis for ASA (arylsulfatase), without the "anomalous kinetics" 
8 

noted for NCS substrate. It was also hoped that by use of a continuous 

salt gradient,we could detect minor anionic forms of ASB found in 

fibroplasts9 and brain, 10 if not perhaps the rnicroheterogeneity of the 

major isoenzymes. 

Figure 2.3 illustrates the fluorometric response for limpet arylsul

fatase isoenzyrnes separated on glycophase DEAE-CPG with activity monitored 

by the. 4-MU liberated from 4-MUS. Sensitivity is limited to some extent 
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Table 2.1 Some properties of purified human arylsulfatase 

Isoenzyme Source pi Substrate Km (rnm) Reference 

ASB Placenta a: 7.6 NCS 1.04} Gniot-Szulzycka. 
6: 7.9 NCS 1.96 (1972) 
y: 8.1 · NCS 0.65 

Placenta 8.2 MUS 

.~ Rr.'iin n .R-7 .2 
Stevens (l~ 17) 

Cl hands) 

Brain MUS 8.3 Harinath and 
Robins (1970) 

Liver NCS 2.9 Shapi:r.a. and 
Nadler (1975) 

Liver NCS 0.8 Agogbna and 
Wynne (1975) 

ASA Placenta 4.7 NCS 1.4 Gniot-Szulzycka 
(1974) 

Urine a: 4.7 

~ 
B: /1. 8 
y: 4.9 

Stevens (1976) 

Liver 4.4-4.9 
(6 bands) 

Brain MUS 12.5 Ilarinath and 
Robins (1970) 
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FLUORESCENCE SPECTROPHOTOMETER 
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Fig. 2.1. Fluorescence excitation and emission spectra for 4-methy
lumbelliferone sulfate (4-MUS) and its hydrolysis product, 4-methy
lumbelliferone (4-MU). 
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IOOr-----------~~----------------------------------------~--------~ 

SCHOEFFEL FS 970 
LC FLUOROMETER 
SENS =0.5 p.A 
(MAX SENS=O.Oip.A) 

).ex = 310 n m + CORN lNG 7-54 
).em• CORNING 418 
pH = 5.4 

10-8 10-7 

( 4- METHYLUMBELLIFERONE) , .M 

Fig. 2.2. Sensitive detection of and linear response to 4-rnethy
lurnbelliterone was demons t't'<Hed using a fluorescence flow muni tor. 
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I r 

ION-EXCHANGE CHROMATOGRAP-HY OF 
PURIFIED LIMPET SULFATASE 

ASB , 

) ... ··· ... 
t------J··· .... 

I 

30 

COLUMN: 11&
11 

x 25 em 

PACK.ING= GLYCOPHASE 
DEAE- CPG. 
5 -1o,.,. 

GRADIENT: 0-0.5 .M. NoCI 
SUBSTRATE: 0.0025 !!! MUS 

. j -. ........ . 

ASA 

n 
4---ENZYME PLUS 

SUBSTRATE 

. . . . . . . . . --
. .:.c.- ENZYME BLANK 

(NO SUBSTRATE). 

I 

60 
TIME (min) 

Fig. 2.3. Continuous monitoring of arylsulfatase isoenzyme activites 
after chromatographic separation. Activity is detected by monitoring the 
hydrolytic release of 4-methylumhP.lliferone. 
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by the poor solubility of the substrate, but is more than adequate for 

easy analysis. Note, however, that even highly dilute purified enzyme 

gave a slight background response coincident with the elution volume of 

ASB. When the system was used with human urine, the endogenous 

fluorescence was simply overwhelming (Fig. 2.4). The urine illustrated 

in Fig. 2.4 is from a colorectal cancer patient and had endogenous 

fluorescent compounds which coeluted with both ASB and ASA. The 

corresponding eluent fractions of raw urine (no substrate) were collected · 

and fo1.mrl tn hAve both excitation and emission spectra which overlapped 

those for 4-MU. As shown in Fig. 2.4, the endogenous fluorescent 

compounds could largely be removed by dialysis; thus, in contrast to 

the procedure described in Sect. 1.2.4, even the.analysis of ASB in 

urine would require exhaustive dialysis before the detector response 

would be specific for arylsulfatase activity. 

These difficulties caused us to investigate the possibilities of 

using NCS substrate for photometric on-line monitoring of sulfatase 

activity eluted from the chromatographic system. The problems antici

pated were the reduced sensitivity (relative to fluorescence) and possible 

interference from background absorbance. A unique detection scheme, 

shown schematically in Fig. 2.5, was designed to prmluce what is 

essentiAlly a double-beam photometric detector for column effluents. 

The sample (including react:ion pruc.lut:L) f.i..L"5t ps..!!sca through thil 

reference beam of a flow-through photometer, and then a small volume 

of color developer (NaOH) is added immediately before the stream 

reenters the photometer through the sample beam. Since 1 L 1~::; uitlik~ly 

that any constituent other than nitrocatechol will give a change in 

absorbance at 510 nm upon addition of base, the detector response is 

very highly selective for sulfatase activity. Au integrating time 

constant for the signal between reference and sample beams makes the 

system unresponsive to slugs of nonspecific chromophores eluted from 

the column. Figure 2.6 shows the detector response to chromatographically 

separated sulfatases in raw (nortdialyzed) norrual urine spiked with 

purified limpe.t sulfatase. Also shown is the response of the system to 

•. 
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ORNL DWG 77-2013 

ION- EXCHANGE CHROMATOGRAPHY OF 
HUMAN URINE 

COLUMN: 118• x25 em 

PACKING: GLYCOPHASE 
·DEAE- CPG 
5- lOp. 

GRADIENT: 0- 0.5J! NaCI 

SUBSTRATE: BUFFER ONLY 

SAMPLE NOT DIALYZED 

DIALYZED SAMPLE 

30 60 
TIME (min)· 

Fig. 2.4. Chromatographic elution conditions used to separate 
arylsulfatase A and B result in the detection of interfering endogenous 
fluorescent compounds in urine from a colorectal cancer patient. The 
endogenous fluorescent compounds may be removed by dialysis. 
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BUFFER B BUFFER A 
0.05 M_ ACETATE . 0.05 M ACETATE 0.5 M NaCI 

pH 5.6 pH 5.6 

SUBSTRATE 
100 m M 
NCS -

REAGENT 
RESERVOIRS 

TO WASTE 

l] IRiFE"RE"NcEl rsA" .. "PL"El 
I L _Bj:!_M_ J Ll~t! ..J . 

SPECTROPHOTOMETER 
(510nm) 

Fig. 2.5. Schematic representation of a continuous monitoring system 
for chromatographically separated arylsulfatase isoenzyffies. Time delay 
between reterence and sample channels (due r:o liquid transport) shuulu 
be corrected electronically. 
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ORNL OWG 77- 2012R 

COLUMN: 118 .. x 25 em 

PACKING: GLYCOPHASE 
DEAE-CPG 
5-10"' 

GRADIENT: 0 - 0.5 _M_ NaCI 
IN ACETATE 
BUFFER, pH 5.6 

, /~AW URINE SPIKED WITH 
V LIMPET SULFATASE. 

SUBSTRATE: 0.01 M NCS 

0.032 

ODU 

30 60 90 

Tl ME (min) 

Fig. 2.6. Continuous monitoring of arylsulfatase isoenzyme activity 
in urine supplemented with exogenous enzyme activity. In the 
absence of substrate, no interferences were detected. 
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raw urine in the· absence of sulfatase substrate; in contrast to the 

fluorescence detection results shown in Fig. 2.4, no false peaks were 

obtained. Again, ·for contrast, the urine sample used in Fig. 2.6 was 

diluted tenfold, and its excitation and emission spectra were scanned 

(see Fie. 2.7). Comparison of Figs. 2.1 and 2.7 indicates that 

endogenous· fluorophores in urine would overwhelm the response of small 

amounts of 4-MU in an on-line fluorimeter. We are working to improve 

the sensitivity of the on-line photometric monitoring system, using 

NCS substrate. The "anomalous kinetics"3 of ASA isoenzyme will not be 

pronounced if incubation times can be reduced to ~U to 4U min; alr~r

natliilly, pyrnphn~phate may ll~ gdded to bufter A. in addition, WI:! wlll 

investigate the utility of a short column containing gel filtration 

medium to be located directly after the ion exchange column irt Fig. 2.5 

(prior to reagent addition). It is hoped that by this means,ASA and 

anionic inhibitors coeluted from the ion exchange column may thus 

be separated. 

The on-line, pseudo double-beam reactor-detector concept illustrated 

for sulfatase isoenzymes in Fig. 2.5 will be extended to other systems. 
. 1 
Previously, .we reported the ori-line column effluent monitoring of 

creatine kinase (CK) isoenzymes. Activity determinat:ion is ba~t!Ll u(u)n 

the production of NADPH (~-nicotinamide-adenine dinuclt!ulide phosphate 

hydrogenase) by a coupled reaction: 

creatine phosphate + ADP ~ creatine + ATP , 

ATP + gh!CORP. 
hexokinase 

glucose-6-phosphate 

+ NADP 

ADP + glucose-6-pho~phate , 

glucon-~-lactone~6-phosphate 

+ NADPH 

(1) 

(~) 

(3) 

The reagent in this scheme was rather expensive to use in a 

continuous-flow detection system, primarily due to the use of soluble 

enzymes hexokinase (HK) and glucose-6-phosphate dehydrogenase (G-6-PDH). 

With on-line fluorometric detection, endogenous fluorophores in serum 

were detected which coeluted with the CK isoenzymes. 
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Fig. 2. 7. Emission and exc,itation spectra for diluted normal urine 
reveal endogenous fluorescence which should mask enzymatically released 
4-methylumbelliferone in a continuouR dP.tP~tion ~ystem. 
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The use of a reaction loop containing coirnmobilized HK and G-6-DPH 

on agarose beads (commercially available from Sigma Chemical Company) 

between reference and sample beams in a system similar to that illustrated 

in Fig. 2.5 would accomplish several goals. First, reagent cost would 

be drastically reduced, since the expensive enzyme components will be 

continually reused for hundred~ of analyses. Second, the system will 

respond specifically to NADPH produced in the reactor and not to NAD(P)H 

produced by side reactions during the incubation of sample and reagent. 

AeAin, nonspecific endogenous chromophores will be effectively blanked 

out and will not produce false peaks. The reactor concept may be used 

to advantage in other detection schemes as well. 

2.2 Automated Gel Electrophoresis System 

An interesting new concept in automated gel electrophoresis is 

described. It offers the potential for large sample throughput, but, 

more importantly, the concept promises to yield additional data by 

which mutant proteins may be recognized in genetic studies. 

2.2.1 Background and conceptual design 

In the study of population biology, one of the more important 

screening methods relies on electrophoresis to discriminate mutant 

proteins by the appearance of ~ubstrate-specific bands with abnormal 

electrophoretic mobility. Because it permits the direct visualization 

of a broad array of single gene products, electrophoresis has been 

used by population geneticists to "coune' generic variant~ .in nature. 

However, over the past several years, it has become apparent that: a 

considerable amount of genetic variability exists in natural populations 

h . h . d d b . 1 h . . ll-l4 w 1c 1s not etecte y rout1ne e ectrop oret1c screen1ng. 

The power of electrophoretic methods is in providing direct evidence. 

of some difference between normal and variant proteins, by showing that 

the mutant moves to a different bawl position when· electrophorctJeu under 
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identical conditions. However, when two proteins band at the same 

position on a gel, the conclusion that they are identical is much 

weaker, and its validity depends on the amount of variation undetected 

by the technique. The use of electrophoresis to document protein 

similarity is now becoming widespread despite this apparent weakness 

in the method when used under a single set of conditions, as is the 

practice in routine screening. 

Although the initial report of electrophoretically cryptic variation 
11 

appeared only a few years ago, current data suggest the result is a 

general one, and the universal occurrence of large amounts of previously· 
15 

undetected variability seems likely. The existence of such "hidden 

heterogeneity" constitutes a serious problem in the interpretation of 

many of the comparative electrophoretic approaches now used in population 

biology, because most researchers have relied on assessing protein 

homology from their electrophoretic data. Such proof of identity may 

not be valid if the elements being compared are from heterogeneous 
14 

groups! 

Comparative recent discoveries of large amounts of "hidden hetero

geneity" suggest rather strongly that new approaches are mandated in 
. 16 

comparative electrophoretic studies. Johnson has suggested that any 

new approach should meet, at a minimum, two requirements: (1) It should 

be capable of resolving all variation which is, in principle, detectable; 

(2) characterizations of variants should be directly comparable from 

one study to another. He suggests that four physicAl parameterc of a 

protein- size, asymmetry or conformation, isoelectric point, and net 

charge or free mobility -represent the characteristics which determine 

its mobility and empirically are sufficient to describe it. 

The migration of a protein during polyacrylamide electrophoresis 
1 1/ 

has been expressed by Rodbard and Chrambach ' as 

K T 
Rf = M

0
/Uf e 

r 
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where 

Rf mobility of the protein relative to a solvent front, 

·uf apparent mobility of a moving boundary in front of the 

resolving phase (a constant known for most common buffer 

systems), 

M = free electrophoretic mobility of the protein, 
0 

~ retardation (frictional/hydrodynamic) coefficient 

(~ = K/2. 303), 

T % acrylamide (determines pore 3iz:e and is in,iersely 

proportional to it). 

The degree to which a protein interacts with gel fibers while 

migrating under the influence of an electrophoretic field may he 

studied by varying the pore size (% aci-ylamide) of the gel. By e~amining 

Rf at several values of T, the free electrophoretic mobility (M
0

) and 

the retardation coefficient (~) may be estimated for any protein which 

can be discretely detected in a heterogeneous mixture. In experimental 

practice, a linear regression of log Rf on T yields a line with slope ~ 

and intercept log M
0

/Uf. The retardation coefficient is directly 
17 

related to the size and shape of the protein. TI1is provides a 

foundation for a powerful comparative electrophoretic technique; capable 

of meeting the first of Johnson's two criteria. The second criterion 

is met by including tw~ internal standard proteins in each gel migration 

path. The inclusion of internal standard proteins senres to standardize 

individual determinations of Rf on different gels by making all measure

ments on migration of desired proteins relative Lu .that of an interQ.aJ,. 

standard with similar properties. The ratios of the mobilities of the 

two internal standanls JJl:'Ovide a scncitive measnre. of experimental er:ror 

which can be used as weighting factors in the linear regression analysis 

to obtain M
0 

and ~· 

To implement this teehul4ue in the study of popul~tion biology 

requires that each sample be electrophoresed on from four to six different 
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concentrations of acrylamide with two internal standard proteins. on each 

gel. Just the logistics of such analyses demands the use of automated 

techniques in casting the gels, electrophoresing, staining, and scanning 

the stained gels for measurement of protein mobilities. 

The conceptual design of an electrophoresis system to accomplish 

large sample throughput while maintaining the necessary high resolution 

is based on a modular design. Four modules are envisioned, with each 

dedicated to one of the above tasks. -

The fundamental unit of the prototype system will be a circular disk 

approximately 7 in. in diameter, consisting of a black body (1/8-in. 

plastic) with 12 radial channels (2.5 x 0.25 in.) and a clear plastic 

disk glued to its bottom. To cast the gels, a stack of rotors (six 

in the prototype unit) would be assembled with a removable plastic top 

for each rotor. The stack would be placed in the casting module where 

it would be rotated at a speed sufficient to ensure even splitting of 

the acrylamide solution among the 12 channels in each rotor. The 

acrylamide solution would be metered through six individual openings 

(one for each rotor) in a nozzle extending downward into the rotor stack 

through its open center. Here, rotation of the stack would serve not 

only to distribute the acrylamide equally, but also to minimize the 

meniscus at the end of the gel column during polymerization. After 

casting the gel columns, a stacking gel section would be dynamically 

.loaded at the end of each gel column, using the same nozzle. This.gel 

would be cast with an integral 10-~1 sample well. After completion of 

the casting step, the rotor stack would be disassembled and the top 

plate removed, replaced with a different top plate through which a 
"I 

coolant could be circulated, and the stack reassembled. 

~~ Electrophoresis of a stack of rotors would be performed in an 

enclosed vessel with a single center electrode and 12 electrodes around 

the periphery of the chamber, opposite each gel column in a rotor. The 

open .center of the rotor stack would serve as one electrode chamber, 

while the vessel itself would serve as the other chamber. A coolant 
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fluid would be circulated through the rotor stack, with sealing between 

rotors and coolant chambers accomplished by means of "O" rings. 

After completion of the electrophoresis, the stack of rotors would 

be stained and then disassembled for scanning. Individual rotors would 

be placed on a holder which would be rotated through a stationary optical 

head and detector. Each rotation of the rotor holder would move the 

optical head a P:J:.".ecise distance in toward the center of the rotor. 

Scanning of all 12 gels would be completed in 1 min at a resolution 

of 100 points/in. Data would be acquirl::!u awl stored by microcomputer. 

All peak locations would be ratioed to their respective int:l::!r:ual standards 

to yield data with which to perform the regression anal~sis of log Rf 

vs percent acrylamide for individual samples. 

2.2.2 Dynamic loading of gels 

Dynamic loading of gels into rotors offers two primary advantages: 

first, air is eliminated from the gel during the polymerization process; 

and second, the interface developed for sample application approximates 

a plane perpendicular to the direction of electrophoretic migration. 

Notably, these advantages can be realized simultaneously in all electro

phoretic channels of the rotor. Also, the location of the sample 

interface can be standardized from channel to channel if the fluid 

mixture introduced into the rotor for gel £ormation can be equally 

apportioned among .the channels. 

Three approaches to dynamically apportioning a total volume 

(desired volume per channel multiplied by number of channels) among a 

selected number of channels (12 in the prototype rotor) were consider~u. 

The first approach involved premeasuring 12 aliquots and delivering 

each aliquot through a Sl::!l:Jarate tube and uu!!.:!.l~ 01..1tJ P:t i.nto its 

designated channel, the nozzle assembly motion being mechanically coupled 

with the rotor mution. The second approach involved controlled·dispensing 

of the total volume by syringe into the rotor center onto the bottom 

rotor plate and allowing the fluid to move outward as an annular wave 

formed under the centrifugal force field; the volume of this wave would 
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then be divided equally among the 12 channels if the wave was uniform 

and the channels had equal opening widths. The third approach involved 

forcing the fluid outward from a single nozzle outlet so that it jetted 

perpendicularly toward the channel openings. At uniform angular 

velocity, each channel opening is exposed to the jet for an equal total 

time, and therefore each channel receives an equal fluid volume if the 

jet discharge rate is regular. 

The first approach was not experimentally investigated, since it 

was anticipated that it would become excessively difficult mechanically, 

even for dynan1ic loading of a single rotor, and especially for simultaneous 

loading of two or more rotors arranged in a vertical array as was 

required for the final system being developed. The second approach was 

attempted experimentally at speeds of 200 to 1000 rpm, using manual 

control of the syringe injection. The gels were successfully cast in 

this manner, with little measurable difference between those cast at the 

low speeds and those cast at the higher speeds. The polymerization 

process required approximately 40 mln at 20°C; using an overhead heat 

lamp to increase the rotor temperature to 40°C decreased the polymeri

zation time to 20 min. The standardization of the sample interface 

positions by this technique was not acceptable, probably due to the 

difficulty of producing a uniform annular wave. In an effort to improve 

this standardization, the third approach was experimentally investigated. 

The desired nozzle characteristics were simulated using a syringe needle 

with its tip bent at a right angle to the needle body; fluid was forced 

through the needle at a controlled rate, using a peristaltic pump. Gels 

could be cast at 200 rpm by this technique, with significant improvement 

in the standardization of the interface positions, which were considered 

acceptable for prototype development. It was also realized that this 

technique could easily be adapted into a nozzle configuration to be used 

in simultaneously loading several rotors positioned in a vertical array. 

2.2.3 Electrophoresis in an experimental configuration 

To demonstrate the feasibility of performing electrophoresis in the 

proposed geometry, the apparatus shown in Fig. 2.8 was construC'.tPrl. In 
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preparation for experimental electrophoresis studies, the top cover 

plate, the rotor body, and the bracing plate were aligned with nut and 

bolt fasteners; the bracing plate was then coupled to the centrifugal 

drive system. Removable Teflon plugs were positioned in the top plate 

to create sample wells in the gels during the polymerization process. 

Gels were cast using the jet-forming nozzle described in Sect. 2.2.2. 

The rotor body was then removed from the bracing plate assembly, and 

the Teflon plugs were removed from the gels. Serum samples were then 

introduced into the sample wells. Plastic nut and bolt fasteners were 

used to join the outer electrode plate to the rotor body. This assembly 

was then positioned in the separation annulus as shown in Fig. 2.9; 

vacuum grease was used to provide a liquid seal at points of contact 

between the electrode plate and the rotor body, and at points of contact 

between the rotor body and the separation annulus. The rotor lift device 

was then positioned as shown in Fig. 2.9. Use of vacuum grease on its 

contact surfaces allowed it to serve as a secondary seal between outer 

electrode fluids and inner electrode fluids; the seal was also strong 

enough to allow this device to be used in removing the rotor from the 

annulus. The inner electrode plate was then positioned, again using 

vacuum grease, over the center of the rotor body. This final assembly 

was positioned in the system containment vessel as shown in Fig. 2.9; 

the containment vessel, with a magnetic stir bar placed beneath the 

rotor center, was placed on a magnetic stir plate to allow circulation 

of the inner electrode fluid during electrophoresis. Buffer solution 

at S 0 C. wr~~ introduced into the contaitlllt~uL vessel until the level in 

the inner electrode chamber was above the top edge of the rotor body; 

an identical buffer solution was introduced into the separation annulus 

until the level was just below the upp~r edge of the inner electrode 

plate. The electrodes were then connected to a de power supply to 

complete the experimental configuration. 

In a typical feasibility study, running gels uf 8% polyacrylamide 

were cast; in some cases, stacking gels of approximately 5% polyacrylamide 

were cast over the running gels. Approximately 10 ~1 of serum was 

introduced into each sample well. The buffer used was a 0.065 M tris-borate 
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solution with a standard 0.1% bromphenol blue tracing dye in the buffer 

solution contacting the gels in the inner electrode well. This dye was 

used to determine experimental run times in feasibility studies. 

Electrophoresis was usually performed at 200 V and 100 rnA for 1 hr. 

No cooling was used during these studies. 

After electrophoresis the rotor body was removed from the assembly 

and a stain specific for LDH (lactate dehydrogenase) was applied to 

the gels for approximately 30 min at 37°C. Results of a typical run 

with stained gels in place in a prototype rotor are shown in Fig. 2.10. 

Although neither the serum nor the staining solutions used in these 

studies were fresh, as many as three LDH isoenzymes were detected in 

many gels. The primary isoenzyme was detectable in each gel, indicating 

that a significant separation does occur simultaneously in each of the 

gels. The potential for uniform separations from gel to gel was also 

observed, although it was noted that the use of internal standards in 

each gel could be used to obviate the need for gel-to-gel separation 

uniformity. These results were used to establish the initial feasibility 

of the proposed geometry. 

2.2.4 Automated gel s canning system 

The conceptual design for the gel scanner is based to some extent 

on the monitoring concept of the CFA, namely, rotation of a series of 

samples by a single monitoring point. The plastic rotor with 12 horizontal 

gel columns is placed on a rotor holder which will be rotated at 300 rpm. 

Mechanically coupled to the rotation of this rotor holder and geared so 

that one complete rotation of the rotor holder will move the optical 

system 0.01 in. inward toward the center of the rotor is a fork-shaped 

optical assembly. At a relational rate of 300 rpm, scanning of all 12 gel 

columns will be completed in 1 min, with the data acquired by a micro

computer. After completion of scanning, the drive motor is reversed and 

run at 5000 rpm to return the fork-shaped optical head back to its 

starting point ready to scan another rotor in less than 20 sec. An over

run clutch keeps the rotor holder from spinning during this time. 
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experiment. 
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· The fork-shaped optical head contains a lamp in its upper element 

and· two interference filters and two photodetectors in the lower element. 

The lamp is focused on a 0.01-in. pinhole used to define a spot diameter. 

This spot is then focused on the gels in the rotor. The portions.of 

incident light transmitted through the gel columns are passed through 

an interference filter and focused on two photodetectors. The analog 

signal is digitized and sent to a data acquisition sys~ern. Data are 

acquired simultaneously for two wavelengths, requiring an acquisition 

rate of approximately 120 points/sec. 

Several options are being considered with regard to data storage 

and analysis: the data can be stored on some accompanying storage 

device (diskette, etc.) for later analysis; stored on magnetic tape for 

later analysis on another computer; analyzed on-line in a foreground

background mode. The option selected will depend upon the work load and 

the amount of computing power in the data acquisition system. 
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3. ENVIRONMENTAL RESEARCH 

W. W. Pitt, Jr., M. S. Denton, R. L. Jolley, D. E. Schuresko, 
S. J. Hartmann, G. Jones, Jr., J. E. Thompson 

Environmental research efforts during this report period have been 

involved in·four areas: (1) identification of dissolved organics in 

polluted waters, (2) environmental effects of antifoulants, (3) chemical 

effects of disinfectants, and (4) environmental monitoring. 

In the area of Pollutant 1.dP.nti fi f"l'lti•:•n, data. procconing .!U'l.d iltd::;::; 

spectra interpretation have hP.P.n grPl'l rly facilitated by the it'l.ts tctllu Lluu 

of d 3y::;Leru::; Industries system 150 to accumulate and process data from 

the Finnigan 3000 mass spectrometer. The use of a computer to collect 

and massage the data from the GC/MS (gas chromatograph/mass spectrometer) 

will permit examination of mass spectra for specific indicator masses 

and assist in evaluation and elimination of background or noise peaks. 

Reconstructed gas chromatogram and mass spectra printout will provide 

permanent records of mass spectral analyses. 

To complement anion exchange separations on aqueous effluents from 

coal hydrocarbonization bench-scale experiments, a "trace enrichment" 

method using reverse-phase chromatography has been initiated. 

The trihalomethanes, chloroform, bromodichloromethane, and 

dibromochloromethane, are formed during the chlorination of cooling waters 

from both once-throug4 and closed-cycle (cooling towers) systems. 

Based on values determined at the local industrial sites, the local 

production of the carcinogen chloroform is in excess of a ·ton per year. 

Planning for the Second Conference on Water Chlorination: Environmental 

Impact and Health Effects is completP. and the program has been 

finalized. 

Experimental equipment for the uv irradiati.on of wastewater effluents 

has been ·tested. The chemical effects of uv irradiation, ozonation, and 

chlorination will be compared in this EPA-funded program. Several waste

water samples have been collected and processed for chemical and mutagenic 

;. 
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studies. Collection of field samples has been initiated by sampling 

the wastewater ozonation pilot-plant effluent from the Advanced Waste 

Treatment_Research Laboratory at Cincinnati, Ohio. 

The development of a multicellular scintillation counter for use 

in environmental monitoring of ultralow concentrations (less than 1 nCi/ml) 

of radioactive pollutants in aqueous streams has been initiated. 

3.1 Pollutant Identification 

This program has two principal objectives: (1) development of 

methodology for analysis of organic constituents present at microgram~ 

per-liter concentrations in complex mixtures in aqueous solutions, 

and (2) identify and quantitatively measure organic pollutants in waters 

of environmental concern. High-resolution liquid chromatography is 

the principal separations method used in this research. A mul ticomponent 

identification scheme is used for identification and quantitation of the 

separated constituents.
1

'
2 

Quantitative data concerning pollutants in 

various waters will permit risk-benefit analysis of industrial and water 

treatment processes and will facilitate the determination of possible 

health effects. 

3.1.1 Gas chromatography/mass spectrometry system 

GC/MS is fundamentally important in the multicomponent identifi

cation scheme used in this program. Data processing and spectra inter

pretation have been enhanced by the installation of a data processing 

system. 

Computer hardware. Several modifications were made to an existing 

Varian Aerograph series 1400 GC/Finnigan 3000 Peak Identifier Mass 

Spectrometer, including inteTfacing to a Systems Industries system 150. 

The quadrupole GC/MS is linked to a PDP 8/e (Digital Equipment Corp.) 

central processing unit (CPU) with 12K of core memory· (12,288 words of 

core storage and 12-bit word length) via a Systems Industries remote 

interface. This interface consists of an ADC (analog-to-digital converter) 
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with 12-bit resolution and 133-kHz conversion rate, and its counterpart 

DAC (digital-to-analog converter) with 15-bit resolution and 100-kHz 

conversion rate. All executive programs controlling automated zeroing 

of de offset values, calibration, data acquisition, and data analysis 

are stored on disk. The disk is in turn driven by a movable-head, 

Series 3i Diablo disk drive, 3090 power supply module, and 3021 disk 

controller. Interaction with the minicomputer is accomplished by commands 

entered on a Tektronix 4010 computer display terminal, while permanent 

records are subsequently obtainP.rl nsing a Tektronix ''631 hard copy unit. 

Software capabilities. The software capabilities of the system 1~0 

being quite extensive, only a few of the major executive progr,ams will 

be mentioned. 

1. Data acquisition. Each day's run is preceded by a check of 

baseline drift by an automated routine called ZERO. Here one.simply 

calls the program and adjusts the de offset values while observing the 

least significant bit of the accumulator. It was found that very little 

baseline or calibration peak drift occurred from day to day as long as 

the remote interface was left on. Power is also maintained at certain 

circuits of the quadrupole electronic module during periods of heavy 

usage for further stabilization. 

Once a satisfactory zero is obtained, an .<mtomated calibration 

routine, CONTROL, is called. This program utilizes a standard compound 

(perfluorotributylamine, FC-43) to create a file of mass·number relative 

to mass set voltage. The advantages to automatically storing such a 

file and reterencing subsequent spectra to it are straightforward when 

related to the former method of visual comparison of spectra. 

FurEli~rmore, any two calibration files can be analyzed, as have 

10/5 and 10/5A in Fig. 3.1, where 

AMP amplitude, 

DEL N = difference in DAC units between files, 

T,MS 

N 

AMU 

integration time required (in milliseconds), 

absolute DAC value, 

mass number. 
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In this notation, 64 DAC units are equivalent to 1 amu. The delta 

values reported are therefore quite good. 

Finally, acquiring the raw data itself is under complete computer 

control once parameters have been set. Of definite advantage is the 

capability of viewing real-time data acquisition via the CRT terminal 

with manual attenuation settings on the CPU. An average of every 

three mass scans is plotted on the screen as well as a continually 

developing reconstructed gas chromatogram (RGC). This allows the 

operator to make note of spectrum numbers and GC temperatures attained 

at peaks of interest during a thermal grArliP.nt, 

Several distinct modes of acquiring data are available. These are 

CONTROL (normal data acquisition), IFSS (integration as a function of 

signal strength), and SIM (selected ion monitoring). CONTROL simply 

scans any range of mass units, with 0 to 500 amu heing the maximum. 

IFSS, like SIM, is a more specialized signal optimization mode particularly 

efficacious for samples with extremely strong or weak peaks. Ry setting 

upper or lower threshold values and sampling times, one ·can avoid 

saturating peaks or lengthy sampling periods in areas devoid of peaks. 

Samples where the components of interest are in trace amounts or where 

there are considerable interferences can be very effectively handled 

using SlM. In this single-ion mode, eight ions can be monitored 

simultaneously. Individual integration times can be specified for each 

of these masses, ranging from 1 to 4096 msec. In displaying spectra 

taken in this mode, the raw data are digitally smoothed by a 13-point 

least-squares polynomial. 

2. Data display. In addi.tion to real...:time display, any file can 

be recalled and viewed at the operator's convenience. Several illus

trations will best demonstrate this capability. Figure 3.2 illustrates 

several "limited mass range" RGCs of a synthetic mixture of '\,().024 g of 

the following hydrocarbons: toluene, 92 amu; xylenes, 106 amu; 

naphthalene, 128 amu; 2-methylnaphthalene, 142 amu; and biphenyl, 154 amu. 

The mass number used foP each of the RGCs is printed in the upper right

hand corner of the plot. Any scan number can then be designated for a 

• 
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Fig. 3.2. Limited-range reconstructed gas chromatograms. 
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mass ·spectrum plot (see .Fig. 3.3) with various expansion and background 

subtraction capabilities. 

As a further example, Fig. 3.4 illustrates an RGC of a thermal

gradient 95 to 180°C run on a Tenax-GC column with only helium introduced. 

This chromatogram was then expanded, and four scan numbers (X axis) were 

chosen to investigate this column "bleed." It can be seen from Fig. 3.5 

that scan 142 (minus a background spectrum, 80) revealed a strong peak 

at 207. This was thought to be a characteristic silicon peak and was 

verified when other silicon triplets and peaks such as 119, 133, 193, 

281, 355, and 429 amu were identified. 3 • 4 Like silicon, chlorinP in an 
. ~ 

ion gives rise to "isotopic clusters" evident in Fig. 3.6. This figure 

repre.sents a 10-ml tap-water sample adsorbed onto a Tenax-GC cartridge 

and subsequently desorbed and passed to the GC/MS column of the Ten.ax, 

undergoing a thermal pr.ogram from 95 to 180°C. With the background 

subtracted and, especially, the selected-ion monitor, the analysis of 

very dilute samples should be feasible. 

3. Data analysis. QUAN and QNTATE are the two system 150 routines 

available for peak quantitation. This can be accomplished by either an 

internal or external standard. Figure 3.7 illustrates the output of such 

a quantitative routine. The three RGCs repreRent the masses for naphtha·, 

1ene, 2-methylnaphthalene, and biphenyl of the hydrocarbon mixture of 

Figs. 3.2 and 3.3. Finally, a variety of statistical programs has been 

added to the GC/MS disk. This includes a focal "least-squares fitting 

routine" originally designed for the GeMSAEC program. 

Hardware modifications. Several modifications made in the GC/MS 

hardware should be briefly mentioned at this point. As the result of a 

lengthy system downtime due to a power failure to the forepump, it was 

deemed ue~.:essary to provide the sy~tem with emergency power. This 

includes pumps, quadrupole electronics, remote interface, and disk drive. 

A sequential manual was compiled of SX-70 photographs of each component 

of the ionization source Hnn ~lectron multiplier sections of the quaurupule 

housing during cleaning for use in future maintenance. Further, due to 

frequent breakage and leakage, a new design of molecular jet separation 
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(Gohlke) was obtained which utilizes high-vacuum Glaslok connectors 

rather than Swagelok fittings. Again for convenience, and to avoid 

breakage, a permanent calibration flask (FC-43) and valve were mounted 

after the separator. With the vacuum divert on and FC-43 entering the 
-6 mass spectrometer at only 10 torr, sufficient sample is obtained for 

computer calibration. This greatly simplifies the daily removal of the 

column and addition of an injector and valve on the GC side of the 

separator for calibration. Future developments for the system include 

achieving simultaneous MS scope and computer terminal display during 

real-time data acquisition. Also, to be installed is a bypass of the 

internal-external system, which will allow the computE:!r to gain control 

of the mass spectrometer from the manual mode by terminal commands alone. 

Eventually, the necessary modifications will also be made to the GC to 

accommodate support-coated open tubular columns. 

3.1.2 Coal hydrocarbonization process 

Characterization studies of coal conversion products.are under way 

involving preparative- and analytical-scale HPLC (high-press~re liquid 
. 5-8 

chromatography), GC, and computerized GC/MS. Specifically, samples 

are being obtained from the aqueous process stream of the product 

scrubber of the Chemical Technology Division bench-scale hydrocarbonization 

unit. 'l'hese 1- to 2-liter samples were frozen in acetone-washed 

polyethylene bottles. 

A comparison study of several types of treated and untreated coals 

is being made. The following two samples, particularly, are being 

investigated! 

I. HC-21-10 Wyodak (Wyoming-Dakota) 

'ryodak Resources Corp., Gillette, Wyoming 
Roland and Smith seam 
Scrubber aqueous phase: 
Organic C 8300 ppm 
Inorganic C 760 ppm 
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II. HC-23-10 Illinois No. 6 

1. 81 kg of coal treated with 
Scrubber aqueous phase: 

Organic C 
Inorganic C 

16,400 ppm 
2,800 ppm 
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0.24 kg CaO 
1.27 kg NaOH and 
7.28 kg H2o to 

-prevent caking 

Sample I was collected during hydrocarbonization experiment HC-21, 

in which the following experimental conditions were used: average 

fluidized-bed temperature, 1035°F; total pressure, 280 psig; hydrogen 

partial pressure, 270 psig; coal feed rate, 8.0 lb/hr on a moisture

and ash-free basis (maf);-hydrogen feed rate, 96.7 scf/lb maf_ coal. 

Sample II, on the other hand, was collected under these conditions: 

average fluidized bed temperature, 1060°F; total pressure, 280 psig; 
I 

coal feed rate, 2.9 lb/hr (maf); hydrogen feed rate, 418 scf/lb (maf). 

Each sample was filtered for particulates through Whatman No. 2 

filter paper, with 10- and 1.2-ml samples being used for preparative 

and analytical HRLC runs respectively. Fractions were col~ected during 

the preparative runs, frozen, concentrated via lyophilization, and 

redissolved for GC and GC/MS characterization. 

To complement comparison studie-s of preconcentratiori techniques 

already done on vacuum distillation, lyophilization, ion exchange 

resins, and XAD macroreticular resin (Rohm and Hass Co., Philadelphia, PA), 

a "trace enrichment" method using reverse-phase chromatography (RPC) 

has been initialized. This has involved preparing an analytical-scale 

HPLC unit and ordering the appropriate RPC packings, which are to be 

supplied by Waters Associates. Bondapak Porosil B, C-18 (37-75 ll) 

packing will be used for a 4-in.-long x 3.9-mm-ID precolumn and, perhaps, 

for a complete prep-column. The pre-column will be followed by a 30-cm x 

3.9-mm-ID, 10-ll micro-Bondapak C-18. The 10-ll packing material will 

involve one of the several types of slurry or slam-packing techniques 

available. 

These RPC columns will undergo initial testing with several polycyclic 

aromatic hydrocarbon (PAR) standards obtained from the Analytical 
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Chemistry Division, including the following: 

National Bureau of Standards "surrogate PAR standard" 
[2-methyl-naphthalene to benz(a)pyrene (B(a)P)] 

Alkyl naphthalene standard (13 PARs, decahydronaphthalene to 
fluorene) 

3-7 ring PAR standard (26 PARs, fluorene to coronene) 

Concentration efficiencies will be studied on secondary sewage 

effluents and coal conversion products, as well as on these standards. 

It is felt that such a trace enrichment technique has the potential for 

greatly simplifying and condensing the existing vacuum distillation and 

lyophilization methods (one week minimum for a normal-sized sample). 

3.2 Environmental Effects of Antifoulants 

Biofouling of condenser surfaces reduces the efficiency of electric 

power-generating plants. Therefore, antifoulant treatment of the 

cooling systems is often necessary for maintaining high production 

efficiencies. Chlorine is the pri.ncipal biocide used for antifoulant 

treatment. A major objective of this program is to identify and quantify 

halogenated organic constituents formed during the chlorination of 

cooling waters. We have previously reported the formation of nonvolatile 
9-ll 

chloro-organics during the chlorination of once-through cooling waters. 

However, a literature survey revealed no additional information concerning 

the formation of nonvolatile halogenated by-products during the chlori

nation of clos~d-cycle (cooling towers) cooling waters, nor information 

concerning formation of volatile halogenated by-products during the 

chlorination of either closed-cycle or once-through systems. The 

following data represent the first experimental assessment of volatile 

halogenated organics in .both cooling· towers and once-through cooling 

oystems. 

3.2.1 Once-through cooling systems 

The Kingston Steam Plant, Kingston, Tennessee, operated by the 

Tennessee Valley Authority, is a coal-fired electric power-generating 
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plant rated at 1723 MW(e).
12 

The once-through cooling system uses 

100,000 to 125,000 gpm cooling water for each of its nine condensers. 

Each is chlorinated 30 min daily with 0.2 ppm free chlorine residual 

(0.5 ppm total residual). The condenser tubes are chlorinated individually, 

in a sequential manner, so that the discharged chlorinated coolant is 
13 

diluted with unchlorinated water in the discharge canal. 

Analyses were conducted on grab samples from the once-through 

system and the waterways adjacent to the cooling system. Samples for 

analysis of volatile organics were collected in a manner that prevented 

formation of head space and resultant loss of volatiles. Five-milliliter 

aliquots were analyzed for the volatile halogenated organics, using 

a modification of the Bellar and Lichtenberg method. 14 

The trihalomethanes, chloroform (CHCI
3
), bromodichloromethane (CHBrC1 2), 

and dibromochloromethane (CHBr 2Cl), are formed during the chlorination 

of cooling water at the Kingston Steam Plant. Figure 3.8 identifies the 

sampling points for this once-through system and the adjacent waterways. 

Table 3.1 presents the analytical results from a series of corresponding 

samples. Chlorination with even the low concentrations used at this 

plant (0.2 ppm of free chlorine, 0.5 ppm total residual) produced 

significant copcentrations of chloroform. We can only conclude that the 

formation of chloroform continues in the discharged effluent, since 

dilution should have decreased the concentrations more than that shown 

at sites 4, 6, and 7. The low value for site 5 cannot be explained at 

this time, although it may be an analytical error due to a bubble in 

the head space. The enrichment of brominated trihalomethanes, presumably 

due to their lower volatility, is interesting. Site 8 is several miles 

downstream at the confluence of the Tennessee and the Clinch Rivers. 

Even with the considerable dilution involved and the high volatility of 

chloroform, it is detected at the 1-ppb level; and, surprisingly, bromo

form is present at higher concentrations. Such results may represent 

input from the Tennessee River system and the large industrial city of 

Knoxville. Samples were taken of Walker Branch, which is a pristine 

spring-fed stream on the DOE-controlled area, and of the Clinch River 
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Table 3.1. Analyses of water samples taken at designated 
points .for the Kingston Steam Planta and 

adjacent waterways 

Site Concentration (EEb) 
No. Description CHC1 3 

CHBrC1
2

6 CHBr
2

c16 CHBr3
6 

1 Skimmer Dam 1.0 NDc NDC NDc 
(Emory River) 

2 . Pump Station 1.6 NDC NDc NDC 

3 Condenser No. 2 20.5 1.3 0.4 NDC 

4 Discharge (50 yd) 5.2 0.2 NDc NDc 

5 Discharge Ghannel 0.6. 0.2 NDC NDC 

6 Discharge Embayment 5.0 0.3 NDC NDc 

7 Clinch River 2.5 0.2 NDC NDC 

8 Confluence Clinch 
and Tepnessee Rivers 1.0 0.2 NDc NDc 

a 
Once-through system. 

bTentative identification. 

cNot detected. 

at Melton Hill Dam, approximately 20 miles upstream, to determine whether 

the low concentrations of chloroform in the Emory River and at site 8 

might indicate a general level of contamination. Both the Clinch River 

sample and the Walker Branch sample contained only 0.06 ppb chloroform. 

Thus .the presence of chloroform at the ppb level in the Tennessee River 

may be a result of discharge of chlorinated effluents of several types, 

that is, the chlorinated cooling waters from the Kingston Steam Plant 

and chlorinated effluents from cities on the Tennessee River. The 1.0 ppb 

chloroform concentration in the Emory River cannot be explained at this 

time. 

The chloroform production for the Kingston Steam Plant was calculated 

to be 4.5 to 5.4 lb/day, or nearly a ton per year. This occurs despite 

the high-quality water used in the cooling system and the minimal use of 

chlorine for antifoulant treatment. 
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3.2.2 Cooling tower systems 

Two closed-cycle systems were studied, namely, the cooling tower 

systems at the Oak Ridge Gaseous Diffusion Plant and the High Flux 

Isotope Reactor (HFIR). 

The HFIR, which is operated by the Oak Ridge National Laboratory 

as a nuclear facility for producing transuranic elements, uses a 121-MW(e) 

cooling tower. Municipal drinking water from Oak Ridge, initially 

chlorinated to 2-ppm chlorine residual, serves as the feed and makeup 

water. In addition, the cooling tower water is.chlorinated on a weekly 

basis to an approximate L-ppm level. The cooiant system, which has a 
total capacity of 600,000 gal, operates with a flow rate ·of 26,000 gpm, 

a makeup or feed rate of 700 gpm, and a blowdown rate of 130 to 150 gpm 
15 to a lagoon. 

The Oak Ridge Gaseous Diffusion Plant, which is operated by Union 

Carbide Corporation for the Department of Energy, is a uranium enrichment 

facility using, a 2060-MW(e) cooling to\ver system. The feed or makeup 

·water is obtained from the Clinch River after sequential treatment steps 

of prechlorina tion wi.th 1 ppm chlorine, addition of lime and polymer, 

settling to remove the floc, and pH adjustment with sulfuric acid. The 

cooling waters are chlorinated continuously to 0.3 to 0.5 ppm chlorine 

residual. One tower system or loop contains 13 ppm Cr(VI) as sodium 

dichromate, which is added to prevent corrosion. The coolant capacities 

of the several tower systems range from 2.5 to 13.5 million gallons. The 

average total flow rate is 320 million gal/day, and the makeup is 

9 million gal/day. The blowdown of 0.01% is treated for Cr(VI) removal 

and recycled.
16 

Analys~~ were conducted. on grab samples as for the once-through 

system (Sect. :L2.1). ln addition, concentrates of the water samples 

were prepared by lyophilization and then chromatographed using high: 

pressure, high-resolution anion exchange chromatography. The nonvolatile 

constituents separated by this means are being processed through a 

multicomponent identification procedure. Details of the chromatographic 
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1 2 17 
and identification procedures are presented elsewhere. ' ' The water 

samples examined had pH values of 7.3 to 7.6, and all chlorine residuals 

were measured amperometrically. 

Nonvolatile organics. The presence of low-volatility chloro-organics 

in the once-through cooling waters of the Kingston Steam Plant was 

d . 1 9-ll Ch f d f reporte prev1ous y. romatograms o concentrates prepare rom· 

chlorinated water samples of both the HFIR and the ORGDP cooling tower 

basins reveal numerous nonvolatile uv-absorbing and cerate-oxidizable 

constituents (Figs. 3.9 and 3.10). By analogy with the chlorinated 
9-11 

Kingston Steam Plant waters, some of the nonvolatile compounds 

separated from the concentrates are probably chloro-organics, although 

this has not yet been confirmed by mass spectral evidence. Eluate 

fractions from preparative-scale chromatographic runs on the chlorinated 

cooling tower waters are being examined by gas chromatography-mass 

spectrometry. 

Volatile organics. The trihalomethanes, chloroform (CHC1 3), bromo

dichloromethane (CHBrC12), and dibromochloromethane (CHBr
2
cl), are formed 

during the chlorination ot cooling waters collected from the cooling 

tower systems. Analytical data in Table 3.2 indicate that the feedwater 

for the HFIR cooling tower contains over 100 ppb of chloroform, which is 

apparently lost to the atmosphere during cycling. The chloroform content 

of· the tower basin water is about 1 ppb, except on the day (once per 

week) when sufficient chlorine is added to increase the chlorine residual 

to a calculated 2 ppm. The chloroform content of samples collected from 

the tower basin innnediately_after chlorine addition measured 37 to 38 ppb; 

however, analyses of samples collected 2 hr later showed only 6.2 ppb. 

Thus the major portion of the chloroform is lost rapidly to the 

atmosphere. Presumably the other trihalomethanes were also volatilized, 

since they were not detected at lower concentrations in the cooling tower 

basin water. Similarly, most of the chloroform formed in the ORGDP cooling 

waters during chlorination was lost to the atmosphere. In the ORGDP 

system, the bromine-substituted trihalomethanes were detected in the 

samples from the tower basins. It is interesting to note that 
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Fig. 3.9. Chromatograms of the uv-absorbing constituents (top) and 
of the cerate~oxidizable constituents in a 0.27-ml aliquot of a 5000-fold 
concentrate of the chlorinated water from a C"'.ooling to~;;Ter at the Oak Ridge 
Gaseous Diffusion Plant. 
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Fig. 3.10. Chromatograms of the uv-absorbing constituents (top) and 
of the cerate-oxidizable constituents in a 0.27-ml aliquot of a 3300-fold 
concentrate of the chlorinated water from a cooling tower at the High Flux 
Intensity Reactor (HFIR), Oak Ridge, Tennessee. 
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Table 3.2. Volatile halogenated organics in 
chlorinated cooling tower waters 

Feed or makeup water 

Chloroform 
Bromodichloromethane 
Dibromochloromethane 
Bromoform 

Tower basin water 

Chloroform 
Bromodichloromethane 
Dibromochloromethane 
Bromoform 

aNot detected. 

Concentration (ppb) 
HFIR ORGDP 

12Q-137 
5-15 

0. 2--0.4 
0.1 

l-38b 
0. 2-1.6 

ND 
ND 

86 
"7 

1 
NDa 

12-3lc 
0.9-3 

1 
ND 

bChlorinated weekly to 2 ppm calculated chlorine 
dose. 

cChlorinated continuously to 0.5 ppm chlorine 
residual. 

bromodichloromethane was volatilized to a greater extent than the other 

brominated trihalomethanes, apparently because of its higher volatility. 

Table 3.3 presents the calculated chloroform production in and 

loss from the two cooling tower systems. As indicated, the amount of 

chloroform lost from these two plants totals more than a ton annually. 

Estimate of chloroform production from electric power production. 

The Federal Power Commission estimates the current U.S. power production 

to be about 340,000 MW(e). 18 Table 3.4, which summarizes the estimated 

annual chloroform production in the United Sta"tes from cooling water 

systems used in electric power generation, was prepared by using the 

Federal Power Commission data as a basis and assuming all the cooling 

systems to be of the same quality and efficiency as those cited as 

examples here. The total shown, 100 to 200 tons per year, is probably 



101 

Table 3.3. Chloroform production in and loss from HFIR and 
ORGDP cooling tower systems 

Cooling capacity, MW(e) 

Cooling water 
Flow rate, gal/day 
Makeup, gal/day 
Chlorine, feed., ppm 
Chlorine, continuous; ppm 
Chlorine, weekly, ppm 

Chloroform production, lb/day 

Chloroform, lpss, lb/day 

Bromodichloromethane production 

Dibromochloromethane production 

Bromoform production 

HFIR 

121 

37 X 106 

1.0 X 106 

0.5 

2 

'Vl.l 

'VQ.8 

Trace 

Trace 

Trace 

ORGDP 

2060 

324 X 106 
9.0 X 106 

1.0 
0.3--0.5 

'V6.5 

'V4.9 

Trace 

Trace 

Table 3.4. Estimated chloroform production in the 
United States from chlorination of cooling 

systems for electric power generationa 

Chloroform 
Percent production 

Cooling system of power (tons/year) 

Once-through, fresh water 43 77 

Once-through, saline water 2Q-24 (40)b 

Spray ponds 19-23 ? 

Cooling towers 14 24-84 

aEstimated power production: 340,000 MW. 

h .Probably a mixture of chloroform and bromoform would· be 
produced, with the bromoform increasingly in predomi
nance with increasing salinity (see ref. 20); 
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conservative (i.e., low). When we consider the amount of electrical 

energy required to carry out the operations at ORGDP, which is a user 

rather than a producer facility, and at the HFIR, which is designed for 

purposes unrelated to electric power production, we can assume that 

chloroform production from chlorination of -all cooling systems should be 

much higher. In addition, it is projected that new fossil and nuclear 

power plants that come on-stream during 1977-1986 will fncrease the 

annual production of electric power by 285,000 MW(e) in the next decade. 19 

The condenser systems of most of these plants will require antifoulant 

treatment. 

3.2.3 Water chlorination conference 

Sixty-seven technical papers will be presented at the Second 

Conference on Water Chlorination: Environmental Impact and Health 

Effects to be held October 31-November 4, 1977. Planning is complete 

and details have been presented previously. 8 The following program 

includes most of the principal investigators-in the field of water 

chlorination. The proceedings will be published as the second volume· 

iu a serles. 
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CONFERENCE ON 

WATER CHLORINATION: ENVIRONMENTAL IMPACT AND HEALTH EFFECTS 

October 31-November 4, 1977 

Riverside Motor Lodge 

Gatlinburg~ Tennessee. 

SPONSORED BY 

Oak Ridge National Laboratory, 

Energy Research and Development Administration, 

and 

U.S. Environmental Protection Agency 

COCHAIRMEN 

Robert L. Jolley, Oak Ridge National Laboratory 

D. Heyward Hamilton, Jr., Energy Research and Development 
· Administration 

Rend Gorchev, U.S. Environmental Protection Agency 
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PROGRAM 

MONDAY MORNING, OCTOBER 31 

10:00 Conference registration desk opens. Personnel will be available 
for assistance.and to provide information throughout the 
conference time. 

MONDAY AFTERNOON! OCTOBER 31 

1:00 

1:15 

1:20 

1:50 

CONFERENCE OPENING ... D. H. Hamilton, Jr. 

SESSION 1. FRESHWATER 3Y3TEH3 

Session Cochairmen ... W. A. Brungs and J. S. Mattice 

Introduction 

Soluble Organic Constituents of Natural Waters and Wastewaters 
Before and After Chlorination 

W. H. Glaze and G. R. Peyton 
North Texas State University 

Natural and Model Aquatic Humics: Reactions with Chlorine 

R. F. Christman, J. D. Johnson, 
F. K. Pfaender, P. C. Singer, 
H. J. Alexander, W. T. Liao, 
and D. T. Norwood 
University of North Carolina at 
Chapel Hill 

2:10 Precursors and Mechanisms of Haloform Formation in the Chlori
nation of Water Supplies 

2:30 

J. C. ·Horrls and B. Baum 
Harvard University 

Brominated Compounds Found in Waste-Treatment Effluent and 
Their Capacity to Bioaccumulate 

D. W. Kuehl. C. D. Veith, and 
E. N. Leonard 
U.S. Environmental Protection 
Agency 

3:00 · nreak 

'· 
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3:30 ·Chlorination of Polynuclear Aromatic Hydrocarbons 

R. M. Carlson 
University of Minnesota at Duluth 

3:45 Investigation of the Effects of Halogenated Organic Compounds 
Produced in Cooling Systems and Process Effluents on Aquatic 
.Organisms 

4:00 

4:20 

4:40 

J. R. Trabalka and M. B. Burch 
Oak Ridge National Laboratory 

A Programme to Introduce Site Specific Chlorination Regimes 
at Ontario Hydro Generating Stations · 

J. A. Grieve and L. E. Johnston 
Ontario Hydro 

Toward an Understanding of the Toxicity of Intermittent Exposures 
of Total Residual Chlorine to Freshwater Fishes 

G. Larson 
Ore.gon State University 

The Effects of Intermittent Chlorination on Selected W~rmwater 
Fishes 

A. S. Brooks and G. L. Se~gert 

The University of Wisconsin at 
Milwaukee 

5:00 Session Adjournment 

MONDAY EVENING, OCTOBER 31 

7:00 Mixer 

8:00 FRESHWATER SYSTEMS WORKSHOP 

Workshop Discussion Leaders ... W. A. Brungs and J. S. Mattice 

TUESDAY MORNING, NOVEMBER 1 

SESSION 2. MARINE SYSTEMS 

Session Cochairmen ... W. P. Davis and W. F. Mcilhenny 

8:15 Introduction 

8:20 Reactions in Chlorinated Seawater 

J. H. Carpenter and C. A. Smith 
University of Miami ( 



9:00 

9:40 

10:10 

!U:SU 

11:15 

11:30 

11:45 

12:00 
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Chlorinated Hydrocarbon Inputs, Distribution, Fate and Effects 
in the Marine Ecosystem Off Southern California 

Break 

D. R. Young and T. C. Heesen 
Southern California Coastal 

Water Research Project 

Biodegradation of Halo-Hydrocarcbons in Marine Environments 

* D. T. Gibson and A. W. Bourquin 
University of Texas at Austin 
*u.s. Environmental Protection 

Agency 

Chlorine Degradation and Volatile Halocarbon G~neration in 
Estuarine Waters 

G. R. Hel;,:, R. sugnm, artd H .• Y. Hsu 
University of Maryland 

Investigation of Halogenated Components Formed From Chlorination 
of Estuarine Water 

R. M. Bean, R. G. Riley, and 
P. W. Ryan 
Battelle Pacific Northwest 
Laboratories 

The Effect of Ammonium ton Concentration on the Chemistry_of 
Chlorinated Seawater 

G. W. Inma.n, Jr,, and J.D. Johnson 
University of North Carolina· at 
Chapel Hill 

Determination of Halogens in Seawater With An Amperometric 
Membrane Electrode 

Session Adjournment 

N. A. Dimmock and D. Midgley 
Central Electricity Research 
Laboratories 

TUESDAY AFTERNOON, NOVEMBER 1 

SESSION 3. TOXICITY IN AQUATIC SYSTEMS 

Session Cochairmen ... W. P. Davis and w. A. l3rungs 

1:30 Introduction 

.. 
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1:55 
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Biological and Ghemical Effects of Chlorination at Coastal 
Power Plants 

J. C. Goldman, J. M. Capuzzo, 
* and G. T. F. Wong . 

Woods Hole Oceanographic Institution 
*Old Dominion University 

Effects of Chlorinated Seawater on Decapod Crustaceans and 
Comparative Toxicity of Chlorinated and Bromochlorinated 
Treated Sewage 

M. H. Roberts, Jr. 
Virginia Institute of Marine Science 

2:15 The Relative Sensitivity of Twenty Pacific Northwest Fishes 
and Invertebrates to Chlorinated Seawater 

2:35 

T. 0. Thatcher 
Battelle Pacific ·Northwest 
Laboratories 

Continuous Low-Level Chlorination for Marine Fouling Control 
at Power Stations in the United Kingdom 

J. W. Whitehouse 
Central Electricity Research 
Laboratories 

2:55 Toxicity Screening of Fifteen Chlorinated and Brominated 
Compounds to Four Species of Marine Phytoplankton 

3:10 Break 

S. J. Erickson 
U.S. Environmental Protection 
Agency 

3:40 Seasonal Chronic ·'roxicity of Chlorinatic:m to the American 
Oyster, Crassostrea vi~ginica 

G. I. Scott and D. P. Middaugh 
U.S. Environmental Protection 
Agency 

1:55 Physiological Response of White Perch (Marone americana) 
Exposed to Chlorine and Ozone in Estuarine Waters 

* R. M. Dlock, D. T. Burton, 
S. R. Gullans, and L. B. Richardson* 
University of Maryland 
*Academy of Natural Sciences of 

·Philadelphia 
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4:25 

4:40 

4:55 

5:10 
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Response of Entrained Plankt9n to Low-Level Chlorination at a 
Coastal Power Station 

M. H. DRvis and J. Coughlan 
Central Electricity Research 
Laboratories 

The Behavioral Response of the Golden Shiner (Notemigonus 
crysoleucas) to Various Avoidance Indices and Chlorine 
Components of Total Residual Chlorine 

Avoidance of Monochloramine 

S. R. Larrick, D. S. Cherry, 
K. ·L. Dickson, and J. Cairns, Jr. 
Virginia Polytec:hntc-.. Institute 

and State University 

T. C. Teppen, R. B. Bogardus, 
and D. B. Boies 
Wapora, Inc. 

Toxicity of Intermittent Chlorination to Freshwater Fish: 
Influence of Temperature and Chlorine Form 

Session Adjournment 

A. G. Heath 
Virginia Polytechnic Institute 

and State University 

SESSION 4. TRIUALOHETHA:NES 

Session Chairman •.. D. J. MacGregor 

1:30 Introduction 

1:35 Formation and Occurrence of Haloforms in Drinking Water in the 
Federal Re!JuLllc uf Germany 

1:50 

M. Sonneborn 
Institut fur Wasser-, Boden_., and 
Lufthygiene des Bundesgeeund-
hei tsRmtes 

Chlorination and Water Treatment for Minimizing Trihalomethanes 
in Drinking Water 

R. C. Hoehn, R. P. Goode, C. W. 
Randall, and P. T. B. Shaffer* 
Virginia Polytechnic .Institute 

and State University 
*The Carborundum Company 



109 

2:05 ·Evaluation of .the Capability of Granular Activated Carbon and 
Resin to Remove Trace Organics from Treated Drinking.Water 

I. H. Suffet, J. V. Radziul,* 
P. R. Cairo,* and J. T. Coyle* 
Drexel University· 
*Philadelphia Water Department 

2:20 Chlorine and Activated Carbon Treatment for Removal of Toxic 
Substances from Water 

R. G. Howland and C. J. Wallace 
Jet Propulsion Laboratory 

2:35 Organic Removal from Washington, D.C. Municipal Water by a 
Laboratory Water Purification System Using Activated Carbon 

H. C. Rechen and J. V. Wetzel* 
Hydro Service and Supplies, Inc. 
*calgon Corporation 

2:50 The Effect of Preozonation on Chloroform Production in the 
Chlorine Disinfection Process 

T. Riley. 
University of Michigan 

3:05 Trihalomethane Reduction at the Louisville Water Company 

3:20 Session Adjournment 

S. A. Hubbs and J. Zogorski* 
, Louisville Hater Company 
*university of Louisville 

SESSION 5. WASTEWATER DISINFECTION 

Session Chairman ... G. C. Becking 

3:50 Introduction 

3:55 Bromine Chloride as an Alternative Wastewater Disinfec·tant to 
Chlorine 

W. L. Woodfin, Jr., R. B. Taylor,* 
and R. G. Hoehn** · 
Virginia State Water Control Board 
*virginia State Department of Health 
**virginia Polytechnic Institute 

and State University 



4:10 

4:25 

4:40 

4:55 

5:10 
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A Comparative Analysis of Chlorine and Bromine Chloride as 
Wastewater Disinfectants 

N. E. LeBlanc and M. J. McEuen* 
Hampton Roads Sanitation District 
*Ethyl Corporation 

Chlorine Dioxide Destruction of Viruses and Bacteria in Water 

s. Granier, P. v. Scarpino, and 
M. L~ Zink 
University of Cincinnati 

The Feasibility of Chlorine Dioxide in Wastewater Disinfe.ction 

. P. V. Roberts 
Sta11f:ord University 

Environmental Aspects of Sewage EfflnP.nt Disin,fection - A Review 

J. D. Ellis 
Ontar.io Ministry of the Environment 

Session Adjournment 

TUESDAY EVENING, NOVEMBER 1 

7:00 Mixer 

8:00 MARINE SYSTEMS WORKSHOP 

Workshop Discussion Leaders W. P. Davis and W. F. Mcilhenny 

WEDNESDAY MORNING, NOVEMBER 2 

8:00 

8:05 

8:45 

SESSION 6. HEALTH EFFECTS 

Se~sion Cochairmen R. B. Cumming and H. Gorchev 

Introduction 

The Epidemiological Approach to the Evaluation of the Health 
Effects of Water Chlorination 

K. P. Cantor 
U.S. Environmental PrntPction Agency 

A Case Control Study of Gastrointestinal and Urinary Tract 
Cancer in Relation to Drinking Water Chlorination 

M. Alavanja, I. Goldstein,* and 
M. Susser* 
City University of New York 
*columbia University 



9:05 

111. 

Epidemic Problems of Chlorination of Drinking Water and Sewage. 
in the Federal Republic of Germany 

G. Muller 
Institut fur Wasser-, Boden-, und 
Lufthygiene des Bundesgesundheitsamtes 

9:25 A Priori Predictive Methods of Assessing Health Effects of 
Potential Chemical Toxicants and Suspect Carc.inogens 

M .. J. Kland 
Lawrence Berkeley Laboratory 

9:45 Break 

10:15 

10:30 

10:50 

11:20 

12:00 . 

Mutagenicity and Water Chlorination: Prospect and Perspective 

R. B. Cumming 
Oak Ridge National Laboratory 

The Mutagenicity of Compounds Formed by Water Chlorination 

V. F. Simmon and R. G. Tardiff* 
Standford Research Institute 
*u.s. Environmental Protection 

Agency 

Development of Poliovirus with Resistance to Chlorine 
Inactivation· 

. * R. C. Bates, P. T. B. Shaffer, 
and S. M. Sutherland 
Virginia Polytechnic Institute a:nd 
State University 
* The Carborundum Company 

Risk Assessment of the Health Effects of Water Chlorination 

M. Schneiderman 
~ational Cancer.Institute 

Session Adjournment 

WEDNESDAY AFTERNOON, NOVEMBER 2 

Free time with bus transportation ·available to several ·.areas 
in the·Great Smoky Mountains National Park. A nominal fee 
will be charged for transportation. 

WEDNESDAY EVENING, NOVEMBER 2 

7:00 Reception 
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Dinner 

After-Dinner Address: 

"Worldwide Aspects of Water Chlorination" 
Luis Orihuela, Chief 
Community Water Supply Unit 
Division of Environmental Health 
World Health Organization 
Geneva, Switzerland 

THURSDAY MORNING, NOVEMBER 3 

8:00 

8:05 

8:45 

9:25 

10:05 

10:35 

11:15 

11:30 

SESSION 7. INDUSTRIAL EFFLUENTS 
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3.3 Chemical Effects of Disinfectants 

.The objectives of this program, funded by the U.S, Environmental 

Protection Agency, are the following: (1) characterize the nonvolatile 

organics in wastewater effluents that have be.en disinfected with either 

chlorine, ozone, or uv light, and (2) determine the mutagenic properties 

of the organic constituents in the disinfected wastewaters. The muta

genicity cieterminations are to be conducted by R. B. Cumming and co

workers of the Biology Division. Table 3.5 gives the samples prepared 

to this date for chromatographic analysis and mutagenesis testing. 

W1. th 1.m, i rn'ldi..Rtion g:aining. popularity as a viable alte.tnaLiv~ 

disinfection method to chlorination and ozonolysis, studies are under 

way to determine the effects, if any, on nonvolatile organics as a 

result of treating wastewater effluents. This study involves irradiating 

untreated as well as chlorinated secondary sewage at a set optical 

irradiance (~W/cm2 ) for different flow rates (i.e., different retention 

times within the uv flow cell). Portions of the resulting samples 

are used in plotting "kill curves" by standard plate counts, doing 

routine analysis (e.g., pH, TOC, COD, BOD, and TKN). and concentrating 

2000 to 2500 X for preparative HRLC runs. 

A model H-1.0 uv sterilizer with sight port (Pure Water Systems, 

New Jersey) has been purchased and coupled with an LFE pump (Eastern 

Industries Div., 1/4 gpm max). Maximum flow capabilities of this 

22.58-in.
3 

(370.09-ml) quartz flow-through cell is 1 gpm of deionized 

water. While much larger units are in operation (5~7000 gpm), this· 

purifier is sufficient for obtaining a suitable range of disinfection 

(from near control to total kill). According to the following 

equation~ 

V cell (ml) 

V (ml)/t (sec) 

v 
c 

F 

one can calculate the retention time of a sample for each flow rate. 

For instance, tR for distilled water (DW) at F 1 gpm is 5.87 sec. 

This value can then be used with the aid of an IL 700 research radiometer 

r. 
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Table 3.5. Wastewater concentrated and chromatographic fraction 
prepared for chromatographic analysis mutagenic 

. activity testinga 

Sample 

HRLC blank 
(4 fractions) 

ORSE ozonatedb 
(7 fractions) 

ORSE ·unchlorina ted 

ORSE unchlorinated 

ORSE chlorinatedb 
(0.5 ppm chlorine residual) 

ORSE unchlorinated .. 

ORSE chlorinated 
(0.2 ppm chlorine residual) 

ORPE unchlorinated 

ORPE chlorinated 
(1.0 ppm chlorine residual) 

CSE unozonatedb 

CSE ozonatedb 
(8.4 mg o3/liter effluent) 

Sample date 

6/13/77 

5/16/77 

1/31/77 

2/7/77 

8/2/77 

9/27/77 

9/27/77 

9/27/77 

9/27/77 

9/12/77 

9/12/77 

Concentration 
factor 

330 

1000 

3100 

1000 

1000 

Dry 

Dry 

1500 

1600 

aoR = Oak.Ridge, C =Cincinnati, EP =Estes Park, SE =secondary 
effluent, PE = primary effluent, dry = stored as lyophilized 
powder at -60°C. 

bPreparative-scale HRLC also run on sample. 
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and photometer to determine the actual amount of energy impinging on the 

sample during this time: 

Range photodetector: 19o-300 nm 

Optical irradiance (I): W/cm
2 

or ~W/cm2 

Photodetector response (R): 

Sensitivity factor 
of phototube (S): 

Energy term (E): 

A 

3·.210 x 10-3 A·cm2/w 

2 
~\~·sec/em 

R(A' W 2 ----~:.1.2- - I (-z) ut (].lW/ctu ) 
S(A·cm /W) em 

2 . 
[I(~W/cm )][tR(sec)] 

2 E (~W·sec/cm ) 

The first study carried out was to determine what flow rates and 

irradiance levels would be needed to accomplish various levels of purifi

cation, and thus plot a disinfection curve. Samples of chlorinated and 

unchlorinated secondary effluent were obtained from the Oak Ridge East

End Sewage Treatment Plant in 5-gal carboys and delivered immediately 

to the laboratory with no refrigeration. All samples were filtered for 

algae and gelatinous materials by Whatman No. 2 filter paper or a pump

driven Millipore filtering system. The latter used a Millipore 8-~ 

prefilter and an MJ:t' 8-~ tilter (with 4 ~ being sufficient to let most 

bacteria pass). Samples were then fed through the uv sterilizer at 

the appropriate flow rates. These flows and the corresponding optical 

irradiance value at that time (a slight upward drift was experienced 

with this photometer) were recorded. Samples were collected in 50-ml 

vials with the exception of those to be analyzed for BOD, COD, etc., 

where at least !-liter samples were needed. 

One milliliter of each sample was placed in a presumptive test vial 

containing an inverted culture tube and 10 ml of Bacto-lactose broth 

(B4). Gas production within 24 to 48.hr is a necessary, but not 

sufficient, evidence of gram-negative members of the coliform group 
. 21-23 

(Escherichia coli and Aerobacter acrogenes). Appropriate dilutions 

·-
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from 1:10 to 1:10,000 were then made up of samples in autoclaved, dis

tilled water; carefully mixed, 1/10 ml of each plated out on Bacto-Agar 

plates; and placed in an incubator at 35°C for a minimum of 39 hr. A 

total colony count was done at 39 and 120 hr. Tables 3.6 and 3.7 

represent the findings of this initial uv irradiation study for control 

and irradiated groups respectively. 

From this data, sufficient informa"tion was obtained to determine 

appropriate parameters for varying degrees of disinfection. A second, 

larger batch of samples was then collected from the Oak Ridge East-End 

Sewage Treatment Plant which was to be irradiated (with the exception 

of a control) at a level producing total disinfection. A comparison of 

control, chlorination, 9zonolysis, and uv disinfection was also carried 

out. From Tables 3.6 and 3.7 and the standard uv disinfection rates 

of 15,000 to 30,000 ~W·sec/cm2 , a value of ~21,000 ~W·sec/cm2 was chosen 

(see Table 3.8). Table 3.9 represents the results of analyses done on 

this batch. Microbiological.tests were conducted in the same manner as 

the initial study. In both studies, uv irradiation was an extremely 

·effective. disinfection method, in fact, the most effective of the three 

methods compared. In the latter study, 20 liters each of control and 

uv irradiated secondary effluent were lyophilized in preparation for an 

analytical HRLC run (1-2 ml). Should major differences exist in 

chromatograms of these two samples, further characterization of peaks of 

interest will be carried out after a preparative HRLC run, utilizing 

GC and computerized GC/MS. Furthermore~ additional tiv irradiation 

energies will be carried out on batch samples. 

Additional information is hoped to be obtained from uv-irradiating 

chlorinated secondary sewage to see whether this has any additional 

effects on products, such as chlorinated hydrocarbons, formed during 

either treatment. 

A change in format in tnic:rublulogical testing. from total colony 
. . 23 

counts to the membrane filter technique has recently been undertaken. 

This method, which is a standard total coliform procedure, is a more 

specific measure of disinfection effectiveness without an extravagent 



Table 3.6. Controls 

- To tal co·lony count Presumptive 
(counts/ml), test mg/liter (EEm) 

Sample Dilution (oC) 48 hr 39 hr 120 hr pH TOD COD BOD TKN 

ORSE 1: 1•) 35 1760 
9/7/77 

l:DO 390 12 mm 15 mm ;.s 34 25 14 9.8 
of gas of gas 

1-' 

l:lJOO 70 N 
0 

ORSE-Cl 1:10 530 5nnn Vial 7.6 27 29 <5 11.0 
9/7/77 of gas full 

1:100 170 

1:1000 20 



Table 3.7 UV-irradiated samples 

Total colony count (counts/.!!!Jl_ 
Presumptive 1:100 1:1000 

F F tR I (!JW ~ec) test dilution dilucion J:!J:!m 
Rotometer (ml/min) (gal/min) (sec) cw-4w; cm2) em (1 ml) 39 hr. 120 hr 39 hr 120 hr pH TOC COD BOD TKN 

ORSE 
9/7/77 

1 1. 75 980 0. 2589 22.70 4.40 9,988 (-) 160 340 100 130 7.4 34 35 <5 10.3 
2 1.50 837.5 0. 2212 26.44 4.42 11,686 (+) 20 170 0 40 
3 1.30 732.5 0.1935 30.34 4.44 13,471 (-) 0 20 0 30 
4 1.10 630 0.1664 - 35.25 4.44 15,651 (-) 0 0 0 20 
5 0.80 480 0.1268 46.26 4.43 20,493 (-) 0 0 0 20 7.5 32 25 <5 10.0 
6 0.50 341 0.0901 64.93 4.42 28,699 (-) 0 0 0 10 
7 0.30 241 0.0637 92.52 4.43 40,986 (-) . 0 50 0 30 f-' 
8 0.20 185.5 0.0490 119.38 4.42 42,766 (-) 0 N 

f-' 
9 0.10 126 0.0333 176.23 4.42 77,894 (-) 10 40 0 70 7.5 33 27 <5 10.0 

ORSE-R. 
9/7/77 

1 1. 75 980 0.2589 22.70 5.60 12.712 (-) 380 410 20 130 7.6 33 30 <5 10.2 
2 1.50 837.5 0. 2212 26,44 s. 71 15,097 (-) 0 0 
3 1.30 732.5 0.1935 30.34 5.76 17,476 (-) 0 10 0 70 
4 1.10 630 0.1664 ~5.25 5.80 20,445 (-) 0 . 10. 10 20 
5 0.80 480 0.1268 .06.26 5.82 26,923 (-) 0 30 30 ·60 7.6 48 40 <5 10.8 
6 0.50 341 0.0901 64.93 8.87 38,114 (-)" 0 0 0 10 
7 0.30 241 0.0637 92.52 5.90 54,587 . (-) 0 10 
8 0.20 185.5 0.0490 119.38 5.90 70,434 (-) 0 40 0 0 
9 0.10 126 0.0333 1'6. 23 5.89 103,799 (-) .0 30 0 20 7.6 32 27 <5 10.8 



'Fable· 3. 8. JRSE 10/5 I 7 7 (nc•nchlorina ted); 20 liters uv-irredia ted 

F F tR I E EEID 
Sample. Rotameter (ml/min) {ml/sec) (sec: (~W/cm2) (~W·sec/cm2) pH COD BOD TOC TKN 

ORSE 
...... 
N 
N 

10/5/77 
uv 1.50 837.5 13.96 26.5~ 800 21,208 7.4 39 <5 9.62 7.9 

Control 7.3 45 17 ll.5 3.8 



.. 

Dilution 

1:10 

1:100 

1:1000 

1:10,000 
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Table 3.9. ORSE 10/5/77 total colony count 

[1/10 rnl of each dilution was plated on Bacto-Agar 
and counted at 28- and 48-hr (no change) 

intervals] 

. a 
Counts/ml Counts/ml 

control (w/o chlorine) ORSE 10/5/77 
Plate 1 Plate 2 Plate 1 

(X) (X) 0 

2170 (X) 0 

340 330 0 

10 0 

uv 
Plate 2 

20 

0 

0 

aoo indicates that the total colony count was too high to ensl,lre accuracy. 

investment of time and funds. With a stainless steel Millipore sampling 

manifold already available, the additional necessary equipment has been 

ordered (e.g., sterile dishes., pads, and filters; and fecal coliform 

media). 

Two 6-liter aliquots of Oak Ridge East Wastewater Plant secondary 

effluent were ozonated in the laboratory to dosages of 3.5 and 20.0 mg 

ozone per liter of wastewater. Reaction conditions were: 25°C; ozone 

gas cone en tr a llo11, 19. 4 mg u <:uue per 11 Ler of gas (oxygen) ; and use ot a 

12-liter glass reaction flask, a magnetic stirrer, and a porous glass frit 

gas diffuser. 

From the chromatograms of the uv-absorbing constituents, it was 

deduced that most of Lhe destruction of uv-absorbing compounds occurs 

rapidly and within the first 3.5-mg/liter effluent dosage of ozone. 

With respect to the oxidizable constituents, apparently .there is initial 

destruction of some oxidizable constituents, but also an increase in the 

number and concentration of many constituents, with increasing ozone 

dosage. For example, the number and size of peaks in the 5- to 

15-hr elution period increased. The chemical and disinfection data for the 
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control and ozonated wastewater samples are given in Table 3.10. The 

usual ozone dosage for disinfection is 6 to 10 mg of ozone per liter of 

effluent; thus,the chemical effects of ozonation for disinfection may be 

considered intermediate between the two ozonated samples. The wastewater 

samples are representative of effluent from an activated sludge secondary 

treatment after settling. The wastewater was principally domestic, 

containing very little industrial waste. An effort was made to determine 

the consumption of ozone during the ozonation process. The total dosage 

dur.ing the entire ozona tion of the second sample was 120. 3 mg. ozone, of 

which 7.7 mg,was trapped in a gas wash bottle (KI solution) following 

the ozonation reaction gas train. However, since the headspace gas of 

the reaction vessel was not flushed into the gas wash bottle, this amount 

of ozone represents a minimum value. The consumption or efficiency of 

ozone utilization based on the trapped ozone is 94%. This number must 

be considered a maximum, and the actual consumption is probably somewhat 

less. A more accurate determination of the utilization will be made in 

a subsequent ozonation. 

The first field collection of wastewater samples was conducted at 

the wastewater ozonation pilot plant at the Advanced Waste Treatment 

Research Laboratory, U.S. Environmental Protection Agency, Cincinnati, 

Ohio. A 40-liter grab sample of control (unozonated) secondary waste

water was collected on September +L, lY//. After waiting the approximate 

residence time (to ensure that the disinfected samples were essentially 

of the same composition as the control sample), a 40-liter grab sample 

of ozonated (~8 mg o3/liter) effluent.was collected. 

The samples were immediately transported by air to ORNL without: 

refrigeration, filtered through Whatman No. 2 filter paper, frozen in 

lyophilization pans, and placed in the lyophiiizer. This operation 

was completed within about 9 hr elapsed time from the initial sampling 

operation. Concentrates were prepared for analytical and preparative

scale chromatography and for testing for mutagenic activity. 

'!' 
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Table 3.10. Ozonation of wastewater samples f~om the secondary stage of the 
Oak Ridge East Wastewater Treatment Plant: Chemical and disinfection data. 
The treatment plant uses activated sludge·process for secondary t'reatment 

Tote.! ozone 
Reaction a C.ose Bacteria 

time (mg o2:one per countb COD ·BOD TKN TOC 
(min) liter effluent) (number/ml) pH (mg/liter) 

Control 0.0 9,500 7.61 30 6 18.2 10.8 

4.3 3.5 18,000 7.69. 28 7 17.4 9.8 

24.8 20.0 0 7.84 24 <5 17.2 10.5 

a . 
Room temperature (about 25°C); ozone-oxygen mixture at 250 ml/min containing 

b 

19.4 mg ozone per liter gas; 6-liter effluent sample; glass frit sparger with 
~agnetic stirrer. 

Probably statistically not meaningful because samples were not run in duplicate. 
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The analytical-scale chromatograms of the ozonated and control 

secondary effluent from the pilot plant from the Advanced Waste Treatment 

Laboratory, EPA, Cincinnati, Ohio, are compared in Figs. 3.11 and 3.12. 

It is obvious that many constituents are destroyed by ozonations. Because 

of the complexity of the cerate-oxidizable chromatogram, it is not clear 

whether there is an increase of constituents in the 5- to 15-hr elution 

range. Fractions from the preparative-scale separations have been 

lyophilized and are being processed through the multicomponent identifi

cation scheme. Both concentrates and eluate fractions have been stored 

at -60°C for mutagenic activity testing. 

BeL:dU:Oe 5~V~ral of the field oampling ci tee :UQ mor'iil. rF.!motEC> ~ 

geographically, from ORNL than the cincinnati site, a field sampling 

protocol was developed. For air freight shipment, an insulated box 

(approximate 22-in. cube) was constructed of sufficient size to contain 

five 2-gal and four 1-liter polyethylene contains; that is, the box is 

capable of containing a 41-liter water sample. Total weight uf Lhe 

shipping box and 41-liter water sample was 141 lb, well within air-freight 

shipment limitations. The water samples were frozen rapidly in the box by 

addition of 75 lb of crushed dry ice. The samples were partially frozen 

within 1 hr and solidly frozen in 3 hr. After rhree days had ela~~eu, 

the dry ice had sublimed completely. The water sample~ wel.e ~Li.ll 

completely frozen five days after initial freezing. 'Thus this.method 

would be satisfactory for air shipment, particularly if sufficient 

manpower were available in the field for manipulating the heavy boxes, 

etc. 

Because ~orne sample sites are remote and ins4fficient manpower is 

available for handling large containers, smaller containers were designed. 

These insulated box.es were about '12 x 22 x 2:l in. and will contain 

two 2-gal polyethylene containers. Thus, six containers would be 

requir.ed for the expected two 40-liter·wastewater samples. Each 

container filled with samples and dry ice weighs 98 lb and can be 

manipulated easily by one person. The containers with 7 lb or less dry 

ice can be conveniently shipped by Federal Express (70 lb limitation) 

il 
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Fig. 3; 11. ·comparison of the HRLC chromatograms of the uv-absorbing 
constituents in unozonated and ozonated effluents from the Advanced 
~aste Treatmen~ Laboratory (EPA) pilot plant in Cincinnati, Ohio. 
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Fig. 3.12. Comparison of the HRLC chromatograms of the cerate
oxidizable constituents in unozonated and ozonated. effluents from the 
Advanced Waste Treatment Laboratory (EPA) pilot plant in Cincinnati, Ohio. 
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and thus arrive at ORNL within 24 to 30 hr of collection time. Freezing 

tests with .water samples indicated that 25 lb of dry ice will freeze the 

water samples within 3 hr; the samples remained frozen for three days. 

This method will be used for the field sampling at Estes Park, Colorado. 

3.4 Environmental Monitoring 

The development of monitoring systems for sensitive·and timely. 

detection of various pollutants constitutes a very practical, necessary 

approach to our growing concern for the perturbations in our environment 

caused by various anthropogenic energy sources. The objective of this 

program is the development of such monitoring systems .through. the 

design, fabrication,.arid evaluation of prototype instruments. Three 

instruments are under various stages of development: (1) a continuous 

aquatic environmental monitor being evaluated for moni·toring of. treated 

coal conversion plant effluent; (2) a mult·icellular scintillation counter, 

fabricated and undergoing "proof of principle" testing; and (3) a remote 

fluorescence monitor being designed to detect fluorogenic surface 

contaminants.· 

3.4.1 Continuous monitors for aqueous effluents 

During this report period~an aquatic environmental monitor which 

incorporat~s a continuous chemical oxygen demand monitor and a continuous

flow fluorimeter has been evaluated as a monitor for a treated aqueous 

effluent from a coal hydro.carbonization process. Details of the aquatic 

environmental monitor and its evaluation are presented in Continuous 

Environmental Monitoring for Aqueous Effluents, ORNL/TM-6118. 

3.4.2 Multicellular scintillation counter·for monitoring chromatographic 
eluents 

Development of a. multicellular scintillation· counter for use in 

monitoring ultralow concentrations (less than 1 nCi/ml) of highly radio

active elements in liquid streams is being initially reported here. 

This instrument is to be used for dynamic continuous monitoring of 
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radioactive elements in process streams, such ·as chromatographic eluents, 

where process throughput and/or composition vary rapidly with time. 

Referring·to Fig. 3.13,it is seen that with conventional unit-cell 

detection, chromatographic resolution and peak signal to noise vary in 

opposite fashion with the detector residence time: long detector 

residence times yieldgood counting statistics but poor chromatographic 

resolution, and vice versa. Our multicellular counter is designed to 

overcome these limitations by following fluid sample segments through an 

array of short-residence-time detectors, while accumulating the total 

counts from each fluid segment during the entire time of passage through 

the array (Fig. J .14). 

This multielement detector is conceptually based upon the position

sensitive scintillation detector shown in Fig. 3.15. Scintillation 

photopulses produced by beta or gamma emission from the source propagate 

· axially down the scintillation tube due to internal reflection. These 

propagating photopulses are logarithmically attenuated by axial absorbance 

or radial surface scattering as shown in Fig. 3.15: 

where 

I . h n.g t 

-ar 
= I e ' 0 

a = attenuation coefficient. 

(1) 

Hence the logarithridc difference of the left and right photopulse ampli-

tudes, 

log (I1 f ) - log (I . h ) = -2.ar + ad , e t r~g __ t 

varies linearly with the location of the radioactive source rand can 

therefore be used to locate. the sour.ce's position along the tube. 

The coincident pulse ratio, 
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I. ·SHORT RESIDENCE TIME GIVES POOR COUNTING STATISTICS 
2. LONG RESIDENCE TIME GIVES POOR RESOLUTION 

·Fig. 3;13. Limitations of scintillation monitoring in typical flow 
cells. 
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ORNL DWG 77 -1720-IM 

RECORDER 

jcoL~A~~~~-~.lll 
---~~~·---·COUNTER 

--i f.-SAMPLE VOLUME 

EXTENDED CELL 

I. GOOD COUNTING STATISTICS FROM LONG RESIDENCE TIMES 
2. HIGH RESOLUTION FROM ·sMALL SAMPLE VOLUME 

Fig. 3.14. Multi-cell scintillation monitor for flowing systems. 
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ORNL DWG 77-1721-IM 

SCINTILLATION 
PULSE AMPLITUDE 

MONITOR EVENT . 

POSITION 

MONITOR 
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is proportional to the square of the energy of the emitted beta or gamma 

and thus. can be used to discriminate counts from different isotopes. 

In this manner one can use coincident photopulses to assign counts 

to specific segments of a. fluid moving through a flow-cell scintillation 

detector such as illustrated in Fig. 3.23. The multicellular detector 

"elements" therefore are the maximum position resolutiuu segments of the 

scintillation pipe. 

Test of principle was accomplished with the apparatus of Fig. 3.16. 

Photopulse spectra produced from scattered LED (GaP, A ~ 564 nrn) * . max 
radiation inside the t:aped quarl:t. ruu wei"e :recorded on -a Viotorfitiln 

multichannel analyzer. Figures 3.17a and 3.17b show plots of such spectra, 

while Fig. 3.18 displays the logarithmic difference of the left and right 

photopeaks~ One sees that 1% position resolution is easily attainable 
5 for LED pulses of energy equal to 10 photons. 

Subsequent testing involved locating an encapsulated c144
ce, 

144
Pr) 

source, which emits a 2.98-MeV beta ray, inside a tube filled with liquid 

** scintillator (Fig. 3.19). Typical pulse-height spectra are shown·in 

Figs. 3.20a and 3.20b. The capsule's position was calculated from the 

mean centers of the left and right detector spectra: 

200 
L: JxY(J) 
2 

center 
200 

L: Y(J) 
2 

using the PDP-10 FORTRAN program center . F4 listed in Fig. 3. 21. The 

logarithmic difference of the left and right spectral centers is plotted 

vs the capsule's location in Fig. 3.22. 

* 

** 

The scotch tape serves two purposes: ,(1) to produce large scattered 
LED photopulses, and (2) to attenuate the propagating pulses, since 
it effectively frost:s p·art of the Lube surface. 

Amersham Searle Spectra-Fluor, 6 g PPO, 75 mg POPOP per liter in 
toluene base. 

~-· 
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The prototype multicellular detector itself will be constructed as 

schematized in Fig. 3.23. Coincidence gating will be used to discriminate 

photopulses arising from the same disintegration; the pulse pair ampli

tudes will be digitized and stored on-line together with the time of the 

event, using the Intellec-8 microcomputer. Data analysis (i.e., developing 

the chromatogram) will be carried out on the ORNL PDP-10 computer. 

3.4.3 Portable surface scanner for fluorogenic contaminants 

Design and construction of a portable optical spotter for fluorogenic 

compounds is initially reported here. Detection of PARs and other 

fluorescent hazardous substances, such as uranium compounds, on surfaces 

in work environments is the principal anticipated use for this develop

ment. 

The detector head is schematically shown in Fig. 3.24; it consists 

of two separate compartments, one. for producing a monochromatic cone of 

uv-visible fluorescence exciting light, and another for detecting the 

fluorescence emitted froin the illuminated surface (see Fig. 3.25). 

Discrimination against background room light, whose frequency 

spectrum is 120 Hz plus harmonics superimposed upon "white noise,,; is 

.accomplished by modulating the exciting beam with the tuning-fork-type 

chopper and detecting the ac fluorescent signal with a high-Q heterodyning 

lock-in amplifier (not shown, Ithaca model Dynatrac 3). It is antici

pated that fluorescent signals 20 dB below ambient lighting levels will 

be easily dete~table. 

The head is being constructed by the fabrication departments under 

W. A. Walkeris supervision. Satisfactory demonstration of the sensitivity 

and usefulness of this instrument will predicate an in-house design of 

a portable power supply and electronics package. 

3.5 References for .Section 3 
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4. BIOENGINEERING RESEARCH 

S. E. Shumate II 

The Bioengineering Research Program is concerned with the utilization 

of microorganisms or materials derived from microorganisms (e.g., enzymes 

and organelles) to carry out useful process functions for energy production 

and conservation, resource recovery, and environmental protection. Studies 

related to enzyme catalysis were focu'sed on the enzyme-catalyzed reduction 

of water to produce hydrogen. Techniques were developed for enzyme 

separation, purification, stabilization, and immobilization. Factors 

affecting the rate of reduction of the electron carrier, ferredoxin, by 

sodium dithionite were studied. Investigations specific to problems in 

.nuclear waste management included the removal of radionuclides and chemical 

contaminants from aqueous process and effluent streams and are discussed 

in Sects. 4.2, 4.3, and 4.4.- ~Bioreac~or- component studies (Sect. 4.5) 
' ~r . 

addressed the construction and operation of a large fluidized-bed reactor 

with tapered entrance and fluid-particle disengaging sections. A 

description of fluid and particle behavior in a two-phase (liquid-solid) 

fluidized bed was obtained from an analysis of data taken during operation 

of the large reactor. 

4.1 Enzyme Catalysis 

B. Z. Egan and J. P. Eubanks 

During this report period, studies related to the enzyme-catalyzed 

reduction of water to produce hydrogen were continued. Two areas of 

interest were: (1) the rate of reduction of ferredoxin with sodium 

dithionite, and (2) the rate of oxidation of ferredoxin with oxygen. 

4.1.1 Reduction of ferredoxin 

Use of CFA parallel-channel rotor. We previously reported
1 

kinetic 

results on the rate. of ferredoxin reduction with sodium dithionite. The 

difference in absorbance of oxidized and reduced ferredoxin at 415 nm 

was utilized to measure the rate of the reaction. Since the reaction is 
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complete in a few seconds, the Centrifugal Fast Analyzer (CFA) was used 

to measure the rapid absorbance changes during the reaction. A 

sequential-type rotor was used in which the reactant solutions were 

successively transferred into the cuvets, mixed, and the absorbance at 

415 nm was measured. This rotor required about 0.4 sec for transfer of 

solutions, mixing, and acceleration before data acquisition began. The 

reaction has now been carried out in a parallel-channel rotor in which 

the reactant sohrtions were mixed as they entered the cuvet through 

RP.parat.e pax-allel channels in the rotor. This rotor allowed the collection 

of data during the first 0.5 sec of reaction at approximately 50-msec 

intervals, with the initial measurement at: about 100 msec after initiation 

of the rQaction. 

Data obtained during the first second of the reaction are shown in 

Fig. 4.1 fo~ different concentrations of ferredoxin. The total reaction 

volume in each case was 135 l.l~: 55 11~ of sodium dithionite solution 

containing 4.0 mg of Na2s2o4 per milliliter of 0.05 M phosphate buffer, 

pH 6.6, and 80 11~ of ferredoxin solution containing different amounts 

of ferredoxin in the same buffer solution. Buffer solutions were purged 

with argon before use. Sodium dithionite was stored ih a glove box under 

an argon atmosphere, and solutions were prepared just prior to use. The 

ferredoxin was oxidized with air prior to reaction with the dithionite 

reductant. Reactant solut:ions wer·e plveLLeu irtto the rotor in a glove box 

containing an argon atmosphere; the rotor was sealed before removal from 

the glove box. The reaction temperature was approximately 22°C. The 

series of curves shown in Fig. 4.1 were obtained by reacllug ulffere11t 

concentrations of ferredoxin with excess sodium dithionite. As shown, 

the absorbance of oxidized ferredoxin at 415 nm decreases as it is 

reduced by the dithionite. The initial rat:e of reduction was obtained 

from the slope of a linear fit of the data for the first: 0.4 sec. 

A plot of the initial rate of reduction as a function of the ferre

doxin concentration (Fig. 4.2) indicates a linear correlation. As 

expected, the initial rates obtained using the parallel-channel rotor were 
1 higher than those obtained previously using the sequential-type rotor. 
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The order of addition and mixing of the reagents in the parallel~ 

channel rotor appe~red to have some effect on the reliability and scatter 

of the data obtained during the first 0.4 sec. Some change in absorbance 

of ferredoxin solutions alone was observed, either due to incomplete 

mixing or removal of material from the ferredoxin solution during centri

fugation. Incomplete mixing during the ini.tial 0.4 sec may result from 

differences in viscosity or density of the reactant solutions. 

These results substantiate the conclusion that the reduction of 

ferredoxin by sodium dithionite is not the rate-limiting step in the 

production of hydrogen from the reduction of water by sod.ium dithionite, 

catalyzed by ferredoxin and hydrogenase. 

Effect of pH. The effect of pH on the rate of reduction of ferredoxin 

with sodium dithionite was measured in the pH range 6.6 to 8.2~ using 

the CFA. Potassium phosphate and tris-HCl solutions (0.15 ~) were used 

to obtain buffer solutions with pH values of 6.6, 7.0, 7.4, 7.8, and 8.2. 

Two different concentrations of ferredoxin were studied (A415 = 0.5 and 

0.9); an excess of sodium dithionite was used. Similar rates of reduction 

of ferredoxin were obtained throughout the pH range studied. 

Spectrophotometric titration of ferredoxin with sodium dithionite. 

Although the reduction of ferredoxin with sodium dithionite has usually 

been carried out in the presence of an excess of dithionite, it was of 

interest to determine more closely the. stoichiometry· of the reaction, 

and to determine empirically the actual amount of dithionite required 

for the rpduction under typical reactioft t;undi tions. Also, in order to 

study the oxidation of reduced ferredoxin (see Sect. 4.1.2), it was 

first necessary to obtain reduced ferredoxin in the absence of an excess 

of reducing agent. The amount of sodium dithionite required to reduce 

a given amount of ferredoxin was determined by spectrophotometric titration 

of solutions of oxidized ferredoxin, using the CFA. 

Stock solutions of sodium dithionite were freshly prepared in a 

glove box just prior to use. Sodium dithionite was dissolved in 0.05 M 

phosphate buffer, pH 6.6, which had been purged with argon to remove 

oxygen. The ferredoxin was oxidized with air. The initial ferredoxin 
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concentration was the same for each experiment, and the amount of dithio

nite was varied by diluting the stock solution. A constant reaction 

volume of 135 ~£ was maintained; the reaction temperature was 30°C. 

The extent of reduction was measured by the decrease in absorbance 

of the ferredoxin at 415 nm. Complete reduction was assumed when the 

minimum absorbance was reached, and no further decrease in absorbance 

occurred with additional dithionite. Under the conditions chosen, 

complete reduction of the ferredoxin resulted in a decrease in absorbance -

of 35 to 38% (Fig. 4.3). Under other conditions, larger decreases were 

Qp~erved with some ferredoxin samples. In Fig. 4.3, the intersection 

of the extrapolated lines defines the end point, that is, the amount of 

dithionite required for complete reduction of the ferredoxin. The mole 

ratio of dithionite to ferredoxin at the end point was calculated to be 

about 28:1. The concentration of ferredoxin was calculated using the 

average initial absorbance at 415 nm and a molar absorptivity of 27,600 

for oxidized ferredoxin. 
2 

The mole ratio of 28:1 is considered to be 

a maximum value. The concentration of dithionite in solution could be 

less than calculated because of reaction with dissolved oxygen in the 

ferredoxin solution and from disproportionation of the dithionite. 

4.1.2 Oxidation of ferredoxin 

Molecular oxygen exerts various inhibitory effects on enzyme-catalyzed 

hydrogen-producing reactions; oxidation or oxygenation may occur. 

Ferredoxin is also autooxidizable. The oxidation of ferredoxin by oxygen 

is postulated to be one of the causes for low rates and rapid decay of 
·-

hydrogen production in the cell-free chloroplast-ferredoxin-hydrogenase 
3 system. It has also been stated that "the limiting factor in hydrogen 

evolution by the basis sytem is the rate at which ferredoxin reduction 

counterbalances ferredoxin oxidation by the oxygen produced during the 

reaction."3 And yet these rates are not well defined. More information 

is needed on the rate of oxidation of ferredoxin to better define the 

problem so that economical solutions can be devised. 
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Several methods are being considered for measuring the oxidation rate. 

Methods that depend on measurement of oxygen concentration are limited 

somewhat by the response time of oxygen electrodes and require larger 

amounts of ferredoxin to produce a measurable change in oxygen concen

tration. Spectral methods based on the difference in absorbance of 

oxidized and reduced ferredoxin appear more promising at present. Require

ments of spectral methods include: (1) maintaining a constant oxygen 

concentration, (2) mixing the solutions while simultaneously measuring 

absorbance, and (3) obtaining a sample of reduced ferredoxin which does 

not contain any extraneous oxidizable reductant. The thirn requirement 

becomes important if the rate uf oxid~tion of the n'\nnrt.gnt is similar 

to the rate of oxidation of ·ferredoxin. 

Results obtained by mixing oxygen-saturated buffer solutions with 

reduced ferredoxin solutions in the CFA and measuring the change in 

absorbance were unsatisfactory. Absorbance changes were not measur~ble. 

Injection of reduced ferredoxin into a sealed cuvet containing oxygen

saturated buffer solution was also unsatisfactory. Several seconds were 

required for mixing and attaining a stable absorbance reading. Best 

results were obtained by huhhline air or oxygen into a solution of reduc~u 

ferredoxin and measuring the increase in absorbance at 415 nm. It was 

al~u r~ll that ~his mode of reaction more closely resembled conditions 

which might occur in an actual process. 

Reduced ferredoxin was produced by reaction of ferredoxin with sodium 

dithionite in an argon atmosphere in a glove box. The reduced .ferredoxin 

solution was placed in a cuvet especially monified to reduce foaming and 

overflow. The cuvet was sea] en with a Teflon cap with an outlet pl"'irt anu 

a small Teflon tube extending down the side to the bottom of the cuvet. 

The absorbance was continuously measured while air or oxygen was bubbled 

through the solution. The turbulence created by the gas stream served to 

mix the solution. The oxygen supply consisted of a cylinder of oxygen, 

a needle-valve flow controller, a rotameter, a sparger for saturating the 

gas with water, and a three-way stopcock for immediately starting and 

stopping the gas supply to the cuvet. 



159 

Oxidation·rates were measured at different flow rates of air and 

oxygen, with samples of ferredoxin from both spinach and Clostridium 

pasteurianum, and at different concentrations o.f ferredoxin. Flow rates 

of oxygen were varied from 2.5 to 25 cm3/min; low flow rates gave 

insufficient mixing of the solution; high flow rates interferred with 

absorbance measurements. Once the flow rate .was high enough to achieve 

good mixing (&-10 cm3/min), changing the flow rate did not appear to 

have an appreciable effect on the rate of oxidation. 

Figure 4.4 shows representative curves obtained by oxidation of 

ferredoxin from spinach (curve 1) and Clostridium pasteurianum (curve 2). 

The dashed lines indicate the initial absorbance of the oxidized ferredoxin 

samples before reduction with dithionite. The amounts of dithionite and 

ferredoxin were chosen in·each case to give a mole ratio less than 28:1, 

taking into account the higher molecular weight of spinach ferredoxin. 

Each sample was reduced with sodium dithionite (325 mg) just prior to 

oxidation. The spinach ferredoxin sample contained 1.20 mg of ferredoxin 

in a total volume of 3.6 ml of 0.05 ~phosphate buffer, pH 6.6. The 

Clostridium pasteurianium ferredoxin sample contained 0.60 mg of ferredoxin 
. 3 

in a total volume of 3.0 ml. The oxygen flow rate was about 12 em /min; 

in both cases,maximum oxidation was achieved in about 25 sec. The 

ferredoxin was not completely reoxidized. This incomplete reoxidation 

also occurred on each cycle when the same sample was repeatedly reduced 

and oxidized. Oxidation was more rapid in oxygen than in air. The time 

required for maximum oxidation in air ranged from 30 to 40 sec, while in 

oxygen the range was 8 to 25 sec. 

The rate of autooxidation of ferredoxin was estimated by measuring 
. . 

the absorbance increase of reduced ferredoxin in a closed cuvet (argon 

atmosphere). The absorbance showed a gradual increase over a period of 

35 to 45 min before reaching a constant value near that expected for 

oxidized. ferrecimcin. While the rate of autooxidation must be recognized 

in processes utilizing ferredoxin, the autooxidation rate is ·much less 

than the rate of oxidation by molecular oxygen. Potential methods for 

alleviating the oxidation problem are chemical or biochemical removal of. 

o~ygen as it is formed or rapid displacement of the oxygen with an inert 

gas. 
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Fig. 4.4. Oxidation of ferredoxin from spinach (curve 1) and from 
Clostridium pasteurianum (curve 2) with molecular oxygen. The dashed 
lines indicate the initial absorbance of the. oxidized ferredoxin samples 
before reduction with dithionite. See text for details •. 
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4.2 Concentration of Tritium by Microorganisms 

G. W. Strandberg and J. R. Parrott~ Jr. 

That microorganisms might be used in a bioprocess to concentrate 

tritium in fuel reprocessing effluent streams was suggested by the report 

of a marine bacterium which could fractionate hydrogen and deuterium. 

This organism evolved hydrogen gas depleted in deuterium as compared 

with normal background levels. 

The ability of this organism, as well·as other species of bacteria, 

to fractionate hydrogen and tritium was evaluated by determining the 

distribution of tritium between microbial cells, hydrogen gas, and the 

aqueous, tritiated medium in which they were grown. Tritium was assayed 

by scintillation counting; the aqueous medium was assayed directly. 

Microbial cells were recovered by filtration or centrifugation, dried, 

combusted in an oxygen atmosphere (Searle analytic combustion system)~ 

and the water of combustion assayed. When sufficient quantities of 

hydrogen gas were recovered (by water displacement), the gas was oxidized 

over a 600°C copper oxide bed, and the resulting water was analyzed 

for tritium. 

We obtained a culture of the marine bacterium (strain G4Ab) which 

had during storage lost its ability to produce significant levels of 

hydrogen. However, we proceeded to culture the organism in a complex 

organic medium with tritiated water. The cells showed discrimination 

against tritium during growth as evidenced by a ~ritium distribution 

factor of 0.12 (Ci per gH cells/Ci per gH medium) (Table 4.1). 

It was possible, but unlikely, that the observed discrimination by 

straj_n G4Ab was due to incorporation of much of its hydrogen from organic 

components of the medium, rather than tritiated water. Selection of 

other organisms for study was therefore based on (1) maximum utility of 

environmental water for hyd·rogen, that is, growth on mineral salts 

medium with minimal organics, and (2) ability to produce hydrogen. 

Conditions for optimum growth and/or hydrogen evolution were used. 

Anabaena flos-aquae, a blue-green alga, and Clostridium pasteurianum, an 



Table 4.1. Distribution coefficients for cellular and gaseous (HT) 
tritLliil from microorganisms cultt:red in tritiated water 

Organism 

Strain G4A(b) 

Growth conditions 

Aerobic, complex 
or,gar_ic. medium 

Anabaena flos-aguae Photosynthetic, 
nitrogen-fixing 
mineral salts 
medium 

Thiobacillus 
ferrooxidans 

Clostridium 
pasteurianum 

Aerobic, :nineral 
salts m=dium 

Anaerobic. nitrogen
fixing, mineral salts 
mediuu: plus glucose 

Initial tritium 
concentration 

in growth medium 
(mCi/ liter) 

2 

2 

10 

10 

10 

aDistribution coefficient.= Ci per gE cells/Ci pe.r gH medium. 

bDistribution coefficient = Ci per gH gas/Ci per .gH medium. 

cNitrogen-fixie1g cells C:=prived of N
2 

iby flushing withargon. 

.. , . 

Distribution coefficient 

Cellsa H b 
2 

0.12 

0.28· (growth phase) 
0.28 CE~ 

. c 
Insufficient evql. phase) 

~ 

for 
analysis 

0.52 (g:wwtfu phase) 
0.51 (Ell

2 
evol. c Insufficient phase) 

for 
analysis 

0.002 

0.06 0.07 

.. 

f-' 
0'1 
N 
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anaerobic, spore-forming bacterium, were grown under nitrogen-fixing 

conditions to promote Hz evolution. Photosynthetic Hz evolution by 

~ flos-aquae occurs when nitrogen-fixing cells (growth phase) are 

deprived of gaseous nitrogen (Hz evolution phase). Although. both cultures 

evolved hydrogen, conditions were such that only ~ pasteurianum produced 

recoverable quantities of Hz for analysis of tritium content. The results 

of the tritium distribution studies are summarized in Table 4.1. Invariably, 

discrimination against tritium occurred in the microbial cells and during 

Hz evolution by~ pasteurianum. Thiobacillus ferrooxidans, an organism 

which grows on mineral salts in a highly acid medium (pH Z.S-3.0), 

exhibited the most discrimination. 

The discrimination against tritium observed in these microorganisms 

is consistent with numerous literature reports of discrimination against 

heavier isotopes of hydrogen (deuterium and tritium) by intact biol~gical 

systems as well as isolated enzymes. Discrimination against heavier 

isotopes of other elements has also been reported. 

4.3 Isolation of Trace Metals from Aqueous Streams 
by Microorganisms 

S. E. Shumate II, G. W. Strandberg, T. V. Dinsmore, 
J. R. Parrott, Jr. 

In the previous progress·report,
1 

it was pointed out that a number 

of the processing operations in the nuclear fuel cycle and special DOE 

facil5tiP.R generate aqueous waste streams which contain trace quantities 

of dissolved heavy metals, including radionuclides. There are a number 

of physical and/or chemical methods for isolating heavy metals from 

aqueous streams, and these include chemical precipitation," chemical 

oxidation or reduction, ion exchange, filtration or ultrafiltration, 

electrochemical treatment, and evaporative recovery. However, when 

the initial heavy-metal concentration is in the range of 10 to 100 mg/li ter 

and a reduction to less than 1 mg/liter must be achieved, such methods 

may be ineffective or uneconomic. In such situations the adsorption 

of dissolved metal species by microorganisms offers a means of achieving 
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a reduction in dissolved metal concentration to less than 1 mg/liter. 

Studies of metal sorption by microorganisms in both mixed culture and 

monoculture.have shown very high affinities for trace levels of dissolved 

metals. In many cases, solid-phase (biomass) metal concentrations of 

10 to 20 wt% wer~ attained. 4 

The previous report1 described studies of continuous isolation of 

strontium from a feed stream containing 10 mg/liter by an alga (Chlorella 

pyrenoidosa) growing in an illuminated coiumnar bioreactor. These studies 

were continued, but the feerl-~trP~m strontium concentration was luwered 
. 85 

to 0.10. mg/liter, and Sr was .added as a tracer fo:r determinAtion nf 

dissolved and cell-bound strontium. Glass surfaces were treated with 

Siliclad, a silicone cladding agent, to prevent interference by metal 

sorption onto the reactor and feed vessels. The algal cell concentration 

reached a steady-state value of 0.30 g/liter (dry weight basis) before 

switching to a feed containing a strontium concentration of 0.10 mg/liter. 

Dissolved strontium concentration at the reactor outlet was periodically 

determined. After processing 1, 2, and 3 reactor volumes of feed, the 

degree of strontium removal from solution was 40, 20, and 10%. 

A continuing part of the total program effort is the screening o:J; 

microorganisms for the capability' to isolate and concentrate heavy metals. 

Uranium is being used as a model e1P.111E'nt typical of the transuranics, 

while Ht:rontiutii is being used as an eiement typic.al of the fission 

products. 

In the screening tests for strontium i.~?olation, Rtrnntinm ToT<1'!l addgd 

Lu the appropriate growth medium prior to addition of the inoculum. In 

the uranium isolation screening tests, partial precipitation of uranium 

by the medium constituen'ts necessitated a modification to the expP.rimental 

procedure. The inoculum w~s added to 100 ml of meciium in a 2.)0 ... ml culture 

flask. The cells were then grown to the desired cell concentration, 

harvested, washed repeatedly with distilled water, and resuspended in 

solutions containing the desired concentrations of uranium. Flasks were 

pretreated with Siliclad. In each case, 2-ml samples were periodically 

withdrawn, and the cells were removed by centrifugation or by filtration 

·-: 
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through ·glass wool in the case of Penicillium chrysogenum. The super

natant (cell-free) fraction was then analyzed for strontium or uranium 

content. Controls were run in each case to assure that metals removed 

from solution were associated with biomass. The results of preliminary 

tests are given in Table 4.2. Metal distribution coefficients were· 

calculated on the basis that metal removed from solution was sorbed onto 

biomass. 

4.4 Removal of Special Organic Compounds by Microorganisms 

D. D. Lee and D. A. McWhirter 

The removal of trace special organic contaminants from certa.in aqueous 

process streams in nuclear fuel processing and reprocessing is important 

in preparing the stream for discharge or recycle. The identified organic 

contaminants are generally 2-, 3-, and 4-carbon alcohols and carboxylic 

acids, kerosene, vacuum-pump oil, tributyl phosphate, HDEHP [di(2-ethyl

hexyl)phosphoric acid], dodecane, DIPB, and possibly their degradation 

products. These compounds result generally from solvent-extraction 

steps in the cycle. 

1 
The previous report presented data on the degradation of 2-, 3-, and 

4-carbon alcohols and carboxylic acids in both a continuous stirred-tank 

reactor (CSTR) and a tapered fluidized-bed bioreactor (TFBBR). As 
3 described, the CSTR generally a~hieved a rate of 0.4 to 0.6 kg/em ·day 

organic carbon degraded, and the TFBBR, rates of 5 to 7 kg/m3 ·day organic 

carbon degraded, using a synthetic feed mixture containing 2-, -3-, and 

4-carbon alcohols and carboxylic acids. Additional tests were performed 

to determine organic carbon.degradation rates, using individual compounds 

listed above. 

Ethanol was tested as the sole carbon source in both the CSTR and 

the TFBBR. Results for the TFBBR (Table 4.3) showed that bacterial 

growth with a seed of Polybac (Polybac Corporation, Berlin, New Jersey) 

was slower when grown on ethanol than when grown on a mixture of carbon 

sources; that is, it took about 1-1/2 times as long to reach growth visible 

on the coal particles. Carbon degradation rates for ethanol were generally 



Table 4.2. Iso=..ation of ura:1ium and strontium from solution by microorganisms 
during batch cu=..t•Jre or resuspended contact· 

Init:.al Cell concentration, Metal 
coneentration ·Removal dry basi:s distribution 

Microorganism ~etal (mg/lite:-) (%) (g/liter) coefficient 

Pseudomonas aeruginosa u 20 92 1.2 9600 

a 

(bacterium) Sr () .15 60 1.5 Not determined 

Paecilomyces mal::'qv.andi~ u 20 94 1.2 13100 
(fungt:.s) Sr 0.25 19 5.0 so 

Penicillium chr~·scgenU1'1 u 20 97 3.1 10300 
(fungus) 

Ashbya gossypii u 20 73 7. Qi 390 
(yeast) 

Saccharomyces cerevisiae Sr 0.2.:. 12 5.6 24 
(yeast) 

'\ietal distribution coefficient g metal/g cells (dry) = g metal/g solvent 

·-· 

...... 
0"1 
0"1 



Time after Concentrate 
start feed rateb 
(days) (cm3/min) 

3 32.7 

4 30.4 

7 

10 21.3 

15 19.1 

17 29.9 

20 20.3 

23 13.7 

25 14.8 

28 17.0 

a Polybac bact~rial seed. 

Table ~.3. Tapered fluidized-bed bioreactor operation with ethanol 
as the sole. carbon sourcea 

Reactor carbon Carbon 
concentration reduction 

(]..Jg/cm3) (]..Jg/ cm3) rate Nitrate Anunonia (]..Jg/cm3). 
Inlet Exit (kg/m3·day) In· Out In Out 

220.8 191.0 3.17 42.9 <1.0 337.8 329 

79.4 38.0 4.38 

Bacteria-coated coal was removed and fresh coal was added 

288.3 278.0 1.06 237.8 282.0 389 389 

172.3 156.0 . 1. 66 123.3 107 348.3 346 

222.6 195.0 2.91 
-r 

96.2 67.0 2.99 

45.8 31.0 1.49 18.6 <1.0 560.3 537 

30.7 15.0 1. 59 214.0 200 313.0 305 

46.5 23.0 2.39 

b 300 3/ . Concentrated feed-effluent recycle-recycle rate, em m1n. 

Reduction rate 
(kg/m3 ·day;) 

Nitrate Arr;monia 

4.64 0.94 

0.59 0 ..... 
0"1 

1.66 0.238 
....... 

1. 87 2.34 

1.41 0.81 
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about one-half (1.5 to 3.0 kg/m3·day) of .the value achieved with a mixed 

carbon source, but virtually all of the ethanol was degraded. The feed 
. . 3 

carbon to the reactor was 30 to 100 ~g/cm ,as determined using a Dohrman 

model DC-50 T.O.C. analyzer. The reactor was run with a concentrated 

feed recycle makeup to achieve adequate fluidization. 

During this test, nitrate reduction averaged 1 to 2 kg/m3 ·day and 

ammonia oxidation 0.8 to Z.O kg/m3 ·day on an ~mmonia basis. Total nitrogen 

reduction rate was 0.5 kg/m
3

·day and was determined using a Dohrman DN-10 
3 total nitrogen analyzer. Biomass carbon production averaged 0.45. kg/m ·day. 

On~ CSTR was operated wfth ethanol as the sole carbou source (Table 

4.4). The carbon degradation rate was 0. 7 to 1.1 kg/m1
•day. The 1.et:ention 

time was 0.17 to 0.39 days (4.0 to 9~4 hr) at a flow rate of 5.35 to 12.1 

cm3/min. The feed carbon was 340 ~g/cm3 and effluent carbon 30 to 200 

~g/cm3 , depending on retention time. The amount of biomass carbon produced 

averaged 0.32 g per gram of carbon degraded. Nitrate and ammonia were not 

actively degraded to a large extent. The nitrate removal rate was a 

maximum of' 1 l<g/day·m3 of reactor volume.at the end of the 2;5-day test. 

A second CSTR was operated with acetate as the sole carbon source 

(Table 4.4). The carbon degradation rate was between 0.4 and 1.3 1 kg/ 
3 

·day·lTI of reactor volume'. Reten,tion time was 0.19 to 0.39 day (4.5 to 9.4 

hr) at feed rates of 5.3 r:o 11.1 cm3/min to the 3000~cmj rPr~~tor. NiL.rate 

and ammonia were not degraded extensively.in the reactor. 

The feed composition for the tests is shown in Table 4.5 and results 

in Tables 4.3 and 4.4. 

A series of shake flask tests was conducted on several organics 

typical of those to be found in the weak-acid recycle stream of nuclear 

fuel processing schemes. These materials are shown ln Table lt.6. The 

first tests were conducted using three different bacterial systems to · 

ascertain the biological seed or seed combination best able to degrade 

the organics. These were obtained in dry form.from Polybac Corporation, 

Berlin, New Jersey, under the trade name·s PulyLac, Petrobuc, and 

Phenobac. The results of this test series are shown in Table 4.6: Polybac 



Time afte::-
start Feed rate 

(days) (cm3 /min) 

5 7.4 
6 7.4 
7 9.4 
8 10.6 

12 5.35 
14 10.0 
19 10.2 
20 8.33 
21 9.37 
24 5.67 
27 10.80 
28 12.10 

6 10.10 
7 8.27 
8 10.30 

12 5.32 
14 5.57 
19 10.00 
20 9.83 
21 10.40 
27 11.00 
28 11.10 
29 9.50 

·-

Table 4.4. Continuous stirred-tank bioreactor operation with ethanol 
or acetate as the sole carbon source 

Carbon 
Retention Feed carbon Effluent carbon degradation Biomass 

tilne concentration concentration rate carbon 
(days) (1Jg/cm3) (1Jg/cm 3) (kg/day .m3) (1Jg/cm3) 

Ethanol as the carbon source 

0 . .282 351 190 0.48 
0.282 343 206 0.46 12 
0.222 343 181 0.73 30 
O.l97 343 190 0.78 48 
0.390 357 31 0.84 53 
0.208 345 153 0.84 37 
0.204 325 143 0.77 72 
0.205 340 66 1.096 36 
0.222 311 67 1.092 35 
0.368 188 26 0.441 66 
0.193 315 97 1.13 70 
0.172 332 158 1.010 12 

Acetate as the carbon source 

0.206 393 198 0.945 14 
0.252 421 237 0.730 10 
0.202 416 158 1. 276 8 
0.392 310 54 0.653 15 
0.374 370 220 0.382 25 
0.208 306 85 1. 061 105 
0.212 332 58 1.293 37 
0.200 96 16 0.400 64 
0.189 378 245 0.702 27 
0.188 393 173 1.172. 30 
0 .. 219 383 100 1.290 32 

Biomass 
production 

rate 
(kg/day .m3) 

0.0426 
0.135 
0.244 
0.136 
0.178 
0.325 ...... 
0.144 0'\ 

1.0 
0.157 
0.180 
0.363 
0.070 

0.068 
0.040 
0.040 
0.038 
0.067 
0.504 
0.175 
0.319 
0.143 
0.160 
0.146 
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Table 4.5. Feed composition for TFBBR and CSTR tests 

Component Concentration 

Ethanol or acetate 

H3Po4 (85%) 

(NH4) zso4 

NH
4

No3 

Antifoam 

Boron 

Zinc 

Molybdenum 

Manganese 

Copper 

Iron 

0.1 

"-'600 ppm 

3 3 3 -3 
em /em or 140 ~g/cm P04 

500 ~g/cm3 

250 ]-lg/cm 
3 

3 0.1 em /1000 em 3 

0.01 ~g/cm 
3 

0.01 ~g/cm 
3 

0.01 ~g/cm 3 

0.01 ~g/cm 
3 

0.01 ~g/cm 3 

0.01 ~g/cm 
3 
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Table 4.6. Effectiveness of bacterial preparations in degrading 
organic compounds associated with aqueous streams in the 

nuclear fuel cycle 

Conditions: 5-day incubation period at 30°C, pH 6.8 buffer, 
150 rpm shaker 3 3 

Starting concentration of orgai).ic: 500 llg/cm = rv200 llg/cm 
TOC 

Total volume each: 100 cm3 

Bacterial seed: 0.50-cm3 solution made by dissolving 5 g of 
·dry bacterial seed in 50 cm3 warm water 

Component 

a TBP 100% (tributyl phosphate) 

30% TBP in uodecane (used)a 

30% TBP in dodecane (virgin)a 

HDEHP [di(2-ethyl hexyl) phosphoric 
acid]a 

0.8 M HDEHP in DIPBa 

DIPB [di(isopropyl) L~u~ene]a 

Kerosene 

Vacuum j)Wllp oil 

Carbon 
reduction 

(%) 

50 
14 
31 

46 
12 
42 

38 
19 
38 

8.8 
8.8 

16.4 

42 
46 
35 

65 
46 
50 

76 
49 
58 

78 
0 
0 

Bacterial 
system 

Polybac 
Phenobac 
Petrobac 

Polybac 
Phenobac 
Petrobac 

Polybac 
Phenobac 
Petrobac 

Polybac 
Phenobac· 
Petrobac 

Polybac 
Phenobac 
Petrobac 

Polybac 
Phenobac 
Petrobac 

Polybac 
Phenobac 
.Polybac 

Polybac 
Phenobac 
Petrobac 

aObtained from F. A. Kappelmann, Experimental Engineering Section, 
Chemical Technology Division. 
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is the most versatile in degrading the variety of organics tested. 

Petrobac was able to degrade mos·t of the materials, and Phenobac much 

less. 

A second series of tests was conducted using a combination of Polybac 

and Petrobac at a total initial 400 ~g/cm3 concentration with the previously 

tested solvents. Results are shown in Table 4.7: the organic carbon 

was broken down to some extent, usually greater than 50%, and bacterial 

growth was evident; in several cases, the liquid was very turbid. By 

centrifuging the samples and measuring total organic carbon before and 

after c;.entrifugar.ion~ the allluunt of biomas:J carbon was dlilterminrrl; it 

ranged from 11 to 107 11g/cm3 aflet 20 uciys of incubation. 

A flask of 4000-cm
3 

capacity containing 3000 cm3 of liquid artd an 

aerator a.nd stirrer was operated for several months on a 70 to 85% 

aqueous media (Table 4. 5) and 15 to 30% vacuum pump oil. The bacterial 

seed was initially Polybac, with subsequent seedings taken from the 

flask before cleaning and filling with fresh feed. In this test, there 

were two distinct phases present - a water phase and the vacuum pump 

oil phase. Up to 15 days were required by the bacteria to form a uniform 

emulsion, after which bacterial growth greatly accelerated. Twcnty-fivQ 

days after seeding, no vacuum pump oil separated out upon centrifugation. 

This test was repeated three tifii~S, and Lhe tesults were the same. No 

attempt was made to operate the system on a continuous basis. 

4.5 Biological Treatment of Aqueous Effluents 
from Coal Conversion Processes 

D. D. Lee and D. A. McWhirter 

4. 5.1 -~-~gt.rea_!:!!lent of scrubber water produced by the ORNL bench-scale 
coal hydrocarbonization facility 

TI1is report covers experimental work conducted since the previous 

report1 in which the TFBBR for treating phenolic wastes produced by coal 

conversion processes was described. The previous report summarized 

data obtained for treatment of the scrubber water produced in HC experi

mental runs HC-6, -8, -5, -10, and -9, -11, and -12. Treatment was in 



Flask 
No. 

1 

2 

3 

4 

5 

6 

7 

8 
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Table 4.7. Shake-flask tests on organics with a 
Polybac-Petrobac bacterial seed 

Solvent 

100% TBP 

30% TBP in dodecane 

HDEHP 

DIPB 

50% kerosene; 50% vacuum pump oil 

33-1/3% kerosene; 33-1/3% vacuum pump 
oil; 33-1/3% TBP 

33-1/3% kerosene; 33-1/3% vacuum pump 
oil; 33-1/3% DIPB 

33-1/3% kerosene; 33-1/3% vacuum pump 
oil; 33-1/3% (30% TBP in dodecane) 

Initial 
measured 

Initial 
concentration 

(]Jg/cm3) 

1600 

1600 

ROO 

1600 

1600 

2400 

2400 

2400 

Flask carbon 
Supernate 

after 
centrifuge 

Biomass 
carbon No. (JJg/cm3) 14 days 19 days 28 days 

1 475 240 340 310 30 

2 250 224 225 185 40. 

3 688 567 '112 502 30 

4 195 58 Flask broken 

5 330 277 268/112 121 83 38 

6 370 212 163 152 11 

7 455 116 65 46 19 

8 600 489 480/180 268 161 107 
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a recirculation mode of operation in which a concentrated feed is 

diluted with a portion o.f the reactor effluent to yield the proper con

centration and fluidization velocity for proper operation. During the 

current reporting period, the reactor was run using a dilute feed, with 

no recycle makeup, on scrubber water from HC-9, -11, -12; -13, -14; and 

-3 and -4. The scrubber water batches were mixed together to provide 

enough volt.m1e for at least seven days of _operation, using one composite 

feed solution. Table 4.8 shows an analysis of the feeds. 

In operation, the scrubber wat.er wA~=; niluted to the desired concen

tration (after acidification and 0.45-)lm filtration to remove pa,rtirnlAtP.s)~ 

whic:h wAs ?0 tn 160 ]Jg/ em 3 phcno13, s.~ d~ tcuulu~u by the s t:a.ndard 4-:a.mino 

antipyrene method. 5 The dilution water was process water. The feed was 

adjusted to a pH of 6.0 to 6.9 with NaOH, and 10 ]..lg/cm3 antifoam and 

trace metals were added to assure adequate nutrients for the bacteria. 

Tables 4.9 and 4.10 show the results of the tests. Figure 4.5 shows 

graphically the day-to-day operation of the bioreactor. The figure 

shows that the TFBBR is able to acconnnodate a range of feed-conditions 

and will quickly adapt to new conditions. As noted in the previous 

report, 1 some nitrification and denitrification werP. nbserved while the 

reactor was degrading phenol and thiocyanate. 

After concluding the dilute hydrocarbonization ~=;rrubber water bio

degradation test, a series of tests was begun to determinP. the growth· 

parameters of the bacteria on the surface of the coal particles to which 

they are attached. These tests have been condur.ted using a synthetic 

feed made up with a commercial phenol i.nstead of actual scrnhhp,r waL.::.L 

to better understand the reactions taking place Ann to reduce the 

variability of the reactor feed. 

In addition. a clarifier wa~=; added downstream of the reactur· to 

reduce the biomass load in the reactor effluent. The clarifier consists 

of a cylinder with a volume of 62.55 x 103 cm3, dimensions of 22.86 em 

in diameter x 152.4 em long, and made of Pyrex. The cylinder is fitted 

with an inlet at the bottom and an exit at the top and is fed by gravity. 

At a feed rate of 300 cm3/min the retention time is 208.5 min (~3-1/2 hr), 
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Table 4.8. Analysis of coal hydrocarbonization 
scrubber solution 

Concentration (~g/cm3 ) 
Component Average High Low 

Phenols 6900 10,000 3000 

Thiocyanate 380 600 200 

Ammonia :3600 7,000 1000 

Nitrate 5700 11' 600 3000 

Phosphate 20 50 3 

Total carbon 9300 20,000 3800 

Carbon dioxide 1250 2,000 1000 

Organic carbon 8150 18,000 2800 

pH 9.5 10.1 8.5 

Table 4.9. 
a 

Hydrocarbonization bioreactor dilute feed, 

Component 

Phenol 

Thiocyanate 

. Ammonia 

Nitrate 

Phosphate 

Total carbon 

Carbon dioxide 

Organic carbon 

Biomass 

pH 

feed and effluent, typical results 

Feed concentration Effluent concentration 
(~g/cm3) (~g/cm3) 

50 <1 

8 2 

25 22 

30 2 

40 35 

. 55 25 

55 10 

15 

6.8 6.1 

aFeed rate, 300 cm3/min; phenol rate, 10 mg/(cm3)(day); scrubber 
water dilution, 70:1. 
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6.8 6.2 20 3CO ~5.0 (9,ll. 50.9 19.2 4. 1 2.3 31.7 13.6 26.7 24.9 54 28 5 3. 04 0. 173 1. 74 0.173 2.50 0. 48 
12) 

2 6.5 6.0 21 3(•0 15.( 44.8 9.6 6.0 1.5 11·. 3 7.4 22.0 22.0 56 23 5 3.52 0.432 0.37 0.0 3.17 0.48 
3 6.3 5.9 19 313 14. ~- 32.9 1.5 8.2 2.1 20.7 2.1 43 15 10 3.17 0.61:; 1. 87 2.82 1. 01 
4 6.5 5.9 19 31•) 14. ~- 23.0 2.3 2.05 
5 6.9 6. 1 17.5 3]) 14.5 39.7 1.1 3.83 
6 6.6 6.4 18 30) 15.0 39.3 3.0 3.60 1-' 

-...,J 
7 6.0 5.6 20 30) 15.0 35.9 ·1.3 4.3 4.0 25.6 10.2 30.0 30.0 44 16 6 3.32 0.317 1.48 2.69 0.576 0\ 
8 5.7 4.6 19 31) 14. ~. (9,1D. 59.7 2.9 3.9 4.0 35 .. 1 15.9 32.0 32.0 57 19 26 5.63 0.288 1. 90 3.77 2.58 

13.,14) 
9 5.7 4.6 20 30J 15.0 13,14 70.0 2.9 4.9 <I. 0 43.8 24.3 31.6 29.4 61 29 26 6.44 0.374 2.35 0.202 3.07 2.50 

10 6.2 5.0 21 30) 15.0 74.8 2.7 6.2 2.5 52.0 11.5 32.2 29.0 68 17 33 6.92 0.355 3.89 0.307 4.89 3. 17 
11 6.6 5.8 18 305 14.8 76.3 6.0 7.3 4.0 53.9 .13. 3 73 25 5 6.86 0.322 3.96 4.68 0.49 
12 6.4 5.8 20 3:J 14.5 113. 1 28.4 10.2 3.8 84.4 36.3 102 42 29 8. 40 0.635 4. 77 5.95 2.88 
13 6.5 5.6 20 3:0 14.5 106.4 8.9 12.3 2.6 107 36 17 9.67 0.962 7.04 1. 69 
14 6.5 5.7 19 3:5 14.3 112.4 8.8 10.2 1.9 76.4 25.0 48.5 37.5 110 43 LS 10.44 0.837 5. 18 I . I 09 6. 75 1. 51 
15 6.4 5.6 22 305 14.8 3,4 114.0 16.1 10.1 2.1 80.3 27.1 132 58 5 9.56 0. 781 5. 19 7.22 0. 49 
16 6.5 5. 7 22 300 15.0 135.6 29.2 7.2 2. 2 83.0 28.0 133 60 [1 10.21 0. 480 5.28 7.01 1. 06 
17 6.9 6.1 19 31)5 14.8 136.5 36.0 10.2 2.2 91.0 38.0 144 64 8 9.81 0.781 5. 17 7.81 0.78 
18 6.8 5.9 19 310 14.5 133.6 29.3· 14.3 1.8 98.5 24.2 75.6 57.7 142 . 48 25 10.35 1.240 7.35 1. 776 9.32 2.48 
19 6.8 5.9 19 3()0 15.0 160.0 41.2 4.5 1.1 82.1 29.1 123 49 16 11.40 0.326 5.09 7. 10 1. 54 
20 6.9 6.3 19 3•}0 15.0 72.2 1.29 5.3 1.0 36.0 8.25 55 15 IS 6.81 0.413 2.66 3.84 1. 44 

aReactor 'I0·1ume ( 4. 5 x 103 cm3). 

b~laximum phenol rate = 11.40 :~g;day.m3 , 
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Fig. 4.5. Coal hydrocarbonization aqueous waste treatment in a 
tapered fluidized-bed bioreactor. 
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3 . 
and at 725 em /min the retention time is 86.28 min (1.44 hr). The 

clarifier has been successful at removing up to 95% of the biomass 

entering at low flow rates (300 cm
3

/min) and up to 90% at high flow 

rates (725 cm3/min). Turbidity of the bioprocess effluent was greatly 

reduced and approached that of tap water (abs
550 

nm 0.005 vs 0.000 for 

water, while column effluent was 0.025-0.075 vs 0.000). 

The TFBBR used to treat the aqueous waste from the coal hydrocarboni

zation facility has been kept in operation using synthetic feeds. A 

series of tes-ts has been performed to help determine the chat"acteristics 

of the bacterial growth on the coal surf~c.e, The tests have all used 

a feed stream made by combining .a concentrated (12,00o-20,000 ~g/cm3 ) 
phenol stream with a process water stream in various proportions to 

achieve the desired reactor inlet concentration. The concentrated phenol 

feed was prepared as shown in Table 4.11. 

Table 4.11. Concentrated synthetic phenol feed for TFBBR tests 

Component 

Phenol 

Thiocyanate 

Ammonium nitrate 

Ammonium sulfate 

Trace metal R 

Antifoam 

Phosphoric acid 

Glucose 

pH (NAOH) 

Concentration 
(~g/cm3) 

12,000 - 20,000 

5,975 

18,000 

30,000 

1,000 

3,000 

2,472 

3,000 

7.J 

Concentration after dilution 
(~g/c.nr1 ) 

27 

10 

(Nitrate) 60 

(Ammonia) 20 

8 

GGO 

180 

1000 

700 

100 

8 - 100 

(Phosphate) 7 -·as 
8 - 100 

7.0-7.5 

Several different methods were tried to control the biomass inven

tory on the coal in the reactor. These included: periodically passing 

all coal particles in the reactor through a centrifugal pump followed 

by a venturi to remove a majority of the biomass; periodically removing 
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a portion of the bed coated with biomass, cleaning with caustic, and 

returning coal particles to the bed; and letting the particles with 

excess biomass float overhead and be removed by sedimentation in the 

reactor catch tank or the clarifier. The first method results in a 

uniform bed for a short period of time, but during the cleaning in the 

pump and venturi, s.ome of the cells are ruptured,resulting in a very 

sticky gluelike material that starts to clog up the reactor by sticking 

to walls and other reactor internals. This provides a very good surface 

for biomass growth, which must be removed by shutting down the reactor 

and cleaning. 

The second method -periodic removal of coated coal with addition 

of fresh coal - appears to be the best long-term method of maintaining 

control over the biomass inventory in the reactor. In several experi

ments, after a stable biomass population was reached (1-5 days after 

seeding), an amount of coated coal (200-1000 cm3 settled volume) was 

removed daily and replaced with a volume of fresh coal one-third that of 

the removed volume. In this manner the number of particles with very 

large amounts of biomass - 2 to 5 mm in diameter compared with clean 

coal of 0.2 to 0.4 mm in diameter- was kept to a minimum. 

The third method - letting the large biomass-coated particles go 

overhead -was very unsuccessful. In ab.out 7 to 10 ·days, depending on 

the degradation rates, the reaction zone contained very little biomass 

because 95% had gone overhead. The addition of fresh coal each day to 

prevent the loss of all biomass was not a good remedy, because the large 

coated particles going overhead eventually plugged up lines and other 

parts of the reactor system, including the clarifier. The sloughing 

of the attached biomass was not evident at even the maximum liquid and 

gas flow rates to the reactor. Table 4.12 gives some general results 

for the biomass loading studies conducted to date. The table shows 

that at the beginning of the experiment, total settled volume of the coal 

changes very little as bacteria begin to grow; but the change in volume 

becomes very rapid, starting about five days after seeding. The settled 

bed volume can easily double in one day, even tho~gh.a portion is removed, 



rabb .4.12. Bi•Jmass loading and concrol in a TFBBR treatir.g phenol 

0:2.54- to 7.62-cm 4500-c:n 
3 volume reaction zone) taper, 

Settled Settled \Vet density Settled volume 
Days Liquid Pheno: degrada- voLme of volume of of biomass Dr:r· C.ens:iity Volume of of clean coal 
after flow rate tion rate re3.c-:or removed coal coal of bicma~s added coal removed 

seeding (cm3/min:• (kg,'day·113) ( :m.3·) (cm3) (g/cm3) Gg:cm3J (cm3) (cm3) 

3 soo 122) 
4 600 6.76 124) 
s 61S :3.46 12S5 
6 610 l38:J 
7 610 3.02 1610 
8 620 3.57 1710 1000 0.816 250 700 
9 600 3.09 1085 

10 625 8.27 1153 860 0. 723 750 560 
11 620 8.S~ 1270 445 0.800 I). •)814 sao 230 t-' 

00 
14 630 8.6~ 5060 880 0. 509 0. L83 650 0 

IS 615 9.3:: :400 800 . 0.379 •). E7S 320 
16 630 lO.M :521 1000 0.178 •). )111 500 190 
17 615 9. 3] ~320 540 0.482 ).)774 60 75 
18 620 9.76 ~-OSG 730 0.269 .. J. 246 600 

3 725 7CC 
4 725 5.2l 7CrE 
5 720 6.60 76~ 

6 725 6.60 88~-
7 730 6.55 :028 485 0.750 0.090 300 385 
8 720 :335 500 0.850 0.150 300 460 
9 730 2557 500 0.493 0.053 300 425 

10 720 5.75 S3:'5 650 0.138 O.o0143 200 180 
11 740 6. ~6 S260 850 0.007 (). •002 200 160 
12 725 5.0:2 1335 450 
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cleaned, and replaced. The largest particles often reach 1/2 em in 

diameter, and very few of this size particle are needed to fill the 

reactor. 

One test was conducted on a bed several days old and operating 

routinely at high efficiency. This involved a simulated power outage 

in which the oxygen flow and feed flow were shut down for three days. 

The bed was left in the reactor, and the temperature in the room was 

22°C. The column was left in this condition for three days, at which 

time feed flow and oxygen sparging were resumed. The reactor recovered 

from this shock condition within two days after restarting feed and 

oxygen, at which time the rates had returned to 85% of the rates before 

the shutdown. This test shows that the biomass, when attached to a 

solid support, can survive some severe shock conditions with no 

apparent irreversible effects. 

The facility in Building 2528 is a relatively small reactor, but 

still has a capacity much greater than the available wastewater produced 

by the coal hydrocarbonization facility. During periods bf time when 

no wastewater from the coal fac~lity is available, commercial phenol 

synthetic feeds can be used to keep the reactor in operation. The 

reactor routinely can handle the synthetic feed at 30 to 60 ~g phenol 

per cm3 and discharge the waste at less than 50 ng/cm3 at phenol degra

dation.rates up to reactor volumes of 12 kg/m3·day. 

4.6 Bioreactor Component Studies 

A lar.ger-scale tapered fluidized bioreactor has been fabricated for 

testing and evaluation. The major areas of concern are: (1) taper 

angle and length, (2) hydraulic pressure drop and fluidization range as 

functions of the larger diameter and height, and (3) oxygen transfer 

scale-up data for three-phase aerobic operation. 

The test bioreactor was fabricated in 4-ft-long modular sections 

which can be interchanged. The materials of construction were mild steel 

with epoxy paint covering. The top section consists of 12- to 16-in.

diani tapered secti.ons 48 in. long with a 3-ft-long, 16-ft-diam top 
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disengaging section. The other sections are sized as follows and can be 

interchanged: (1) 8- to 12-in.-diam tapered section 48 in. long; (2) 

12-in.-diam cylindrical section 48 in. long; (3) 8-in.-diam cylindrical 

section 48 in. long (see Figs. 4.6 and 4.7). Each section was equipped 

with viewing windows and liquid and/or pressure-drop sample ports. Coal 

particles (-30 +60 mesh) can be loaded into the large bioreactor by 

using a water jet and water-slurried coal. 

4.6.1 Preliminary operation 

The large bioreactor fluidized very easily. Even at a high flow 

rate of 76 liters/min (3.9 em/sec bottom velocity), the fluidizing 

appeared to be even and stable throughout the unit. A small tapered 

fluidized-bed bioreactor 2.54 to 7.62 em in diameter by 100 em long, 

having about 1/100 the volume of the larger bioreactor, was also 

hydraulically tested. 

Figure 4.8 graphically presents (1) pressure drop (em H20), (2) void 

volume percent, and (3) liquid velocity at the top of the fluidized 

bed vs liquid velocity at the bioreactqr inlet (based on reactor bed 

area at the bottom) for two tapered fluidized-bed bioreactors. This is 

a nor.malized flow rate. Reactor A is 20.3 em in diameter at the bottom 

hy 40.6 em in diameter at the top, 366 em long, and 26,000 cm3 in volume. 

Reactor B is L. ~4 em in diameter ar. r.h~ bo Lluut uy 7. G2 Cili in diameter 

at the top, 100 em long, and 2600 cm3 in volume. Both reactors wer.e 

loaded with -30 +60 mesh coal. The coal-settled void volume was SO%. 

Both reactors were loaded with settled coal to about 20% of this operaLlug 

volume. Lines Al and Bl show the velocity of water at the top of the 

fluidized coal zone in the bioreactor. The larger bioreactor "A" velocity 

is a constant rvLO em/sec for void volume percentages (line A~2) greater 

than 83%. For void voh.nne percentages greater than 83%, the wall and 

intraparticle friction appears to. be ineffective; therefore, the particles 

fluidize freely at a constant velocity. The wall area-to-volume ratio 

is smaller in the larger reactor, therefore decreasing frictional drag 

forces at equal flow velocities. Since the smaller bioreactor "B" flow 

·rate or inlet velocity is never large enough to expand the bed to an 83% 
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ORNL-PHOTO 5341-76 

Fig. 4.7. Photograph of Bioreactor A (see legend of Fig. 4.8 for 
description of system). 
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void volume (line B-2), the velocity at the top of the fluidized bed 

is always increasing (line B-1) due to wall and particle friction 

forces. Lines A-3 and B-3 are the pressure-drag curves. The small 

bioreactor line(B-3) is straight; however, the pressure-drop curve for 

the larger bioreactor (A-3) has deflection at or near the inlet velocity 

corresponding to the 83% void volume, the starting point of the constant 

velocity at the top of the fluidized-particle bed. 
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5. BIOPROCESS DEVELOPMENT AND DEMONSTRATION 

W. W. Pitt, Jr. 

The bioprocess development and demonstration section of this report 

gives the experimental details, results, and conclusions for the ANFLOW 

and biological denitrification programs. The ANFLOW pilot plant is 

operating at a flow rate of 4000 g/day. The off-gas rate is 94 liters/day 

at 70% methane. The reduction of BODS is from 160 mg/liter to 60 mg/liter . 

The 4-in.-diam x 16-ft-high semitapered fluidized-bed denitrification 

bioreactor feed of 200 ppm N0
3 

has attained nitrate removal rates of up 

to 10 g N(N03)/day/liter. 

5.1 ANFLOW Demonstration Pilot Plant 

5.1.1 Sunnnary 

The ANFLOW Demonstration Pilot Plant continued to operate throughout 

the reporting period at feed rates of 4.0 m3/day (1100 gal/day), 7.5 m3 /day 

(2000 gal/day), and finally 15.1 m3/day (4000 gal/day). Performance 

steadily improved, with off-gas rising from 6.0 to as high as 93.8 

standard liters/day, and methane content rising from 12% to 72%. Biochemical 

oxygen demand removal averaged 50%, and total organic carbon removal 

averaged 70%. 

The bench-scale ANFLOW column, started in February from laboratory

pro<.lut.:I:!J inoculum, operated througho1Jt thP. reporting period at feed 

rates of 86.4 to 108.0 liters/day of domestic sewage. Maximum gas output 

was 7.0 standard liters/day. Results compared closely with those from 

the pllot plant except in off-gas volume, in which the bench-scale column 

did much better. 

The ANFLOW parametric metals inhibition test was started up in early 

September. Phase 1 of the test will consist of a factorial experiment 

using nine combinations of three feed rates and three feed concentrations 

to determine optimum start-up parameters. This test was based on 

mathematical models previously reported for anaerobic packed beds. 
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Other activities included a preliminary cost estimate on a 1 million

gal/day ANFLOW treatment plant and a comparison with other conventional 

plants. The estimate showed that ANFLOW could cost 45% less than 

activated sludge for capital items and consume only 10% as much electrical 

power. Also, a computer program was developed for systematic storage, 

retrieval, and manipulatjon of all ANFLOW data. 

5.1.2 Pilot plant operations 

The ANFT.OW Demonctration riluL Plant was operated continuously, with 

a downtime of les::; Lhan 57. from April to September 1977. SevP.r'::~l major 

modification::> wer.e made ~n the physical facilities and operating 

procedures. The performance of the pilot plant showed marked improvement 

throughout the spring and summer months, primarily because of these 

modifications, the higher ambient temperature, and the higher biochemical 

oxygen demand (BOD) of the feed sewage. 

Operation and maintenance. The pilot plant operated at the originAl 

feed rate of 4.0 m3/day (1100 gal/day) until April 27, when the rate 

was raised to 7.5 m
3

/day (2000 gal/day). On September 20 the rate was 
1 

again r.alsed to 15.1 m"/day (4000 gal/day). 

Problems with liquid and gas flow persisted until mid-July. During 

late April, several changes were undertaken. The 1.7-m (66-in.) top 

flange on the column was removed for a short time and mociified to fill 

up some of the dead gas space in the column. A Styrofoam plug 1.4 m 

(56 in.) in diameter and 0.4 m (ln in.) high was dllached t:o the under

!:lldc of the tlange and covered with fiberglass (see Fig. 5.1). The 

flange wa::; n:~sealed with a new 6.3-mm (1/4-in.) neoprene gaRkPt and RTV 

silicone rubber, and all flange boltR were torqued evenly tu 13.6 N-m 

(10 ft-lbf). The internnl eas volume of the colwnn was thus reduced 

from 0.83 m
3 

(29.4 ft
3

) to 0.19 m
3 

(6.7 ft 3). 

On April 14 a new U-tube trap was installed on the liquid effluent 

line near the column overflow trough. This was meant to keep 10 to 15 em 

of liquid in the trough at all times, eliminating the cyclic "gurgling" 
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Fig. 5.1. ANFLO'\tl column ::op f=..an2e with added styrofoa:n. 
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effect at the trough drain hole. The gurgling had caused problems by 

withdrawing entrained off-gas and causing flow measurement upsets. 

In mid-June, further problems developed with the effluent line. 

Several clogs caused the column to fill with liquid, which also filled 

the off-gas measurement and sample lines. On June 20 the 25-mm effluent 

line was removed entirely and replaced with 75-mm-diam PVC pipe, which 

minimized effluent flow fluctuations. 

The remote weir box installed last January proved to give poor feed 

flow control. On June 29 a Foxhorn maenetic flow tube was .i.u::; Lalled in 

the feed line directly downstream of thP flow control valve. Afler 

oomc initldl ~ruulems, the tlow tube was made operational on July 11 

and has controlled the feed rate since. The flow tube was disturbed 

at first by particulates and bubbles, but a high proportional band and 

small integral time on the controller settings damped out the transient 

disturbances and provided satisfactory control. 

After the top flange was replaced and sealed on April 22, off-gas 

production increased, but not to the magnitude expected. On July 19, 

gas leak testing was performed by bleeding helium into the gas headspace 

and going over the column with a helium leak detector. SPveral lcako 

were detected, most notably around the outlet trough view plAtP and the 

off-ga~ pipelinP. The view plate was resealeu with RTV silicone rubber. 

Insulation was stripped from part of the off-eas liue, and it was found 

that the electric heat tracing had partially melted through the wall of 

the PVC pipe. Presumably, either the heat tracing had completely me]t.P.n 

through the pipe at some point, or the pipe had cracked dur·lng the 

temporary pipe freezeup last January. 

In any case, to eliminate the off-e;As line from eonsideratiuu a::; a 

leak spot, the line was removed and the gas outlet was covered with a 

blind flange. The wet-test meter was reconnected to an auxiliary gas 

port via rubber tubing, and the gas output jumped sharply upward immediately. 

Replacement of the temporary gas line with a new stainless steel pipe 

has been scheduled. 
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Finally, several minor items deserve mentioning. An anionic poly

electrolyte, Nalco 8172, was added to the feed stream beginning April 29, 

in concentrations of 1 to 5 mg/liter. The polyelectrolyte was intended 

to aid retention of bacteria on the column packing and clarification of 

the effluent. However, the polyelectrolyte had no apparent effect, and 

its use was discontinued on August 11. During the week of July 10 to 

16, 0.2 m
3 

(55 gal) of digester ~ludge from the Third Creek Treatment 

Plant in Knoxville and 0.15 m
3 

(40 gal) of cattle rumen were pumped into 

the cotumn to fortify the population of methanogens. A new air compressor 

with twice the capacity of the former unit (0.4 m3/min compared with 

0.2 m3/min) was installed in early April and has provided excellent 

service since. On April 15,a differential pressure cell and recorder 

were installed to-record the pressure in the column headspace. 

Computer program development. As the amount of data from the ANFLOW 

pilot-plant pr.ogram increased, it became necessary to systematize the 

storage and manipulation of the numbers. T. H. Dunagin, of ORGDP Computer 

Services, and D. L. Million developed a FORTRAN program for implementation 

on a PDP-11/40 computer, which made possible easy storage, re,call, and 

manipulation of ANFLOW data. 

All programs and data files are stored on disk packs dedicated 

solely to ANFLOW. The programs are constructed so that technicians 

unfamiliar with computers may still run the programs and enter the data 

correctly with a minimum of training. Routines have been developed which 

compute dat.:~ ;=l'vP.rages· over time periods selected by the user, and which 

type data tables for use in reports. 

Results and discussion. Table 5.1 lists averages of liquid compo

sition imd flow-rate data. Total organic carbon (TOC), five-day bio

chemical oxygen demand (BOD
5
), total suspended solids (TSS), volatile 

suspended solids (VSS), pH, and temperatures are li~ted for feed and 
.. 

effluent samples. TOC and BOD 5 reaction rates are .derived by calculating 

the total reduction in TOC or BOD:5 for the daily volume of feed, per unit 

volume of reactor. No reasonable gas flow-rate data were collected until 

the resealing of the column top flange on April 22. 



Table 5.1. Summary of ANFLOW pilot-plant date, week:y 
averages from Apr::.l 1, 1977, to September 30, 197~ 

F.:ed Effluent Reaction Rates Flow Rates 
roc BOOS TSS vss Temp TOC BOOS TSS vss Temp TOC ~ate BOD ~ate F~ed Off gas 

Averaging Periods rr.s/1 ms/1 ms/1 ms/1 pH ds.C ms/1 ms/1 ms/1 ms/1 pH ds.C ks/m ·d ks/m ·d m /d stdl/d 

4/ 1/77 to 4/ 9/77 57- . 36 42 19 7.2 . 14.0 41 21 12 0 7 .o 23.5 0.0115 0.0108 4.0 
4/10/77 t:> 4/16/77 46 89 92 75 7.5 14.9 30 25 27 24 ;:o 23.3 0.0119 0.0457 4.0 
4/17/77 t:J 4/23/77 69. 129 D9 127 7.7 16.5 36 65 37 34 6.8 25-.9a 0.0237 0.0464 4.0 2.8b 
4/24/77 tJ 4/30/77 111 128 131 118 '7 .6 16.9 41 53 31 24 6.9 .21.3 0.0763 0.0809 6.oc 7.0 
5/ 1/77 to 5/ 7/77 n 120 190 171 7.4 17.6 46 51 48 38 E.8 17.9 0.0688 0.0931 7.5 8.7 
5/ 8/77 to 5/14/77 108 183 234 205 7.4 18.2 49 18 36 34 6.9 18.6 0.0796 0.2226 7.5 11.9 
5/15/77 to 5/21/77 BS 170 1:72 150 7.4d 19.3 66 120 52 44 6.9 1·9.8 0.0937 0.0668 7.5 11.0 
5/22/77 to 5/28/77 125 191 250 242 . 7.6e 20.1 59 85 51 44 6.9 20.5 0.0890 0.1430 7.5 22.6 
5/29/77 to 6/ 4/77 65 72 60 55 7.4 21.1 48 49 40 39 7.2 21.6 0.0229 0.0310 7.5 51.7 
6/ 5/77 to 6/11/77 . 99 78 150 132 7.2 20.9 33 30 45 41 6.8 21.5 0.0881 0.0647 7.5 3.1 
6/12/77 .tc> 6/18/77 !H 135 108 105 6.9 21.3 50 70 42 38 6.7 21.7 0.0553 0.0877 7.5 15.5 
6/19/77 to 6/25/77 43 105 . 102 89 7.3 21.4 36 56 27 24 6.8 22.0 0.0101 0.0668 7.5 2.2 
6/26/77 to 7 I 2/77 86 135 1(16 92 7.4 10.9 .S6 48 23 20 6.8 22 1 0.0398 0.1174 7.5 7.3 i-' 

7/ 3/77 to 7/ 9/77 :'0 108 ll.2 118 7.3 22.3 35 30 20 17 6.8 .~2. 7 0.0465 0.1052 7.5 17.0 
·..o 
N 

7/10/77 to 7/16/77 . 85 189 15.3- 172 7.1 23.2 30 137 33 30 6.8 ~4.0 0.0742 0.0701 7.5 5.3 
7/17/77 tc 7/23/77 ll.4 253 ISO 165 7.2 23.6 64 137 34 31 6.8 ·!4.1 0.1086 0.1565 7.5 3.5 
7/24/77 tc 7/30/77 1~·8 190 E9 123 7.1 23.7 32 119 26 23 6.8 :!4.3 0.1421 0.0951 7.5 124.2 f 
7/31/77 to 8/ 6/77 1C3 197 179 156 7.0 24.2 35 98 33 29 6.'! 24.4 0.0908 0.1325 7.5 101.1 
8/ 7/77 to 8/13/77 93 141 161 142 6.9 ~4.6 49 103 29 27 6.6' 25.0 0.0590 0.0516 7.5 88.4 
8/14/77 to 8/20/77 7-4 188 142 120 6.9 24.4 21 94 25 23 6.6 24.8 0.0715 0.1275 7.5 121.3 

8/17/77 Alum settled effluent& 9 15 19 10 
8/21/77 to• 8/27/77 91 195 166 145 6.8 ::5.0 21 98 26 25 6.1. ~4 .. 8 0.0944 0.1315 7.5 99.7 
8/28/77 to 9/ 3/77 9'2 178 193 164 1.0 ::5.0 22 57 23 21 6.7 ~5.3 0.0941 0.1644 7.5 75.4 
9/ 4/77 to 9/10/77 8,7 162 137 117 7.2 24.9 20 54 27 25 6.a 24.9 0~0897 0.1457 7.5 115.2 
9/11/77 to 9/17/77 142 348 465 386 7.3 23.8 54 107 119 104 6.8 23.9 0.1195 0.3258 7.5 85.2 
9/18/77 to 9/24/77 8!i 96 7~ 65 .6.9 23.1 19 69 18 18 6 .·:) 23.1 0.1496 0.0619 12.9 . 46.4 
9/25/77 to 9/30/71 4~ 76 sa 76 7.2 22.5 20 37 19 18 7 .o 'Z2. 7 0.0638 0.1059 15.1 59 .5. 

aFeed 01armer turned cff, 4"/22/77. eHigh pH to 10.4, 5/24i77-5t25/77. 

b Top flange resealed~ 4/22/77. fGas leaks discovered ~nd fixed, 7/17/77. 

c 3 Feed rate changed. to 7. 5 :n I d, 4127/77. gEffluent flocculated ~ith ~1 gm/1 alum and 

d 
settled for 2 hours. 

All p·.Jlse to 1. 8~ 5/21/77. 

.. 
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Table 5.2 lists monthly averages of gas production da~a and off

gas compositions. The percent of methane in the gas began increasing 

soon after the flange resealing operation in April. The amount of gas 

measured ~ncreased sharply after the leaky gas line was removed.in July. 

The remaining air in the column is probably derived from dissolved air 

in the liquid, since it resists all attempts to be reduced further. 

Table 5.2. Off-gas production and composition for 
ANFLOW pilot plant, monthly averages 

Gas Percent by volume 
Month (std. liters/day) CH4 

co . 
2 Air 

April 1977 6.0 12.1 1.6 86.3 

May 1977 16.0 15.4 2.9 81.7 

June 1977 14 .. 8 35.5 3.8 60.7 

July 1977 40.3 68.9 3.7 27.4 

August 1977 93.8 72.3 4.1 23.6 

September 1977 79.3 65.3 4.4 30.3 

The percent of TOC, BOD5 , TSS, and VSS consumed in the ANFLOW·pilot

plant columnis listed in Table 5.3 for each week. TOC removal increased 

from 50% and below to over 70%. Performance decreased in the latter half 

of September because of the upsetting effects of doubling the liquid 

flow rate. Removal of BOD was more erratic, but maintained a general 

level of 50%. Solids removal, both TSS and VSS, reached and maintained 

a level of over 80%, except forlate September, again because of the 

flow-rate upset. 

In August it became of interest to determine how the pilot-plant 

~ffluent cpuld be further improved by secondary treatment, that is, 

clarification possibly coupled with flocculation. It became apparent 

that simple settling would not work because of the fineness of the 

suspended matter in the effluent. A rough flocculation test was done 
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Table' 5.3. Percent reduction in pollutants resulting from 
ANFLOW processing, April 1, 1977, to September 30, 1977 

Averaging Periods TOC BODs TSS vss 

4/ 1/77 to 4/ 9/77 28.1 41.7 70.2 100.0 
4/10/77 to 4/16/77 35.9 71.8 70.8 68.0 
4/17/77 to 4/23/77 47.6 50.0 66.2 73.1 
4/24/77 to 4/30/77 63.5 58.8 76.2 80.0 
5/ 1/77 to 5/ 7/77 52.6 57.5 75.0 78.0 
5/ 8/77 to 5/14//i 54.5 90.2 84.6 83.7 
5/15/77 to 5/21/77 51/4 Z9.2 69.9 7n. 5 
':J/22177 to 5/28/77 52.9 ')') .li 79.8 ~U.8 

5/29/77 to 6/ 4/77 26.2 31.9 33.3 29.1 
6/ 5/77 to 6/11/77 66.2 61.5 70.4 68.7 
6/12/77 to 6/18/77 45.3 48.1 61.4 63.6 
6/19/77 to 6/25/77 17.4 47.1 73.7 72.8 
6/26/77 to 7 I 2/77 34.5 64.4 78.6 78.0 
7/ 3/77 to 7/ 9/77 49.6 72.2 86.3 85.8 
7/10/77 to. 7/16/77 64.7 27.5 82.8 82.6 
7/17/77 to 7/23/77 55.9 45.9 82.0 81.1 
7/24/77 to 7/30/77 76.5 37.2 81.4 81.1 
7/31/77 to 8/ 6/77 65.6 50.0 81.7 81.1 
8/ 7/77 to 8/13/77 47.3 27.1 82.1 81.3 
8/14/77 to 8/20/77 71.9 50.2 82.1 80.8 
8/'1.1/ II to 'd/'1.1/77 76.7 50.0 84.1 83.1 
8/28/77 to 9/ 3/77 76.0 68.3 88.0 87.3 
9/ 4/77 tn 9/10/77 76.7 66.7 80.0 78.8 
7/11/77 to 9/17/77 62.3 . 69.4 74.4 72.9 
9/18/77 to 9/24/77 76.9 27.7 75.6 71.7 
9/25/77 to 9/30/77 54.0 51.5 78.2 76.6 
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by adding approximately 1 g of alum (aluminum sulfate dodecahydrate) to 

a liter of effluent, gently stirring, and then settling for 2 hr. The 

result, compared with the unflocculated effluent, is seen in Fig. S.2. 

The standard analyses were done on the settled effluent; the results 

(see Table S.l) are 9 mg/liter TOC, lS mg/liter BODs, 19 mg/liter TSS, 

and 10 mg/liter VSS. These values are well under EPA discharge limits. 

A more rigorous series of flocculation tests, including jar stirring 

tests and weekly analysis, is scheduled to begin in October. 

Studies of TOC, BOD, etc., based on time have to this point provided 

little useful information because of the extremely erratic quality of the 

raw sewage used as the column feed. The reaction rates from Table S.l, 

plotted as functions of concentration, do, however, display definite 

trends. Figure S.3 shows a plot of TOC reaction rate as a function of 

feed TOC concentration, and Fig. S.4 is a similar plot for BODs· 

Linear regression analysis was done on each set of points on both 

plots. The calculated intercepts, slopes, and correlation coefficients 

are in the figures. It is apparent that the feed rate increase improved 

reaction rate performance considerably. The feed rate increased by a 

factor of 1.87S, but the slope of the TOC line (analogous to a first-order 

reaction rate constant) increased by a factor of 1.996, and the slope 

of the BODs line increased by a factor of 2.261. 

S.l.3 Supporting research 

The ANFLOW supporting research program consisted of two parts. The 

first was the cont·inuing operation of the bench-scale ANFLOW column, 

which was started up in February 1977. The second was the start-up of 

the ANFLOW parametric metals inhibition test (APMIT), consisting of 

nine bench-scale columns operating at unique feed rate-feed concentration 

combinations. 

Bench-scale column. The bench-scale column was started up in 

February 1977. Its purpose was to see whetqer an ANFLOW column could be 

started up without using the usual bovine rumen and digester sludge 

starting material, and to compare laboratory performance with pilot-plant 
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Fig. 5.2~ Comparison of ANFLOW effluent with flocculated, settled 
effluent. 
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Fig. 5.3. TOC removal rate as a function of concentration. 
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performance. The column was started up by inoculating with liquid 

drained from a previously operating ANFLOW column. It started up with 

little difficulty and continued to run through September. The column 

feed was raw sewage obtained from the pilot-plant site in Oak Ridge. 

Table 5.4 lists weekly averages of some data and results from 

April 1, 1977, to September 30, 1977. Not shoWn in Table 5.4 are the 

temperatures and pH's, since feed and etfluent temperatures deviated 

only slightly from 25°C, and the pH remained near 7.0 in both streams. 

The off-gas methane was 17% in April and had risen to 68% by August. 

It is clear that the column improved steadily, especially in the 

areas of gas production and reaction rate. The TOC and BOD_s reaction 

rate data are plotted as functions of concentration in Fig. 5.5 for 

the feed rate of 86.4 liters/day, along with least-squares-fit straight 

lines. 

Results for the pilot plant and the bench-scale column are compared 

in Table 5.5. The feed rates for the respective .columns were .chosen to 

give matching residence times. Rate slopes are taken from Figs. 5.3, 

5.4, and 5.5. Off-gas and methane figures are averages from the last 

full month of ope~ation, at the chosen feed rate, for each respective 

column. It is apparent that the columns match very closely in all areas 

except gas production. The pilot-plant off-gas was lower because of 

lower feed concentrations, more erratic temperature and feed rate, and 

some remaining gas leaks in the column itself. 

APMIT start-up. The ANfLOW parametric metals inhibition test was 

begun in September 1977. The .purposes of the test are (1) to start up 

nine bench-scale columns under different feed rate and concentration 

conditions to determine optimum start-up parame.ters, .and (2) once all 

nine columns are running at steady state, to perform toxicity tests with 

various substances to determine ANFLOW's resistance to shock loadings of 

toxic wastes. The toxicity test.portion of the experiment will not be 

considered for several months, until part 1 has been completed. 



Table 5.4. Summary of ANFLOW bench-scale column data, weekly averag,e3 
from April 1, 1~77, to September 30, 1977 

R =-a c. tion rates Flow rates 
roc BODs :s~ vss TOC BOD TSS vss T'JC BOD Feed Off-gas 

(mg/li ter) (mg/liter 1 (cng."liiter) (mg/liter) · •:mstliter: (mg/liter) (mg/liter) (mg/liter) (k:;/nt3 ·day) (kg/m3·day) (liters I day) (liters/day) 

4/l/77-4/9/i7 104 80 •. 035·) 86.4 0.2 
4/10/77-4/16/77 130 113 a.C24S 86.4 0.8 
4/17/77-4/23/77 105 81 a.035oJ 86.4 0.5 
4/23/77-4/30/77 127 76 0.0743 86.4 0.5 

. 5/1/77-5/1/17 125 94 0.0452 86.4 0. 7 
5/8/77-5/14i77 101 76 0.0372 86.4 0.8 
5/15/77-5/21/77 126 96 0.0:.37 86.4 !".1 
5/22/77-5/2E./77 88 39 0.0"23 86.4 1.9 
5/29/77-f>/4/77 113 86 (•.0392 86.4 4.1 

N 6/5/ 77-f>/11/77 181 99 196 lE-O 103 79 68 59 C•.ll~6 0.0291 86.4 5.3 0 
6/12/77-f>/18/77 109 54 C•.03C1 86.4 4.4 0 
6/19 /77-f>/25/77 86.4 4.8 
6/26/7 7-7/2/77 86.4 3.6 
7/3/77-7/9/77 110 52 C·. 0.352 86.4 2.9 
7/10/77-7/16/7 J 170 ~26 54 144 ( .1.;90 0.~109 86.4 3.9 
7/17/77-7/23/71 425 263 181 145 ( . .3.;48 0.1712 86.4 2.1 
7/24/77-7/30/7/ 185 269 8~ 72 103 249 28 24 ( .1 .• 90 0.0284 86.4 3.4 
7/31/77-8/6/77 127 L66 :<OO 164 72 74 37 31 c .0~04 0.1344 86.4 5.3 
8/7/77-8/13/77 188 237 :<52 202 60 76 51 44 C.IH1 0. 2349 86.4 2.1 
8/14/77-f3/20/7i 139 ?.74 ]77 155 73 152 66 55 c. J~62 Q.l781 86.4 4.2 
8/21/77-8/27 /7i 235 D6 :<3& 203 75 120 39 34 c. 2'52 0.5437 102.0 5.2 
8/28/77-'J/ 3/77 .193 347 :<a 181 71 103 47 40 c. 2:316 0.4438 108.0 5.8 
9/4/77-'J/10/77 394 469 .274 23L 131 231 99 89 c. 4'8.l 0.4323 108.0 6.0 
9/11/77-'J/17 tn 261 377 206- 16L 118 158 58 .49 c. 2J8li 0.3655 98.0 6.0 
9/18/77-'J/24/7 7 201 <73 223 190 83 85 22 19 c. 1:90 0.4220 6~.5. 4.6 
9/25/77-9130/71 82 L35 1-99• 105 57 94 56 36 c. J~ss 0.0751 108.0 7.0 

'· r 
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Fig. 5.5. TOC and BODs reaction rates as Junction of concentration 
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·Table 5.5. Comparison of results for ANFLOW pilot plant 
and ANFLOW bench-scale column 

Pilot plant Bench scale 

Feed rate 3 7.5 m /day 86.4 liters/day 

Reactur volume 5.56 3 59.3 liters m 

Residence time, days 0.74 0.69 

Monthly averages used August 1977 July 1977 

TOC rate slope 9.90 X 10-4 
9. 78 X 10-4 

BODs rate slope 8, 66 lC 10-11 
10.9 X 10-11 

Off-gas, liters(m 3 of reactor) /day 16.9 52.3 

Methane percent 72.3 67.9 

The start-up test was designed as a 3 x 3 factorial experiment, using 

nine bench-scale columns with the operating conditions shown in Table 5.6. 

The experimental design was based on calculations done with a mathematical 

model of an anaerobic packed-bed reactor. Feed concentrations in the 

model were based o·n chemical oxygen demand (COD). 

Taule .J,G. Ove1:aLlug var·auteLeu; fur· APHIT 
start-up phase 

Column Feed rate COD 
No. (liters/day) (mg/liter) 

1 86.4 100 

2 86 ,.4 350 

.1 Rn.4 nOO 

4 259.2 100 

5 259.2 350 

6 259.2 600 

7 518.4 100 

8 518.4 350 

9 518.4 600 

... 

... 

'-
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Calculations were performed using the mathematical model of the 

anaerobic fixed-film bioreactor developed by Young and McCarty. 1 The 

differential equations used to describe the conversion of the influent 

waste to methane are solved using finite-difference techniques. The 

algorithm used divides the packed bioreactor lengthwise into 75-mm 

(0.25-ft) sections. The influent stream is assumed to consist of acetic 

acid, propionic acid, and a complex waste. Starting with the inlet 

(bottom) of the rea~tor, the fraction of the complex waste converted 

to mi~robial mass, acetic acid, and propionic acid in the bottom section 

during a small time increment is first calculated. Since part of the 

propionic acid is first converted to acetic acid, this split is calculated, 

and the finite~difference expressions for conversion of the acetic and 

propionic acids are solved for the time increment used. This determines 

the amount of active microbial mass, complex waste, acetic acid, and 

propionic acid remaining at the end of the time increment in this 

section. The exit concentrations are thus determined by material 

balance from the first section. Since the exit concentrations from the 

first·section are inlet concentrations to the second section, this 

procedure is continued until the top of the column is reached. The total 

amount of methane produced during this time period is calculated, and 

the entire procedure is repeated· for the number of time incremen·ts to 

span the time period needed. The kinetic parameters were based on the 

research of Lawrence and McCarty
2 

to describe the kinetics of methane 

fermentation in anaerobic stirred-tank digesters. 

Parametric calculations were performed. for three feed strengths 

(100, 350, and 600 mg/li.ter COD) and three hydraulic flow rates 

(75, 150, and 225 liters/day) over a time period of 200 days. The 

total gas production and the amount of COD in the effluent stream were 

plotted as functions of time; In addition, the waste pr9file as a 

tunction of column height was plotted at the end of the 200-day period. 

Calculated results for a flow rate of 150 liters/day and a waste feed · 

strength of 350 mg/liter COD are presented in Fig~ 5.6. Calculated results 

for. all nine condttions are summarized in Table 5.7. The calculations 
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75 

150 
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205 

Table 5.7. Summary of calculated values 
after 150 days 

Waste Total gas Effluent 
strength produced strength 

(mg/li ter COD) (liters /day) (mg/liter COD) 

100 2 73 

350 19 18 

600 - 34 8 

100 3 76 

350 30 93 

600 47 195 

100 3 83 

350 22 221 

600 28 436 

Conversion 
efficiency 

(%) 

27 

97 

99 

24 

73 

68 

17 

37 

27 

indicate that slow microbial growth can be expected at a 100-mg/liter 

feed strength. Thus a slow start-up at this feed concentration should 

be expected. At the 600-mg/liter feed strength, overloading occurred and 

calculated performance was poor. 

Since the kinetic parameters used to make these calculations are not 

well known, these results should only be used as an indication of the 

expected results of the experiment under wAy. 

The nine columns were fabricated, loaded with packing, and installed 

during August. Figure 5.7 shows the columns mounted on their rack under 

a ventilation hood. Figure 5.8 is an end view of the arrangement, showing 

wet-test meters and feed pumps. 

A complex system of pumps was assembled to permit all the columns to 

be fed from one tank of feed concentrate (see Table 5.8 for the feed 

concentrate composition). Cole Parmer Masterflex peristaltic pumps were 

used, with small feed heads pumping into larger dilution heads to produce 

correct feed concentration. Figure 5.9 is a schematic of the pumping and 
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ORNL-PHOTO 2999-77 

Fig. 5.7. APMIT columns after installation. 
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ORNL-PHOTO 3002-77 

Fig. 5.8. APMIT columns showing wet-test meters. 
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Table 5.8. APMIT synthetic feed concentrate (kg) 

For 200 liters of concentrate 

Sodium acetate 

Mannilul 

Lactose 

Glycine 

Sorlittm hi c-. :=~rhonate 

Calcium chloride 

Magnesium sulfate 

Glacial acetic acid 

Propionic acid 

n-Butyric acid 

n-Valeric acid 

Disodium pho8phate 

Water to make 200 liters 

Concentration ~60,000 mg/liter TOG 

8 

8 

8 

8 

2 

2 

1.2 

4 

1.2 

1.2 

1.2 

R 
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flow arrangement. Pump No. 1 runs at 90 liters/day from each No. 18 

head, pump No. 2 at 260 liters/day, and pump No. 3 at 520 liters/day. 

Figure 5.10 is a closeup photograph of part of the pump system. 

In late August, each column was seeded with 1 liter of liquid 

drained from a previously operating ANFLOW column and filled 3/4 full 

with synthetic feed liquid at the correct concentration. After one week, 

another liter of inoculum was added to each column, and the columns were 

filled to the top with feed solution. On September 7, continuous feeding 

wa13 begun. 

Thm; fa.L, uu one column hao outotripped al nrhPrR in perfonnance. 

Feed concentrations in some columns have been erratic because ot clogged 

feed lines, which are being corrected. Visible microorganism growth has 

appeared in some of the columns, and small amounts of gas have been 

recorded. However, the test has been running for too short a time to 

have produced any meaningful results. 

5.1.4 Cost estimates 

In order to estimate cost effectiveness and comparative energy 

requirements of the ANFLOW process, comparative estimates have been made 

for a 1-MGD (3800-m3/day) treatment plant for municipal sewage with a 

225-mg/liter average dry-weather BOD. Tiu: ~~ process alternativeo were 

considered as shown in Fig. 5.11. Alternative 1, a conventional activated

sludge process, was selected as the standard to compare the aerobic 

fixed-film (trickling filter) processes and the anaerobic fixed-film 

(ANFLOW) process because it is the preferred proc~ss u::;.i.ng proven 

technology. As may be seen in Flg. 5.11, many of the correoponding 

process steps in the three processes are the same or are simply missing. 

ThesP. Rimilarities between the processes simplify a preliminary comparison 

of the cost and energy requirements because there is extensive experience 

with the conventional activated-sludge process which can be used to 

estimate most of the requirements of the other alternatives. 

Electrical energy requirements for conventional activated-sludge 

processes were reported by Smith
3 

and by Mills and Tchobanoglous
4 

for a 
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1-MGD treatment plant as presented in Table 5.9. Over 85% of the 

electrical energy requirements are consumed in supplying oxygen to the 

microorganisms and mixing the biological reactor. The electrical energy 
' 

requirements for the aerobic fixed-film bioreactor step were supplied by 

the Norton Company. Electrical energy requirements for the ANFLOW 

process step were estimated from the design parameters used in the 

5000-gpd (19-m3/day) pilot plant. No credit was made for fuel gas 

produced in the ANFLOW process. Comparative estimates of the electrical 

energy consumption for each of the process alternatives are summarized 

in Table 5.9. 

The preliminary cost estimate for the conventional activated-sludge 

alternative was prepared from recent sewage plant costs. The cost of 

the aerobic fixed-film reactor was supplied by the Norton Company. The 

preliminary estimate for the ANFLOW bioreactor was prepared by UCNC 

Construction Engineering. These costs are summarized in Table 5.9 . 

As may be seen from Table 5.9, the aerobic fixed-film alternative 

was estimated to cost 10% less than the activated-sludge process and to 

consume 35% less electricity. The ANFLOW process alternative was estimated 

to cost 45% less than the activated-sludge alternative and to consume 

only about 10% as much electricity. 

5.2 Biological Denitrification 

5.2.1 Summary 

Biological denitrification is task II of the "Removal and Segregation 

of Radioactive Nuclides from Liquid Waste Streams" program. The nuclear 

fuel cycle has many waste streams which contain biologically degradable 

nitrates. This section will report three phases in the development 

program: 

1. Supportive microbiological research, work performed by Environmental 

Sciences Division, ORNL; 

2. Process development studies, Chemical Technology Division; 

3. Process feasibility studies, work performed by Y-12 Development 

Division. 



Table 5.9. Preliminary cost comparison 

(plant capacity 1, MGD) 

Activated slucge Trickling filter ANFLOW 
Operation Cost ktlu:/ day Cost kWhriday Cost 

Control house + site prel?. $150,0CO EO $150,000 60 $100,000 
Preliminary treatment 60,0CO ]7 60,000 1? 60,000 
Primary sedimentation 400,0GO lil . 450,000 4::.. 
Aerator, pumps, and blowers 300,0CO 5EO 
Sludge handling 600,0CO 2::-o 600,000 230 
Biofilter 120;000a 240 900,000b 
Final clarifier 400,000 ::.1 400,000 31 
Disinfection 40,000 4 40,000 4 40,000 
Microscr.:en 4o,oooc 

Total $2,000,000 963 $1,820,000 623 $1,140, OOOI 

aOne Norton trickling filte:r 38-ft diameter x 22-ft packed bed. Media cost, $2.50/ft3 • 

bTwo ANFLOW units 50-ft diameter x 10-ft packed bed. Media cost, $.=..0/ft3. 

elf required . 

.. .· .. 

kWhr/day 

60 
17 

4 
24 

105 

N 
1-' 
~ 
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5.2.2 Applied microbiological research relative to factors influencing 
rates of biological denitrification (C. W. Francis, F. S. Brinkley, 
B. M. Ross, C. M. DeSha) 

Research was oriented toward solving possible problems in the bio

logical denitrification of various nitrate-containing waste streams 

associated with the nuclear industry, namely, evaluating the influence 

of radiation and the concentrations of sodium, calcium, nitrate, ammonium, 

and nickel on denitrification rates. 

Radiation effects. Low- and high-level radioactive wastes contain 

from 0.2 to 6.4 M concentration of nitrate. 5 ' 6 Removal of nitrates 

from such wastes will enhance the waste vitrification properties, reduce 

waste solids, and decrease nitrate stress-corrosion cracking of waste 

supernates stored in steel tanks. To test the influence of acute radiation 

on the efficiency of denitrifying microorganisms, 

denitrifying culture was exposed to the following 

10 ml of an actively 

radiation doses: 103 , 
4 5 6 10 , 10 , and 10 rads. After the accumulated dose from 60 a Co source 

(approximately 3 x 105 rads/hr), the 10-ml suspension of denitrifying 

microorganisms was mixed with 25 ml of a nitrate solution composed of 

0.016 ~ NH4No3 , 0.027 ~ NH40Ac, 1 ~ MgS04 , 0.32 ~ KH2Po4 , and 2 mg of 

Fe/liter as sodium ferric diethylenetriamine pentaacetate (Fe-DTPA). The 

solutions were purged with N2, and nitrate concentrations were monitored 

over time (Table 5.10). It appears from these data,that radiation doses 

greater than 105 rads will be required to decrease denitrification rates. 

A statistically significant (5% level) higher nitrate concentration on 

th~ fourth day in the 105-rad treatment indicates that denitrification may 

have been hindered; however, after seven days there was no statistical 

difference (5% level) among nitrate levels in the cultures receiving 105 

d d h 1 d 60c d. · Th ·f ra s an t e cu tures not expose to o ra 1at1on. us, 1 a mean 

lifetime of a denitrifying culture is taken to be 24 hr, a dose rate of 

103 rads/hr would be required to deliver 105 rads. These data indicate 

that radiation per se (as levels up to 103 rads/hr) will not inhibit 

denitrification rates; however, exposure to chronic radiation doses at 

these high levels will likely produce chemical effects such as the 

production of H2o
2 

and hydrolysis products that may inhibit denitrification 

more than any dir~ct effect of radiation. 
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Table 5.10. Influence of acute radiation on biological 
denitrification rates 

mg/liter of N03-N a First-ord~rb 
Radiation at intervals (days} of: rate constant 

(rads) 0 1 3 4 6 7 10 days-! r2 

0 166 Yh* 22* 15* 0.38 0.92 

103 166 142* 28* 20* 0.33 0.92 

104 166 155* 18* 10* 0.44 ·u.Y3 

105 166 146* .JJ 12* 0.38 0.98 

10
6 166 161 100 20 0.21 ·o.48 

Control 
c 230 232 235 

-~umbers in the same column with an asterisk are not significantly 
differ5nt at the 5% probability level. All treatments except 
the 10 -rad dose were repeated three times. 

b" -At h o . . . d NO N . /1. . . . . 1 y = ae , w ere r ~s est~mate 3- ~n mg ~ter, a ~s ~n~t~a 

N03-N concentration, A is 1st-order rate constant in days-1, and 
t is time in days. 

cNitrate solutions were similar_to other treatments except no denitri
fication microorganisms were added. 

Influence of nitrate concentration on denitrification rates. To 

operate a biological denitrification facility tnost effectively, one must 

be aware of the maximum and minimum nitrate substrate concentrations 

required for the engineering design. ln a single-stage continuous-

flow· stirred reactor, influent nitrate concentrations are not important, 

since the nitrate concentration in the reactor i~ usually kept low 

enough for discharge to the environment. However, in multiple-stage 

reactors and particularly in the case of columnar denitrification 

(stationary or fluidized beds), it is advantageous to use the maximum 

nitrate concentrations in the influent stream without inhibiting the 

biological denitrific~tion rate. Because most nitrate wastes in the 

nuclear industry are highly concentrated (often greater than 50,000 mg 

N03-N/liter), these waste streams require dilution before direct exposure 

'. 
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to denitrifying microorganisms. Thus, nitrate substrate levels that are 

toxic or inhibitory to biological denitrification should be avoided. 

·Earlier work using NH
4

No
3 

solutions in continuous -flow stirred reactors 

indicated that nitrate concentrations greater than 1700 mg No3-N/liter 

·inhibited denitrification rates. 6 

To test the influence of nitrate on denitrification, using Ca(N0
3

) 2 , 

six treatments in triplicate were made of varying nitrate concentrations 

(Table 5.11). Carbon was provided as calcium acetate and remained 

constant for each treatment (2080 mg C/liter). Phosphorus (10 mg P/liter 

as KH2Po
4
), magnesium (10 mg Mg/liter as MgS0

4
), and iron (2 mg Fe/liter 

as Fe-DTPA) were added as. nutrient amendments. An actively denitri

fying culture (103 ml from a continuous-flow· stirred reactor) was added, 

total volume brought to 250 ml, and each solution purged with N2 for 

· 30 sec. The nitrate and nitrite concentrations were monitored for the 

next six days (Table 5.11 and Fig. 5.12) to determine the respective 

denitrification rates. 

Total nitrate removal in treatment 1 (initial nitrate concentration, 

5030 mg N03-N/liter) was ?pproximately one-half that removed in the other 

treatments (Table 5.11). Thus, nitrate concentrations of 5000 mg 

N03-N/liter inhibited denitrification as compared with the nitrate concen

tration <5000 mg N03-N/liter. Rates at the lower nitrate concentrations 

appeared to be similar. 

To evaluate the effect of initial nitrate concentrations, zero-order 

rates were determined La~eu on the first two days ot the experiment. 

All coefficients of determination (r 2) were greater than 0.970 at 

initial nitrate concentrations <2280 mg N0 3-N/liter (Table 5.12). These 

rates were used with nitrate substrate concentrations after one day, 

namely, the average nitrate ·concentration over the first two days to 

determine any inhibition, using a conventional Lineweaver-Burk plot 

(Fig. 5.13). These data lnulcated t:hat inhibitionin denitrification 

occurred between substrate nitrate levels of 1700 and 2100 mg N03-N/liter 

and were very similar to those levels found to decrease denitrification 

rates in continuous ~low ·stirred reactors, using NH4No3 as a nitrate 
7' sourr.P.. 
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Table 5.11. Influence of nitrate concentration on 
denitrification ratesa 

mg N03-N/liter Nitrate 
at intervals (days} of: removed 

Treatment 0 1 2 3 6 (rng N03-N/liter) 

1 5030 5110 4830 4900 4630 400 
(110) (45) (100) (120) (170) 

2 2280 2180 2000 HlU 142.0 860 
(130) (50) (40) (20) (40) 

3 1900 1660 1450 1370 930 970 
(90) (40) (15) (40) (40) 

4 1150 920 710 600 280 870 
(40) (10) (15) (35) (30) 

5 950 690 500 360 110 840 
(40) (20) (15) (25) (5) 

6 720 450 270 155 <10 >710 
(25) (5) (10) (20) 

aThe number in parentheses is the standard deviation determin~d from 
three replicates of that treatment. 

•' 

.. 

.... 
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Fig. 5.12. First-order denitrification rates as influenced by 
nitrate concentration (y =·,ae-t, where y is estimated N03-N/liter, a is 
initial N03-N concentration, A is 1st-order rate constant in days-1, 
and tis time in days). 
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Table 5.12. Zero-order denitrification rates as a 
function of initial nitrate concentration 

Initial 
nitrate cone. Zero-order rate based on first 2 

(mg · N03-N/li ter) a -b 

5030 5090 100 

2280 2293 140 

1900 1895 225 

1150 1147 220 

950 938 225 

720 705 225 

'\iodel, y = a - b t, ~vhere t is time in days, 

r 2 = coefficient of determination. 
' 

days a 
r2 

0.481 

0.974 

0.999 

0.999 

0.992 

0.987. 
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R= DENITRIFICATION RATE (mQN03-NI.i/doyl 
S= SU8STRATE NITRATE CONCENTRATION AFTER 

(mgN03-N/.£l 

FOR S :S 1670 
SIR= 0.035 -t 4.42 x 10-3 S 
Rmox= 226 mgN03 -N/~/doy 

Ks= 7.9mgN03-N/i! 

r 2 = 0.999 

ORNL-DWG 77-2047RI 

2 ~~~~--~--~--L-~~~--~--~--L-~~~--~--~--~--~~--~--~~ 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 

x103 
SUBSTRATE NITRATE CONCENTRATION AFTER ONE DAY ( mgN03- N l..t l 

Fig. 5.13. Lineweaver-Burk plot at various nitrate substrate 
concentrations. 
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Influence of acetate as a carbon source on denitrification rates. 

Excessive levels of the carbon source, as well as the nitrate, might 

inhibit denitrification. A similar experiment was designed as described 

above to evaluate the influence of acetate levels on denitrification 

rate. Acetate levels ranged from 800 to ~3,000 mg C/liter, while 

initial nitrate levels were kept below 1000 mg N03-N/liter (Table 5.13). 

The rate of denitrification appears to be more sensitive to increasing 

levels of acetate than nitrate. For example, nitrate removal at 

6650 .mg C/liter of acetate was l'ess than one-half the removal rate at 

840 mg C/liter. Using the zero-order rates over the first two days 

(Table 5.14) and initial acetate concentrations in a Lineweaver-Burk 

plot, it is shown that acetate concentrations greater than 6500 mg C/liter 

are highly inhibitory (Fig. 5.14). The negative intercept (-3.89) of 

the linear regression between S/R and S (r2 = 0.985) implies ·that even 

at concentrations between 840 and 5390 mg C/liter, acetate inhibits 

rates of denitrification. Methanol at 3750 mg C/liter did not appear 

to inhibit denitrification; thus, these data indicate that if high

nitrate substances are desired, care should be taken with regard to 

quantity and type of carbon source selected. 

Biological denitrification of Ca(N03)2 as compared with NH4N03. 

The two major forms of nitrate in waste streams of the nuclear industry 

are Ca(N03) 2 and NH
4

No 3 • Ammonium nitrate is generated predominantly 

in uranium recovery operations which use the ammonium diuranate process. 

Calcium nitrate is often associated with the milling of uranium and 

other operations where limestone has been used to neutralize excess 

nitric acid wastes. 

The denitrification rates of nitrate supplied as these two forms 

[Ca(N03) 2 a~d NH4No3 ] were compared under identical conditions, using 

an initial concentration of 1200 mg N03-N/liter (Table 5.15). Carbon 

was supplied as the acetate salt of either calcium or ammonium (2320 mg 

C/liter) respectively. Phosphorus (10 mg Pfliter as KH2Po4), magnesium 

(10 mg Mg/liter as Mgso4), and iron (2 mg Fe/liter as Fe-DTPA) were 

added as nutrient amendments. 

• 
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Table 5.13. Nitrate loss at various levels of acetatea 

c mg of N03-N/liter Nitrate 
a_t intervals ~days) of: removed 

Treatment (mg/liter) 0 1 2 (mg N03-N/lite:r) 

1 13,100 733 682 704 29 
(18) (14) (16) 

2 6,650 641 575 £.17 224 
(23) (23) (14) 

3 5,360 690 561 385 305 
(12) (37) (13) 

4 3,400 643 472 328 315 
(77) (25) (27) 

5 2,780 626 445 293 333 
(6) (14) (16) 

6 2,130 735 436 269 466 
(31) (23) (14) 

7 840 750 414 217 533 
(88) (70) (41) 

-a Number in parentheses is standard deviation of three replicates 
of that treatment. 
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Table 5.14. Influence of acetate on 
denitrification rate 

c Zero-order modela 
Treatment (nig I liter) a -b r2 

1 13,100 721 14.5 0.321 

2 6,650 656 112 0.947 

3 5,360 698 153 0.992 

4 ::3,400 b3H 157 0.998 

5 2,780 621 166 0.997 

6 2,130 713 233 0.974 

7 840 727 266 0. 978 

aA A 

y = a - bt, where y is estimated nitrate 
concentration; a, initial nitrate concentration, 
mg N03-N/liter; b, the denitrification rate, 
mg N03-N/liter/day; t, the time in days. 
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Fig. 5.14. Lineweaver-Burk plot at various acetate substrate 
concentrations. 
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Table 5.15. Biological denitrification rates 
of Ca(N0

3
) 2 and NH4No

3
a 

Ca(N03)
2 

NH
4

No
3 

N03-N NO-N 2 pH NO-N 3 NO -N 2 

1200 0. 71 6.53 1200 1.59 
(50) (0. 30) (0. 09) (30) (0 .11) 

'870 0.76 6.55 1055 3.65 
(30) (0.19) (0.01)' (10) (0.12) 

u9o 2.63 6.69 850 3.80 
(55) (0. 68) (0. 04) (30) (0.35) 

. b 
Zero-order model 

a 1175 1210 

-b 255 175 

2 0.972 0.990 r 

pH 

8.49 
(0. 01) 

8.62 
(0.01) 

8.75 
(0.01) 

aNumber in parentheses is standard deviation of three replicates of 
that treatment:. 

by = A. - ht, where y is estimated nitrate concentration; a, initial 
nitrate concentration in mg N03-N/liter; b, the denitrification 
rate in mg N03-N/liter/day; t, the time in days. 

'• 
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The biological denitrification ra.te of nitrate supplied in the form 

of Ca(N03) 2 was approximately 1.5 times faste~ than that supplied as 

NH4No3 . Three factors might be responsible for the slower rate with 

NH4No3 , namely, excessive ammonium concentration '(maximum of 2000 NH4-N), 

higher ambient pH levels, and higher levels of soluble carbonate arid 

bicarbonate than in solutions made of calcium nitrate. With calcium 

nitrate, the calcium carbonate solubility product is exceeded on the 

biological conversion of acetate to co2 , which in turn keeps the pH less 

than 7.2. On the other hand, in the NH
4

No3 solutions, bicarbonate and 

carbonate accumulate, each of which could possibly be a competitive 

inhibitor. 

Influence of ammonium on rates of denitrification. Because denitri-

fication rates were faster using Ca(N0
3

) 2 rather than NH
4

No3 , the influence 

of ammonium on denitrification was investigated. Two ammonium salts, 

NH4Cl and (NH4) 2co3 , were used at four levels of NH4-N (1000, 2000, 3500, 

and 5000 mg NH4-N/liter) in nitrate solutions [1365 mg N03-N/liter as 

Ca(N03 ) 2]. The carbon source was calcium acetate (2320 mg C/liter). 

Phosphorus (10 mg P/liter as KH2Po4), magnesium (10 mg Mg/liter as Mgso4), 

and iron (2 mg Fe/liter as Fe-DTPA) were added as nutrient amendments. 

The solutions were seeded with an active culture of denitrifying micro

organisms, purged with N
2

, and monitored for.nitrate, nitrite, and pH 

the following four days. 

Using NH4Cl as the source of ammonium, the denitrification rates 

decreased on increasing levels of ammonium (Table 5 .16). Using (.NH
4

) 2co
3

, 

on the other hand, the relationship was not at all similar. For example, 

ammonium concentrations of 5000 mg NH4-N/liter decreased denitrification 

rates as compared with ammonium levels of 1000 and 2000 mg NH4-N/liter; 

howev~r, the highest rate was observed at 3500 mg NH,
1
-N/liter. Thus the 

data are not easy to interpret. 

A Dixon plot of the NH
4

Cl additions indicates the presence of a non

competitive inhibitor (Fig. 5.14); the slope of competitive inhibitor 

would likely be nearer to zero than that observed in Fig. 5.15, considering 

the excess of nitrate and carbon present. Thus, because of the absence 



Salt 

NH4Cl 

Table 5.~6. Influence of two ammonium salts on ::le:nitrificationa 

0.25 

1000 1365 

2000 1365 

3500 1365 

5000 1365 

1000 1365 

2000 1365 

3.500 1365 

5•)00 1365 

mg of NOrN/liter 
at intervals (days) of: 

1 2 3 

1220 
(65) 

1210 
(10) 

1230 
(15) 

1280 
(15) 

1155 
(20) 

1125 
(125) 

1060 
(50) 

:H20 
(20) 

850 
(15) 

860 
(40) 

1200 
(15) 

1270 
(30) 

960 
(40) 

960* 
(135) 

•765* 
(70) 

990 
(65) 

310 
(50) 

520 
(35) 

960 
(60) 

1070 
(20) 

575 
(60) 

6os* 
(130) 

405i< 
(75) 

790 
(90) 

4 

<5 

80 
(60) 

720. 
(100) 

900 
(30) 

270 
(50) 

355;'!· 
(145~ 

145f
(101: 

630 
(loo: 

Rateb 
-b 

mg N0
3
-N/liter/day) 

384 

345 

165 

121 

292 

267 

324 

188 

2 
r 

0.983 

0.989 

0.943 

0.925 

0.989 

0.991 

0.996 

0.982 

aNurnber in parenth:ses is s·:cndard deviction of three replicates of tha~ treatment, except where 
marked with an as~erisk (*D· The asterisk indicates that the treatmenc was repeated twice. 

bA A 
y = a - bt, where. y is estimated nitrate concentration; a, initial n~c~ate concentration in 
mg NOrN/Hter; b, tho: denitrification rate in mg N03-N/liter/da~; t, :he time in days. 

N 
N 
co 
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of inhibition with (NH4) 2co3 between NH4-N concentrations of 1000 and 

3500 mg/liter, it appears that the inhibitor in NH4Cl is the chloride 

ion rather than NH4 . Ammonium carbonate at 5000 mg NH4-N/liter appeared 

to inhibit denitrification, but the Dixon plot over the concentration 

range (1000 to 5000 mg NH4-N/liter) is not linear. Incidently, if the 

data for 3500 mg NH
4
-N/liter are removed from the data set, a very good 

linear relationship is observed (r2 = 0.994). 

Ammonia, rather than ammonium, may be the inhibitor. From pH values 

of the solutions (Table 5.17), anm10nia concentrations were calculat:ed. 

Tn the initial solutions the ammonia concentration (192 mg NH 3-N/liter) 

in the 5000-mg NH4-N/liter treatment was approximately eight times 

higher than the ammonia concentration (25 mg NH3-N/liter) in the 3500-mg 

NH4-N/liter treatment, indicating that initial NH
3
-N concentrations 

inhibited denitrification. However, if ammonia concentrations are calcu

lated over the duration of the experiment (four days), one notes that 

ammonia concentrations in the 3500-mg NH
4
-N/liter treatment exceeded the 

ammonia concentrations in the 5000-mg NH4-N/liter treatment at the end of 

the experiment (Fig. 5.16). Thus, any inhibitor effect of either ammonium 

or ammonia on denitrification cannot be clearly evaluated frum thes~ 

data. 

The presence of carbonate or bicarbonate in solurion may be re::;puu::;lble 

for the observed inhibition. Calcium carbonate was preciplLated in all 

treatments [Ca(N03) 2 + (NH
4

)
2
co

3
]; in the two lower treatment levels, 

calcium was in excess of carbonate, while in the higher t:reatment::; 

(3500 and 5000 mg NH
4
-N/liter) the carbonate was in excess of calcium. 

Influence of sodium on denitrification. Sodium concentrations in 

low- and high-level radioactive waste may be as high.as 12 ~. 5 ' 6 Transient 

exposure to sodium concentrarions as low as 0.1 M has been observed to 

either halt biological denitrification or drastically lower the denitri

fication rate. Denitrification will proceed at concentrations greater 

' rhan 0.1 M; however, time is required for population selection. Studies 

on evaluating the influence of sodium were divided into (1) an experiment 

designed to determine the time required for acclimation of an active 
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Salt 

NH4Cl 

(NH4)2C03 
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Table 5.17. Denitrification in presence of two 
ammonium salts - pH valuesa 

EH at intervals (days} of: 
NH4-N/liter mg 0.25 1 2 3 

1000 6.89 6.47 6.67 7.50 
(0. 07) (0. 02) (0.02)• (0.16) 

2000 7.04 6.48 6.63 6.95 
(0.16) (0 .01) (0 .01) (0.05)" 

2500 7.02 6.47 6.59 6.61 
(0. 02) (0.02) (0.01) (0.02) 

5000 7.04 6.47 6.66 6.61 
(0 .03) (0 .01) (0.14) (0.01) 

1000 6.73 6.50 6.75 7.73 
(0.02) (0.01) (0.01) (0. 21) 

* * 2000 6.74 6.90 7.59 8.39 
(0.05) (0.36) (0. 34) (0 .12) 

3500 * * 7.12 7. 77 8.49 8.68 
(0.04) (0. 09) (0.05) (0.04) 

5000 7.86 8.11 8.44 8.54 
(0.03) (0.01) (0.01) (0 .01) 

4 

8.37 
(0.02) 

8.08 
(0.10) 

6.80 
(0 .08) 

6.73 
(0.02) 

8.54 
(0.07) 

* 8. 71 
(0 .12) 

* 8.94 
(0. 26) 

8.63 
(0.01) 

aNumber in parentheses is standard deviation of three replicates of that 
treatment, except where marked with an asterisk (*) . An asterisk indicates 
that the treatment was repeated twice. 
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~enitrifying culture (population selection) to various levels of sodium 

(as NaCl) and their subsequent denitrification rates, (2) feasibility 

studies of biologically denitrifying a sodium-containing radioactive 

waste by selecting sodium-tolerant microorganisms from three different 

mixed cultures, and (3) an experiment on the effects of transient sodium 

perturbation of an active denitrifying reactor. 

AccLimation time requirements and denitrification rates for nitrate

NaCL soLutions. Duplicate solutions [226 mg N03-N/liter as NH4No3 and 

17 as Ca(N03) 2] varying in sodium concentrations (0, 0.25, 0.50, 0.75, 

1.0, 1.5, 2.0, and 2.5 ~as NaCl) were used to estimate those concentrations 

that are inhibitory to denitrification, acclimation time requirements, 

and denitrification rates of the surviving microbial populations. Carbon 

was supplied as NH
4

0Ac (790 mg C/liter). Phosphorus (10 mg P/liter as 

KH2Po4), magnesium (10 mg Mg/liter as Mgso4), calcium [25 mg Ca/liter as· 

Ca(N03) 2], and iron (2 mg Fe/liter as Fe-DTPA) were added as nutrient 

amendments. A sodium chloride concentration of 0.25 M did not require 

a detectable length of time for acclimation; however, the rate of deni

trification was approximately one-half the rate where no sodium chloride 

was added (Table 5.18 and Fig. 5.17). Increasing salt concentrations 

required increasing time for population selection, and the subsequent 

denitrification rates were considerably lower. 

Table 5.18. Influence of NaCl on denitrification rates 

Acclimation Denitrification 
Na period rate 

2 
(~) (days) (mg N03-N/liter/day) r 

0 0 248 

0.25 0 123 

0.50 4-6 i.d. a 

0.75 9 106 

1.00 f2 28 0.985 

1.50 20 9 0.989 

ainsufficient data to calculate a rate. 
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Biological denitrification of simulated radioactive waste. Sodium 

simulated radioactive waste was made using sodium nitrate and sodium 

hydroxide. The solution was neutralized with glacial acetic acid to pH 

5.6. The resulting solution was 4.5 M Na, 31,000 mg N03-N/liter, and 

81,200 mg C/liter. Phosphorus (10 mg P/liter as KH2Po4), magnesium 

(10 mg Mg/liter as Mgso
4
), and iron (2 mg Fe/liter as Fe-DTPA) were 

added as nutrient amendments. This simulated waste was added in 200-ml 

increments (after neutralizing to pH 7.5 with NaOH) to three denitri-

fying reactors. .Each reactor contained a mixed microbial culture from 

one of ·three sources: (1) a biological d,enitrifying reactor from Y-12, 

(2) a highly productive agricultural soil from the Midwest, and (3) an 

estuarine sediment from the coast of California. Denitrification rates 

were measured at sodium concentrations greater than 0.25 M (Tables 5.19, 

5.20, and 5.21, and Figs. 5.18, 5.19, and 5.20). Rates of denitrification 

were highly variable for each reactor. There does not appear to be a 

significant difference in denitrification rates among the reactors at 

sodium concentrations above 1.0 M (soil culture 122 ± 45, estuarine 

sediment culture 89 ±50, and Y-12 culture 52± 30 mg N03-N/liter/day). 

The highest denitrification rates were observed using the estuarine 

sediment culture at sodium concentrations of 0.50 and 0.68 M (the 

respective rates were 569 and 612 mg N03-N/liter/day). These rates are 

similar to the daily average denitrification rate (605 mg N03-N/liter/day) 

observed in Y-12's pilot plant during April 1974, but was one-fourth the 

maximum denitrification rate observed in their laboratory studies.4 Rates 

can likely be increased appreciably using a constant sodium concentration 

into a continuous-flow stirred reactor or a fluidized-bed tapered column. 

These reactors tend to be biologically more stable than batch stirred 

reactors. Possibly one of the reasons the denitrification rates were 

low is the accumulation of excessive amounts of acetate in the reactor 

over the 90 to 100 days the reactors were operated (2.6 g of acetate 

carbon were added for each gram of N03-N). Work is continuous, using 

a fluidized-bed tapered column innoculated with an estuarine microbial 

population to determine maximum denitrification rates at sodium concentrations 

up to 0.5 ~sodium. 
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Table 5.19. Denitrification using Y-12 denitrifyirtg 
microorganisms as seed culture 

Na 
b 

Zero-order model Time 
(days) (~) a -b r n 

o-10 

11-22 

23-:lb 

27-37 

38-45 

46-53 

54-59 

6o-67 

68-90 

91··-101 

7.53 
(0.22) 

7.50 
(U .15) 

I. 47 

7.54 
(0.16) 

8.21 
(0. 33) 

8.77 
(0.07) 

8.90 
(0.03) 

8.96 
(0.04) 

8.87 
(0.04) 

8.08 
. (0.03) 

0.54 

0.74 

n.AB 
0.86 

. 0.85 

0.94 

1.12 

0.97 

1.12 

1098 

928 

.598 

822 

886 

730 

513 

660 

694 

499 

90.7 

71.2 

94.1 

110 

112 

91.4 

72.1 

80.2 

26.4 

so.o 

0.945 7 

0.973 10 

1.000 2 

o. 989 5 

0.858 6 

0.979 5 

0.740 4 

0.838 4 

0.848 14 

0.547 7 

aThe number in parentheses under pH is the standard deviation 
among pH measurements. 

by ;;: a - bt, where. y is estimated nitrate concentration 
(mg N03;;: N/liter), a is the initial nitrate concentration, 
and b the denitrification rate (mg N03-N/liter/day). 
r2 coefficient of determination. 
n number ot nitrate determinations. 
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Table 5.20. Den{trification using soil microorganisms 
as seeding culture 

Time 
(days) 

(}-11 

12-19 

2(}-25 

25-32 

33--50 

51-59 

6(}-70 

71-85 

86-96 

8.60 
(0.81) 

9.29 
(0.03) 

9.23 
(0.07) 

9.27 
(0. 07) 

9.20 
(0.08) 

9.24 
(0. 06) 

9.24 
(0.05) 

9.21 
(0 .06) 

9.31 
(0.04) 

Na 
(~) 

0.47 

0.65 

0.67 

1.04 

1.17 

1.45 

1.54 

1. 78 

1. 60 

Zero-order modelb 
a -b rZ 

3810 315 0.916 

1580 191 0.911 

1310 226 0.955 

1450 196 0.979 

1594 95 0.940 

1715 153 0.855 

2027 117 0.944. 

1494 67 0.664 

976 104 0.556 

n 

10 

6 

5 

5 

12 

6 

5 

8 

7 

arbe number in parentheses under· pH is the standard deviation 
among pH measurements. 

UA A 
·y = a - bt, where y is the estimate nitrate concentration 
(mg N03-N/liter), a is initial nitrate concentration, and 
b the denitrification rate (mg N03-N/liter/day). 
r2 = coefficient of determination. 
n = number of nitrate determinations. 



Time 
(days) 

7-8 

~11 

12·~17 

18--41 

42--47 

48-55 

56-69 

70-78 

7o--89 
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Table 5. 21. Denitrification using estuarine 
microorganisms.as seeding culture 

9.04 
(0.22) 

9.30 

9.17 

9.45 

9.37 
(0. 07) 

9. 35 
(0. 02) 

9.42 
(0. 08) 

9.48 
(0.06) 

9.41 
(0.17) 

9.49 
(0.04) 

Na 
(M) 

0.34 

0.50 

U.btl 

0.84 

0.83 

0.93 

1.11 

1.17 

1.17 

1. 24 

a 

2048 

757 

1340 

1120 

678 

767 

671 

781 

515 

488 

b Zero-order model 
-b r2 

325 0.995 

569 1.000 

612 0.920 

256 0.923 

31.1 0.923 

177 0.989 

81 0.801 

56 0.875 

72 0.979 

6l 0.629 

n 

5 

2 

3 

3 

16 

3 

6 

10 

4 

7 

aThe number in parentheses under pH is the standard deviation 
among pH measurements. 

bA A 
y = a - bt, where y is estimated nitrate concentration 
(mg N03-N/liter), a is initial nitrate concentration, and 
b the denitrification rate (mg N03-N/liter/day). 
r2 = c.oefficient of determination, 
n = number of nitrat~ determinations. 
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Fig. 5.18. Nitrate loss in denitrifying reactor seeded with soil 
microorganisms • 
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Transient sodiwn '?erturbation of an active denitri[ying reactor. To 

illustrate the effect of an impulse of sodium chloride into an active 

denitrifying reactor, the influent to a fluidized-bed tapered column that 

was removing 77% of the influent nitrate was made 2 ~ Na, using NaCl 

(influent solution was identical to nonsodium solution with respect to 

N03-N, carbon, etc.). The efficiency of the reactor was immediately 

lowered; in fact, denitrification ceased (Fig. 5.21). After 20 hr, when 

the sodium concentration in the effluent was equal to the sodium concen

tration in the influent, the original influent solution (without the NaCl) 

was started through the column. Denitrification began again about 7 hr 

atter starting the sodium-tree intluent (ambient sodium concentration 

between 0.6 and 0.7 M). Thereafter, the efficiency of the unit increased 

linearly with time until the sodium concentration was less than 0.01 ~, 

at which time·the efficiency dramatically increased (from 20 to 40% in 

less than 10 hr). 

Perturbation of an active denitrifying reactor with 'NaCl illustrated 

a number of important points. 

1. Denitrification immediately stopped on perturbation. 

2. Denitrification commenced when NaCl concentration was lowered to 

apprOJcimatcly 0. 6 M. 

3. Denitrifying efficiency increased on lowering of the NaCl concen

tration. 

4. After removal of NaCl, denitrifying efficiency increased dra

mA ti r.A 11 y. 

~. The new equilibrium denitritication etticiency was lower than 

the efficiency before perturbation. 

Effect of nickel on biological denitrification. "Poisoning" of a 

biological reaction by trace levels of certain heavy metals is a major 

concern regarding the feasibility of using biological denitrification 

as a waste treatment process. In the nuclear industry, nitric acid is 

used to clean or "decontaminate" equipment. Much of this equipment is 

made of various grades of steel, which contains rather high concentrations 

of nickel. Because nickel is known to be toxic to many biological systems, 

•' 

., 
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an experiment was conducted to evaluate the toxicity of nickel on bio

logical denitrification. 

Four levels of nickel were added to nitrate solutions [1310 mg N0
3
-N/ 

liter as Ca(N03) 2 ] containing calcium acetate as a carbon source (2200 

mg C/liter). Phosphorus (10 mg P/liter as KH2Po
4
), .magnesium (10 mg 

Mg/liter. as Mgso
4
), and iron .(2 mg Fe/liter as Fe~DTPA) were added as 

nutrient amendments. An active culture of denitrifiers was added (final 

volume 175 ml), purged with N2, and monitored for nitrate, nitrite, pH, 

d 1 bl · k 1 · d 1 · · · 63N· d 45c an so u e n1c e an ca c1um, us1ng 1 an . a. 

· Data indicated that initially very low concentrations of nickel 

significantly inhibited denitrification rates. For example, 0.5 mg Ni/liter 

was found to reduce denitrification by nearly 50% (Table 5.22). The 

added nickel did not become sorbed to the microbial mass nor did it 

precipitate either as the carbonate or become occluded to Caco
3 

(note 

the soluble nickel concentrations in Table 5.22). After eight days the 

levels of nickel (as high as 3.9 mg/liter soluble nickel) were not 

inhibitory to denitrification, indicating that a nickel-tolerant micro-

b'ial population had survived. Investigations are continuing on the 

mechanisms involved in selecting nickel-tolerant denitrifying cultures. 

5.2.3 Process development (C. W. Hancher and G. B. Dinsmore) 

The biodenitrification process development program will report two 

areas of interest: (1) denitrification test at 200 to 1000 mg/liter 

No
3

, using the 2-in.-di.am x 14-ft-high bioreactor, and (2) bacteria 

loading attachment to solid-support particle tests. 

The denitrification tests using the 2-in.-diam by 14-ft-high semi-

tapered fluidized-bed bioreactor have been continued. This 2-in.-diam 

bioreactor reported in detail in the last semiannual (September 197&

March 1977) was equipped with sample ports at 2-ft intervals. The feed 

was NH
4

No
3 

with ethanol·as a carbon source. The feed carbon-to-nitrate/ 

nitrogen ration (C/N) was 1.8 to 2.0. The carbo~-to-nitrogen ratio that 

was used was about 1.5. The bioreactor was operated at two nitrate feed 

concentration areas, 600 ± 100 mg/liter N0
3 

and 200 + 50 mg/liter No
3

• The 

denitrification rates were 22 and 8 mg N0
3

-N/day•cm3 (Table 5.23). 
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Table 5.22. Effect of nickel on denitrificationa 

Treatment N03-N at intervals (days) of: 
Ni 

mg 

(mg/liter) 0 2 3 8 9 10 13 

0 1310 860 . 280 <2 1160 1020 650 <2 

0.5 1310 930 400 <2 1160 1000 650 <2 
(0. 51) (0.49) (0. 48) (0. 4 7) (0.44) (0. 32) 

N 
.p. 
V1 

1.0 1310 1030 480 <2 1160 980 610 <2 
(0.97) (0.97) (0.96) (0. 91) (0.93) (o·. 73) 

5.0 1310 1310 1110 <2 1160 930 590 <2 
(S.O) (4. 9) (3. 7) (3.9) (3.6) (2.3) 

aNurnbers in parentheses are soluble nickel concentrations after centrifugation at 
20,000 rpm for 20 min (34,880av RCF); 63Ni used as a tracer to d'etermine nickel 
concentrations. Nitrate concentration is an average of three treatment replications .. 
On day .3, additional Ca(N03) 2 and Ca(0Ac) 2 were added. 
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Table 5.23. Biorcactor, 2 in. in diameter by 14 ft high 

Feed Feed Effluent Effluent Denitrification 
flow rate NO) N03 N02 rate 
(cm3/min) (mg/liter) (mg/liter) (mg/liter) (mg NO -N/day· cm3) 

- 3 

900 620 120 270 19 

940 250 0 5 7 

The profilco of No
3

, N0
2

, ~md C arG chmm in Fig. 5. :l:l for thli 

200-mg/liter nitrate feed. The nitrite went through a maximum at about 

140 mg/liter and then decreased to nearly zero before being discharged 

from the bioreactor. 

The 2-in.-diam bioreactor operating on 150 to 200 mg ·NO/liter 

was shut down on August 18, 1977, by stopping the feed pump and allowing 

the bacteria-loaded solid-support particles to settle. The bioreactor 

remained unoperable at room temperature (75°F) until September 20, 1977, 

33 days later. Feed at 250 mg/liter N03 was fed to the bioreactor. 

The denitrification rate before stopping was 5 g N0
3
-N/day•liter. The 

denitrification rate. after restarting reached 6 g N0 3-N/day·liter on the 

eighth day. This shutdown experiment demonstt'at~d th~ ability or this 

bacterial system to reactivate to normal activity in eight days after 

storage at room temperature for 33 days. This means the bioreactor 

contents can be stored while bioreactor maintenance or cleaning is per

formed without extended restarting delays. 

This is the conclusion of the extended ethanol-for-carbon substrate 

tests. Feed concentrations from 7500 to 200 mg/liter of N03 have been 

used. The denitrification rate appears to be dependent on nitrate 

concentrations. 

J. J. Perona, Un.ivP.rRi ty. of TP.nne:o.:o.ee Chemical Engineering Department 

consultant, prepared the following analysis of biological denitrification 

kinetics in 2-in.-diam fluidized-bed bioreactors. 

.• 
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What follows is an account of my attempts to interpret concentration 

profile data in the (untapered) fluidized-bed reactor. First of all, the 

rate of mass transfer does not control, the mass transfer coefficient 

being of the order of 800 times larger than the apparent overall rate 

constant. Of the four runs for which Chuck Hancher provided me with 

data, three had concave upward profiles, and one a concave downward pro

file (see Fig. 5.23). Assuming that the concave downward run was anomalous, 

I tried to int~rpret the concave upward profile by various models. I 

tound that (1) axial dispersion or backm1x1ng cannot cause such a profile 

with a positive-order reaction, (2) an equation of the Michaelis and 

Menton form with positive k
8 

cannot cause such a profile, and (3) to 

account for such a profile through a kinetic equation of the form r = ~Cb 
requires that b be negative. In fact, the profiles for run 2/14/.77 can 

be reproduced pretty well with b = -2. My inclination is to consider a 

negative-order reaction as something to be used only if all else 

fails.· 

Upon discussing the properties of the reactor in more detail with 

Hancher, I learned that.the biomass is less dense than the coal particles, 

and that, as the biomass grows on a particle and it becomes more active, 

it tends to float upward in the column. This raises the possibility of 

developing a refined model, taking into account the coupled reaction 

kinetics and fluid-particle mechanics. Do you think this would be 

worthwhile? 

In the meantime we can use a crude model in which the bottom or 

inlet 25% of the reactor is taken as inactive. The concentration profile 

data for the rest of the reactor can be represented by a straight line, 

implying zero-order kinetics. The Michaelis and Menton equation approaches 

a zero-order equation when k
8 

is small, which agrees with values of k 8 
measured by Francis and Malone. The data from all three runs can be 

modeled very well with·a single equation of the Michaelis and Menton 

type with a significantly large value for k5 . 

The details of these cons~derations follow. 

.,. 

... 
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Mass transfer properties. A recent article of interest in "Mass 

Transfer in Liquid-Fluidized Beds at Low Reynolds Numbers," Koloini, 

Sopcic, and Zumer, Chem. Eng. Soienoe, 1977, p. 637. However, this 

article contains a fundamental error, as shown by the following develop-

ment: 

whet·e 

Writing a mass balance over a differential volume of the bed, 

L 

c 

3 
~ liquid flow rate, em /sec; 

3 
~concentration, g/cm (N03); 

kL =mass transfer coefficient, em/sec; 
2 3 

a = surface area. of solid particles, em /em of bed; 

C~ =equilibrium concentration at solid surface, g/cm3 (No.3); 
2 . 

S = cross-sectional area of column, em ; 

Z = height of column, em. 

2 d(; 2 
L ! * = k1 a ! d (SZ) , 

1 c - c p 1 

L (c2-
kL = ap V ln Cl - ::) 

(1) 

(2) 

(3) 

where (SZ) 2 - (SZ)
1 

=bed volume = V. The article by Koloini et al. uses 

an equation of the form above to calculate mass transfer coefficients 

from their data, except that instead of a V, the total surface area of 
p 

the particles in the bed, Koloini et al. used S, the cross-sectional 

area of the bed. Hence, their values of ~ appear to be much too high. 

Furthermore, their article does not provide the bed size, which would 

allow the recalculation of their data. 

An estimate of ~ can be obtained from "Mass Transfer from Benzoic 

Acid Granules to Water in Fixed and Fluidized Beds at Low Reynolds Numbers," 

Evans and Gerald, Chem. Eng. Progress, March 1953, p. 135. Their corre

lation, in English units, is 

4 
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1.15 x 10~10 Sc p (~S- p) G0.33 
k .. (4) 

L 1.33N 2/3 D 0.27 " 
~ Sc p 

3 2 
For run 2/14/77, with Ps = 96.1 lb/ft , Nsc ... = 315, G = 3880 1~/hr•ft , 

.and DP = 0.0014 ft, this correlation g~ves k1 = 60.3 lb/hr•ft , or~= 

0. 008 em/sec. If we assume that. the run is mass-·transfer-controlled, we 

* can calculate k
1 

f~r the run with Eq. (3), ~aking C to be very small. , 

To obtain a lower limit on the surface area of the bed, assume the 

particles are spherical. Then the surface-to-volume ratio of the particles 

is 140 cm-1 , and for a total bed volume of 7,4 liters with a void volume 
2 of 0.5, the surface area of the bed is 522,000 em • Using these values 

. . -5 
in Eq. (3), we estimate k

1
. at 10 em/sec. Since this vS:lue is less by_. 

a factor of 800 than the literature value, the reactio:n.ml;lSt be COntrolled 

pY the chemical kinetics. 

Effect. of axial dispersion. Concentration.pr,ofi~es in tubula~ reactors 

with varying amounts of axial dispersion were calculated by Fan and Bailie, 

Chern. Eng. Science~ 1960, p. 63. They presented concentration prof:f,.les 

for reactors with reaction orders.of 1/4, 1/2, 2, and .3 with dispersion .· . . .. 

conditions varying over the complete· range. In no case was p. profile. 

obtained which was concave upward. . 

Michaelis-Menton equation. According to Francis and Malone, Prog. 

Wat. Teah.~ 1977, p. 687, the kinetics of the denitrification reaction in 

a tapered fluidized bed can be represented by an equation of the form 

R = R C/[k
5 

+'c] (5) max 

for nitrate concentrations less than 1 g/liter. If kS is small with 

respect to C, the equation becomes 

R ~· R 
max· 

Substituting the Michaelis-Mentori form into the plug flow reactor 

equation, 

v 
·- "' 
\) 

'[ = -
out dC 

f R in 

(6) 

(7) 
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'T = -
out [k8 + C]dC 

f R C 
in max 

1 [ rt k
8 

de 
out ] 

'T = .,.. r- c + ! dC 
max in in 

1 t~ 
c 

'T = -.~---- ln C in + c - c J (8) 
~A~, .·out in (,JU~ 

From Eq. (8) we see. that :J,f k8 is large, the c·oncentration profile is 

concave downward. In Fig. 5.24 the Michaelis-~enton equation is applied 

to run 2/14/77 with k8 values of 0, 10, and 100; R is adjusted so · max 
that the concentration at a volume of 5 liters agrees with the experimental 

values. It is clear that the experimental profile cannot be reproduced 

by this equation. If we take the data in Fig. 5.23 and make up a 

composite concentration profile by placing the "active" reactor regions 

in sequence, w~ obt~in t;he profile shown in Fig. 5..25. These data can 

be well represented by Eq. (8) .with Rmax = 1140 g (N03)/day·liter and 

k5 "' 5.3 g (NOj)/liter. As the nitrate concentration decreases, the 

log term becomes more predominant as shown in Tabl~ 5.24. Thus the log 

terms give the decreasing slope as concentration becomes small, which 

is observed in Fig. 5.23. 

c g 

Table .5.24. Relative contribution of 
Michaelis-~_en ton cons t;:m ts to 

required space time (T) 

5.3 1 7.5 
(N03) /liter 

n--
7.5 ~ c (days) ' c T 

7.5 0 0 0 
6 1.18 1.50 0.0023 
4.5 2. 71 3.0 0.0050 
3 4.85 4.5 0.0082 
1 10.68 6.5 0.015 
0.3 17.06 7.2 0.021 
0.1 22.8 7.4 0.026 
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Equation (8) was developed assuming that the reactor was in plug flow. 

It would be nice to account for backmixing, and this should be attempted 

in the future. Meanwhile, we can observe that the dispersion coefficients 

reported in MI.T-218 were fairly small, and so perhaps the assumption of 

plug flow is reasonable. The relationship between the space time and 

concentration is given by 

where 

v 
'T =- = 

v 
1 

R 
max 

T =space time, days; 

[C. - C + k 
1n S 

V =reactor volume, liters; 

v volumetric flow rate, liters/day; 

Rmax 1140 g . (N03 -)/liter· day.; 

C concentration, g (N0
3
-)/liter; 

k 5.3 g/liter. 
s 

c 
n in ] ;vn -c- ' (9) 

Bacteria attachment to coal loading tests. A bacteria-attachment

to-coal procedure has been needed for considerable time. There has been 

a small number of loading failures. The following procedure was the 

first and only one tested to date. It was very successful; therefore, 

testing of alternate procedures will receive little attention. 

A clean bioreactor, 3-liter capacity, was equipped with a· liquid 

circulation pump (So-1000 ml/min range), feed pump (5-100 range), and 

oft-gas system to water bubbles. The attachment procedure is as follows. 

(1) Add 3 liters of standard feed (Table 5. 25). diluted to 1000 mg (N03 -)I 

liter and pH adjusted t.o 7.3. (2) Add denitrification bacteria, about 

50 ml of 1 x 10
9
cells/ml concentration. Circulate bacteria cells and 

feed solution at a rate of about 300 ml/min. Check pH and N0
3 

levels 

daily and add NH40H (5 ~) and/or 20 g (No
3
-)/liter concentrated feed 

as needed to maintain starting concentration. After 4 to 6 days the N2 
gas evolution should be measurable. (3) When the gas rate is visible, 

add 500 g of washed (-30 +60) mesh coal. Continue circulation pump for 

1 hr, then stop circulation. (4) When gas bubbles between the coal 

particles become very concentrated, resume solution circulation at a low 
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underfluidized rate (about 200 ml/min). (5) Start feeding 2000 mg 

(No3-)/liter at an appropriate rate to maintain the 1000 mg (No
3
-)/liter 

bath liquid concentration. About 12 days after innoculation the coal 

particles will be covered with a gray-white bacteria coating, and they 

will then be ready for use in a tapered fluidized·bioreactor. 

Table 5.25. Standard NH4No3 feed mixtures 

NH/, NIL 
I j 

ETOH 

MgS0
4 

KH PO 
2 4 

Trace min.eral mix 

5.2.4 Process demonstration 

6.8 g/11ter 
(4f:lflll ppm NlJ

3
-) 

6.0 ml/liter 

0.1 g/li ter 

0.05 g/liter 

0.1 ml/liter 

The purpose of the process demonstration work is to define scale-up 

parameters and to identify and resolve possible difficulties associated 

with the operation of large-scale denitrification reactors. Two different 

reactor configurations are being studied: a stirred-bed reactor,where 

the bacteria are in suspension, and a fluidized-bed reactor,where the 

bacteria are attached to a suitable support media. 

F.~.e.d solution. The feed solution being used for the current experi

ments is a mixture of ammonium nitrate and ethanol. The ethanol is used 

by the bacteria as their energy source, and the ammonia is just a 

soluble, nontoxic cation tor the nitrate· anion. The feeu !:;UluLluu al~u 

contains about 50 ppm phosphate, sulfate, and magnesium, and much lower 

amounts of other trace metals. These trace metals are known to be 

present in various bacterial enzymes, but the actuai amount needed has 

not been clearly defined. Most of them shoulu be JH·e~t:wl: ln sufficient 

quantity in normal process water. Phosphate and possibly magnesium 

sulfate will probably need to be added to most waste streams before 

biological denitrification can take place. 

.I 
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Stirred-bed reactor. There are two possible scale-up parameters 

that could be needed to des.ign a stirred-bed reactor for a given waste 

stream. For a stream with a high nitrate concentration (>~3 wt% N0
3
), 

a reactor can be sized by using the denitrification rate alone. For a 

low nitrate concentration stream, the minimum residence time will. determine 

the size of reactor needed. Both of these parameters will depend upon 

the organic carbon source, the temperature, and possibly other factors. 

It will be necessary to measure them for each waste stream before 

designing a full-scale reactor. However, since stirred-bed reactors 

usually operate very close to ideal CSTR performance, the parameters can 

be measured using a small reactor and scaled up directly. 

This has been demonstrated during the-development and pilot-plant 

work for the Y-12 Plant denitrification reactor. The initial measurements 

were made in 60-liter stirred-bed reactors. These results were.checked 
8 in a 15,000-liter pilot plant and were found to scale-up directly. The 

full-scale reactors are 150,000 liters, and the -reactor performance was 
9 

conformed to the small-scale test results. The maximum denitrification 

rate for this waste stream was 2.9 g N0
3
--N/liter·day, using calcium 

acetate as the organic carbon source. The reactors were sized using 

1. 4 g N0
3
- -N/liter• day as the design rate in order to give flexibility 

in case of overloads. These reactors have proved to be very stable in 

operation and to require a low amount of operator time, most of which is 

spent in taking samples and recording results. 

In a stirred-bed reactor without bacteria recycle, the hydraulic and 

bacterial residence times are directly related. In order to have stable 

operation, the bacteria in the reactor must be able to reproduce fast 

enough to replace the bacteria washed out of the reactor. If the residence 

time is too low, the bacteria population will become depleted and 

denitrification will stop. 

The bacterial and hydraulic residence times can be.decoupled by 

recycling bacteria, as is commonly done in commercial pewer plants. 

However, the denitrification bacteria in our experiments have not generally 

flocculated, so a centrifuge or filter would be needed to concentrate the 
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bacteria rather than a simple gravity clarifier. If bacteria recycle is 

used, the denitrification rate will be the only scale-up parameter needed, 

even for a low nitrate concentration stream. For a reactor operating 

without bacteria recycle, the minimum residence time must be measured. 

For a nominal 1 wt % nitrate feed, the minimum residence time was 

found to be four days, using a 67-liter stirred-bed reactor. The organic 

carbon source was ethanol for these experiments. The denitrification 

rate was 0.70 g N0
3
--N/liter day with a nitrate concentration of 

1150 mg N0
3
-/liter in the reactor. Increasing the residence time to 

4.2 days will cause the nitrate concentration to drop to below 5 mg N0
3
-/liter. 

The boundary of the minimum residence time is very unstable, so a full-scale 

reactor should be designed to operate substantially back from this boundary. 

The minimum residence .time for a given waste stream will depend on 

the organic carbon source, the temperature, etc., so it must be measured 

at the projected operating conditions of the full-scale reactor. However, 

the actual value can be measured in a laboratory-sized reactor and scaled 

up directly. Another method for decoupling the bacterial and hydraulic 
•. . 

residence times is to attach the bacteria to a suitable support media. 

This is the approach used for the fluidized-bed reactors. 

Fluidized-bed reactor. A 10-cm-ID column has been operated to 

measure the scale-up performance of the fluidized-bed system. The column 

is the same height but twice the diameter of the column used in the 

process development work. The support media used for both of these 

experiments is 30- to 60-mesh coal particles. The operating conditions 

used for the 10-cm-ID column were designed to duplicate one set of the 

measurements made in the smaller column. The temperature and inlet 

nitrate concentration were the same, and the total flow rate was four 

times larger to maintain the same residence time. The inlet concentration 

was 1000 mg N0
3
-/liter, and the temperature was 22°C. The denitrification 

rate was 24 g N03--N/1iter·day in the 10-cm-ID column as compared with 

30 g N0
3
--N/liter•day in the smaller column. Both rates were measured 

through the straight section of the columns, with the empty column volume 

used to calculate the residence time. 

.. , 
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The lower denitrification rate in the 10-cm-ID column was expected, 

since there is more axial mixing in the bigger column. Since the flow 

pattern in these columns does not approach plug flow, these reactors can 

not be scaled up by simply increasing the diameter for a given height. 

More work will be needed in this area to further define the scale-up 

performance. 

As can be seen from the experimental data, the denitrification rate 

is much higher in the fluidized-bed columns than in the stirred-bed 

reactors. The reason for this can be easily seen by comparing the 

nitrate concentration profiles in the two reactors. In the stirred-bed 

reactor the feed is immediately diluted to the nitrate concentration in 

the reactor, usually less than 5 mg N0
3
-/liter. Thecolumn can take 

advantage of the high nitrate concentration in the feed, since the 

bacteria will actually see this concentration. Denitrification rates 

can be approximately by first-order reaction kinetics~ However, the 

nitrate concentration in the column feed must be below the toxic limit 

of the bacteria (about .8000 rng N0
3 

/liter). This restraint is not present 

in stirred-bed reactors. 

The column has been somewhat harder to operate .than the stirred-bed 

reactors. One of the main problems has been excessive biomass growth 

in the column. If the bacterial layer on the coal particles becomes 

too thick, the inner layer turns' septic, causing the whole particle to 

float. Biomass control has been achieved by removing about 10% of the 

C"(l3tE'd coal particlco each day and replaci.ug it with an equivalent 

amount of new coal. This method has been found to be effective, but it 

requires a certain amount of foresight on the part of the operator. It 

may be possible to control the biomass internally by limiting the nitrate 

concentration in the column and increasing the flow rate to scrub off 

excess bacteria. This method still needs to be tested. 

At present the stirred bed is the only reactor that has proven to 

be operational on a large scale, using an actual waste stream with the 

inevitable changes in flow rates arid concentrations. However, the much 

higher denitrification rates found in the fluidized-bed reactor justify 

continued work on this system. 
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6. ENVIRONMENTAL CONTROL TECHNOLOGY 

6.1 Assessment of Environmental Control Technology for Hydrocarbonization 

F kl-3 d "b" h b f d . rom recent war escr1 1ng t e wastewater streams to e oun 1n 

a hydrocarbonization facility, it is concluded that the contaminants of 

most concern, from a wastewater treatment viewpoint, are phenolics, trace 

elements, and polycyclic aromatic hydrocarbons (PARs). These three groups 

will have the greatest impact on the type, or types, of control technology 

to be utilized. Although it is obvious that little more than general

izations can be made about what contaminants will be present without actually 

analyzing the wastewater, the types and quantities of these materials do 

need to be investigated. 

Recent work has concentrated on assessing a number of wastewater 

treatment methods for their. applicability to the cleanup of hydrocarbonization 

wastewater. The complexity of the various aqueous streams from a coal 

hydrocarbonization plant has led to some doubt as to the "best ... process 

for wastewater cleanup. At the same time the sure enactment of stricter 

effluent standards has put pressure on· new coal conversion processes to 

adequately dispose of their wastes. 

2 A previous report has described recent assessment of biological 

oxidation, activated carbon, and ozonat~on. Biological oxidation appears 

capable of economically .. removing large quantities of phenolics from hydro

carbonization wastewater with, however, only marginal removal of trace 

metals and PM1s. Costs should approximate $0.15 to $0.20 per lb of phenol 
4 5 or $6000 to $10,000·per million gallons of effluent, ' 

.Activated carbon is generally more expensive, with estimates ranging 
4 from $0.12 to $6 per lb of phenol removed. However, most costs for 

carbon adsorption are in the $0.50 to $1 range. Although it is too 

expensive· to be a likely candidate for the primary organic removal step, 

it could compete as a final polishing treatment. The fate of many of the 

trace metals is uncertain. 

Ozonation is an even more uneconomical way of removing large amounts 
I 

of phenol. Present indications are that the complete oxidation of 
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hydrocarbonization wastewater cannot be achieved economically with 

ozone.
4

•
6 

If either a very small amount of hydrocarbons needs to be 

treated, as in a final polishing step, or if only a small amount of 

degradation is needed, as would be the case when only the phenolic structure 

is to be cleaved and not completely oxidized to carbon dioxide and water, 

then ozonation may have some advantage. At an ozone requirement of 

:l. 6 lb of 03 per lb of phenol and $0. 25/lb for ozone, thi.s is equivalent 

to a treatment cost of $0.65 per lb of phenol. 

Some investigators have shown that as much as 80% of ·the chemical 

oxygen demand of some wastewater streams may be contained in particles, 

colloidal or larger in size, and up to 50% of the total organic carbon 

in the effluent of biological treatment plants may be colloidal. 7 The 

coagulation and flocculation of these particles can dramatically lower 

the demand on downstream steps. 

Frequently, coagulation can occur naturally. In biological treat

ment processes, the microorganisms aggregate themselves to a point where 

they will settle out. Under some conditions the agglomerated sludge 

can even absorb colloidal organic substances in wastewater in a shorter 

time than is l'~quired LO remove LhmH:~ malerials by biological oxidation. 

Traditionally, lime, alum, iron salts, or more recently, poly

electrolytes have been used for Lhis coagulatluu ptuce88. Lime reacts 

with the bicarbonate in the water to produce the insoluble calcium 

carbonate. In addition, the increasing alkalinity will tend to produce 

insoluble hydroxides of many metals, with lead, copper, chromium, zinc, 

nickel, cadmium, and magnesium being readiiy precipitaLed out. Due Lu 

this effect, lime is usually the material of choice, with alum, iron 

salts, and polyelectrolytes being used as coagulation or flocculation· 

n:i.do. 

Costs for coagulation and flocculation vary tremendously, depending 

on the wastewater to be treated. But assuming a representative dose of 

3.3 lb per thousand gallons of effluent and a price of $50 per ton of 

lime (including capital equipment costs), a cost of $83 per million 

gallons bf effluent is obtained. 5 •8 
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Solvent. extraction has attracted the attention of investigators for 

numerous years. A variety of solvents for phenol removal in both typical 

solvent extraction systems and dual solvent processes (polar solvent-

1 "1 1 ) h b . . d 9 •10 Al h h h" h d" "b . vo at1 e so vent ave een 1nvest1gate . t oug 1g 1str1 ut1on 

coefficients have been reported for many of these systems, Lurgi's 

Phenolsolvan process appears to be the only one that has been commercialized. 

Even though the solvent for this type of contactor is chosen for its high 

distribution coefficient for phenol, other types of organics will also be 

stripped out of the aqueous phase. The Phenolsolvan process should 

remove 99.5% of the monohydric phenols (phenol, cresol, xylenol, etc.) 

but only 15 to 60% of other organics and phenols. Thus, this process 

may produce a crude phenol product that may have a composition of 80% 

monohydric phenols, 15% polyhydric phenols, and 5% other organics. 11 

Solvent extraction would seem to offer an advantage only where a 

moderate amount of reduction in phenol content is needed in order to 

allow an additional waste treatment to operate or when a saleable crude 

phenol can be produced. One study indicated that if the value of the 

recovered phenol is greater than $3000 per million gallons of wastewater, 

then recovery is promising.
9 

This works out to $0.07 per lb of phenol 
8 compared with bulk prices of $0.26 per lb of phenol. Product upgrading 

may, however, prove to be quite expensive. 

Another area of interest includes membrane processes such as 

reverse osmosis, ultrafiltration, and electrodialysis. In reverse 

osmosis. and ultrafiltration the separation is achieved by passing the 

water through a membrane with the concentrated solute left behind; con

versely, in electrodialysis the solute passes through the membrane (via 

an electric potential driving force), leaving the purified solvent behind. 

These membrane processes, although considered expensive, may be useful 

in upgrading wastewater for in···plant reuse. 

Although ultrafiltration and reverse osmosis have shown phenol 

reductions of from 50 to 95%, 12- 14 these values will still leave phenol 

concentrations in excess of anticipated regulations. In addition, a con

centrated stream will be produced and will need to be disposed of. 
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Economical considerations of the various membrane processes have 

not been made. Considering the high operating costs (membranes, 250-

1000-psig pressure, etc.) and the need for additional treatment, appli

cation does not seem practical., 

to 

A summary of this assessment is shown in Table 6.1. Conclusions 

are that the major sources of pollutants are phenols, trace elements, 

and PARs. · Processes that show the most promise of economically treating 

hydrocarbonization wastewater include coagulation and flocculation, 

biological treatment, and adsorption as a final polishing step. Experi

mental screening tests will be performed to determine the applicability 

of these processes to actual coal conversion wa8LewaLet. 

6.2 Laboratory Evaluation of Environmental Control 
Technology for Coal Conversion Process 

A variety of screening tests have been recently. completed to determine 

the applicability of several environmental control processes to coal 

conversion processes. These tests include PAR removal with charcoal and 

polymeric resins, and phenol removal with hydrocarbonization char. In 

addition, a tapered fluidized-bed bioreactor ('I'J:":BBR) has been operated 

with phenolic wastewater similar to actual hydrocarbonization aqueous 

wastes. Highlights of this work are included here, wirh a detailed 

description given in Sect. 4.5. 

Operating with. a synthetic feed of 40 to 60 ppm phenol and a feed 

rate of 10 cc/sec, the TFBBR has achieved phenol reductions of from 

99.8 to 99.9%, resulting in exit levels below 50 ppb. When actual coal 

hydrocarbonization wastewater was used along wirh an efflueuL recycle

concentrated feed configuration, that is, phenol concentrations of 

1200 to 2500 ppm, effluent phenol levels of 3 to 6 ppm were achieved .. 

When a dilute feed (no recycle) mode of 50 ppm phenol was used, effluent 

concentrations of slightly under 1 ppm phenol were obtained. One test 

was performed to indicate the performance of the TFBBR under unfavorable 

conditions. ·Both the feed flow and the oxygen supply were shut off for 

three days and then. restarted in order to determine the recovery time 



Potential 
applicability 

Economics 

Raw materials 

Process 
compatibility 

Operating conditions 

Stace of development 

Additional environ
mental problems 

Energy requirements 

Process availability 

Table 6 .1. .Assessment of environmec:1tal control technology for hydrocarboniza tion 

Biological 
oxidation 

$0.15-$0.20/lb phenol 
$600J-$10,000/l05 gal 

None to 
little 

Moderate to 
high 

Moderate temperature 

3igh 

Disposal of 
sludges 

Low 

. High 

Adsorption 

High 

$0.50-$1/lb phenol 

Charcoal or 
other sorbers 

High 

Moderate, except 
for regeneration 

Moderate to 
high 

Disposal of 
spent sorber 

Low (except "for 
regeneration) 

High 

Ozonation 

Moderate 

_$0.65/lb phenol 

None 

High 

Little known 

Fair 

No trace 
element removal 

High 

Moderate 

Coagulation
flocculation 

High 

$83/106 gal 

Lime or 
other agents 

High 

Moderate 

High 

Disposal of 
sludges - heavy
metal sludges 

Low to 
moderate 

High 

Solvent 
extraction 

Moderate 

$0.07/lb phenol 
$3000/106 gal 

Solvent 

Moderate 

Moderate 

Moderate to 
high 

Little to none 
if product 
saleablea 

Moderate to 
high 

Moderate to 
high 

aAn aqueous stream with contaminants in excess of regulations will require additional treatment; product stream will need to be 
disposed of if not saleable. 

Membrane 
processes 

Low 

Membrane 
material 

Low to 
moderate 

Moderate 

Moderate 

Concentrated 
aqueous waste 
stream 

Moderate 
high 

Moderate 
high 
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after a simulated outage. After start-up, phenol began to be degraded 

in less than 24 hr, and within 48 hr the rates were back to preshock 

levels. 

TWo ion exchange resins and activated charcoal were tested for 

·their ability to remove PARs from aqueous solutions. Naphthalene, 

anthracene, phenanthrene, and benzanthracene were agitated with either 

activated ·carbon or resin. Results (Table 6.2) indicated that these 

two resins have marginal ability to remove PARs, while activated carbon 

removes a majority of the PARs present. 

'l'<~ble 6.'1.. FraGtion of PAHo removed 

Concentration 
(ppm) 

Naphthalene 
0.3 
3.0 

Anthracene 
0.0375 
0.075 

Benzanthracene 
0.002 
0.01 

Phenanthrene 
0. 232 
1.16 

4 hr, 
activated 

carbon 

0. 79 
0.78 

0.7~ 
0.50 

0.88 
0.90 

0.91 
0.43 

Activated 
carbon 

0.13a 

0.87 
0.90 

0.94 
0.95 

0.89 
0.6.5 

a . . . 
Questionable data; see 4-hr experiments. 

16 hr 
Resins 

IRA-400 IR-120 

0.83 
0. 92 

1.00 
1.00 

0.58 

0.70 
U.9J 

Tests were run with 40 ml of PAR solution and 1 mg of carbon or 

1 g of resin and agitated for 4 or 16 hr. Concentrations were determined 

by an Aminco-Bowman spectrophotofluorometer. Concentrations of the PAR 

tested varied from 0.002 ppm for benzanthracene to 0.3 ppm for naphthalene. 

Concentrations used were roughly determined by their respective solubility 

in water. 

., 
•,I 

r 
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The sulfonated polystyrene resin Amberlite IR-120 appears to be a 

poor adsorber of PARs, absorbing only phenanthrene. The trimethyl

ammonium chloride resin Amberlite IRC-400 removed 100% of the phenanthrene 

and most of the naphthalene. Although adsorption levels indicate an 

interest in the IRA-400 resin, the 4-hr results were not listed in 

Table 6.2 due to insignificant adsorption in that time. A microporous 

version of IRA-400 has been received and will be tested. 

Several samples of hydrocarbonization char produced from Wyodak 

subbit~minous coal, hydrotreated at 560°C and 260 to 300 psig for 30 min, 

have been tested for their ability to remove phenolics from aqueous 

streams. This char is approximately 80% carbon and 12% ash. In a 50-cc 

column with flow rates of 6 cc/min containing 200 ppm phenol, break

through times for the phenol occurred in less than 10 min as compared 

with 50 hr for activated charcoal. Future studies will involve deter

mining phenol adsorption as a function of surface area for char and 

treating char by steam stripping, pyrolysis, or acid treating to improve 

adsorption. 
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