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SUMMARY 

Centrifugal Fast Analyzer Development 

Two miniature analytical systems, each based around a miniature 
Centrifugal Fast Analyzer, have been evaluated in clinical situations. 
One of these systems j s now being routinely operated in the clinical 
laboratory of the Health Division of the Oak Ridge National Laboratory. 
A prototype of a rotor capable of accepting, processing, and analyzing 
a whole-blood sample has been fabricated and is currently being evalu-
ated. Design and development of rotors has continued and includes work 
on rotors containing preloaded reagents and rotors with parallel transfer 
channels. To further minimize the size of the analytical system, porta-
ble data systems continue to be developed and prototypes tested and 
evaluated. The latest prototype is battery powered, has selectable data.-
acquiring intervals, offers the choice of four operating modes, and has 
been successfully interfaced and operated with a second-generaxion 
prototype of a portable Centrifugal Fast Analyzer. This system, consisting 
of the portable Analyzer and data system (both battery operated), has been 
evaluated and shown to provide useful analytical data. 

New applications for the Centrifugal Fast Analyzers are: 
(1) development of blood grouping procedures, including those for 0, B, 
A, AB, and Rh factors, and (2) development of procedures for specific 
serum proteins, such as IgG, IgM, IgA, C'3 complement, and a-l-antitrypsin. 

Genetic Monitoring 

The development of automatic instrumentation and procedures useful 
in genetic screening is continuing. The primary efforts were directed 
toward a sample preparation system and the development of complementary 
procedures for detection of mutant proteins. A blood separation system 
is being developed which will separate plasma from red blood cells, wash 
the red blood cells (rapidly), remove a portion for storage, and lyse 
(rupture) the remainder of the cells for preparation of stroma- (debris) 
free hcsnolysates. The first prototype of this system was evaluated in 
the department of human genetics of the University of Michigan. The 
Centrifugal Fast Analyzer is being used to evaluate the measurement of 
activity, inhibition, and kinetic parameters of glucose-6-phosphate 
dehydrogenase with various analogs as a rapid means of detecting G-6PD 
variants. 

High Resolution Analytical Systems 

Efforts to improve detector sensitivity and adapt previously 
developed high-resolution chromatographic systems to new biochemical 
analyses are continuing. A parametric study of variables involved in 
reagent development techniques for chromatographic column eluate 
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detection lias resulted in a decrease in distortion and improved sensi-
tivity in the cerium oxidimetric detection (COD) system, and that 
detector technique was successfully applied to the detection of carbo-
hydrates in physiologic fluids, with improved resolution and a decrease 
in separation time. 

An improved UV-Analyzer with a COD detector was used in the compara-
tive analysis of both serum and urine samples for two clinically normal 
subjects after ingesting acetaminophen. Serum concentrations for the 
glucuronide of acetaminophen exceed those of the free drug. A new 
metabolite of the drug, S-(5-acetaniido-2-glucuronosidophenyl)cysteine, 
was identified and monitored. 

Bioprocess Development 
Processes for the preparation of erythropoietin (EPO) from anemic 

sheep plasma are under development. DEAE-cellulose and carooxymethyl-
cellulose column chromatography was used to prepare Step II EPO. A 
totrl cf 168 sheep yielded U99 liters of plasma, from which 323,000 
international units of Step II EPO WAS obtained. 

The design and operation of a normobaric hypoxia chamber are 
described., in which large numbers of mice (up to 250) were made poly-
cythemic for the purpose of assaying EPO. The hypoxic atmosphere was 
composed of air diluted with nitrogen gas generated from liquid nitro-
gen. Continuous exposure of mice to 8% oxygen for 11 days restilted in 
a polycythemia of sufficient magnitude and duration to provide appro-
priate erythropoietic conditions for testing samples for EPO activity. 

Water Pollution Studies 

Automated, high-resolution liquid chromatographs, which were pre-
viously developed for the analysis of the molecular biochemical 
constituents in human body fluids, have been applied to the analysis of 
various polluted waters. Samples cf polluted natural waters were 
collected at different sites, concentrated up to 10,000-fold, and 
chromatographed on a high-pressure anion exchange column. Monitoring 
of the column eluate for ultraviolet absorbance and cerate oxidizability 
revealed the presence of numerous organic contaminants at concentrations 
less than 1 ng/liter. Separate fractions of the column eluate were 
collected and subjected to multiple analyses to identify the individual 
pollutants. The high-resolution chromatographs are also being used to 
investigate the effects of using chlorine for disinfection of sewage 
plant effluents, and as an antifoulant in condenser cooling water. 

Controlled Thermonuclear Processing 

Tritium containment and plasma exhaust processing for controlled 
thermonuclear reactors and the next-generation fusion experiment (i.e., 
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ORMAK-F/BX progrsjn) are being examined in detail. Plasma exhaust pro-
cessing modules have been partially designed and preliminary cost 
estimates have been made. Future plans include bench-scale system 
component testing and periodic design reviews. 

Shipping Studies 

The design of a package for shipping plutonium nitrate 
expected to be obtained in the future from the reprocessing 
burnup power reactor fuel was completed, and fabrication of 
package for use in a testing program was begun. 

Chemical Engineering Research 

Flooding rates for countercurrent flow in packed columns have been 
examined using new data from high density liquids as well as literature 
data from aqueous-organic solvent systems. A new flooding rate correla-
tion has been developed and shown to be significantly more accurate than 
previous correlations. 

New and improved correlations for axial dispersion and holdup in 
open bubble columns have been developed using both ORNL and selected 
literature data. These correlations apply to the bubbly and slugging 
flow regions and permit an estimate of the transition flow rates. Mass 
transfer measurements in open bubble columns have begun using the liquid 
film controlled CO2--water system. Local mass transfer coefficients are 
being evaluated after correction for dispersion and end effects. Mechani-
cally-agitated, nondispersing contactors are being studied to facilitate 
the mass transport between a liquid metal and a molten salt. 

A study of tritium sorption from liquid potassium is presently being 
conducted using metal sorbents. Metals chosen for study are known 
hydride-formers with large equilibrium hydrogen uptakes at low hydrogen 
pressures, such as zirconium and yttrium. Batch contacting techniques 
have so far revealed that tritium transport from potassium (at 150° and 
300°C) to yttrium or zirconium takes place very slowly or not at all. 
Surface oxide films on the sorbent materials are thought to be acting as 
barriers to diffusion, and new tests using coated sorbents have been 
initiated. 

Work has continued on developing a correlation for the gas-liquid 
equilibrium of the system COg-Og—CO-Ng. 

solutions 
of high-
a prototype 
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1. INTRODUCTION 

This report represents the first of a series of semiannual progress 

reports on many of the programs in the Experimental Engineering Section 

of the Chemical Technology Division. The purpose of these reports is to 

document basic experimental results, many of which will be preliminary 

in nature; however, it is expected that topical reports and open litera-

ture publications will ultimately be used to further correlate experi-

mental results and to present conclusions based on these results. 

Obviously, the subject matter in these progress reports will change 

with time as the Section becomes involved in other areas, but, insofar 

as possible, there will be a continuity of reporting. This first report, 

which covers the period September 1, 1973, to February 28, 197^, includes 

progress on all programs except those dealing with various nuclear 

reactors. The information and results developed by the Section in those 

programs [e.g., the High-Temperature Gas-Cooled Reactor (HTGR) and 

the Liquid-Metal Cooled Fast Breeder Reactor (LMFBR)] are reported 

separately through programmatic channels already well established for 

each reactor program and for that reason they are not presented here. 
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2. CENTRIFUGAL FAST ANALYZER DEVELOPMENT 

Centrifugal fast analytical systems are being developed to provide 
automated, fast analyses of various constituents contained in physiological 
fluids and other liquids by use of colorimetric, fluorometric, and nephelo-
metric assays. These systems are based primarily on the GeMSAEC principle"'" 
and include a multicuvet rotor that rotates through a stationary monitor. 
The output of the stationary monitor is processed in real time by means of 
an on-line computer or some other type of data processing system. 

A miniature analytical system is being developed in an effort to 
decrease the overall size and cost of the system. Two prototype systems 
have been fabricated, tested, and evaluated in routine clinical labora-
tories. Many routine clinical assays have been adapted for use with the 
system, and its i*ange of application has now been broadened by using it to 
perform blood grouping and specific-protein analyses. A portable analyzer 
and data system is under development, and a second-generation prototype 
has been fabricated and tested. 

2.1 Miniature Centrifugal Fast Analyzer 

C. A. Burtis, VJ. Johnson, 0. Tiffany, 
.1. E. Overton, •'. '•:. ! arella, and P.. C Lovelace 

The successful development of Centrifugal Faŝ t Analysers for use in 

clinical, laboratories' has led to consideration of -.he sare principle Tor a 

miniature clinical analyzer that would be capable of opcratir.fr in the :-:cro 

zravity conditions of space flight, as well as ground-bused operation. In 

Centrifugal Fast. Analysers are now coirjncr;rially available :'ro:r. three :"irsvs 
(1) American Instrument Company, Silver Spring, I'd.: (Ẑ  . !assaic, 
and (3) Union Carbide Corporation. Tarr/towri, ::.Y. Approxiaa.'iely ̂ CK) 
systems are routinely operatine in clinical laboratories located around th 
world. 



addition, it would "be especially useful in a small clinical laboratory, 
an emergency laboratory, a pediatric laboratory, a laboratory serving a 
small-animal facility, or a medical or biochemical research laboratory. 

2-5 
Previous studies indicated that a miniature analyzer based on the 

GeMSAEC concept was feasible and that it was possible to design and fabri-
cate operable miniaturized systems that retain the high degrees of optical 
performance, analytical accuracy, and precision that hs.ve characterized the 
larger Centrifugal Fast Analyzers. ' Consequently, two prototype systems 
have been fabricated and subsequently evaluated in the clinical laboratories 
at the NASA Johnson Space Center, Houston, Texas, snd at the Oak Ridge 
national Laboratory (ORNL). A third system is currently being fabricated 
and will be evaluated in the clinical laboratory of the National Institutes 
of Health (NIH), Bethesda, Maryland. Due to their primary importance, the 
design and development of rotors have continued to be a major development 
effort, as has the development of new data systems and chemical procedures. 
2,1.1 ••'.valuation ana Operation of Miniature Centrifugal Fast 

Analysers in Clinical Laboratories 
An analytical system was placed in the clinical laboratory of the 

Health "ivisior. at ORi.T, to evaluate the miniature analyser under routine 

'?ondi". ions. For an independent evaluation at sr. external laboratory, a 

system was evaluated in 'he clinical laboratory of the NASA ."ohnson Space 

-.•enter, and a third system is b e i : fabricated and Le scheduled for evalua-

tion in the elir.ical laboratory n* NX::. 

A miniature unalyticnl vz coi:sic;s of a miniature 'c-r.t rifu^al -act 

Ant'.ly.-Cr. "averul nn auto,r;-itc*«: nr.ple - re a, r. t. louder, a rotor 

clc&uiA?; atio;;, sijjri a data .-.tysterr.. A computerised data system is used 
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by both the ORNL and the NIH systems, while a prev~ isly described portable 
8 

data printer is used with the NASA system. 
ORNL Evaluation. - For the past 3 years a 15-cuvet GeMSAEC Centrifugal 

Fast Analyzer has been operated routinely in the clinical laboratory of 
the Health Division at ORNL. Unaer routine conditions, the evaluations 
obtained from the analyzer have been extremely useful, not only in providing 
data relevant to the operation and reliability of the analyzer but also in 
providing useful medical information for the ORNL employees. In the routine 
mode of operation, ORNL personnel undergoing periodic l8-month health 
examinations were asked to present themselves at the time of the examina-
tion in a fasting state (12 to 16 hr without food). The Fast Analyzer was 
then used to perform the following tests on the blood sample drawn at that 
time; glucose (fasting and 2-hr post-100-g-glucose load), triglyceride 
i'fasting), uric acid, SGOT, LDH, and alkaline phosphatase. The ORNL 
clinical laboratory has also been participating in two outside quality 
control problems, one set up by the Center for Disease Control (CDC) and 
the other directed by the College of American Pathologists (CAP). 

This 3-year evaluation demonstrated that the analyzer was reliable and 
dependable. It was found to provide accurate and precise information with 
a minimum of instrumental downtime. This evaluation has now been success-
fully completed, and the older analyzer has been replaced with the miniature 
one. 

Before the miniature fast analytical system was placed into routine 
operat ion in the ORNL clinical laboratory, its performance was compared 
with that of the 15-cuvet Ge'.'JAEC Fast Analyzer. In this comparison study, 
both analyzers were used daily to analyze routine serum samples for four 
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"blood constituents. The resultant data were statistically correlated 

using linear regression analysis. As shown 5'. Table 2.1, essentially 

equivalent results were obtained from both analyzers; the daily coefficient 

of correlation averaged O.9962, 0.9977, and 0.99*12 for the glucose, 

alkaline phosphatase, and LDH-L assays respectively. The average daily 

coefficient of correlation for SGOT was lower, O.9375, but considering the 

low enzyme activities that were statistically processed, this degree of 

correlation was acceptable. Because of the high correlation between the 

data obtained from both systems, the older 15-cuvet GeMSAEC Fast Analyzer 

was replaced with the miniature analytical system on July 1, 1973-

The system has now been operated routinely for 7 months. Its down-

time has been minimal (less than 1 day). The only serious problem 

encountered was incomplete cleaning of the rotors between analytical 

runs; this was solved by increasing the efficiency and duration of the 

cleaning and drying cycles of the rotor cleaning station. A minor problem 

encountered in the dispenser pumps used in the sample-reagent loader was 

caused by leaking seals; this problem has beer* eliminated by monthly 

replacement of the pump seals. 

Training of four medical technologists to operate the miniature 

system went quite smoothly, possibly because they had been previously 

trained to operate the GeMSAEC Analyzer. In general, the technologists 

prefer to operate the new miniature system because of its simplicity and 

improved ease of operation. 

NASA Evaluation. — The second miniature fast analytical system was 

evaluated in the clinical laboratory of the NASA Johnson Space Center, 

Houston, Texas, and was delivered and installed on February 1, 1973 * 

Prior to delivery of the system, Larry Wallace, the NASA representative. 
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-iail;: r.oti:. resul' ''nic/dl1. i. "'.'rtC.'Ticicjii of correlation. 

S'vcruce dully scan result fl.'f./liter, JOsc). 
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spent a week at ORNL for training. In the past year, Mr. Wallace evaluated 
the analytical system and several chemical procedures, including: 

(1) instrumental check-out of the system and its individual components, 
(2) determination of its optical linearity at 3^0 nm and other wavelengths 
using standard solutions of NADH and Blue Dextran, and (3) systematic 
testing of supplied chemical procedures using commercial control sera. In 
general, the system performed as expected, and analytical results from it 
were comparable with those from reference methods. Instrument problems 
consisted of (1) a cracked transistor socket which was repaired on-site 
by NASA personnel; (2) a noisy drive motor, which was repaired on-site by 
OREL personnel; and (3) a burned-out Zener diode in the data printer, 
which was repaired off-site at Oak Ridge with the printer later being 
returned to Houston. 

Fabrication of Analytical System for the NIH. - The fabrication of a 
third analytical system is approximately 85$ complete, and the system 
should be delivered to NIH sometime in June 1974. The system will be 
evaluated by personnel at the NIH clinical center, with service and 
technical support provided by ORNL personnel. 
2.1.2 Rotor Design and Development 

Due to the central role of the rotor in the operation of the miniature 
and portable (Sect. 2.3) analyzers, rotor design and development has 
continued to be one of the most important efforts of the Fast Analyzer 
program. One ultimate objective is to develop a rotor that contains pre-
loaded reagents (these will be reconstituted at the time of analysis using 
the technique of dynamic loading) and that is capable of accepting a whole-
blood sample, which is then automatically processed and analy-ed within the 
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rotor. In addition, rotors have been developed that incorporate sample 
and reagent chambers having separate and parallel transfer channels. 
Specialized rotors have also been developed and will be discussed in more 
detail in the sections on blood grouping procedures (Sect. 2.2.1) and 
specific protein analyses (Sect. 2.3,2). 

Whole-Blood Rotor. — A rotor has been designed and is being developed 
which will be capable of accepting a whole-blood sample, followed by 
automatic internal processing and analysis. This rotor design will 
utilize a stacked rotor concept in which the whole-blood sample is intro-
duced s emi quant ita t ively into the lower level (Fi<-. 2.1) of the rotor, 
where it is centrifugally processed into plasma and cells. A semiquantita-
tive volume of plasma is displaced inwardly and vertically upward by 
injecting a dense, immiscible liquid. The bulk plasma aliquot is apportioned 
into equal aliquots by means of measuring chambers that are located in the 
upper rotor level (Fig. 2.2). These aliquots are then transferred into 
their respective cuvets by means of transfer siphons that are activated by 
application of positive air pressure. A prototype of this rotor (Figs. 2.1 
and 2.2) has bean fabricated and is currently undergoing testing and evalua-
tion. 

Development of Rotor Containing Preloaded Reagents. — One of the 
Ultimate objectives of the Centrifugal Fast Analyzer program is the develop-
ment of disposable rotors that contain preloaded quantities of reagent in 

g 

each cuvet. At the time of analysis, the reagents will be reconstituted 
"by dynamic introduction10 of water or buffer. One technique for preloading 
a rotor would involve introduction of reagents into the rotor, in either a 
static or dynamic mode, followed by lyophilization of the reagents directly 



Fig. 2.1. Blood Processing Chamber of the Whole-Blood Rotor. 
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in the curvets of the rotor. At the time of analysis, these lyophilized 
quantities of reagent would "be reconstituted by the dynamic introduction 
of a premeasured volume of water or buffer. Consequently, a series of 
experiments -was initiated to determine the feasibility of lyophilizing 
reagents within the cuvets of the rotor and their subsequent dynamic 
reconstitution. 

For comparison purposes, samples were assayed in parallel, using both 
freshly prepared and lyophilizeu. reagents. The aliquots of samples and 
diluent were loaded in the static mode."*""*" The initial results of these 
studies are summarized in Tables 2.2 and 2.3. Comparable results were 
obtained from both the freshly prepared and the lyophilized and dynamically 
reconstituted reagent, with only a slight decrease in precision with the 
latter. Special considerations had to be made for the alkaline phosphatase 
and LD-L reagents. The alkaline phosphatase reagent contains a volatile 
buffer that is lost during the lyophilization procedure; consequently, the 
lyophilized reagent was dynamically reconstituted with buffer. In the 
case of the LD-L reagent, we were unable to obtain reproducible results 
when the lyophilized material was dynamically reconstituted. (LD-L reagent 
is prepared by combining the two vials from the reagent kit: vial A, which 
contains L-lactate and glycine—sodium carbonate buffer; and vial B, which 
contains NAD.) This problem was resolved by lyophilizing the NAD in the 
cuvets and the L-lactate and buffer in the sample chambers of the rotor. 
The NAD was dynamically reconstituted at the time of the analysis, while 
the lactate and buffer were reconstituted when the sample and diluent were 
discretely loaded into each chamber. No special considerations were 
required in the lyophilization of the AST, glucose, and triglyceride 
reagent s. 



Table 2.2. Comparison of 'ducose '-e suits btaineJ from "sing hither . reshl.v i repared''' 

or Lyophilized and Dynamically Reconstituted'15 Hear,ent 

(in milligrams per 100 ml of aqueous glucose standard) 

Run 100 mg/100 ml Std.C 200 mg/lOO ml Std.c 500 m^/lOO ml Std.C' 
d „ . e d „ e ,, d „ „ e No. Reagent Treatment Mean S.D. Mean S.I. Mean S.D. 

1 Fresh 99-0 O.h 2Ob.O 0." 502.5 2.1 
2 Lyophilized 97-3 O.U 20U.1 2.8 518.1+ 5.8 
3 Lyophilized 9^-2 1.5 205.1 3-7 51U.U h.l 
k Lyophilized °6.3 2.9 198.1 3.7 502.8 7-5 
5 Lyophilized 98.6 0.7 199-9 1.9 502.7 5.7 

Total of Runs 2-5 (N = 20) 97.6 1.8 201.8 k.l 509.6 8.9 
aReagent freshly prepared at time of analysis and used as previously described (ref. 5). 
b 
Reagent lyophilized within cuvet of rotor and dynamically reconstituted at time of analysis by 
dynamically introducing 3^0 of v/ater. 
c 
Aqueous glucose standards. 

a 
jVIean of five replicate glucose measurements. 

Q S.D. = standard deviaticn. 
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Table 2.3. Comparison of Enzymatic Results Obtained from 
cL 

Using Either Freshly Prepared or 
Lyophilized and Dynamically Re constitute d13 Reagent 

Assay 
Reagent 

Preparation 
Measured 
c Mean 

Results 
S.D.d 

ALP Fresh U8.S 0.7 
Lyophilized i+9.3 0-9 

LD-L Fresh 80.' 0.7 
Lyophilized 78.1 2.1 

AST Fresh U8.9 0.3 
Lyophilized ^5.7 0.8 

Triglyceride Fresh 131.3 1.2 
Lyophilized V31 O — 'J h.i 

8. 
Reagent freshly prepared at time of analysis and used in routine analysis 
as previously described (ref. 5). 

v 
Rearcent lyophilized within the cuvets and dynamically reconstituted at 
time of analysis by dynamically introducing 3^0 pi of either water or 
buffer. 
c /• -1 Mean result of lo observations. Enzyme data presented in I.U. liter 
min"1., 30°C; triglyceride data given in mg/100 ml. 
^S.D. = one standard deviation. 
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Results of these preliminary studies indicate that reagents can be 

successfully lyophilized within the cuvets of the rotor and subsequently 

dynamically reconstituted at the time of analysis. This technique of 

reagent handling and preparation is consistent with the concept of dis-

posable rotors; however, other important parameters, for example storage 

techniques and stability studies, must be investigated. These studies are 

now in progress. 

Development of Rotors with Separate and Parallel Transfer Channels. — 

Liquids are introduced into the rotor of a Centrifugal Fast Analyzer in 

either a dynamic or a static mode. In the static mode, discrete aliquots 

of samples and reagents are dispensed into either of two concentric series 

of chambers that have been machined into the central body of the rotor. To 

radially transfer these aliquots into their respective cuvets, the rotor is 

placed into its holder within the analyser and accelerated to a speed of 

^000 rpm. To mix the transferred solutions, the rotor is abruptly braked 

from ^000 to 0 rpm. The rotor is then accelerated to a speed of 1000 rpm 

for optical monitoring. The entire transfer and mixing operation requires 

approximately 7 sec. 

The aliquots of sample and reagent are transferred into the cuvet via 
3-5 

transfer channels that can be designed in either a sequential or 

parallel orientation. Figure 2.3 shows the top views of two 17-cuvet •5-5 

rotors. The design of the rotor on the left, previously discussed, is 

characterized by having its sample and reagent chambers arranged in a 

sequential array on a common radius with sequential and interconnecting 

transfer channels that lead ultimately into a common cuvet. Thus, in this 

rotor design, the aliquots of sample and reagent share a common path, and 
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those chambers do net interconnect and <,-aoh har i%c own separate ? rar-r 

channel that leads from it. via a separate but para lit.-1 ja" h, d; rc • ly ' >.t-j 

a ooraion cuve' . A second rotor • ?.•• i, which was 4e;:i,T.ed a:;-.', .'itvcl̂ jtd 

r use with a recently developed j.vr:able „:ent.rifuj;al .a-t Ar.aiyrer. has 

its sample and reagent chambers arranged in a parallel array with varallcl 

and separate transfer channels that connect with a coscwn cuvct. 

Both of the new rotor designs have separate ~yjr(ple ami reagent chtc&ors 

and transfer channels that connect ultimately ir. a common cuvct . Therefore-, 

sample and reagent aliquots that have been loaded with those chambers are 

physically separated and do not mix until each, has been transferred directly 

into its associated cuvet. 

The unique arrangement of sample and reagent chambers,, transfer 

channels, and cuvets that has been incorporated into the new rotor designs 

lias the dual advantages of (1) preventing premature mixing of the aliquots 

of sample and reagent and (2) facilitation of rapid transfer and mixing of 

sample and reagent into and within their respective cuvets. 

Tn a Centrifugal Fast Analyzer, the individual reactions are initiated 

when the individual aliquots of sample and reagent are transferred into and 

mixed within their respective cuvets. Occasionally, premature reaction 

initiation due to premixing of the sample and reagent aliquots has been 

observed with the rotor at rest. Premixing occurs when liquid from one 

of the chambers creeps into the other chamber via the interconnecting 
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transfer channel, which, of course, invalidates the assay. This problem 

becomes more frequent if the reagent contains a surfactant or organic 

solvent. In these situations, the use of the new rotors which have 

separate sample and reagent chambers and transfer channels has eliminated 

this problem, since the sample and reagent aliquots are physically-

separated and will only transfer and mix when the rotor is placed in the 

analyzer and spun. 

Previously, "dynamic braking" has "been used to ensure complete mixing 

of the aliquots of sample and reagent which had been transferred into their 
•3 

respective cuvet.^ In the new rotor design, the transferred aliquots of 

sample and reagent mix as they jet into their common cuvet. Thus, both 

transfer and mixing occur simultaneously when the rotor is accelerated. 

To test the efficiency of the transfer and mixing operation in the 

new rotors, a series of experiments was performed with both the miniature 

and portable analyzers. In the odd-numbered cuvets, equal aliquots of 

undiluted dye were placed in both the sample and reagent chambers. In 

the even-numbered cuvets, equal •• .es of dye were placed in the reagent 

chambers and equal volumes of wr were placed in the sample chambers. 

These rotors were then placed a analyzers and accelerated to either 

3300 rpm (portable analyzer) or lf-000 rpm (miniature analyzer). If transfer 

and mixing are complete, the absorbanc-es of the solutions in the even-

numbered cuvets should be half that of the undiluted solutions contained 

in the odd-numbered cuvets. The results from both analyzers are listed 

in Table 2.k. Comparison of the mean absorbance of the cuvets containing 

diluted vs undiluted dye indicates that a simple acceleration with the 

new rotor design results in an efficiency of more than 99% in the transfer 

and mixing operation. 
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Table 2.h. The Efficiency of Transfer and Mixing of 
Liquids in a Rotor Having Separate Sample and 

Reagent Chambers and Transfer 

Mean Absorbance at 620 nm 
Type of 

Centrifugal 
Fast Analyzer 

Undiluted Dye Diluted Dye Transfer 
and Mixing 
Efficiency0 

Type of 
Centrifugal 

Fast Analyzer (Odd-Numbered Cuvets) (!:'.ven-i'.umbe:• ed Cuvets) 
Transfer 
and Mixing 
Efficiency0 

Miniature9, 0.^081 0.2057 100. S 
Portablê 3 0.^139 0.2057 99 

Test conditions: Loaded rotor placed in analyzer, accelerated to UOOO rpm, 
and decelerated to 1000 rpm: absorbances measured at o20 nm. 
Test conditions: Loaded rotor placed in analyzer, accelerated to 3300 rpn, 
and decelerated to l600 mm: absorbances measured at 620 nm. 
Ifficiency (%) Abs. of Diluted Dye 

/"Abs. of Undiluted Dye^ 
\ 9 J 

x 100. 
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''' ~ • • ata .-'u-quisi'. ior. 

'cnt rifitral ast .'-.naly-.ters produce data ir. a :V;*:r. and at a rate 
suitable for direct input into a digital computer. However.. :n sorr.e 
y.rplications it is desirable to have an inexpensive and portable data 
device ;'or use with such analysers. Consequently, a development effort 
is ir. progress to develop such a device. 

The first data syster. developed was a portable data processor that 
had mechanical data output," a prototype of which, is currently being 

evaluated with the analytical system at the Johnson Space Center. Next, 

a second prototype, designated the Model I Digital Dtta Printer, was 
12 

fabricated and tested. In this system, absorbance is printed directly 

by an eight-digit line printer in an absorbance-vs-cuvet format. Subse-

quent. to the development of these devices, an improved Model II prototype 

has been designed and fabricated, and a Model III has been designed. 

Model n Digital Data Printer. — The Model II Digital Data Printer 

is shov.-i, in Fig. 2.5 and its operational schematic in Fig. 2 .6. This data 

system contains the electronic components for acquiring, processing, and 

printing absorbance or intensitv measurements from the optical output of 

either a 17-cuvet miniature Centrifugal Fast Analyzer or the 8-cuvet 

portable Centrifugal Fast Analyzer. The system incorporates an interval 
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clock which provides for monitoring and printing of the analytical data 
from an analyzer at any one of four selectable time intervals (5, 15? 20, 
and oO sec) for up to ten sampling intervals. 

The operator can choose the manner in which the data from the analyser 
are printed from one of the four following modes: (1) absorbance for each 
cvivet in the range of from 0 to 0.8192 is printed at the end of each 
sampling period; (2) the absorbance of cuvet 1, which is the reference 
cuvet, is printed at the end of each sampling period, and the change in 
absorbance for each of the remaining cuvets between sampling periods 
(delta absorbance) is printed at the end of the second and successive 
sampling periods; (3) the intensity for each cuvet is printed at the end 
of each sampling period; (U) the intensity of cuvet 1 is printed at the 
end of each sampling period, and the change in intensity for each of the 
remaining cuvets (delta intensity) is printed at the end of the second 
and successive sampling periods. 

To process data in the absorbance mode, the system utilizes a 
logarithmic amplifier to convert the transmission pulses to absorbance 
data pulses. These are then digitized by a 12-bit analog-to-digital 
converter, and the resultant digital data are stored in a 38U-bit random-
access memory arranged as 32 words of 12 bits each. After the data are 
accumulated in memory, printing begins. The delta-absorbance mode is 
similar, but it requires an additional 38U-bit memory section for storing 
the previous sampling interval data for calculation of the change in 
absorbance per sampling interval. The intensity a: . delta-intensity modes 
are identical to the absorbance outputs except that the logarithmic module 
is not used. 
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To operate the data system, one operator first selects the output 
format, sampling time interval, and number of cuvets. The printing sequence 
is then initiated by depressing the "start" button. The data are then 
printed at the rate of five lines per second by an eight-digit printer 
utilizing a seven-segment print head and thermal-sensitive paper. It 
prints a two-digit cuvet number and a one-digit interval number, followed 
by a decimal point and four digits of absorbance or intensity data 
(Fig. 2.6"). 

Model III Digital Data Printer. — Wonlinearity problems associated 
with the logarithmic module used in the Models I and II Digital Data 

Printers and the desire for signal-averaging capabilities, as well as 
additional computational power, have led to the design of the Model III 
Digital Data Printer. This unit will incorporate a commercially available 
calculator chip as a central data processing unit (CPU) and tfill also 
include additional memory to provide for signal averaging (N = l6). The 
unit will acquire and digitize the transmission data from the analyzer, 

from which the CPU computes absorbance. The absorbance data are stored 
in memory and later processed by the CPU into either concentration or 
activity units. A prototype of this system will be fabricated and tested. 
2.1.U Analytical Applications of the Dynamic Introduction of Reagents 

10 
A previous study indicated that a premeasured volume of liquid can 

be dynamically introduced into and apportioned within the spinning rotor 
of the miniature Centrifugal Fast Analyzer with an accuracy end precision 
of ± 1 to 2°/o and ±1.0 pi respectively. To obtain this performance, the 
premeasured volume of liquid has to be injected at a constant rate, 
through a small-diameter orifice, into a rapidly spinning rotor. Precision 
studies indicate that the effects of rotor-to-rotor and operator-to-operator 
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variability are minimal. The analytical applications of the technique open 
several avenues which previously had been difficult or impossible to pursue 
with Centrifugal Fast Analyzers. For example, the technique allows for a 
direct measurement of a sample's blank absorbance and also has a cost-saving 
factor in that it can be used to load reagent, thereby eliminating the need 
for one of the two pipettes used in the system's automated rotor loader. 
Potentially, one of the most useful applications of the technique is its 
use in adapting the more-complicated chemistries for use with a Centrifugal 
Fast Analyzer. For example, those analyses requiring a pH, substrate, or 
cof-ictor change or the addition of activators, initiators, inhibitors, or 
chelators during the course of the analysis can now be adapted for use 
with Centrifugal Fast Analyzers. 

Measurement of Serum Blank Absorbance. — Due to the presence in serum 
of endogenous compounds that absorb light at the analytical wavelength, it 
is often necessary in equilibrium reactions to measure and correct for 
the absorbance of the serum (i.e., serum blank). With Centrifugal Fast 

13-15 
Analyzers, this measurement can be made directly or indirectly using 
a variety of techniques. The techniques for direct measurement of a true 
sample blank (e.g., precalibration of analyzer with serum blanks or side-
by-side measurement in which one cuvet contains serum plus saline and a 
second contains serum plus reagent) have not been generally used with 
Centrifugal Fast Analyzers because they reduce the analytical output of 
the analyzer by 50% and require a double aliquot of sample. 

The technique of dynamic introduction of liquids offers a solution 
to the dilemma of obtaining a direct serum blank absorbu.ice measurement. 
In practice, this entails discretely loading1"'" aliquots of samples and 
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diluents into their designated rotor chambers. After these aliquots have 
been transferred into and mixed within their respective cuvets, the 
absorbances of these serum blanks are measured directly. Subsequently, a 
premeasured volume of reagent is dynamically introduced into the spinning 
rotor; the ensuing reactions are allowed to proceed to equilibrium and 
the final absorbances measured. The concentration of the analyzed species 
can then be calculated using the following formula: 

Concentration = SF + (Af-Ao*DF) , (1) 

where 
SF = substrate factor, 
Af = final reaction absorbance, 
Ao = serum blank absorbance, 
DF - dilution factor. 

To demonstrate a practical use of this application of dynamic intro-
duction of reagent, several routine serum samples from various patients 

were assayed in parallel for their glucose content using both the technique 
1U 

described above and a technique that involves an extrapolation routine to 

calculate the absorbance of the serum blank. The results for the two 

techniques (see Table 2.5) are comparable with a high degree of correlation. 

It should also be noted that the direct measurement of the serum blank 

absorbance did not halve the analytical throughput of the analyzer and 

required only a single aliquot of sample for both the blank and the 

analytical measurement. 

Dynamic Reagent Introduction. — Reagents can be dynamically introduced 

into the rotor of a Centrifugal Fast Analyzer which eliminates the need for 

one of the two relatively expensive pipettes used in the automated sample-



Table 2.5. Statistical Comparison of Analytical Results Obtained with 
St Either Discrete or Dynamic Loading of Reagents 

Coefficient Average Y Average X 
Assay M Slope Intercept Correlation (dynamic) (discrete) 

Glucose*3 U8 1.023 -O.i+O 0.5-990 108.7 106.6 
Triglycerides13 0.960 k.22 0.9962 196.1 195-9 

r Alkaline phosphatase' U8 1.051 -0.53 0.9995 59-3 r;6.9 
LD-LC 1.017 0.13 O.991U 86. k 8U.9 
AST0 UQ 1.027 -O.OHO 0.9958 1'i.l 13-1 
dynamically leaded volume =• 3^0 i.l (20 (.l/cuvet). 

Results in mg/100 ml. 
cResults in I.U. liter"1 min"1 at 30°C. 



reagent loader.11 To demonstrate the feasibility of this application of 

the technique, a series of analyses was performed in which replicate 

aliquots of a single sample and its diluent were loaded discretely and 

the reagent was loaded dynamically. In addition, the sample was also 

assayed after the replicate sample, reagent, and diluent aliquots were 

loaded discretely. As shown in Table 2 .6, comparable results were 

obtained independent of the reagent loading mode; only a slight decrease 

in precision was noted due to dynamic loading of reagent. In a subsequent 

experiment, 1+8 serum samples obtained from selected patients were analyzed 

in parallel for five blood constituents using both discrete and dynamic 

loading of reagents (see Table 2.5). The data in Tables ?:.5 and 2.6 

indicate that reagents may be dynamically loaded into a rotor with little 

loss in analytical performance. 

Sequential Reagent Addition. — Potentially, one of the most useful 

applications of the technique of dynamic loading of reagent is in adapting 

the more complicated chemical procedures for use with Centrifugal Fast 

Analysers. Heretofore, most of the chemical methods that have been 

adapted or developed for use with Centrifugal Fast Analyzers have been 

simple, one-step procedures requiring only a single aliquot of sample and 

a single aliquot of reagent that contains a. single reactant or mixture of 

reactatr a. In general, the adaptation of the more-complicated chemical 

procedures (e.g., those requiring the sequential addition of one or more 

reagents) has been difficult and time-consuming, or has required ingenuity 

In loading the liquids ' into the system. Dynamic loading of reagent can 

be used to eliminate or circumvent these difficulties and, hence, broaden 

the analytical applications of Centrifugal Fast Analyzers. 
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Table 2.6. Analytical Results and In-Run Precision Obtained from 

Either Discrete or Dynamic Introduction of Reagent 

Discrete51 Dynamic"13 
Standard Standard 

Assay Mean0 Deviation Mean0 Deviation 

Glucose^ 97.^ 0.7 100.5 1.0 
Triglyceride*̂  170.7 2.1 173 .6 2.7 

Q Alkaline phosphatase 58.5 0.6 <56.2 1.1 
LD-L® 59-8 0.7 59.^ 0.9 
ASTe 10.!+ 0.2 9-3 0.3 
3> 
Discrete: Automated sample-reagent loader used to load samples and 
reagent volumes. 
Dynamic: Conditions, injected volume = 3̂ -0 pi; delivery device = 
500-pi Hamilton syringe; delivery probe tip diameter = 0.010 in.; 
rotor speed = 3000 rpm. 

cMean of 16 observations. 

D̂a.ta given in mg/100 ml. 
e -1 -1 Data given in I.U. liter min at 30°C. 
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An example of a more-complicated chemical procedure that has been 

developed for use with Centrifugal Fast Analyzers is the two-step tri-
lo 

glyceride procedure of Bucclo and David. In this procedure an aliquot 

of serum is mixed and incubated for 10 min with an aliquot of reagent 

composed of all reactants except glycerol kinase. After the serum tri-

glycerides have been hydrolyzed to free fatty acids and glycerol, an 

aliquot, of a second reagent containing glycerol kinase is added, and the 

glycerol is quantitatively determined and related to the original tri-

glyceride content of the sample. In adapting this procedure for us -;ith 

the miniature analyzer, the addition of the glycerol kinase can be 

performed in either the static or the dynamic mode. To demonstrate the 

advantages of dynamic loading, H5 serum samples from selected patients 

were analyzed in which the glycei'ol kinase was loaded either statically 

by stopping the rotor and adding 20 |il of reagent to each reagent chamber, 

or dynamically by introducing 3U0 of reagent into the spinning rotor. 

The data, which are included in Table 2.5, indicate that equivalent results 

were obtained independent of reagent loading mode. The dynamic reagent 

introduction was easier, required less time to perform, and did not require 

stopping the rotor, as was necessary v/ith static loading. 

Other procedures in which dynamic loading could be used to sequentially 

add reagent include the transaminase assays, which require a prior incuba-

tion with reagent to remove endogenous substrate followed by reaction 

initiation by the addition of a chemical initiator. For example, we have 

adapted a two-step AST assay for use with the analyzer which requires 

reaction initiation with oxaloacetate. (Note: The reaction could also 17 be initiated with L-aspartate as suggested by Rodgerson and Osberg. ) 
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Other procedures that could be adapted include those involving a pH 
18 change (e.g., acid phosphatase ). In addition, the technique could be 

used to change substrate concentration and add inhibitors ir. order to 
19 measure various enzyme kinetic parameters. The dynamic addition 01 

inhibitors could also bs applied in the alkaline phosphatase isoenzyme 
20 method of Statland, Nishi, and Young. Further applications include 

sequential chemical analysis of a single aliquot of serum and incremental 
21 

spectrophotometric titration. 
In general, the technique of sequential reagent addition, using 

dynamic introduction of liquids, has a broad range of applications. 
However, it should be noted that the number of successive reagent additions 
that can be performed in a single analytical run is a function of the 
minimum and maximum cuvet volumes. Since the minimum cuvet volume required 
for an optical measurement is 90 pi and the total cuvet volume is 1^0 pi, 
the total volume that can be dynamically loaded is 50 pi (lUo - 90) per 
cuvet. This volume can be divided into different volumes and numbers of 
aliquots. For example, five successive dynamic loadings of lO-pl aliquots 
per cuvet could be performed, or two successive 20-pl aliquots followed 
by one 10-pl aliquot, etc. 

2.2 Portable Centrifugal Fast Analyzer 
Further efforts to reduce the overall size of the Centrifugal Fast 

Analyzer have now resulted in a very small, battery-operated analyzer that 
should be relatively inexpensive and extremely portable, while still 
maintaining the operating characteristics of the much larger systems. Both 
photometric and. fluorometric monitoring have been included in the design 
of the device. 
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-.2.1 Instrument Description 

The optical, mechanical, and electronic portions of the small analyzer 
are contained in a package consisting of a U-l/8 x 6-1/1* x 3/b in. frame 
based in a U-7/17 x U-l/4 x 3-1/3 in. box (Figs. 2.7 and 2.8). This new 
analyzer includes the following unique aspects: 

1. The optical system is permanently aligned by being machined 
into the central frame. 

2. The optical system is designed to permit either transmittance 
(thereafter converted to absorbance) or fluorescence measure-
ments by only a simple change in internally mounted filters. 

3. Rotors are removed and replaced by swinging the motor and 
rotor holder out of alignment with the frame. 

U. All optical, electrooptieal, and electromechanical components 
are mounted on the frame; the box is a convenient, but not 
essential, housing for the electronic components (i.e., the 
electronics could be housed elsewhere). 

Mechanical Design. — The analyzer body is designed around a monolithic 
frame into which all optical channels are machined. This frame supports 
and provides permanent alignment for the light source, all lenses, mirrors, 
and -filters, and the photomultiplier tube. It also supports and aligns 
the reflection transducers that provide rotor and cuvet pulses to the data 
system electronics. 

All previous Fast Analyzer systems have had an articulated optical 
system that could be swung clear for removal and insertion of cuvet rotors. 
The new design features a rigid optical system with a swing-out rotor. 
This arrangement reduces problems associated with misalignment of the 



Fig. 2,7. Portable Centrifugal Fast Analyzer with Battery-Powered 

Data Processor. 
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optical system. The drive motor and rotor are pivoted in the main frame, 
so that they -will swing out for rotor removal and insertion, and are 
located in the operating position by a positive stop and detent on the 
frame. 

Optical Components. — A miniature quartz-halogen lamp Is mounted in 
the top frame to supply Illumination for either absorbance or fluorescence 
measurements (Fig. 2.8). If absorbance measurements are being made, the 
fluorescence excitation path is blocked by an opaque blank in one of the 
six excitation filter slots In the upper filter holder. Fluorescence 
measurements are made on special rotors having an opaque upper surface; 
consequently, blocking of the absorbance path is not necessary. 

In the absorbance mode, the optical system provides intense illumina-
tion of the cuvet by means of quartz focusing lenses that allow the source 
image to be focused anywhere between the sample cuvet and the photo-
multiplier aperture. This flexibility considerably improves operation 
with cuvets that are not entirely filled with sample. Below the cuvet 
rotor, a filter slide containing up to six interference filters allows the 
choice of wavelength for a particular measurement. The photomultiplier 
(Hamamatsu TV type R-300) has a response characteristic (S-5) covering 
wavelengths from approximately 200 to 600 nm. 

For fluorescence measurements, light from the quartz-halogen lamp is 
deflected 90° by a front-surface mirror and is directed through one of six 
interference filters (which sets the fluorescence excitation wavelength) 
before passing through a quartz lens that focuses an image of the source 
on the bottom surface of the sample in the rotor cuvet. The light con-
verging to a focus from the lens is deflected 135° by another front-surface 



mirror to reach the cuvet. The U50 angle of incidence was chosen as a 
compromise among several conflicting requirements: obtaining maximum 
surface fluorescence, minimizing surface reflections cf the excitation 
radiation, and accommodating limitations imposed by rotor geometiy, 
filter locaticns, etc. 

The exact focal point of the source image on the sample surface can 
be selected by movement of the two front-surface mirrors. Focus can be 
optimized for fluorescence response by adjusting the focusing lens. The 
fluorescent emission from the sample passes through an emission filter, 
in the same filter slide that contains the absorbance filters, after 
which it impinges on the photomultiplier tube. 

Electronics. — Power Is supplied to the analyzer from a battery power 
pack in the associated portable data system (Sect. 2.1.3). Regulated +5, 
-'35, and ±15 V dc supplies are provided, each with a separate ground wire. 
The 4-5 V supply furnishes power to the lamp, the drive motor, and the 
reflection transducers that provide cuvet and rotor pulses. The ±15 V 
supply services the operational amplifiers in the signal circuit and the 
integrated-circuit voltage regulator that controls the +35 V supply to a 
variable dc-to-ac converter; the converter, in turn, furnishes adjustable 
high voltage to the photomultiplier tube. 

The signal outputs from the analyzer to the data system are as follows 

1. A signal proportion 1 to transmittance, or fluorescence emission, 
from each cuvet. 

?.. A rotor pulse which indicates that a new revolution of the rotor 
is starting. 

3. A cuvet pulse which indicates that a cuvet is in the light beam 
and a new measurement is to be made. 
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2.2.2 Rotor Design 

An eight-cuvet rotor (Fig. 2.9) has "been designed and fabricated for 

use with the portable analyser. The rotor, which consists of three pieces 
of acrylic plastic glued together, is similar to others designed pre-

viously"1 ' " for use with the miniature analyzer. This version is 
primarily a development aid and thus has significant versatility. As in 
other development models, the samples and reagents may be introduced in 
either a static or a dynamic mode. This rotor is unique in that the 
transfer channels connect the discrete sample and reagent chambers to 
their respective cuvets. In earlier designs, the sample and reagent 
chambers were sequentially interconnected, with a final channel terminating 
In the respective cuvet. In the new design, the reagent and sample chambers 
do not interconnect, as each has its own transfer channel directly into the 

cuvet. This arrangement of chambers, channels, and cuvets has the advantage 
of facilitating the transfer and mixing of sample and reagent aliquots into 
the cuvets. In addition, it eliminates the need for "dynamic braking," a 

3-5 
technique used with the miniature analyzer to ensure adequate mixing. 
2.2.3 Prototype Evaluation 

This analytical system represents the first operable prototype of the 
portable analyzer and, as such, has been used to demonstrate the concepts 
and provide a basis for design of a final system. However, preliminary 
data on the evaluation of this analyzer indicate that even this early model 
may have significant utility. 

Photometric Performance. — Because the portable analyzer is basically 
a multicuvet photometer or fluorometer, it must provide accurate and precise 
optical measurements. To determine if the analyzer meets this specifica-
tion, reference solutions of NADH in Tris buffer (0.1 mole/liter, pH 7.U), 
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Fig. 2.9. Typical Multifunctional Plastic Rotor with Eight Cuvets 
Made from Acrylic Plastic, 



39 

£-nitrophenol (PKP) In Tris buffer ; J.1 mole/liter, pH 10.5. .- an! soJLLu::: 
fluorescein In 0.01 I." UaOH v:ere used to determine linearity with concentra-
tion. The absorbances of the i.'Aljil and .il.- solutions "'.-.•ere measured at wave-
lengths of 3^0 and 1+00 nm respectively; the fluorescence intensities of the 
fluorescein -.-.•ere measured at the excitation and emission wavelength ranges 
of 390 to 1+80 nm and 5-0 to o00 nn respectively. 

The light absorbances of the IIADH and -IIP solutions were essentially 
linear for concentrations up to an absorbance of 2.0 at 3^0 ruu and at 
least 1.0 at 1+00 nm (Fig. 2.10). In addition, the abscrbances of these 
solutions were also measured using the miniature analyser."' the values 
from the two analyzers were found to agree to within 1 02- 2;', and both 
demonstrated a very low noise level (<0.0005 absorbance unit). 

The fluoromeiric response of the portable analyzer as a function of 
fluorescein concentration was shown to be linear for the concentration 
range of 0.2 to 1.0 ,.g of fluorescein per milliliter (Pig. .111. 

Transfer and Mixing of Fluids. — Considering the small volumes 
involved, quantitative transfer and mixing of the aliquots of sample and 
reagents into and within their respective cuvets are critical steps in the 
analytical operation of the portable analyzers. This operation is done by 
accelerating the analyzer to 3300 rpm, followed by a deceleration to 
l600 rpm for the transfer of the aliquots: thus the time-consuming additional 
braking step for mixing used in previous systems was not included in these 
tests. 

To determine the transfer and mixing efficiency, 60-pl aliquots of 
distilled water were placed in sample chambers 2, k} 6, and 8, and 60-nl 
aliquots of a dye solution were placed in sample chambers 3, 5, and 7, and 
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in each of the reagent chambers 2 through 8. For reference, 6o-pl aliquots 

of water were placed in the sample and reagent chambers of cuvet 1. These 

aliquots were ihen transferred into their cuvets by rapid acceleration to 

3300 rpm, followed by a slow deceleration to the analyzer's normal operating 

speed of 1600 rpm. If transfer and mixing are complete, the absorbances 

of the solutions in cuvets 2, 6, and 8 should be half those of the 

undiluted solutions in cuvets 3) and J. 

The results from this experiment are summarized in Table 2.7. Compari-

son of the mean absorbance of the cuvets containing diluted dye vs that for 

cuvets filled with undiluted dye indicates that there was an efficiency of 

over 99% in the transfer and mixing operation. Hence the new rotor design 

coupled with the portable Centrifugal Fast Analyzer represents a potentially 

usable analytical system. 

Dynamic Introduction of Liquids. — The most probable mode of operation 

of this analyzer will involve dynamic introduction of a sample into a rotor 

already containing reagents, which might even include the direct introduc-

tion of an unprocessed whole-blood sample. Premeasured volumes of liquids 

may be introduced onto the splitting vanes of the spinning rotor and 

apportioned into equal aliquots, which are then automatically transferred 
9 

into their respective cuvets. To determine the precision and accuracy of 

this technique, discrete aliquots of a dye solution of known absorbance 

were loaded into the cuvets and then subsequently diluted by dynamically 

injecting a premeasured volume (l6o pi, 20 pi per cuvet) of water actually 

apportioned to each cuvet. The actual volume apportioned to each cuvet can 

be calculated by comparison of the absorbances of the undiluted and diluted 



Table 2.7. Transfer and Mixing of Solutions Within 

of the Portable Centrifugal Fast Analyzer 

the Rotor 

Cuvet 
Ko. 

Absorbance at 620 nm Cuvet 
Ko. Si Diluted Dye Solution Undiluted Dye Solution 

2 

u 
5 
6 
7 
8 

0.210k 

0.2070 

0.19U8 

0.2105 

0.1+095 

0.4099 

0.4049 

Average 0.2057 OA139 
a Blue Dextran dye solution diluted with equal volume of water. 

Undiluted Blue Dextran dye solution. 
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The average volume apportioned to each cuvet was 20.5 pi, with a 

coefficient of variation of 3-1/& (Table 2.8). Equal apportionment should 

have resulted in the introduction of 20.0 ;il into a given cuvet. This 

degree of precision and accuracy compares favorably with that obtained 

for the miniature analyzer.10 

2.2.4 Clinical Chemical Analyses 

An evaluation of the overall operation of the system can be made by 

performing assays for serum components using teclmiques previously 

developed for other types of Fast Analyzers. Analyses for glucose and 

LDH-L were made by discrete introduction of the samples and reagents 

prior to centrifugation. One test for multiple analyses was also carried 

out using pî eloaded reagents and a dynamically introduced sample. Data 

analyses were performed by the portable data system and/or an on-line 

computer; the latter was used because of the ease of data processing. 
1U 

Glucose. — The hexokinase glucose assay was adapted for use with 

the portable analyzer. Two microliters of an aqueous glucose solution 

(1O0 mg/dl) was dispensed into the sample chamber and diluted with 60 ul 

of distilled water. The reagent from a Calbiochem glucose kit was 

reconstituted to a volume of 2 ml, and 20 }il of the reagent solution was 

dispensed into each reagent chamber and diluted with 1+0 pi of distilled 

water. The loaded i-otor was placed in the portable analyzer, and the 

rcLictions were initiated using the transfei- and mixing operation that 

was described earlier. The ensuing reactions were photometrically 

monitored, and the resultant, data were processed by the portable data 
system and by means of an on-line computer utilizing a previously described 

11+ 

computer program. rour replicate runs were performed with the on-line 

conputer. 
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Table 2.8. Dynamic Splitting Performance of the 

Portable Centrifugal Fast Analyzer with an 

Eight-Cuvet Acrylic Plastic Rotor 

Cuvet 
Wo. 

Absorbance of 
Diluted Dye 

at 620 nm (A )a 
X 

Calculated 
Apportioned 

Volume 
(MD^ 

2 0.3V72 19-6 
0.3^36 20.° 
O.3U38 20.8 

5 ' 0 . 3 ^ 21.3 
b 0.3^70 19-7 
7 O.jkkQ 20.5 
8 0.3^35 20.9 

Average Apportioned 
Volume 20.5 

Coefficient of 
Variation 3.1i 

60 pi of Blue Dextran of absorbance 0.1+606 was initially loaded into 
each cuvet. Then l6o pi of water (20.0 pi per cuvet) was dynamically 
introduced. 

Volume apportioned was calculated by: Volume = &0 (O-^oOo - Ax) ̂  
Ax 
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The average glucose concentration was 103.6 mg/dl, compared with the 
100 rag/dl reference solution. The within-run precision was represented by 
a coefficient of variation of 1.1 to 2 . 1 T h e ambient analyzer temperature 
was measured and a temperature compensation was made. 

LDH-L Analysis. — The LDH-L assay, based on conditions for the 
miniature Analyzer,'' was scaled down for use with the portable analyzer; 
again, this was a rate analysis. A Calbiochem LDH-L reagent kit was 
reconstituted to a final volume of 2 ml. The rotor was loaded with the 
following reaction volumes: sample, 10 pi; sample diluent, 50 pi; reagent, 
20 pi: reagent diluent, Uo ul. Replicate analyses were performed using a 
single serum sample. The temperature of the rotor environment was 
measured (25 ± 1°C) and used to convert the measured enzyme activities 
to 30°C. The within-run average activity for seven analyses was found to 
be 67.3 I.U. liter 1 min 1 at 30°C, with a coefficient of variation of 
?..<%. Equivalent analyses using the miniature Centrifugal Fast Analyzer 
operating at 30°C yielded a mean activity of 71.1, I.U./liter, with a 
coefficient of variation of 0.9%. The difference between the two activities 
may be due to the temperature correction. 

Multichemistry Analysis with Eynamic Sample Introduction. — To 
demonstrate that the portable analyzer is capable of performing multiple 
analyses on a dynamically loaded sample within a single analytical run, a 
serum sample was analyzed in triplicate for its LDH-L activity and in 

quadruplicate for its SCOT activity, utilizing operating conditions 
5 

established previously. In this experiment, aliquots of LDH-L reagent 

were discretely loaded into reagent chambers 3; 5, and 7, and aliquots of 

SCOT reagent into chambers 2, k, 6, and 8 of the rotor, and were subsequently 

transferred into their respective cuvets. (Water was loaded into cuvet 1.) 
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Eighty microliters of serum (10 pi per cuvet) was then dynamically 

introduced into the spinning rotor, and the ensuing reactions were 

monitored at 3^0 nm on a rate basis. The resulting data were processed 

using the on-line computer and the portable data system. These data, 

summarized in Table 2.9, indicate that a sample ma.y be dynamically loaded 

and split into equal aliquots which then can be analyzed for different 

constituents, all within a single analytical run. This mode of operation 

is basic to the successful development of a portable analytical system. 

2.2.5 Blood Grouping with a Portable Centrifugal Fast Analyzer 

The portable Centrifugal Fast Analyzer can also be used for blood 

grouping (Sect. 1.3)• To demonstrate this, four known human blood types 

were selected: 0+, B+, A-, and AB+. [The + and - signs indicate whether 

or not the red blood cells contain the blood group antigen Rh^ (D).] The 

eight-cuvet rotor was set up as follows: (1) 25 pi of 0.9% NaCl solution 

and 25 |il of anti-A were pipetted into reagent cavities 2 and 5; 

(2) 25 |il of 0.9% NaCl and 25 pi of anti-B were added to reagent cavities 

3 and 6; (3) 25 pi of h% PVP solution and 50 pi anti-Rh (D) were added 

to cuvets h and 7; and (4) 25 pi of 0-9% NaCl was added to sample cavities 2 

through 7. Aliquots of whole blood (5 pi) were then pipetted into sample 

cavities 2 through H and 5 through 7. This provided the capability for 

typing two blood samples per rotor. Also, 100 pi of 0.9$ saline was added 

to cuvets 1 and 8 for referencing. 

Once the rotor was loaded, it was accelerated and braked by hand three 

or four times for mixing purposes. The reaction mixtures were then permitted 

to incubate at ambient conditions while rotating for approximately 3 min. 

The rotor was subsequently accelerated to 4000 rpm for 30 sec, braked to a 
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Table 2.9- Multiple Chemistry Analysis on a Dynamically Loaded 

Sample Using the Portable Centrifugal Fast Analyzer 

-1 —1 a Enzyme Activity (I.U. min liter , 30°C) 
Data Printer Computer 

Assay Mean3 S.D.C Mean3 S.D.C 

LDH-L 55.2 2.9 56.9 2.3 
SCOT 20.8 1.3 21.5 1.5 
aRate determination by a least-squares fit of five changes in absorbance, 
1 min apart. 

Mean of three and four observations for the LDH-L and SGOT analyses 
respectively. 
c S.D. - one standard deviation. 
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full stop, and then accelerated and braked three times; finally, absorbance 
readings at UQO nm were obtained. The results, shown in Table 2.10, were 
obtained with fresh human red blood cells whose types had been determined 
recently by using manual techniques. An absorbance of less than 0.8 
absorbance unit has been established as a sufficient criterion for 
determining positive agglutination reactions, and the results In this 
regard are satisfactory. 

A rotor design in which the splitting vane of cuvet 1 was blocked off 
so that no red blood cells would enter the reference cuvet would permit-
dynamic injection of whole blood into preloaded reagent rotors. This would 
allow rapid typing of a sample for many blood groups, as well as the 
establishment of a positive identification system (i.e., single sample, 
single rotor). The portability of such a system with positive sample 
identification would seem to make this an attractive instrument for the 
clinical laboratory. An important point is that the detection system for 
this approach to blood grouping does not need to be as sophisticated as 
in the miniature Centrifugal Fast Analyzer. It is possible to develop 
a relatively inexpensive system that would do single-sample blood grouping, 
a.nd would offer a simple means of maintaining sample identification from 
the time of collection to final labeling of the whole blood. 
.2.2.6 Summary 

The Centrifugal Fast Analyzer can be successfully reduced in size to 
provide the basis for a rugged and portable analytical system. When 
battery-powered and coupled with an equally portable data system, colori-
metric or fluorometric assays of acceptable accuracy and precision can be 
provided in a variety of environments. Although this portable analyzer 
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Table 2.10. Blood Grouping With a Portable 
Centrifugal Fast Analyzer 

Cell Type Cuvet Ko. Antiserum Absorbance (^90 run) 

0+ 

B+ 

(Run SZ) 
A-

AB+ 

2 

4 

2 
3 

5 6 
7 

Anti-A 
Anti-B 
Anti-RhQ (D) 
Anti-A 
Anti-B 
Anti-Rh (D) 

Anti-A 
Anti-B 
Anti-RhQ (D) 
Anti-A 
Anti-B 
Anti-Rh (D) 

2.40 
2.17 
0.516 
1.442 
0.401 
0.468 

0.330 
3-70 
1.99 
O.139 
0.463 
0.363 
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is compatible with the usual operation of a discrete sample analyzer with 
individual introduction of samples and reagent solutions, its greatest 
utility might well he with plastic, disposable rotors preloaded with 
reagents that can accept a dynamically introduced sample, even whole blood, 
for up to seven assays. 

Applications for such a portable analytical system could include a 
small clinic, remote facilities, or even mobile laboratories. 

2.3 Blood Grouping Analysis with a 
Centrifugal Fast Analyzer 

Several different approaches have been used to mechanize blood grouping 

and erythrocyte antibody screening procedures. The variables of importance 
in the automation of hemagglutination procedures with continuous flow 

23 
analyzers have been described by Rosenfield et al., and several blood 

grouping and antibody screening methods have been adapted for use with 

these analyzers.^"^ The detection systems for measuring agglutination 

with continuous flow analyzers have consisted of visually inspecting the 

deposits of agglutinated cells on moving filter paper, counting the cells 

in agglutinated particles, and measuring the absorbance of hemoglobin from 27 28 
lysed, nonagglutinated red blood cells. Recently, Blume and Polesky ' 
have developed an electrooptical detector for measurement of light scatter 
intensity of agglutinated erythrocytes in a mixture of both agglutinated 
and nonagglutinated red blood cells flowing through a microcapillary tube. 

The successful mechanization of hemagglutination has required attention 
in at least two areas. First, it has been necessary to enhance, or other-
wise promote, hemagglutination through subjection of the erythrocytes to 
conditions that permit closer contact, such as their reaction at low ionic 



strength, exposure of the cells to proteases, or the addition of poly-
electrolytes (e.g., polyvinylpyrrolidone, protamine, or Polybrene) to "the 
reaction mixture. Second, after agglutination occurs, mechanized dilution 
of the agglutinated cells or separation of agglutinated from nonagglutinated 
erythrocytes is required before hemagglutination reactions can be detected. 

.Although automation in immunohematology has apparently introduced a 
uniform technical standard, has increased productivity without an increase 
in technical staff, and has permitted reasonably economical operation in 
the case of large blood banking facilities, " J it has not been universally 
accepted. In fact, manual blood grouping procedures are still considered 
as the reference technique by many." Erskine has cited some of the 
objections to the use of automation in blood grouping, and these include 
(l) the potential danger of sample carry-over, (2) the absence of micro-
scopic examination, and (3) the possibility of misidentification of bloods. 
However, it may be possible, in review of the pros and cons of current 
Immunohematology automation, to develop an acceptable protocol for such 
automation to provide the following: (1) a routine technical standard 
(i.e., the blood grouping is performed with the same quality from run to 
run and from day to day); (2) scaling of instrumentation so that the same 
quality of results can be produced in large blood banking centers on 
larger-volume machines as are obtained in small hematology laboratories 
on more-economical, smaller-volume models, or the reverse;" (3) maintenance 
of total sample identification throughout; (4) printout of the results for 
each sample; (5) microscopic examination as a backup check of hemagglutina-
tion; and (6) where possible, economy of instrumentation and reagent costs. 

A miniature Centrifugal Fast Analyzer'1- has been used to develop blood 
grouping procedures based on manual "test tube" blood grouping methods. The 



results of this development have "been most satisfactory, and they indicate 
that an automated blood grouping system incorporating many or most of the 
above features can be obtained through the use of the Centrifugal Fast 
Analyzer. 

2-3.1 Analytical Approach 
1 

L'ased on the GeMSAEC concept, miniature Centrifugal Fast 
Analyzers have been developed. Certain features of this version of the 
original analyzer make it an attractive analytical instrument to use for 
blood grouping. These features include removable plastic rotors that can 
be easily designed for different tasks, a dynamic braking system that can 
stop the rotor assembly to a full stop from kOOO rpm in less than 1 sec, 
parallel optical measurement of 17 individual cuvets, and computer 
compatibility. 

Figure 2.12 shows the four steps that are used in our approach to 
blood grouping automation. First, red blood cells are loaded into a rotor 
by use of hand-actuated pipettes, by automated sample diluters,11 or by 
dynamic injection of diluted blood samples. The volume of whole "blood 
used is 6 pi. Antiserum is then loaded in a similar manner; however, the 
volume of antiserum varies from 10 to 50 pi, depending on the blood 
grouping procedure. The total reaction volume is 100 pi and consists of 
cells, antiserum, 1% PVP, and 0.9 w/v% NaCl. Second, the rotor, which 
contains red blood cells and antiserum in separate cavities, is accelerated 
and braked several times for mixing purposes; then the reaction mixtures 
are allowed to incubate either at room temperature or at temperatures up 
to 37°C, depending on the grouping procedure. Third, the incubated 
reaction mixtures are accelerated to 1*000 rpm for 30 to 60 sec and then 
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Fig. 2.12. Blood Grouping Steps Using a Centrifugal Fast Analyzer. 
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braked to a full stop to resuspend nonagglutinated particles. Fourth, the 

absorbance of each of the cuvets is measured at nm while the rotor is 

spinning at U50 rpm. The measurement of absorbance at b^O nm was chosen 

because most commercial anti-A and anti-B antisera contain blue and yellow 

colored dye, respectively, and the wavelength (U90 nm) represents a minimum 

in absorbance between the maximum absorbance of the yellow dye (approximately 

Uio nm) and the maximum region of absorbance of the blue dye (550 to 600 nm). 

Our blood grouping technique is quite simple and, in some respects, 

is similar to other automated procedures. First, the antiserum and 

erythrocytes are added and allowed to interact or incubate for a short 

period of time (e.g., 2 to U min) while the rotor is spinning at U50 rpm. 

The cells do not sediment very rapidly at this speed unless they have 

agglutinated strongly. Next, tr.o cells are centrifuged at 1+000 rpm to 

force them into close contact with each other in a manner similar to that 

observed in saline "test tube" blood grouping procedures. A low concentra-

tion of polyelectrolyte (e.g., PVP) is used in some of the reaction mixtures 

to further aid this process. The dynamic braking of the rotor from hOOO rpm 

to stop in a fraction of a second has the profound effect of resuspending 

the nonagglutinated, but not the agglutinated, particles. The cuvets 

containing the resuspended cells, which are present in a concentration of 

2 to 5 vol fo} transmit very little light (less than 5% transmittance), 

whereas the cuvets that contain the agglutinated cells transmit most of 

the light (30% transmission or greater) because the cells are packed 

against the outer wall of the cuvet. This provides a distinct detection 

system for the determination of the extent of hemagglutination reactions. 
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2-3.2 Instrumentation 
5 

A miniature analytical system was used to develop the "blood grouping 

procedure. It should be noted that this application of the analytical 

system required no major modifications to the basic analyzers. However, 

a new rotor was designed to allow for dynamic red cell washing and 

subsequent direct and indirect Coombs tests. Thus, by modifying the 

existing rotors, additional blood grouping procedures can be added to the 

system. 

2.3.3 Rotor Design 

The rotors that have been used in the development of blood grouping 

protocol are shown in Fig. 2.13. The standard 17-cuvet absorbance rotor 

(Fig. 2.13a) has been used for most of the procedural development, 

parametric studies, and evaluation of the effectiveness of our blood 

grouping methods. To broaden the utility of this rotor, it was modified, 

as shown in Fig. 2.13"b, to allow for dynamic washing of red blood cells 

in a spinning rotor. 

Our first approach to erythrocyte washirg and antiglobulin tests was 

a semimechanized one that requires the following steps: A 10-pl whole-

blood sample is added to each sample cavity, and 100 pi of 0.9$ NaCl is 

added to each reagent cavity of the rotor (Fig. 2.13 I.b). The rotor is 

accelerated to 3000 rpm and braked to stop several times to thoroughly mix 

the cells and saline. The cells are then packed by centrifugation at 

1+000 rpm for approximately 1 min. The splitting vanes in the blood 

washing rotor (Fig. 2.I3 II.b) are designed to enter the cuvet near the 

bottom, immediately above the packed erythrocytes. The purpose of this 

modification is to provide a simple means for removing saline from the 
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21. BOTTOM VIEW (SPLITTING VANES AND SYPHON) 

Fig. 2.13. Analytical Rotors for Blood Grouping, Red Cell Washing, 
and Antiglobulin Testing, (a) Standard 17-cuvet rotor, (To) red cell 
•washing rotor. 
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cells. A Teflon ball is fitted down onto the center of the spinning rotor 

(Fig. 2.lU), the centrifugal speed is reduced to 500 rpm, and the saline 

is removed from the packed cells by applying vacuum to the hollow center 

shaft of the Teflon ball. The nexu saline wash is then dynamically 

injected into the spinning rotor at 2000 to 3000 rpm (Fig. 2.15), and 

the entire process is repeated three additional times to ensure adequate 

washing of the cells. In this manner, 16 whole-blood samples or groups of 

whole-blood samples can be washed in about 5 min while maintaining uniform 

washing conditions and individual sample identification. Plasma for 

antibody screening, antibody for weak cell antigens (Cellano), or anti-

globulin serum (direct Coombs test) can be added at this point and the 

extent of reactions monitored. After incubation of cells and antibody or 

plasma, the washing steps can be repeated, and, finally, antiglobulin 

reagent can be dynamically injected and the indirect Coombs test performed. 

Uniformity and complete cell or sample identification are maintained 

throughout all these steps. 

The capability for microscopic examination of questionable hemagglu-

tination reactions has been suggested as a desirable feature for an 
32 

automated blood grouping system. Whether there is sue' a need, in the 

event that one can develop a carefully controlled blood grouping system, 

remains to be proved. However, it is a simple matter to add microchannels 

in front of each cuvet (Fig. 2.13 I.b). With this modification, a micro-

scopic examination can be made of the contents of any specific cuvet by 

simply inserting a large-diameter needle attached to a syringe into the 

cuvet (Fig. 2.16), withdrawing a portion of the reaction mixture, and 

depositing this on a microscope slide. The discrete manner in which each 
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Fig. 2.14. Application of Vacuum to Teflon Ball to Remove 0.9% NaCl 

from Erythrocytes at 500 rpm. 



Fig. 2.15. Dynamic Injection of Saline Wash into Rotor for Washing 

Red Blood Cells at a Rotor Speed of 2000 rpm. 
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Fig. 2.16. MicroChannel Rotor for Microscopic Examination of 
Individual Cuvet Contents. 



of the several agglutination reactions is accommodated in this system 

makes such an approach feasible and allows sample identification to he 

maintained. 

2.3.^ Parametric Evaluation 

Several parameters affect hemagglutination reactions. Some of these 

parameters, such as ionic strength uf the reaction mixture, the presence of 

polyc-lecti-olytes in the reaction mixture, reaction time, and temperature, 

pertain to hemagglutination reactions in general, while others are related 

to the particular type of analytical instrument being utilized. These 

latter parameters, in reference to the miniature Centrifugal Fast Analyzer, 

are the length of centrifugation time, centrifugal speed, and the manner 

In which the rotor is braked. 

Antibody Titer and Reaction Incubation Time. — An antibody titer of 

each erythrocyte antigen antiserum to be used was considered to be the 

first required parameter. Initially, centrifugation times of 15 sec at 

UOOO rpm and a defined braking procedure were selected in order to establish 

a basis from which to progress in defined directions. We first determined 

that 10 pi of whole blood in a total reaction mixture of 100 pi was usable, 

but that 5 to 6 pi of whole blood (2 to 3 vol "jo cell concentration) provided 

the required low light transmission for negative reactions and gave stronger 

hemagglutination reactions for a given antibody titer (lower titer). 

Therefore, we established a titer protocol requiring 6 pi of whole blood 

in 25 ul of saline in the sample cavity and 75 ul of diluted antibody in 

the reagent cavity. Standard 17-cuvet plastic rotors were used (Fig. 2.13), 

and the reagent and samples were added by hand-actuated pipettes. 



Human erythrocyte anti-A and anti-B antisera were serially diluted 

from 1:2 to 1:128 in 0.9$ Had solution. Known type A and B "bloods were 

used for the titer experiment, and a rotor was set up as described above. 

Figure 2.17 shows the extent of reaction, expressed as absorbance 

units at I+90 nm, for each antibody dilution of anti-A and anti-B blood 

grouping sera and as a function of Incubation time. A significant decrease 

in hemagglutination reaction time and increase in sensitivity can be 

achieved by the use of a shorter incubation time (30 sec), centrifugation 

for 1+5 sec, and the measurement of the absorbance at ̂ 90 nm after dynamic 

braking (Fig. 2.18). A temperature of 30°C was used in these reactions. 

A working protocol for ABO blood grouping can be devised from these data 

and would involve the use of 15 to 25 pi of antiserum (anti-A, anti-B, or 

anti-0), 75 pi of 0.o% NaCl, and 6 pi of whole blood. 

Weaker Hemagglutination Reactions. — We approached the blood grouping 

of weaker erythrocyte antigens such as Rh-Hr and Kell by employing a 

technique similar to that used for ABO but with the addition of the PVP 

to facilitate contact of erythrocytes. Anti-D (RhQ) antiserum was diluted 

from 1:1 to 1:32 in 0.9% saline containing 1.0% PVP. Known D-positive and 

D-negative cells were used for the titer, and the extent of reaction was 

determined after a U-min incubation at 32 to 33°C by measurement of 

absorbance after centrifligation at !+000 rpm and dynamic braking (Fig. 2.19). 

The PVP concentration was increased to and a similar titer of anti-D 

(RhQ) antiserum was made in a single rotor by reaction of the antiserum 

dilutions with both D-positive and D-negative cells (Fig. 2.20). Measure-

ment of absorbance after 30-sec incubation and ̂ 5-sec centrifugation shows 

a significant distinction between negative and positive cells, and the 
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absorbance difference increases with the length of incubation time. 

Figure 2.20 shows that it is possible to use PVF and still establish 

conditions to obtain maximum distinction between positive and negative 

cells and to avoid false agglutination reactions. We recognize that the 

antigen strength of erythrocytes will vary from one individual to another, 

and the preliminary data obtained by parallel blood grouping with a manual 

slide technique and the Fast Analyzer tend to support this. The results 

of the anti-D titer suggest that 25 to 50 pi of antiserum, 25 pi of h.O% 

PV?, 25 pi of saline, and 6 pi of whole blood give the necessary reaction 

composition for accurate results when the reactants are allowed to 

incubate for U min at 30°C and centrifuged for 1*5 sec, and the absorbance 

is measured at ̂ 90 nm after dynamic braking. The final PVP reaction 

concentration of 1% seems to be similar to that used in other automated 

procedures.2^ 

Successful titers were obtained for anti-rh' (C), anti-rh" (E), 

anti-hr1 (c), and anti-hr" (e). The anti-rh' and anti-rh" titers are 

shown in Figs. 2.21 and 2.22. The conditions for typing these Rh-Kr 

factors, as determined by the titer evaluation, are similar to those for 

anti-D (RhQ). 

MN Grouping. — A criticism of automated blood grouping procedures is 

that there is a variety of conditions under which hemagglutination reactions 

occur , and it is difficult to achieve the necessary conditions in some 

analytical systems. An example of this is the reactions of anti-N and 

anti-M antiserum (rabbit) with human red cell antigens M and N. The manual 

procedures require that the reaction be observed at room temperature within 

a short period (1 min) after the blood cells and antiserum have been mixed. 
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The Centrifugal Fast Analyser can "be operated under -widely varying condi-

tions of centrifugal speed and temperature in a programmed manner so that 

hemagglutination reactions that require different reaction conditions can 

be accommodated. This was demonstrated by titering anti-K antiserum 

(rabbit) with known positive and negative N human red blood cells. The 

procedure consisted of pipetting 6 pi of red blood cells into sample 

cavities that contain 25 pi of 0.9$ NaCl and pipetting 75 pi of anti-II 

dilutions into reagent cavities of a standard rotor. Both positive and 

negative N cells were reacted in a single rotor, which was accelerated and 

braked to mix cells and antiserum. The reactions were allowed to incubate 

for 15 sec at room temperature, then centrifuged for 15 sec at 4000 rpm 

and dynamically braked, and the extent of agglutination was determined by 

measurement of absorbance at 4-90 nm. The results are shown in Fig. 2.23. 

Maximum distinction between positive and negative N cells occurs at an 

antiserum concentration of 10 pi of stock commercial anti-N in a reaction 

volume of 100 pi, which is equivalent to 75 pi of a 1:8 antibody dilution, 

as shown in Fig. 2.23. Similar results were obtained with anti-M. 

2.3.5 Development of a Blood Grouping Protocol 

The initial evaluation of parameters resulted in a starting point 

from which to proceed toward a first evaluation of the effectiveness of 

the approach. We have chosen to use 6 pi of whole blood that is diluted 

with 25 pi of O.Qf, NaCl in the rotor sample cavities. Reagent concentrations 

ure as follows: 25-pl volumes of anti-A, anti-B, and anti-AB (0) antisera 

are pipetted with 50 pi of saline for each individual reaction; 50 pi each 

of anti-D (RhQ), anti-C (rh'), anti-E (rh"), anti-c (hr'), and anti-e (hr") 

are pipetted into reagent cavities containing 25 pi of 0.9$ NaCl. A visual 

demonstration of the protocol was obtained by pipetting 6 pi of B-positive, 
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D-positive, C-negative human erythrocytes into sample cavities 2 through 6 

B-positive, D-positive, C-positive human erythrocytes into sample cavities 

7 through 11; and A-positive, D-positive, C-positive cells into sample 

cavities 12 through 16 as outlined above. Anti-A, anti-B. anti-AB (0), 

anti-D (RhQ), and anti-C (rh1) antisera were added in that order to reagen 

cavities 2 through 6, 7 through 11, and 12 through lo. Reagent cavities 1 

and 17 each contained 100 pi of 0.9$ NaCl. The rotor was accelerated and 

braked to promote mixing, and photographs of analog transmission signals 

were taken at various times as indicated in Fig. 2.2k. Positive ABO 

hemagglutination reactions can be distinguished from negative ones immedi-

ately after the initial acceleration and braking of the rotor for mixing 

purposes (Fig. 2.2l+a). Continued Incubation of the rotor at 30°C for 

15 sec, followed by centrifugation for 1+5 sec and subsequent measurement 

of absorbance, results in the appearance of positive Rh group reactions 

(Fig. 2.2Ub). Total differentiation between all positive and negative 

hemagglutination reactions is achieved after the reaction has proceeded 

for 1+ min (Fig. 2.2Uc). The ease with which visual identification of the 

hemagglutination reactions can be made is evident from Fig. 2.21+. 

2.3.6 Data Processing 

There are three levels of identification of positive or negative 

agglutination reactions that can be made with this blood grouping system. 

The lowest level of identification is the visual examination of the rotor 

after incubation and appropriate braking. The second level of identifica-

tion is obtained by visual inspection of the transmission signals on the 

analyzer's oscilloscope (Fig. 2.21+). The oscilloscope pattern can be 

photographed for a record of blood grouping. Computerization of tho data 
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to obtain a recorded measurement of the extent of hemagglutination and 

actual computer identification of "blood groups is the third level f̂ data 

processing. This is the most preferred approach, and a description of a 

"blood grouping computer program that ives both reaction data and blood 

group identification will be presented in the next section. 

2.3.7 Analytical Results 

The feasibility of using a miniature Centrifugal Fast Analyzer to 

perform blood grouping analyses was demonstrated with the initial studies. 

The development of a useful reaction protocol for determining several 

blood group antigens makes it possible to evaluate the reliability of such 

a system, provides the basis for investigating additional methods of 

application such as A subgrouping and reverse typing, and allows one to 

reduce the evaluation data so that a computer program for identifying blood 

groups and recording hemagglutination reactions can be written. Finally, 

with some simple modifications, one can develop a system for red blood 

cell washing and antibody screening based on the same analytical system 

and blood grouping procedures. 

ABO Elcod Grouping. — Several previously grouped blood samples were 

used to test the reliability of the blood grouping approach as adapted for 

the Centrifugal Fast Analyzer. First, we chose to investigate the distribu-

tion of the measured absorbance of the hemagglutination reactions for anti-A, 

anti-B, and anti-AB (0) atitisera after reaction with known human ABO blood 

samples. The results of these absorbance distributions, plotted for the 

three antisera and grouped according to the blood group ABO, are shown in 

Fig. 2.25. Ho errors were found when a comparison was made between the 

Centrifugal Fast Analyzer grouping and the manual slide test blood grouping 
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of 6k samples. Although only 6k samples were Included in this initial 

evaluation, it was necessary for all three antisera (anti-A, anti-B, and 

anti-AB) to give the correct reaction when mixed with each "blood sample. 

Initially a cutoff limit was set so that any reaction showing more than 

10% transmittance (i.e., below 1.0 absorbance unit) was considered to be 

positive. It is apparent from Fig. 2.25 that the negative reactions have 

a maximum transmittance of about 3%; with an average of 1% (2.0 absorbance 

units), and all positive reactions give a 32% transmittance signal or 

greater (0.5 absorbance unit or less). The unequivocal distinction between 

positive and negative ABO hemagglutination reactions represents the plus-

minus criterion required to develop a computer program to print out the 

extent of reaction and direct identification of ABO blood groups. 

A and AB Subgroups. — As an extension of ABC grouping, A and AB sub-

grouping can be done on known A and AB groups with a similar reaction 

protocol. To demonstrate this, several blood samples were screened to 

find A and AB group cells. Next, these cells were reacted with anti-A, 

absorbed anti-A, and lectin-A^ antisera in the same rotor in accordance 

with a grouping procedure similar to that employed for ABO except that 

50-pl volumes of absorbed anti-A and lectin-A^ were used instead of 25 pi 

of antiserum as normally employed. The data for 25 samples are presented 

in Table 2.11. Absorbed anti-A and lectin-A^ will react only with A^ or 

A^B cells; therefore, they must correlate well in order to give acceptable 

data. Essentially no differences were noted in the nature of the reactions 

of the subgrouping antisera, and it is obvious vhat subgrouping of the 

most probable A and AB subgroups, A^, A B, and Ag, AgB, can be achieved 

with the blood grouping approach as presently applied to the Centrifugal 

Fast Analyzer. 
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Table 2.U. Human Red Blood Cell A and AB Subgrouping 
Using Absorbed Anti-A and Lectin-A 

ABSORBANCE (490 nm) 
CELL ABSORBED LECTIN- PROBABLE 

SAMPLE TYPE ANTI -A ANTI -A AT SUBGROUP 

1 A 0.070 0.227 0.204 A1 
2 A 0.167 2.062 2.106 A2 
3 A 0.096 0.164 0.245 A1 
4 A 0.101 0.199 0.332 A1 
5 A 0.068 0.056 0.384 A1 
6 A 0.052 0.135 0.203 A1 
7 A 0.085 1.496 1.454 A2 
8 A 0.094 0.095 0.158 A1 
9 A 0.156 0.147 0.205 A1 

10 A 0.062 0.122 0.172 A1 
11 AB 0.058 0.287 0.366 A1B 
12 A 0.058 0.065 0.174 A1 
13 A 0.088 0.093 0.141 A1 
14 A 0.137 1.494 1.434 A2 
15 A 0.091 0.108 0.177 A1 
16 A 0.187 0.370 0.567 A1 
17 A 0.163 1.536 1.403 A2 
18 A 0.880 0.662 0.786 A1 
19 A 0.170 0.099 0.216 A1 
20 AB 0.618 1.05 0.936 A1B 
21 A 0.090 0.090 0.185 A1 
22 A 0.162 2.119 1.887 A2 
23 A 0.205 1.671 1.703 A2 
24 A 0.397 1.724 1.901 A2 
25 A 0.296 1.576 1.597 A2 

* SAMPLE WAS SEVERAL DAYS OLD. 
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Reverse ABO Blood Grouping. — Plasma from known, grouped whole-blood 

samples was ̂ reacted with thoroughly washed red blood cells of types A, B. 

0, and AB. (The cells had been prepared from samples which were grouped 

by our system.) The four types of cells were added to four separate sample 

cavities (6 pi of washed 50% cell suspension in 25 l.1 of 0.9$ saline), and 

75 pi of a known blood group plasma was added to the reagent cavity of 

each. The process was repeated for each plasma type. Two analytical runs 

were made with eight different plasma samples and the four ABO group reagent 

blood cells. The results, given in Table 2.12, show that all reactions are 

clearly defined and are either positive or negative. Thus the system can 

be used for reverse blood grouping as well as the usual direct ABO blood 

grouping procedures. 

Rh Grouping. — Rh grouping was evaluated in a manner similar to that 

used for ABO blood grouping. Typed blood samples obtained from the ORNL 

Health Division were processed through the miniature Centrifugal Fast 

Analyzer system. The protocol discussed in the section on Instrumentation 

was used. Because the 0R1IL Health Division has only recently provided Rh 

grouping beyond Rh^ (D), there were more known samples for reaction with 

anti-D (Rh0) than for anti-C (rh') and anti-E (rh"). The frequency 

distribution of reaction absorbance vs number of samples for anti-D, 

anti-C, and anti-E is shown in Fig. 2.26. The cutoff between negative 

and positive reactions is very clear for anti-D (Rh^) and anti-C (rh1) 

reactions but is less distinct for anti-E (rh"), a weaker antigen. 

However, the capability for discriminating between positive and negative 

reactions for all three of these Rh groups definitely exists. Again, no 

error was observed when we correlated our results with those obtained by 

using the manual slide blood grouping procedures. 



Table 2.12. Reverse Typing with Known Human Red-Blood Cells 

PLASMA TYPE 

A B AB O 

CELL 
TYPE 

a ABSORBANCe 
(490 nm) 

b a ABSORBANCE 
(490 nm) 

b a ABSORBANCE 
(490 nm) 

b a ABSORBANCE 
(490 nm) 

b 

A - 5.740 - + 0.637 + - 1.365 - + 0.752 + 

6 + 0.502 + - 1.548 - - 1.724 - 0.698 

AB j. 0.693 + + 0.643 - - 1.567 - + 0.682 + 

O - 1.901 — 1.679 * 
— 1.561 1.726 

O A O B 

A + 0.284 + - 1.832 - + 0.265 * + 0.443 + 

B + 0.248 + + 0,322 + + 0.242 •H - 1.718 -

AB + 0.374 r + 0.745 + + 0.316 + + 0.532 

O - 1.883 - - 1.802 + - 1.752 - - 1.815 -

a = EXPECTED RESULT; POSITIVE (+); NEGATIVE ( - ) . 

b = OBSERVED RESULT; POSITIVE (+); NEGATIVE ( - ) . 
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(-1 = 71.4 (71.4%) 

ABSORBANCE (490 nm) 
_L 

2.5 

32 10 3 
% TRANSMITTANCE 

0.3 

Fig. 2.26. Frequency Distribution of Hemagglutination Reaction 

Absorbances vs Number of Samples for Rh Grouping. 
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Computer Program for Blood Grouping. — The absorbance frequency 
distribution data contained in Figs. 2.25 and 2.26 provide the needed 
criteria to discriminate between negative and positive ABO and Rh blood 
group reactions at the 99$ confidence level. A strong agglutination 
reaction can be established as one that shows less than 0.8 absorbance 
unit, a weak reaction as one in the range of 0.8 to 1.1 absorbance units, 
and a negative reaction as one above 1.1 absorbance units. 

A computer program was written to permit blood grouping of ABO, CDE, 
or both. The program consists of two parts: (l) an interrogatory part in 
which the desired blood grouping procedure, number of samples, and sample 
identification numbers are entered and (2) the part that becomes operative 
after the absorbance data for all the hemagglutination reactions have been 
obtained and st'. red (data taking requires about 100 msec for this system). 
The sample identification number, the blood group identification, and the 
absorbance (which indicates the extent of reaction) are printed out for a 
permanent record. 

The grouping procedures available are: ABO, which includes logic for 
examining the results of the reaction of unknown erythrocytes with anti-A, 
anti-B, anti-AB; and anti-B (Rh^) antisera; CDE, which considers the reaction 
of unknown cells with anti-D (RhQ), anti-C (rh'), and anti-E (rh") antisera; 
and a protocol that investigates reactions of unknown samples with all six 
antisera. The computer flowsheet of the blood grouping program is shown in 
Fig. 2.27; representative computer printouts from the first two blood 
grouping protocols are given in Figs. 2.28 t'-nd 2.29. The ABO and Rh print-
out in Fig. 2.28 is straightforward and needs few comments. Figure 2.29 
shows the CDE computer printout, in which the only identification of the 

r.. / 
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AVP̂ E? 1 1 1 1 1 1 I 

WTOLS CONTROLS CONTROLS T.'PLlCn 'VPl C'T IMPLICIT DO LOOPS DO LOOPS DO LOOPS roL SOTH ABO 

COMPUTE A9S0RBANCES 

iFO CROt'PiNG 

PRINT RH POSiTtvF. PR'NT ; RH HiEGATlvE 

lES PRINT GPOUP fiB 
rjo PR'NT 1 group a 1 V-

YES PR'NT • GROUP B 
PP|f,T ANTi-0 P05 • 

ŶNO DOIMT • 
GROUP 0 PRiNT AMI- PRlNT . ANTi- PRIMT ANTi-

C NCGATiVE C POS WEAK) C POSITIVE 

PRiNT • ANTj- MNT d'ur/- PRINT : ANfl-£ NEGATIVE E P05 (WCAK) Z POSITIVE 

PRlNT . AeSORBANCES PPlf.T issofisiuces PRINT 4BS0RB4NCES 
1 

Fig. 2.27. Computer Flowsheet for Blood Grouping Program. 



8U 

ORNL-DWG 7 4 - 1 5 3 4 

PLOOD S C R E E N I N G TYPE CABO OR CDE OR B O T H > : A B O 

FLBO - SCREEN! 

NUMBER OF SAMPLES CMAX IMLM = 4 ) ? : A 

SAMPLE I D NO. FOR CUVETTESC 2 - 5 ) : A 7 S 0 3 A 

SAMPLE I D N O . FOR C U V E T T E S * 6 - 9 ) 5 1 8 1 1 9 0 + + -

SAMPLE I D NO. FOR CUVETTESC 1 0 - 1 3 > : L 2 1 4 6 0 + 

SAMPLE I D NO. FOR CUVETTESC 1 4 - 1 7 > : 2 6 B+ + -
\ 

RUN N U M B E R I T H R E E 
COMPUTER I S READY! 

SAMPLE NO. 0 . 1 P E + 0 5 GROUP A RH N E G A T I V E 

IABSORBANCE A N T I - A A N T I - B A N T I - 0 A N T I - D J 
CVTC ? > 0 . 0 P 7 P CVTC 3 ) 1 . P 8 7 2 CVTC 4 ) 0 . 0 2 9 9 CVTC 5 ) 2 . 0 8 5 2 

SAMPLE NO. 0 . 1 P F + 0 5 GROUP 0 RH P O S I T I V E 

CABSORBANCE A N T I - A A N T I - B A . N T I - 0 A N Y L - D L 
CVTC 6 ) 2 . 1 2 7 2 CVTC 7 ) 2 . 2 1 3 1 CVTC B ) 1 . 8 9 3 5 CVTC 9 ) 0 . 0 9 2 0 

SAMPLE NO. A . I ? E + A 5 GROUP A RH P O S I T I V E 

TABSORBANCE , A<V»TI-A A N T I - B A N F I - 0 A N T I - D I 
CVTC 1 0 ) 1 • 9 P 4 2 CVTC 1 1 ) 1 . 7 P B 4 CVTC 1 2 ) 1 . 8 5 4 6 CVTC 1 3 ) 0 . 2 5 5 9 

SAMPLE NO. 2 6 GROUP B RH P O S I T I V E 

t A « S O » P A N C E A N T I - A A N T I - B A N T I - 0 A N T I - D ] 
CVTC 1 4 ) I . P I 7 P CVTC 1 5 ) 0 . 2 3 6 1 CVTC 1 6 ) 0 - 3 2 3 9 CVTC 1 7 ) 0 . 1 7 0 7 

' r vnn F1ML<;NFN U I T H B L O O D GROUi' INP? sMi) 

Fig. 2.28. Computer. Printout of Reaction Data and Blood Group 
Identification from the ABO Blood Grouping Protocol. 
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OPFDdTno!7 If fflNY 
rî TF ,iflM7/i 

OFMSfiFC U M I T ? : 1 7 . 0 

FMTEP P L O O O 5CRFEN1NC TVPF CAPO OR CCJE- JR PJ1H3:C1)£ 

PP GROUP I.VC 
NIIM&FR OK SA^PLFS CMAV 1MIM = 5 ) ? : 5 

SAMPLE I D NO. FOP CUVETT F S < P - 4 ) : 

SAMPLE I D MO. FOR CUVETTES* 5 - 7 ) s 2 

SAMPLE I D NO. FOR CUVETTES( P - 1 0 ) : 3 

SAMPLF JD NO. FOR CUVETTESC I I - 1 3 ) : 4 

SAMPLE I D NO. FOR CUVETTES( - 1 6 ) : 5 

RUN N U M B E R : I 

COMPUTER I S READY? 

SAMPLE NO. I D POS I T I VF[ f p O S I T I V ^ £ N E G A T I V ^ 

CABSORPANCE A N T I - D A N T I - C AN T I - E1 
CVTC S ) 55 .119 9 CVTC 3 ) 0 . P 5 2 P CVTC 1 - 2 7 2 1 

SAMPLE N O . g D p O S I T I V | C N E G A T I V ^ fi N E G A T f V E 

CAPSORBANCE A N T I - D A N T I - C A N T I - E } 
CVTC 5 ) 0 . P 6 A P CVTC 6 ) I . F 0 6 0 CVIC 7 ) 2 . 4 3 9 7 

SAMPLE NO. 3 D P O S I T I V E C P O S I T I V E E N E G A T i y f r 

tARSORBANCE A N T I - D A N T I - C A N T I - E 3 
CV1C F ) P I . 2 4 5 7 CVTC 9 ) 0 . 0 9 9 P CVTC I B ) 1 . 6 7 3 2 

SAMPLE NO. A £ P O S I T I V E £ p O S I T I V E £ P O S I T I V E 

CAPSORBANCE A N T I - D A N T I - C AN T I - E 3 
C V T f 1 1 ) P I . 19PP CVTC 1 ? ) P I . 3 3 6 3 CVTC 1 3 ) 0 . 6 1 2 0 

SAMPLE NO. 5 D p O S I T I V E C N E P A T I V E g NEfeAT] Vfi 

tAPSORBANCE A N T I - D A N T I - C A N T I - E ] 
CVTC 1 / i ) 0 . P 6 6 5 CVTC 1 5 ) 1 . 7 P 0 7 CVTC 1 6 ) 1 . 6 1 9 6 

ARE YOU F I N I S H E D WITH PLOOD GROUPING?:GO 

Fig. 2.29. Computer Printout of Reaction Data and Nature of Reaction 
(Positive or Negative) from the Rh Grouping Protocol. 



"blood group is given as positive or negative. It is a simple matter to 
proceed to the stage where Rh phenotypes are printed out (Rĥ , RhQ, Rh^. 
Rh^, and Rh^ for the five samples shown in Fig. 2.29). 

Antiglobulin Tests. — Blood grouping of Kell and Cellano (K,k) blood 
groups is best performed by an indirect Coombs test. Therefore we decided 
to use this type of blood grouping to determine the capability of the 
Centrifugal Fast Analyzer for cell washing and indirect Coombs tests. The 
special rotor described in the section on Instrumentation was used. 

Group 0 donor cells that were phenotyped for several blood groups, 
including Kell (K) and Cellano (k), were obtained commercially in a 5$ 
suspension. The cells were centrifuged, and the volume of the supernate 
was adjusted to approach a 50$ hematocrit. Eight separate 0 cell types of 
either K, Kk, or k phenotype were pipetted into the blood washing rotor 
(10 nl aliquots of 50$ cell suspension), and the cells were washed rapidly 
four times. Commercial anti-Kell antiserum was added to each of the eight 
separate cells, which were subsequently mixed by acceleration and braking. 
After sufficient incubation, the cell-antibody reaction mixture was 
centrifuged and washed four times, and antiglobulin serum was added. All 
the steps were accomplished in the same rotor, which was never removed from 
the analyzer. Absorbance measurements were made 2 min after the anti-
globulin serum had been added. Tests with Cellano antiserum were performed 
similarly but with fewer samples, because of the small amount of antiserum 
on hand. Table 2.13 shows the data obtained in these indirect Coombs 
tests, as well as the data obtained in direct agglutination determination 
of Kell antiserum. Again, the results are satisfactory and thus demonstrate 
the potential of this blood grouping procedure. 



Table 2.13. Blood Grouping of Kell ami Cellano (K,k) with the Coni H ru;;.'»l i-Anaiy;:or 

SAMPLE NO. 1 7 3 i 5 t 7 8 INCUBAIICN UMi 
ANTIBODY PROCEDURE A « O \vo A490 A490 A490 A490 A490 '*49C 
KEU IK) INDIRECT" COOMBS l-S 7.30 !•) 

0.57 
(-1 7.17 l-i i.ei i-l t.9S (-1 

I.V8 
T • T 
0.50 j.o's 50 MINUTES 

INDIRECT0 COOMBS • • • • • • 0.3} I.£6 30 MINUIES 

DIRECTb 
AGGLUTINATION 1.72 0.48 7.0? 1.05 1.98 ?.lt 0.19 1.48 it MINUTE!. 

CEUANO (ll INDIRECT" COOMBS »•) 0.64 I') 0.5? 
(•i 0.71 

ft t-l 0.54 t M 0.34 l-l 
50 MINUTES 

° INDIRECT COOMBS: I. SAMPLES; 10 ..I 50*.. SUSPENSION CI CELLS • 75 .1 Of 0.9% NoCI. 
2. REAGENT; 75 ..I 4.0\- PVP • 50 .,1 Of ANTI-K C« ANfl-t. 
3. CELLS WASHED FOUfc TIMES AFTER INCUBATION WITH 0.9" • NaCl. 
4. 50 ..I CF CCOMBS ANTIGLOBULIN REAGENT • 50 ..I PVP ADDED AND READINGS MADE A! 4 MIN'JTtS. 

b DIRECT ANTI-KELL: I. SAMPLES; < ..I CF 50% CELL SUSPENSION • 25 ..I SALINE. 
7. REAGENT 75 ,.l CF <.0°. PVP • SO ..I CF ANHBCDY. 

• INSUFFICIENT ANTI-SERUM. 
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2.3-8 Quality Control of the Automated Blood Grouping System 
To test the accuracy of our procedures, commercially phenotyped human 

0 cells were subjected to blood grouping for Rh, MN, and Kk. The results 
of these groupings, given in Table 2.Ik, demonstrate that the procedures 
yield accurate results and that an excellent means of ensuring quality 
control of the procedures and antiserum reliability is provided by tests 
with known phenotype cells. 
2 .3 .9 Summary 

Blood grouping procedures based on the use of a Centrifugal Fast 
Analyser have been developed, and the mode of operation and the methods 
used have been described, ."he blood grouping procedures for ABO and Rh 
blood groups were evaluated on a preliminary basis, and criteria were set 
up from the resulting data for the development of a reliable blood grouping 
computer program. Furthermore, A and AB -.:ubgrouping and reverse ABO 
grouping were demonstrated. It was shown that cell washing and direct 
and indirect Coombs testing could be achieved with a specially designed 
rotor. Kell and Cellano (K,k) groupings were performed in this rotor to 
demonstrate the feasibility of the approach. Finally, a portable Centrifugal 
Fast Analyzer was described as a possible economical instrument for blood 
grouping that can offer simplicity of operation, instrumentation, and 
sample identification. The latter is possible through the use of a single 
sample per rotor. 

When the above features are combined with microscopic examination, the 
Centrifugal Fast Analyzer fulfills many of the criteria required for an 
automated blood grouping system. 



Table 2.1k. Results of Blood Grouping Known Type Blood Cells with the Centrifugal fast Analyzer 

KNOWN GROUPING OF COMMERCIAL RBC 

CELL NO. 1 2 3 A 5 6 7 8 

Rh 
GENO-
TYPE DC"e 

OCT" 

R, R ( 

DCe 
DCe 

R 2 R 2 

DcE 
DcE 

r' r 

dCe 
dee 

r" r 

dcE 
dee 

r r 

dee 
dee 

r i 

dee 
dee 

r r 

dee 
dee 

CONTROL CHECK OF COMMERCIAL CONTROL RBC USING 
CENTRIFUGAL FAST ANALYZER PROCEDURES 

1 2 3 4 5 6 7 8 

A490 A49C A490 A490 A490 A490 A490 A490 

0 • • • 0 0 0 0 0 
CI 

0.226 
CI 

0.199 
CI 

0.121 
<-) 1.544 ( - ] 

1.542 
l-l 

1.441 
(-1 
1.377 

<-) 
1.342 

C • • 0 • 0 0 0 0 (•1 
0.317 

CI 
0.310 

(-1 
1.555 

C) 
0.188 

<-> 1.615 (-) 
1.581 

(-> 1.494 (-) 
1.469 

E 0 0 • 0 • 0 0 0 (-1 
1.257 

(-) 
1.668 

( • ) 
0.271 

(-1 
1.168 

C) 
0.437 

(-) 
1.73-5 

(-) 
1.885 

(-) 
1.707 

c Q 0 • • . <-> 1.396 l-l 
1.838 

CI 
0.335 

CI 
0.408 

(»> 
0.359 

CI 
0.398 

C) 
0.308 

C) 
0.308 

M ' • 0 • • 0 
l>> 

0.1 16 
10 

0.062 
I-) 

1.367 
CI 

0.229 
CI 

0.412 
(•) 

0.052 
( - ) 

1.461 
C> 

0.096 

N 0 0 . • • 0 0 
(-1 

3.24 
(-1 C) 

0.3l 
C | 

0.313 
(•1 

0.355 
(-1 

2.64 
C> 

0.005 
(-) 

3.26 

K° 0 • 0 0 0 0 • 0 
<-) 

2.30 
CI 

0.5: 
(-) 

2.17 
l-l 
1.61 

l-l 
1.95 

(-1 
1.95 

CV 
0.1.1 

H 
2.05 

t" < • • • • • • 

(•) 0.64 e o./; C) 
0.76 • • 

C) 
0.54 

CI 
0.34 • 

Kb 0 
• 

0 0 0 0 . 0 
l-l 

1.72 
C) 

0.48 
; i 

2.17 
l-l 

1.05 
(-1 
1.98 

l-i 
2.16 

1') 
0.19 

l-l 
1.48 

0 " NEGATIVE, 

t - POSITIVE. 

a - INDIRECT COOMBS T'.ST. 

b - DIRECT AGGLUTINATION Of KNOWN RED BLOOD CELL TYPES WITH K ANTI-SERUM. 
• • INSUFFICIENT ANTI-.'CELLANO) SERUM. 
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2.H Specific Protein Analysis 
t 2 

A previous report" described, the right-angle optical monitor that 
was developed for use with the miniature Centrifugal Fast Analyzer. This 
monitor can be used to measure low-level fluorescence and light-scattering 
Intensity. The monitoring of the intensity of light scattering as a 
function of antigen concentration after aggregate equilibration is a means 
of quantitatively measurir.g specific proteins in body fluids. Serum IgG, 
IgA, Ig'-', a-l-trypsin inhibitor, transferrin, and C'3 are among some 
specific proteins that can be assayed. These analyses are based on the 
aggregation of the specific proteins with their respective antibodies, 
which is measured by determining the change in light scattering either 
during the aggregate formation (kinetic) or after aggregate formation 
'equilibrium). 
::.-'4.1 Analytical Conditions 

Reagents. — Antihuman Ig.", IgA, a-l-antitrypsin, and C'3 complement 
component were purchased from i-'.eioy Laboratories, Springfield, Virginia 
2-15^. Automated Immur.oprecipitin Reference Serum (A.I.?./, based on World 
Health Organization reference 67/95 and 67/97. and antihum'.n IgG were from 
Technicon Instruments Corporation, Tarrytown, Kew York 10591. Polyethylene 
glycol (Carbowax 6000) (average molecular weight 6000-7500) was obtained 
from the «.'. T. Baker Chemical Company, Phillipsburg, Kew Jersey 0 8 8 6 5 . 

: ciyvinylpyrrolidone (?V?) v.'.n.? purchased from Polysciences, Inc., Rydal, 
Pennsylvania 190J-i6. 

All reference serum dilutions were made in 0.9*"/.' NaCl solution. The 

specific protein concentrations in the A.I.?, serum were IgA, 595 mg/dl; 

Ig(>> ^39? rag/dl; IgM, 270 mg/dl; C'3 complement component, 375 mg/dl; and 
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:<-l-antitrypsin, j+70 cig/dl. The reference serum was diluted 1:500 for 
TgG and 1:100 or 1:50 for IgM, IgA, C'3 complement component, and a-l-
antitrypsin. These resulting stock standard solutions were further diluted 
in 0.9$ I-aCI to obtain the appropriate working standard concentrations. 
These final saline standard dilutions ranged in concentration from approxi-
mately 5 ug/ml to 80 ug/ml. Serum samples were diluted 1:1000 in 0.9$ 
KaCl solution for IgG determination and 1:100 for the others. 

Antisera were serially diluted from 1:2 to 1:6h : .~d reacted with 
appropriate antigen dilutions to determine the best antiserum titer for a 
given range of antigen concentration. The dilutions were made in 0.9$ 
liaCl or 0.9/j KaCl containing either polyvinylpyrrolidone or polyethylene 
glycol. 

Instrumentation. — The miniature Centrifugal Past Analyzer, as 
i 2 

modified for light scattering measurements, was described previously.*" 
In addition to the analyzer modifications, various rotors have also been 
designed and fabricated (Fig. 2.30). One design has ultraviolet-transmitting 
(UVT) plastic windows inset into the peripheral wall of each cuvet normal 
to the clear UVT rotor window (Fig. 2.30-Ia). The obvious expense of this 
approach made it desirable to go to clear body rotors, as shown in 
Figs. 2.30-Ib and Ic. With this arrangement, a black disk with machined 
cuvet holes is used to define the observed cuvet volume when the disk is 
placed on top of the clear body rotor. The first clear body rotor used 
the conventional sequential sample and reagent cavities (Fig. 2.30-IIa.), 
but a clear body rotor with parallel mixing cavities was soon developed 
to provide better mixing and to enable us to take light scatter measure-
ments about 6 sec after acceleration of the rotor (Fig. 2.30-IIb). 



92 

ORNL DWG 74-2006 

I 

a b 

SEQUENTIAL AND PARALLEL MIXING ROTORS 

Fig. 2 .30. Various Rotor Designs That Can Be Used for Light-

Scattering Measurements with the Miniature Centrifugal Fast Analyzer. 



2.U.2 Operation 
The current analyzer's configuration makes it possible to re a sure S'0: 

light scatter intensity of 17 separate parallel reactions. The cuvet; 
rotor rig. 2.;,0-IIb hold a reaction volume of from 120 to 150 ..1 per cuvet. 
The general operation procedure is to lead one parallel cavity with 75 . 1 
of ar.tiger. and the ether with 75 ••! antibody. Seme six or sever, 
reference standard dilutions are placed in parallel sample cavities 1 
through 7, and samples are pipetted into sample cavities b through 17. 
Hand-actuated pipettes -with disposable tips were used for this wcrk. 
Aliquots of diluted antibody are placed in parallel >-eagent cavities 1 
through 17. The rotor is placed or. the analyzer, and the black disk 
containing the carefully machined cuvet holes is placed on the top cf the 
rotor. The photoraultiplier voltage is adjusted to the desired operating 
setting (w300 V), a cover is placed over the analyzer, and th^ reactions 
are initiated by acceleration of the rotor and braking two tiroes: the 
right-angle light scatter measurements are then made through an on-line 
computer interfaced through an analog-to-digital converter to the output 
of the amplifier of the photomultiplier. The intensity measurements on 
all 17 cuvets are made every 25 sec with 15 to 20 readings per cuvet being 
taken per reading interval on successive revolutions for cata-averaging 
purposes. The data are stored and then processed through the control of 
a light scatter computer program written for this project. The computer 
program prints out stored digital averaged ADC counts, maximum rate of 
reaction (Al/At) ir ADC counts/min, and equilibrium intensity change 
( A I ^ q o equilibrium), which is the initial intensity of the reaction ( 1 ^ ) 

subtracted from the final intensity of the reaction (l„). 
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2.U.3 Optimization of Reaction Conditions 
Reaction Time. — The initial reaction conditions were those typically-

employed for quantitative light scatter measurement of antigen-antibody 
interaction. Human TgG reference sera, in the concentration range of 27^ 
to 2300 mg/dl, were diluted 1:1000 in 0.9$ NaCl. Optimum antibody titer 
was determined to be 1:25 £>y serial dilution of anti-(human) IgG in 0.9$ 
Had. Aliquots of IgG standards (50 pi) were pipetted in quadruplicate 
into the sample cavities of a 17-place black body rotor, and 100 pi of 
antibody was pipetted into each reagent cavity of the same rotor. The 
reactions were initiated by acceleration of the rotor. A time progression 
curve of the light scatter intensity vs time as a function of IgG concentra-
tion is shown in Fig. 2.31. The reactions have not reached equilibrium 
even after 10 min. However, it is possible to determine the fixed-time 
change in Intensity as a. function of IgG concentration (Fig. 2.32) and to 
obtain a kinetic measurement of IgG concentration in the time frame of 
0.5 to 2.5 min. This is a considerable reduction in analysis time when 
it is compared with the 3 hr radioimmunoassay or the 12 to 18 hr immuno-
diffusion analysis time. 

35 

Hellsing et al. have reported that polymers can enhance the so-called 
"precipitin" reaction, and Lizana and Hellsing have recently demonstrated 
how polyethylene glycol can reduce the reaction time and increase the 
sensitivity of light scatter measurement of the reaction of urinary albumin 
with antialbumin at a PEG concentration of 10$. We have investigated the 
effects of polyvinylpyrrolidone and polyethylene glycol on the interaction 
of human IgG, IgA, and IgM with their respective antibodies. 
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Fig. 2.31. The Interaction of Human IgG:Anti-IgG vs Time as a 

Function of IgG Concentration. 
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Fig. 2.32. Fixed-Time Rate of Change of IgG:Anti-IgG Interaction 

as a Function of Time. 
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Human serum IgG (2'+00 mg/dl) was diluted 1:1000 with 0.9% NaCl. 
Anti-(human) IgG was diluted 1:20 in (1) 0.9% NaCl, (2) 8 w/v % polyvinyl-
pyrrolidone in 0.9% NaCl, (3) 12 w/v t polyvinylpyrrolidone in 0.9% NaCl, 
(k) b% polyethylene glycol in 0.9% NaCl, and (5) QO% polyethylene glycol 
in 0.9f0 NaCl. Antigen (75 nl) was placed in one side of parallel cavities 
2 through 6, and antibody (75 pi) in the above solutions was placed in 
the other parallel cavities 2 through 6 of the light scatter rotor. Then 
the reactions were initiated. The actual cathode ray tube display of the 
data is shown in Fig. 2.33- Similar data were obtained for IgA and IgM 
(Figs. 2.3U and 2.35). The^e results indicate that a final reaction 
concentration of 2 w/v $ PEG in 0.9% NaCl greatly decreases the time 
required to attain equilibrium in the interaction of IgG with anti-IgG 
and that equilibrium is reached in less than 60 sec. Furthermore, a lag 
phase exists in the reaction, and advantage can be made of this by making 
an initial intensity measurement during this period. Similar results 
were obtained for the interaction of IgA/anti-IgA in 2% polyethylene 
glycol and for the reaction of IgM/anti-IgM in 3% polyethylene glycol in 
0.9% NaCl. These data (Figs. 2.3b, 2.35, and 2.36) also tend to verify 
that as the concentration of polymer is increased, the change in light 
scatter intensity is enhanced. The reactions from run to run and the 
change in intensity as a function of antigen concentration at a given 
antibody concentration were found to be more reproducible with polyethylene 
glycol (6000) than with polyvinylpyrrolidone. Therefore polyethylene 
glycol was chosen for use in our light scatter s'^aies. Furthermore, it 
was found that at a final PEG reaction concentration of b% in 0.9% WaCl, 
the reactions of higher antigen concentration initiate so rapidly that by 
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Fig. 2.35. The Effects of Polymers on the Interaction of IgM:Anti-IgM. 
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the 6-sec initial intensity measurement they are out of the lag-phase 
portion and the initial reading is not useful. For this reason a final 
reaction concentration of 2 w/v % polyethylene glycol in 0.9% WaCl has 
been adopted. 

Sample Background Light Scatter. — One advantage of the Centrifugal 
Fast Analyzer approach to specific protein determination by light scatter 
measurements is that either rate or equilibrium intensity data can be 
obtained, and this means that sample background scatter contribution is 
subtracted out. Therefore, there is no need to run separate sample blanks 
in the absence of antibody to subtract out this light scatter contribution. 
However, there was concern that backĝ c-und scatter from certain serums 
could produce a high light scatter signal which would saturate the photo-
multiplier tube for that particular cuvet and make it necessary to repeat 
the analysis at a lower dilution. We chose to use a lipemic serum sample 
with a triglyceride value in excess of 800 mg/dl as a test of sample back-
gvound scatter contribution oecause of its very turbid nature. This 
cloudy sample and seven clear serum samples were diluted 3:100, 1:200, 
and 1:1000 in O.y, .".'aCl, and the 90° background scatter intensity of these 
samples •.-.•as measured. Saline solutions were also measured as a blank light 
sca'ter measurement, hone of the samples showed a large background light 
sca'ter signal at a serum dilution of 1:1000. However, at 1:100 and 1:200 
dilutions o:" the serum samples, the lipemic serum sample had a relative 
intensity of ;0'X> ami 15 CO ADC counts, respectively, while the backgi'ound 
s-utT'er o:" hi .• i he r samples nr.d the saline blanks we re on the order of 
"•>3 t*.' f«.\} The ma:-:ir.ur. intensity reading for our system is hOS'5 

w.H-.'iS. :V.re, r.oithcr ;he 1:100 nor 1:V.00 dilution of the lipemic 
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sample would have caused interference with the specific protein analysis 

in the normal range, since one-fourth to one-half of full scale was 

available to monitor the light scatter change of this sample in the 

presence of antibody. 

Precision of Data. — The precision of light scatter measurement of 

12 replicate scrum samples (1:1000 dilution of a serum with an IgG value 

of 1100 mg/dl) was a relative standard deviation of 3.8% with the use of 

equilibrium values, and S.hpfo when the maximum rate of intensity change was 

used. Run-to-run variation was determined by measurement of the scatter 

intensity for the reaction of anti-(human) IgA with eight different serum 

samples in three successive runs. A relative standard deviation of 5-5$ 

of measured change of light scatter intensity was obtained for the equi-

librium values, and 15.0$ was obtained for rate measurements. We have 

achieved the best precision of data by use of equilibrium measurements. 

Little time has been spent in the development of optimized rate-data 

processing routines, and our current acceleration and braking procedures 

with this analyzer are manual. Therefore, we can say very little about 

the ultimate precision obtainable by use of rate techniques for quantitative 

measurement of light scatter intensity change of antigen-antibody inter-

actions. However, the indication is that the use of polyethylene glycol in 

the reaction mixture makes it possible to routinely obtain equilibrium (two 

point) light scatter measurements in less than 1 min with good precision 

with our system. 

Z.k.k Analytical Results 

Determination of Serum IgG, IgA, IgM. — The maximum rate of change in 

90° light scatter intensity (Al/At) and the equilibrium intensity change 
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(aI = T , - I„) vs antigen concentration in diluted reference serum " eq nnal 0' 
for IgG, IgA, and IgM are presented in Figs. 2.36 and 2.37. The data 
demonstrate the direct relationship between both rate of intensity change 
and equilibrium intensity change and specific protein concentration. The 
characteristic antibody and antigen excess regions of the standard immuno-
globulin curves are also evident. Having established reaction conditions 
necessary for the determination of these classes of immunoglobulins in 
human serum, we proceeded to investigate the effect of sample background 
light scatter and the precision of equilibrium and rate intensity measure-
ments of light scatter; and we have looked at the IgG, IgA, and IgM 
levels in eight serum samples obtained from the OKNL Health Division. 
The mean IgG concentration was 100k mg/dl ± llS mg/dl, and the range was 
from 850 to 1200 mg/dl; the mean IgA concentration was 135 mg/dl ± mg/dl 
with a range of 90 to 205 mg/dl; the mean IgM concentration was 110 mg/dl 
± 58 mg/dl with a range of concentrations from U8 to 205 mg/dl. 

Alpha-l-Antitrypsin and C'3 Complement Component. — Similar reaction 
conditions have permitted us to determine other specific serum proteins, 
and we demonstrated this by looking at the relationship between light 
scatter intensity and concentration of a-l-antitrypsin and C'3 complement 
component. A final reaction PEG concentration of bio in 0.9°h NaCl was 
chosen, and the appropriate antibody titers were obtained. The equilibrium 
intensity changes for dilutions of C'3 and a-l-antitrypsin in the final 
concentration range of 5 to 80 ug/ml vs antigen concentration are shown 
in Fig. 2 . 3 8 . 

Antigen Excess. — Antigen excess is demonstrated clearly by the a-l-
antitrypsin data shown in Fig. 2.39. The problem associated with antigen 
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excess is that the measured, equilibrium intensity value could be representa-
tive of either antibody excess or antigen excess. If two different sample 
dilutions are used, it becomes Immediately apparent from the light scatter 
intensity data whether or not the sample is in the antigen excess region. 
Flowing stream analyzers have a built-in detection system for antigen 
excess; the strip chart recorder peaks invert in antigen excess, and this 
eliminates the need to use sample dilutions for each sample to avoid 
antigen excess problems. 

We have taken advantage of the reversible equilibrium phenomenon asso-
ciated with antigen-antibody interactions in general, and the antigen excess 
region in particular, to detect antigen excess. This has been done by measur-
ing a shift in equilibrium light scatter intensity upon dynamic injection of 
a small quantity of antibody after initial equilibrium is achieved. The equi-
librium light scatter vs a-l-antitrypsin concentration is shown in Fig. 2.39. 

Minted sample concent rations above IS i,g/ml under these reaction conditions 
1'antibody titer, etc.) result in a typical decrease in light scatter 
intensity associated with antigen excess. Dynamic injection of PEG saline 
into the spinning rotor (170 ul per rotor or 10 pi per cuvet) changes the 
equilibrium very slightly. However, the dynamic injection of 170 |al of a 
1:2 anti-(human) o-l-antitrypsin solution in k% PEG 0.9% NaCl results in a 
dramatic change in equilibrium light scatter in the antigen excess region. 
From these data it is observed that by relating the change in equilibrium 
light scatter intensity with the initial equilibrium light scatter intensity 
change before dynamic injection of antibody, a means of detection of antigen 
excess can be obtained that does not require the use of two serum dilutions. 
Furthermore, there probably are enough data present, if standards in the 
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antigen excess region are included, to quantitate samples in antigen 
excess without making a separate run with new serum dilutions. The process 
of dynamic injection is discussed elsewhere,^ and it is sufficient to 
state here that the technique is simple, rapid, and reasonably precise. 
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2 ml of saline per sector, or 32 nl total): The rotor assembly is aecel̂ r'itc-a 
to mix, and the rotor is slowed to 500 rem; the application vacuur: at 
t h e edge of t h e r o t o r assembly causer the r e d u c e d yror.r\r<i r.ĉ -jrrnry 
force the red cells out of the rotor into the fire* crycvial: -his fills 
to a predetermined level, and the remaining cells flow imo & second vial. 
In procedure B, the rotor containing the washed packed cells is further 
slowed to approximately 200 rpm, thus reducing "he centrifugal force 
sufficiently to allow the meniscus of the packed red cells to move hori-
zontally until part of the packed cells covers the siphon hole: at this 
point, vacuum is applied to cause the cells to move into the cryovial as 
described in method A. Method A is a more reproducible procedure for 
transferring cells into the vials. However, it leaves a residual volume 
of saline solution equal to the remaining volume of red blood cells that 
has to be removed before cell lysis can be initiated. This is best done 
by packing the red blood cells at 21+00 rpm for 5 min, then reducing 
the rotor speed to about 2 0 0 rpm, ar.d aiair. siphoning off the remaining 
saline, leaving the red cells packed against the wall. Method B ij most 
useful because the amount of cells taken off can be controlled by con-
trolling the centrifugal force and hence the degree of slope of the red 
cell meniscus. Additional development effort in this area could result 
in quantitative removal of cells without addition of extra saline. 

It was determined that mixing is an extremely important step in the 
lysis procedure after HgO and CCl^ have been added. Simple braking and 
acceleration of the blood processing rotor is not vigorous enough for this 
purpose; therefore an agitation cycle has been added to the rotor to provide 
vigorous mixing. This technique is currently being evaluated. 
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• ha" :lvar. oell-frou plasna could he ;>>.-opared, cells coul(i be quickly 
washe.i, cells could be transferred to storage ciyovials, and the red blood 
c'cll:: oould be lysed - all within the sasiple prcpai-ation rotor assembly. 

:he second phase was to solve, cr at least define, problem areas that 
needed improvement. 'Ihe evaluation of the system resulted in the defini-
tion of two problems. The first- problem was red cell carryover in the 
separated plasma fraction. A readjustment of the technique for vacuum 
applicai ion solved this problem. "instead of allowing a vacuum surge to 
occur when removing the plasma, it was found that if the vacuum was ramped 
from 0 to 10 in. Hy. the ilasma transferred without red blood cells. The 
second problem concerned the quality of the hemolysates within the rotor. 
:icinolysat.es that are fret of stroma (cell debris) are essential; otherwise, 
band smearing is observed during starch gel electrophoresis. During 
preliminary tests when hemolysate samples were collected and analyzed by 
electrophoresis on starch gels, the patterns were unacceptable. 

Several potential reasons for the poor electrophoretic separations 
were explored, but it was finally established that there was poor mixing 
when cci, was introduced after lysis, causing the stroma to separate 
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approach - j aehievir.r rood nixinc. '.h us. aur: nr -.he mixing cy-le the ro re r 
has a V&ck-ur.d-forth notion instead of simple brakir.f and acceleration. 

".n summary, the preliminary evaluation shoved that whole-blcod samples 
could be separated into plasma ar.d red blood cell fractions rapidly ar.d 
with Li" " le or no material loss. This car. be done on a large enough scalc-
to make it worthwhile (e.g., r-ml v;hole-blood samples, lu per rotor), 
furthermore, it has been shown that the cells can be rapidly washed, a 
portion o:" them can be removeJ automatically for storage, and the remainder 
can be lyced for final analysis of red blood cell ensiTr.es and nonenzymic 
protein variants. Further, it was found that a good mixing cycle is required 
during hemolysis. This problem has caused a useful reassessment of lysis 
methods in general, with the following results: .An equal volume of water 
is used to lyse; the addition of Triton »100 at a concenti-ation of 0.1^ 
will greatly facilitate the lysing process: an organic solvent such as CCl^ 
is required to disrupt the stroma and provide clear band patterns: toluene 
was not shown to be superior to CCl^ and, because the CCl^ has a higher 
density than the hemolysate, it also makes a good displacement liquid to 
allow recovery of more hemolysate from the sample preparation rotor; 
centrifugal fields of 500 x g are sufficient to bring down the stroma; a 
pH adjustment (e.g., lowering of the pH to k-5, then bringing it back to 
6.5) may also be useful for preparing good clean hemolysates, but this has 
not been explored fully; and a ....time of 0.5 to 1.0 cc of CCl^ per U-ml 
sample is sufficient to obtain clean hemolysates. 
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" . 2 Development of Sit-ctro photometric Procedures for 
Measurement of Genetic Variation 

In cooperaxion wit .1 the University of Michigan, we are investigating 
useful kinetic spectropho*ometric procedures for isoenzyme variation that 
can be adapted to a miniature Centrifugal Fast Analyser (CFA). Two 
approaches tha* are being considered are enzyme reaction kinetics and 
kinetics of protein denaturation for measurement of genetic variation. Vie 
are working on the kinetics of glucose-6-phosphate dehydrogenase (G-6-PD) 
from human erythrocytes as a good model; Dr. Robert Ferrell of the University 
of Michigan is developing a hemoglobin denaturation method based on differ-
ential thermal stability of variant hemoglobin. Both approaches will be 
adapted to the CFA. 

We are in the process of characterizing normal human erythrocyte 
B type G-6-FD by examining activity and kinetic parameters with respect 
to the use of glucose phosphate and 2-deoxyglucose-o-phosphate as substrate, 
while maintaining NADP concentration constant and in sufficient excess for 
optimal kinetics but without enzyme inhibition. The kinetic parameter Km 

for G-6-PD from a normal human B type was found to be 7.6 x 10 mole/liter 
c 

and 8.1 x 10 mole/liter for duplicate runs, with standard errors of 
-5 -5 

±0.8 x 10 and O.U x 10 respectively. These values are very close to 
the literature values, which range from 7.0 to 8.8 x 10" mole/liter. The 
kinetic parameter for 2-deoxyglucose-6-phosphate had a wider range of 
values, 2 .0 x 10~^ to 3.0 x 10~^ mole/liter. 

The reproducibility of K^ values of G-6-PD (glucose-6-phosphate as 
substrate) that can be obtained with a CFA is reasonably impressive, and 
those data correlate with those obtained in the literature. Due to the 
multiconformational nature of G-6-PD, variation in K can be seen as a * Tn 
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result of sample handling. There are apparently two forms, one with Y. 
values in the range of ̂ ,.0 x mole/liter, and another in the range of 
7.8 v io mcle/liter. V'e have only observed cne form. V.'e have not 
increased the glucose-6-phosphate concentration above 0.1 x 10~"' mole/liter, 
as others have done, and, therefore, we may be missing the effect. 

Future areas of effort will include the determination of specific 
erythrocyte G-6-PD activity for several B and A types by use of glucose-6-
phosphate, 2-deoxyglucose-6-phosphate, and galactose-6-phosphate as sub-
strata. Also, NADP/KADPH inhibition will be investigated. The final result 
should be a simple activity panel of two or three substrate analogs and 
NADFH product inhibition to provide sufficient data to determine G-o-PD 
variants. 
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k.^ HIGH-RESOLUTION ANALYTICAL SYSTEMS 

A number of disease states may give early warning of their onset by 
subtle changes in excretion levels of molecular constituents in physiologi-
cal body fluids. Prompt medical treatment based on these early symptoms 
may enable disease prevention or, at least, minimize its debilitating 
effects. Detection and monitoring of these early symptoms will require 
that research and clinical laboratories have automated high-resolution 
analytical systems that will identify and measure large mimbers of the 
molecular constituents. To attempt to fill this need, several liquid 
chromatographic systems are being developed. These high-resolution 
systems, having the advantage of minimal sample preparation, enable a large 
number of important nonvolatile metabolites to be monitored with minimal 
use of skilled technical labor by means of automated data processing 
methods. 

Two analytical systems developed through the prototype phase are 
currently being evaluated at other laboratories, and the development of 
several other systems is under way. Many interesting experimental results 
have been obtained with these advanced analytical systems. 

'•I.I Prototype Systems 
D. D. Chilcote, W. W. Pitt, Jr., and G. Jones 

4.1.1 Construction and Performance 

Construction of two prototype UV-Analyzers for delivery to the 
Environmental Protection Agency (EPA) and the National Cancer Institute 
(NCI) was completed during this report period. Both analyzers were 
subjected to exhaustive testing and are ready for delivery. Construction 
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of a third prototype UV-Analyzer was completed and delivery has been made 
to the ORNL Biology Division. 

Prototype UV-Analyzers are undergoing field evaluation at the Clinical 
Center of the National Institutes of Health -(NIH), Duke University Medical 
Center, and the Texas Medical Center ax Houston. At present, the analyzers 
at Duke University and the NIH are coupled to computer systems for the on-
line analysis of the chromatographic data. Efforts to update them have been 
initiated. Three complete gradient generating systems, designed for l/k-in. 
columns, have been fabricated and will be installed along with the new 
columns prior to July 1, 197b. This evaluation program will be terminated 
by July 1, 197U. 

During the current report period, there were some difficulties 
encountered with the ORWL ultraviolet photometers at Duke and also at 
Houston, where the glass eluate reactor in the Carbohydrate Analyzer failed 
and was replaced. Apart from this, the equipment has been operating 
satisfactorily. 
b.1.2 Experience with Computer Systems 

The computer systems have been installed at Duke University and the 
NIH, and they appear to be working extremely well at present. The computer 
system for Houston has been shipped and should be installed shortly. 

The system that was sent to the NIH developed a problem in the A/D 
converter, which was promptly corrected. Teletype problems also arose 
during the first few months of operation. The system at Duke has been 
trouble-free. After these two computer systems were delivered, we began 
to notice some erratic behavior in the computer destined for Houston, which 
seemed to be due to sporadic malfunctioning of the ADC. This behavior 
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disappeared -when the interface module was pulled out from the chassis. 

Overheating was suspected, and a small fan was installed in the interface 

unit, which eliminated the erratic behavior. Fans will he installed in 

the other two computer systems when the '."/-Analyzers are updated. 

U.2 Systems Development 

S. rlatr, V.7. W. Pitt, Jr., and J. E. Mrochek 

Efforts in the systems development area -were mainly directed toward 

:"!•'• a- ion of extcinr separations and detection systems to accomplish 

[.redetermined rculr, in the analysis of physiologic body fluids. Develop-

ment, efforts on new -.•oncopts or systems were not aci ively pursued during 

this period due to the emphasis on prototype support . 

.'... I J arametri-; Study of Cerate Oxidative Monitoring 
for Liculd Chromatography 

The cerate oxidative monitoring system (COD) was previously found to 

be a sensitive detection system for liquid ch^•omatography."'',However, 

operation of the detection system on a continuous basis turned up a number 

o:" anomalies regardinr rearent preparation, peak distortion, and their 

of feet on detector sensitivity. 

In order to improve the analytical sensitivity and overcome the peak 

distortion that appeared with very large chromatographic peaks, a. study 

was undertaken on j L I E relation of these T O some fluorometer design features 

and the makeup of the reagent, it wa.s previously shown that background 

noise levels were decreased by providing uniform voltage to the fluorimeter 

power supply, by avoiding electrical arcing in the vicinity of the fluo-

rometer, and by ensuring a nonpulsing flow through the flow cell. The peak 

distortion had already been lessened by increasing the cerium(lV) concentra-
-k 

tion in the reagent from 1 x 10 to 2.5 x 10 M. The undesired photo-

reduction of cerium(IV) by the 254-nm excitation beam and the absorption 
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of the excitation "beam and the 350-nm signal beam by the reagent, the 
eluate. and the sample components create operational problems. 

Fluorometer design feature modifications, which included changes in 
flow cell diameter, excitation light aperture size, and exit slit shape and 
size, were considered to improve the fluorometer operation. Of three flow 
cell diameters tested (2, 2, and k mm ID), the smaller provided the best 
signal-to-noise ratio: the smaller-size flow cell has the additional 
advantage of being easier to fabricate because it has no cross-sectional 
changes down its length. A reduction in excitation aperture b„ as much 
as a factor of 10 also improves the signal-to-noise ratio, probably by 
making the excitation beam smaller and thereby decreasing the photoreduction 
of the reagent; this excitation beam reduction is limited by the available 
stable electronic signal multiplication."1" Variations in the signal beam 
exit slit over a small range of rectangular slits and round holes appeared 
to have no significant effect. 

Reagent changes in the cerium, sulfuric acid, and the sodium bismuthate 
mixture were also studied. Addition of up to 30 mg/liter of sodium 
bismuthate did not affect the sensitivity, whereas it had been noted that 
larger amounts (over 100 mg/liter) significantly reduced sensitivity and 
increased peak distortion. Increases in the cerium(lV) concentration from 
2.5 x 10 M by factors of 2 and ^ resulted in increasing the signal by 
factors of 2 and 3, respectively, with little change in base-line noise. 
Increasing the sulfuric acid concentration from 3 M to 6 M introduced much 
peak distortion, and a reduction to 2 M resulted in a small loss of signal 
intensity but a much less distorted peak. Variations in the relative flows 
of the reagent and eluate in either direction from equal appear to introduce 
peak distortion. Therefore, the following reagent parameters have been 
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adopted: 0.5 x 10 M cerium(iv), 1.5 M sulfuric acid, and 20 ± 5 mg per 

liter of sodium "bismuthate, with equal reagent and eluate flows. 
U.2.2 Carbohydrate Detection "by Cerate Oxidimetry 

"An oxidative detector that relies on the reduction of reagent 
cerium(lV) to the fluorescent cerium(Hl) has recently been described for 
monitoring organic acids and other oxidizable compounds eluted from anion 

2 3 

exchange columns- This COD is useful with separation systems whose 
eluted liquid phase, like the mobile acetate phases used for the organic 
acid separations, ti-ansmits light at 25*+ arid 350 nm, is stable in the 
presence of cerium(IV), and does not form interfering complexes with 
cerium fill) or (TV). 

The COD is compatible with borate buffers, as used for carbohydrate k 

separation with anion exchange columns, and appears capable of providing 
sensitive detection. Detection methods using other reagents, such as 
phenol and sulfuric acid, anthrone and sulfuric acid, orcinol and sulfuric £ 7 8 aciu," aniline, and sulfuric acid, are not as sensitive. A study of the 
carbohydrate separation system was made vdth the COD to determine the 
improvement in sensitivity, the extent to which the less-specific detection 
mi.-;ht be a problem, i.nd how well this detector in series with an ultraviolet 
detector might improve peak recognition. 

A schematic diagram of the cerate oxidative monitor as a component 
of a carbohydrate anion exchange chromatograph that includes an ultraviolet 
R.onitor in series is shown in Fig. ̂ .1. The construction and operation of 

3 the separation system components are essentially as described previously, 
Q and the ultraviolet photometer is that described by Thacker et al. The 

selection of the operating parameters for the cerate oxidative monitor are 
3 as discussed earlier except for changes described in the previous section. 
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Fig. i+.l. Schematic of Chromatographic System with Eluate Detection 

by UV Photometry and Cerate Oxidimetry. 
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Standard Sample. — The chromatogram for a reference standard containing 

0.2 .T.ieromcle/cc of each of lo sugars is shown in Fig. h.2 using a 0.25-cc 

sample ( ".056 micromole of each sugar). The sensitivity is improved by at 

least a factor of 10 over that achieved in this laboratory by the phenol 
h 3 and sulfuric acid and the sulfuric acid methods of monitoring. The 

resolution of peaks is also improved because of better mixing of the column 

oluate and reagent. This improvement is due to a closer match of the 

density and vicecsity for the two fluids and to the fact that there is 

little heat of mixing: in previous .-nethods, the reagent was ma up in 

relatively concentrated sulfuric acid, and the mixing of this fluid with 

the column eluate adversely affected resolution. 

Ccrum. — A ehromategram for a 0.23-cc sample of ultrafiltered pooled 
. 4, Q serum, shown in -ig. 4.-, is similar to that obtained earlier with 

larger samples. 

'..'riiie. — A chrcmat̂ grarn for a 0.22-cc sample of a standard pooled 

urine, shown in i-ig. 4.4, is very complex and includes a large number of 

peaks, some of which show coincident ultraviolet adsorption. A chromato-

rram for the same size sample of this urine, in which the simple sugars 

and some basic and neutral constituents had been collected by anion exchange, 

is shown in Fig. 4.5. The prior separation of the simple sugars by anion 

exchange can be made quantitative by adding an internal standard, such as 

melibiose, which is not present in urinary samples. 

The cerate oxidative detector provides better sensitivity and more 

effective peak resolution than other monitors for carbohydrates being 

eluted from chromatographic columns but is less specific than most of the 

earlier detectors. The specificity is adequate for serum samples; however, 
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Pig. U.2. Chromatogram of Reference Sugars Using Cerate Oxidimetry 

for Detection. 
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Fig. h.3. Chromatogram of Serum Carbohydrates Using Cerate Oxidimetry 

for Detection. 
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Fig. if.If. Chromatogram of Urinary Carbohydrates Before Separation of 

Interfering Substances. 



ORNL OWC 74* 1940 

Fig. ^.5. Chromatogram of Urinary Carbohydrates After Separation of 

Interfering Substances by Anion Exchange. 
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for very complex samples, such as urine, a preliminary separation may he 
required. 
k. 2.3 Development of a Rapid ana Sensitive ICew Carbohydrate .Analyzer 

A carbohydrate analyzer is being developed chat is capable of analyzing 
several body fluid samples per day with a significant improvement in 
resolution and an increase in sensitivity in the order of 500 as compared 
to that attained with the Mark III analyzer. 

The parameters being studied are column lengtn, resin size, operating 
temperature, borate buffer concentration, and pH. Reducing the column 
length from 150 cm to 55> 35, and 16 cm does not appear to result in 
significant loss in resolution, provided suitable adjustments are made In 
the buffer and smaller resin particles are used in the shorter columns. 
However, the pressure drop across the column decreases with the. shorter 
columns, and the pressure pulse with each pump stroke becomes more signifi-
cant. For the shorter columns, 35 and 18 cm, the "overfxow'' fraction of 
Aminex A-27 anion exchange resin (less than 10 microns in size) was used. 
The use of this smaller, less uniformly sized resin fraction resulted in 
pressure drops of about 2000 and 1000 psig for the 35- and l8-cm (0.22 cm ID) 
columns, respectively, at desired flow rates of 8 to 9 ml/in1. Temperatures 
of 60 and 65DC have been compared with the previously used 55°C, and the 
resolution for the smaller columns appears improved at 60°C. The pH of the 
dilute buffer has a minimal effect on the elution position of the chromato-
graphic peak; however, concentration is much more important. For convenience, 
a dilution of the sodium tetraborate is used which gives a solution pH of 9.2. 
The concentrations of the dilute buffer for optimum separation on the small 
column are about 0.030, 0.025, and 0.020 M in borate at 55, 60, and 65°C 
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respectively. Studies with the concentrated buffer showed the elution 
positions o:' the more strongly retained carbohydrates to be both 
concentration- and rcl-dependent. Best resolution was obtained with about 
0.;0, T.25, and 0.20 'A borate at pH 10.0 for column temperatures of 55, 
•'•C, and 65"C respectively. 

An additional factor to consider in selecting the optimum borate 
concentration is its effect on the sensitivity of the COD. Sensitivity 
appears to increase as the borate concentration is decreased. 

V.'it-h the to* al optimisation still to be completed, the best system 
configuration seems to be with the lo-cm column. Optimum elution condi-
tions seem to be: column temperature, 6u°C: dilute buffer, 0.025 H borate, 
pit V." : concent rat ed buffer, O.'.v M borate, pK 10.0; and flow rate, 8 ml/hr. 
The -ice of a two-fluid buffer mixture is being tested so that a simplified 
and automated gradient generator can be utilized. 

'i.T.U Chromatographic ht-actor Analysis: Effects of Chemical 
Reaction and Residence Time on Dispersion 

Al* h'-<urh tubular reactor.-: have been employed for some years in the 
.iovelopmen* of light-absorbing or fluorescent products for various liquid 
chromatographic ' I.C • detection schemes, no serious study has been directed 
toward optimizing the performance of the reactor. Since both a chemical 
reaction, which generates a desired product, and dispersion of this product 
occur simultaneously in the reactor, it is obvious that, for any eluted 
species, some optimal length of reactor can, in principle, be found. 

If the reactor is too short, the residence time is also too short, 
and the extent of reaction will not be adequate to maximize sensitivity 
of the detection system for that particular compound. On the other hand, 
if the reactor is too long, the extent of reaction may be adequate, but 
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the resulting product is greatly dispersed. Again, sensitivity is sub-
optimal. Thus we are interested in the response vs length curve for each 
compound eluted from the chromatographic column. We expect this curve to 
exhibit an initial rise followed by some optimal plateau region and a 
subsequent drop as dispersion becomes important. Ultimately, we desire 
to compare the response curves for a number of representative compounds 
in the samples being analyzed to determine some average optimal length of 
reactor. Since we do not expect the individual response curves to coincide, 
we hope the optimal plateau region is quite large, so that reasonable over-
laps occur. We also want to investigate whether or not the plateau region 
can be effectively increased by decreasing the dispersion in the reactor. 

Since the effects of dispersion and chemical reaction are additive, 
they can be studied individually. Dispersion in the chemical reactor was 
examined first. Since dispersion is undesirable, conditions should be 
established so that its effects are minimized; therefore, the relationship 
between peak dispersion and reactor configuration wa.s examined. 

In 1953̂  G. Taylor derived an expression for the dispersion (K) of 
solute in a solvent moving slowly in a tube."*""*" This expression took the 

where a is the radius of the tube, u is the mean linear velocity in the 
tube, and D is the diffusion coefficient of solute in the solvent. 

12 Levenspiel states that for open-ended vessels, the simple relationship 

form 

(1) 

given by Aris: .13 

(2) 
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holds exactly,, where cr is the dimensionless variance of the peak and L 

is the length of the tube. Thus, 

tot
2 - m , (?) 

u 

and, by combining Eas. 1 and ^ ) 

Equation h describes the effect of reactor geometry and linear velocity on 

peak dispersion in the reactor. 

Sensitivity can be maximized if, for a fixed extent of reaction, the 

effects of dispersion can be minimized. Thus we Impose the assumption of 

a fixed residence time on our analysis. We further assume that some fixed 

volumetric flow rate has been established in the chromatographic system to 

optimize the resolution. A fixed volumetric flow rate coupled with a fixed 

residence time requires a fixed reactor volume. Thus, in Eq. the 

reactor volume a~L and the 

Rearranging Eq. h, we have 

f 2 reactor volume a~L and the volumetric flow rate a u are both constant. 

o 2 
A 2 (a L) 1 Ajt = „)n, 2 , L ' ( 5 ) 

24D(a u) 

or 

(cxt2)o - (at
2) = £ , (6) 

? 2 , „ 

where C = (a L) /2UD(aciu). The theory predicts that the difference in the 

square of the peak variance before the peak enters the reactor and after 

it leaves the reactor is proportional to the inverse of the length of the 

reactor. Thus, for a fixed-volume reactor, the greater the length, the 

lower the peak dispersion. 



i'or a Gaussian peal-:, the area, k, is given b̂  

Thus, 

2 r-hi^ i at ^ 2r. • H " 

where H is the maximum peak height. Combining Eos. 6 and - gives 

^ - (k 

Thus, for a Gaussian peal:, the diminution in the height of the peak as it 
passes through the reactor is described by Eg. 9. 

This relationship was tested experimentally by using various sizes of 
Teflon tubing as reactors. The experimental setup included an eluent 
reservoir, a peristaltic pump, a sample injection valve, and an ultraviolet 
photometer. The signal from the photometer was recorded by a strip-chart 
recorder, and the data were analyzed by an on-line computer. 

The sample injection valve was separated from the reactor test section 
by a long length (entry section) of Teflon tubing. This entry section wss 
added to improve the Gaussian nature of the pulse of reference compound 
issuing from the sample injection valve. Reactor test sections of varying 
lengths (3^.5 to 223 cm) but constant volume (O.67 ml) were used in this 
study. Peak heights were measured by the computer. The peaks were modeled 
by a nonlinear least-squares fitting routine, assuming a two-bandwidth 
Gaussian model to ensure that the peaks were indeed Gaussian. The results 
of this study are shown in Fig. h.6. The height measurements are in units 
of absorbance. The results indicate that the relationship in Eq. 9 is 
satisfied exactly over the range of reactor lengths employed. 
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Fig. 1+.6. Dispersion Studies in Color or Fluorescence Development 

Reactors for Chromatographic Peak Detection. 
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During the initial phases of this study, the measurements obtained 
for the longer reactors gave consistently lower results than expected. 
The short test sections were straight, "out the longer sections were 
coiled. Upon uncoiling the longer reactors, the expected results were 
obtained. A search of the literature showed that coiling had a significant 
effect on reducing dispersion in tubes in both laminar and turbulent 

l4 flow. ' " Thus, to minimize dispersion in the reactor, the tubing should 
be as long as practical for the given volume requirements (smallest 

possible cross-sectional area), and It should be coiled. 
4.2.5 A Rapid Two-Detector Chromatographic System for 

Comparative Serum and Urine Analysis 

A two-detector (uv and COD) chromatographic system was used for the 

comparative analysis of serum and urine samples from two clinically normal 
subjects involved in a drug metabolism study. A minimum of 13 samples of 
serum and urine were to be obtained from each subject. It was decided to 
design a chromatographic system for a nominal sample turnaround time of 
24 hr with a desired operational constraint that there sh ouild "be 

le, 

if any, loss in chromatographic resolution. 
The chromatographic system configuration used to obtain a cycle time 

of 24 hr per sample is similar to that reported earlier for organic acids-' 
with the following modifications: (1) reducing the column length from 
150 to 100 cm, (2) increasing the column temperature from 6o° to 70°C, and 
(3) decreasing the total amount of buffer eluent in a nine-chamber gradient 
development box from 3^0 g (60 g per chamber) to 225 g (25 g per chamber). 

The nine-chamber gradient development box was filled with ammonium 
acetate—acetic acid buffer (pH 4.4) in the following way: chambers 1 and 
2 contained 50 g of 0.015 M buffer, chambers 3 and 4 contained 50 g of 
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U M "buffer, and chambers 5 through 9 contained 6 M buffer. The higher 
column temperature (70° instead of 60°C) was achieved earlier than in 
previous tests (1.3 vs 3 hr). This factor, coupled with decreased 
column length and the change in the eluent gradient, enabled elution of 
three highly anionic sulfate metabolites (see Sect. If.5.1) in 21 hr instead 
of the 42 hr required on the previous system.^ 

The reduction in total elution time by a factor of 2 was achieved 
with some loss in resolution for early-eluting components but with an 
improvement in resolution for late-eluting components so that, overall, a 
comparable number of peaks were separated. The shortened column, coupled 
with an optimized gradient and higher temperature, enabled elution to be 
completed in the allotted time without exceeding the optimum volumetric 
flow rate for this size of column. 

Adequate sensitivity for both serum and urine samples was achieved 
by adjustment of sample size and detector gain. Sample size for urine 
samples was lVf pi, and for serum, 772 ul. The gain of the ultraviolet 
photometer was set at 2X (50 to 100$ transmittance) and 5X (80 to 100$ 
transmittance) for urine and serum respectively. The fluorescence monitor 
was adjusted to give a 32$ chart deflection for a reference Ce(lll) 
solution (approximately 2.5 x 10 ̂  M) at a fluorometer gain of 5.0. This 
gain was used for serum samples, but it was reduced by a factor of 2.5 
(to 2.0) for urine samples. This combination of sample size and sensitivity 
settings provided adequate recorder response for quantitation of chromato-
grams by peak area measurement. 



U.3 Fundamental Studies 
A very small research effort has "been maintained to furnish a back-

ground of scientific knowledge applicable to development of improved 
separation and detector systems. During this report period an interesting 
mathematical study of reabsorption in fluorescence was completed. The 
findings will be useful in the design of fluorescence flow monitors. 
U.3.I Mathematical Study of the Reabsorption Phenomena 

in Fluorescence 
The mathematical relationship between incident light intensity and 

fluorescent emission has received considerable attention. In most deriva-
tions, the theoretical approach has included an assumption that the 
attenuation of the fluorescent emission by the fluorescing species or 
other interfering constituents (reabsorption) can be neglected. 

19 

However, In the detailed analysis presented by St. John et al., reabsorp-
tion was taken into account. Unfortunately, an Incorrect expression was 
used to characterize the attenuation of fluorescence in that portion of 
the cuvet in which the fluorescence is being emitted. A correct derivation 
of the attenuation of fluorescence in this region shows that, for right-
angle viewing, this attenuation or filtering is equivalent to decreasing 
the width of the excitation slit. 

Mathematical Derivation. — Consider the cuvet shown in Fig. U.7. For 
a right-angled system, we are interested in the generation of fluorescence 
in the volume element x'y'z' and the subsequent attenuation in intensity 
as the fluorescent beam passes from the point of generation (x,y,z) to 
the plane at y = y'. The rate of fluorescent emission (quanta/sec) from 
a differential element dv = dxdyz1 at the point (x,y) is porportional to 
the rate of light absorption in that volume; 
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Fig. 4,7. Fluorescence Hxcitation and Emission. 
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d£; = O dl dy z' , (10) 

where 5 is the constant of proportionality. From the Bouguer-Beer law: 

dQ = 5l0nce",JCX dx dy z' , (11) 

where |. is the molar absorptivity, c is the solute concentration, and 
is the intensity of the excitation radiation. In passing from the point 
(x,y) to the pc^nt (x,y') in the plane at y = y', the fluorescent emission 
is attenuated the factor 

f = e~oc(y'-y) { g ) 
a -

where p is the molar absorptivity for the fluorescent radiation. Thus the 
total flux of fluorescent emission through the area x'z' in the plane at 
y = y' is 

Q. = !>:"+X' r ' Z'S ' I^ce^^e-P^y'-^ax dy , (13) 
' x" "0 

or 

Q » e"̂ 'cx Tl - e-"cx j [i - e"?^ ] , (l4) 

where 5' -.ow includes a geometrical factor which accounts for the fraction 
of fluorescent emission that passes through the area x's' at y = y'. It 
is assumed that the fraction of fluorescent emission generated at a point 

(x,y) that passes through the area x'z' is independent of x and y. The 
20 

case in which this assumption is not valid has been treated. Note that 
for either small c or small p such that pcx « 1, Eq. 14 becomes: 

Q = zly'§'I0e"MCX | 1 - e ,JCX'1 , (15) 
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which is the result obtained v/hen reahsorption phenomena are ignored. 
Since y' is the width of the slit in the excitation light path, inspection 
of Sqs. lk and 15 indicates that an effective slit width for the excitation 
"beam can be defined as: 

ye' = [l - e-^'J/pc , (16) 

and 

Q. = s'ye ' §'^Qe~''CX" ĵ l - e~UCX'l • (17) 

1Q 

As noted by St. -John et al., ^ the fluorescence emission given in Eq. 17 
is further attenuated by a factor e"'30*1'" in passing from y = y' to 
y = y* + y"-

ror front-surface fluorescence measurements, x" = 0, and Eq. 13 

becomes: 

x' 
Q = f y'2'51-f(x) Mce~^cxe~pcxdx , (18) 

,J 0 

where f(>:) is a geometry factor for front-surfa.ce fluorescence measure-
20 

merits. ' V/hen the optical density Cue) exceeds 10, the geometry factor is 
essentially constant [f(x) = F; see Fig. 3 in Ref. (20)], and Eq. 18 can 
be integrated to give: 

= y'Z,§I0F L1 " e-(ll+P)cxl] , (19) 

which, although it neglects reemission phenomena, is of the same form as 
/ 21 

that given by BudcJ and Ketskemety. Since the value of the exponential 

is vanishingly small, Eq. 19 can be rewritten as 
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For 90° fluorescence measurements, the expression used "by St. John 
1° et al. ^ for attenuation of fluorescence in the volume element x'y'z' due 

to reahsorption was taken directly from a paper dealing with the intensity 
22 

of spectral lines in flame spectrophotometry. However, in that paper, 
neither the source function nor the boundary conditions (oc = 0 for y = 0,y') 
that were used are appropriate for the present case. Thus a derivation of 
the exact effect of reabsorption is appropriate. The present derivation 
shows that the effect of reabsorption of fluorescent emission in the volume 
element x'y'z1 is equivalent to diminishing the slit width y'. 

The expression for y ' can be simplified for both high and low values 
of pc. For small values of pc, 

y e' = y' • (21) 

However, as pc becomes large, 

that is, the fluorescent emission is independent of the excitation slit 
width y'. From a plot of y ' as a function of l/pc, it is clear that for 
pc < 0.1, the effects of reabsorption can be neglected. 

4.4 Identification of Body Fluid Constituents 
J. E. Mrochek and S. R. Dinsmore 

Seven new ultraviolet-absorbing compounds have been identified, 
increasing the total number of identified constituents to I3U (including 
carbohydrates, the total is 146). The new identifications are listed in 
Table 4.1, together with their origins. 
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Table U.l. Kew Urinary Identifications and Their Sample Origins 

Compound Origin 

1-•p-D-Arabinofuranosyluracil Cancer patient - metabolite 
of cytosine arabinoside 

2, U-Dihydroxyacetanilide (sulfate conjugate) Metabolite of acetaminophen 
S-•(5-Acetamido-2-hydroxyphenyl)cysteine Metabolite of acetaminophen 

S-• (5-Acetamido-2-glucuronosidophenyl)cysteine Metabolite of acetaminophen 

1, 7-Dimethyluric acid Clinically normal subjects 
ingesting caffeine 

I _ •Aminoimidazole-5-carboxamide Cancer patient 
~ _ •Methyluric acid Clinically normal subjects 

ingesting caffeine 

h, J;. 1 Identification of Urinary Merabolites of Acetaminophen 

Metabolites of acetaminophen have been identified using multiple 
analytical techniques [Including gas chromatography (GC), mass spectrometry 
(MS), and coupled GC-MS ] on urinary products isolated by means of 
preparative-scale high-resolution liquid chromatography. Comparative 
ultraviolet spectrophotometry data were employed to determine positional 
substitution on the aromatic ring, using 2-hydroxyphenacetin, and 
3,h—clihydroxybenzoic acid, ;-methoxy-U-hydroxybenzoic acid, and -hydroxy-
benzoic acid as model compounds. 

A typical urinary chromatogram obtained for a patient receiving the 
analgesic medication acetaminophen is shown in rig. h.S. The anion 
exchange system used to obtain this chromatogram employed a more gentle 
gradient" and did not incorporate the changes discussed earlier 
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(Sect. U.S.5); therefore, the time required for complete development of 
this Illustrative chromatogram was 42 hr, Instead of the 21 hr required 
fcr the modified system. Vie have identified seven metabolites of acetamino 
phen in urine samples from human subjects receiving the drug, as shown in 
v-i r- US-

(I) S-(5-acetamido-2-hydroxyphenyl)cysteine (CMP), 

(IV) 2-methoxy-4~glucuronosidoacetaniiide (MAAPGL), 
(V) 4-glucuronosidoacetanilide (AAPGL). 

(VI) S-(5-acetamido-2-glucuronosidophenyl)cysteine (CAAPGL), 

(VII) 2-methoxyacetaminophen sulfate (LIMPS), 

(VIII) acetaminophen sulfate (AAPS), 

(IX) 2-hydroxyacetaminophen sulfate (IIAAPS). 

Ilote that the conjugated metabolites are easily separated from the 

unconjugated metabolites, thus illustrating one of the major advantages 

for liquid chromatographic analysis of physiologic body fluids. 

The conjugate S-(5-acetamido-2-glucuronosidophenyl)cysteine (CAAPGL) 

is an important new metabolite of acetaminophen, and identification 

studies for it will be discussed with reference to our data for 

S-( 5-aeetamido-2-hydroxyphenyl)cysteine (CM?), previously identified by 

•Jagenburg and Toczko. 

Ultraviolet spectra in methanol for CAAPGL and CAAP were virtually 

identical with maxima for the latter observed at 244 and 299-5 nm ar.d for 

the former at 2U4 and 3^0.r i®- The mass spectrum obtained for a probe-

inserted sample of CMP is shown in Fig. 4.9- Empirical formulas for all 

ions were confirmed by high-resolution mass spectrometry, except for 

m/e 226 (not observed in the high-resolution spectrum). However, a 
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Fig. 4.9. Mass Spectrum for a Pro"be-Inserted Sample of S-(5-Acetamido-
2-hydroxyphenyl)cystei ne. 
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metastable transition observed in the mass spectrum at m/e 171-7 (m~) 
[parent (p) and daughter (a) ions are related by the expression m~ = d2/pl 
related the ions m/e 226 and 197 and suggested r- loss of methylene imine 
(CH0 = I'JH) . The metabolite CAA? had very low volatility in the mass 
spectrometer, requiring high temperature {>200°C) to obtain a useful 
spectrum. JIo masses were observed above those indicated in Fig. 4.9. 
Confirmation of the identity of CAA? was obtained from the mass spectrum 
of the trimethylsilyl (TMS) derivative, as shown in Fig. 4.10. Empirical 
formulas for all ions pictured in Fig. 4.10 were confirmed by high-
resolution mass spectrometry (see Table 4.2). The molecular weight of 
270 for CAA? [558 - 288 (four IMS groups)] coupled with the presumed 
identity of the m/e 22o ion in Fig. 4.9 (based on the metastable transition 
In the low-resolution mass spectrum) suggests partial thermal degradation 
and loss of C0? prior to volatilization of the probe sample. This is a 
reasonable assumption, considering the probe temperature required to 
volatilize the compound and its chemical structure. 

The conjugated compound CAAPGL was most Intractable and difficult to 
study. A probe sample required even higher temperatures than those required 
for C.AAP to obtain a mass spectrum of reasonable intensity. The spectrum 
was identical to that, observed for CAAP with the exception that no m/e 226 
ion was observed. High-resolution mass spectrometry verified that the 
previously Identified ions (Fig. 4.9) were present. A mass spectrum of 
the TMS derivative (GC-MS) was quite complex and impossible to interpret. 
The compound was subjected to methylation with diazomethane followed by 
silylation with bis-(trimethylsilyl)trifluoroacetamide (BSTFA) in hopes 
that esterific.ation of the carboxylic acid moieties with methyl groups 
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Fig. U.10. Mass Spectrum for the TMS Derivative of S-(5-Aceta.mido-2 

hydroxyphenyl)cysteine. 
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Table h.2. High-Resolution Mass Spectral Data for the TMS Derivative 

of S-(5-Acetaraido-2-hydroxyphenyl)cysteine 

Measured 
Mass Empirical Formula Suggested Fragment Loss 

Difference 
from 

Theoretical 
(mmu) 

558.2F.pU 

5U2.19&o 

515-2085 

1+86.1390 

UUl.1919 

Ihl. ±:<Yf 

218.1050 

C 2 3
H l i 6 W S i h a 

C22HU K20uSSi4 

0=0-01^ 
C2A3 r i2° 3

S S i^ 
CH2=Si(CH,)2 | 

C20H
38I52VSi3 < * ' 

c19H37i:2°2SSi3 
C00TMS 

C15H27
i:02SSi2 <-

c8n20no2si2 

TM SN= C HC 00TMS 

+0.1 

-2.3 

+1.U 

+ 3 . 0 
+5.5 

+3.6 

+1.7 

OTMS 

S - C H -CH-COOTMF 

HNTMS 

b. Metastable transition observed. 
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would enable volatilization in the mass spectrometer without thermal 
fragmentation. A comparison of the two mass spectra for m/e <500 is 
shown in Fig. 4.11. Previously published data have established charac-
teristic masses for the glucuronic acid moiety of conjugated urinary 

24 

constituents. The presence of these masses was indicated ir. the spectrum 
cf the TL'iS derivative as shown in Fig. 4.Ua. Methylaxion of the carLoxylic 
acid groups by means of diazomethane would reduce those masses character-
istic of glucuronic acid by 56 mass units, yielding m/e 407 and m/e 217 in 
place of the characteristic glucuronide ions m/e 46 5 and 375 respectively. 
As shown in Fig. 4.11b, these smaller masses were observed, and the compound 
was verified as a glucuronide. I he highest mass observed for the H-S-
derivatized conjugate was 6yl, and for the methylated TI-S derivative, 63l, 
neither of which is nearly high enough for a fully derivative! glucuronide 
of GAAP (1-IW = 950: Ml-.7 of CAAPGL = 446 plus seven Ti-iS groups). However, 
masses were observed that we interpreted as verifying the aglycon as CAAr 
(see Fig. 4.11b). Unfortunately, the conjugate was resistant to hydrolysis 
by B-glucuronidase (72-hr treatment at 37;C), and acid hydrolysis probably 
would have cleaved the sulfur-containing side chain we were attempting to 
identify. Both CAA? and CAAPGL showed a positive react:on with ninhyarin, 
indicating that both compounds had a primary amine functional group. Based 
on the nearly identical ultraviolet spectra for GAAP and the glucuronide, 
the mass spectral data obtained for the methylated and TMS-derivatized 
conjugate, and its positive reaction with ninhydrin, we believe the new 
metabolite Is S-(5-acetamido-2-glucuronosidophenyl)cysteine (CAAPGL). The 
ultraviolet spectral data indicate that the position of aromatic substitu-
tion for the cysteine moiety is identical for both CAAP and CAAPGL. 
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Fig. U.lla,"b. Mass Spectra of Acetaminophen Metabolite Before and 

After Treatment -with Diazomethane and BSTFA. 
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U.5 Experimental Results and .Applications 
J. E. Mrochek, I1. D. Chilcote, S. Xatz, and S. E. Dinsmore 

We have continued our separations studies on human physiologic fluids 
to demonstrate t,he useful applications of the automated high-resolution 
chromatographic systems and detectors that have been developed. 

U-5.1 Comparative Chromatographic Analysis of Serum and Urine 
After Ingestion of A.cetaminophen 

The two-detector chromatographic system described earlier (Sect, h.2.5) 
was designed for an investigation of the metabolism of acetaminophen 
(Tylenol^) in man. Two clinically normal male subjects (ages Ul and 
58 years) ingested 1950 rag (23 mg/kg) of acetaminophen after fasting for 
12 hr (neither subject had ever used this drug previously). Blood samples 
(5 ml) were collected immediately prior to taking the drug and 0.5, 1, 2, 
and 3 hr after ingesting the dosage. Total urinary output was collected at 
each of the following times after ingesting the drug: 0.5, 1, 2, 3, 5, 7, 

12, and 2k hr. 

Blood samples were allowed to clot at ambient temperatures. The clot 
was ultrafiltered at 0°C, using dialysis tubing, and stored at -So°C until 
analyzed by liquid chromatography. 

Urinary Excretion of Metabolites of Acetaminophen. — The urinary 
excretion for six of the seven metabolites (see Sect. U.U.l) of acetamino-
phen (AAP) and the free drug itself were measured using the two-detector 
high-resolution liquid chromatograph (Sect. U.2.5). Figure h.12 graphically 
illustrates the chromatographic changes in urinary metabolite concentration 
which were observed for Subject 1 as a function of time. The excretion 
rates (in mg/hr) for these seven constituents are shown in Figs. U .13 and 
J+.l̂t for Subjects 1 and 2 respectively. Listed in Table U.3 are total 
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Fig. 4.12. Urinary Chromatograms from UV-Analyzer Showing the Change 

in Metabolite Content with Time after Ingestion of 1.95 g of Acetaminophen. 
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Fig. k.13. Excretion of Acetaminophen and Six Metabolites from 

Subject 1. 
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Fig. 4.1U. Excretion of Acetaminophen and Six Metabolites from 
Subject 2. 
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excretions for each metabolite and total amount excreted during each 
individual collection period for both subjects. I;ote that both the 
excretion rates and the cumulative excretion of AAP and its major metabolite 
AA.-"3L -.•••ere initially much higher for Subject 2 than for Subject 1. Simi-
larly, peak excretion by Subject 2 occurred at 2.5 hr (collection period 
of 1 hr from the second to the third hour), while it was delayed until 4 hr 
1 collection period of 2 hr from the third to the fifth hour) for Subject 1. 

An examination of the excretion rates of AA? during the first half-hour 
sampling period indicated that Subject 1 excreted the free drug at a rate 
of 1.4 mg/hr, whereas the rate for Subject 2 averaged 8 mg/hr. Similar 
differences were noted in a comparison of the excretion rates for the 
glucuronide during this initial time period with 2.4 mg/hr observed for 
Subject 1 and 16.3 mg/hr for Subject 2. However, during this same period, 
excretion rates for the sulfate conjugate, AAPS, were approximately the 
same for both subjects — 12.4 mg/hr for Subject 1 and 12.o mg/hr for 
Subject 2. Complicating the interpretation of the rate data were possible 
effects of differences in absorption and in average hourly urine flow for 
each subject. Urinary flow for Subject 1 averaged only 35 ml/hr, while it 
averaged 100 ml/hr for Subject 2. 

Overlapping of the peaks in the chromatographic area where S-(5-
acetamido-2-hydroxyphenyl)cysteine (CAAP) eluted (see Fig. 4.12, 2.75 hr) 
prevented accurate estimations of its excretion rate. Crude estimations 
based on measurements of the fluorescence of Ce(lll) suggested that its 
excretion tended to follow that of CAAPGL; however, this measurement was 
complicated by the co-elution of tryptophan with CAAP, resulting in a non-
Gaussian peak shape and additional fluorescence due to Ce(lV) oxidation of 
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this amino acid. Collecting this chromatographic peak and rechromato-
graphing It on a high-resolution cation exchange system would enable 
accurate quantitation of this compound to be accomplished: however, 
rechromatography of the fraction containing these compounds was not 
performed for this study. 

It is interesting to note that excretion of the conjugate CAAPGL by 
Subject 1 was three times that observed for Subject 2 (see Table 4.3). 
This difference in excretion by the two subjects was also qualitatively 
observed for CAAP by following the Ce(lII) detector response in the two 
sample series. 

Serum Concentrations of AAP and Its Metabolites. — Blood samples 
(approximately 5 ml each) were collected prior to ingesting AA? and 0.5) 
1.0, 2.0, and 3.0 hr after the ingestion. Figure 4.15 pictorially 
illustrates the concentration changes observed for AAP and its metabolites 
in serum samples from Subject 1, using the cerate oxidimetric detector 
(COD). 

Generally, the COD was more sensitive than the ultraviolet detector 
for the two cysteine-containing metabolites by a factor of 2 to 3 under 
our instrumental conditions. It was also more sensitive to the methoxy-
substituted metabolites MAAPGL and MAAPS; however, it exhibited about the 
same sensitivity as ultraviolet detection for the remainder of the compounds. 

Figure 4.15 shows that neither CAAP nor CAAPGL was detected (absence of 

detector response at 2.75 and 6.75 hr) in any of the serum samples from 
Subject .1; this was also true for Subject 2. The lower limit of detect-
ability for the two cysteine-containing metabolites was estimated to be 

-9 about 50 x 10 g per milliliter of serum using the cerium oxidimetric 
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Fig. 4.15. Separation of Serum Components with Cerium OxtdimeteLc 

Detector Shoving the Effects of Acetaminophen Ingestion. 
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detector. Thus, although we did detect traces of I-IAAPS In the serum of 

"both subjects (see. e.g., 1- and 2-hr samples in Fig. at about To hr), 

neither GAAP nor CAAPGL vas detected, even though the urinary concentration 

of the latter generally exceeded that of MAAPS (see Table 4.3). It is 

possible that these two metabolites were bound to proteins in the serum, 

in which case, they would have been removed from the samples by the ultra-

filtration step. 

Comparisons of urine and serum concentrations of AAP and Its two 

major metabolites, AAPGL and AAPS, for Subjects 1 and 2 are shown in 

Fig. 4.16. There is a striking similarity, for both subjects, In the 

concentration changes undergone by AAP in urine and serum. As reported 

in the discussion of urinary excretion, a relatively high urinary excretion 

of AAP was observed for Subject 2 (compared with Subject l) in the first 

sample, taken at 0.5 hr. As illustrated in Fig. 4,l6, a twofold-higher 

urinary concentration of AAP for Subject 2 was accompanied by an equivalent 

difference in the serum concentration (see also Table 4.4). Serum concen-

trations of AAP remained fairly constant over the 3-hr period for Subject 1, 

while they decreased substantially from the initial high of 12.4 ng/ml for 

Subject 2 (Table 4.4). This was more or less mirrored in the relative 

changes in urine concentrations for the two subjects. 

Note that appreciable quantities of the conjugate AAPGL, even exceeding 

the amount of the free drug, were present in the serum. Thus GLC methods 

for the determination of AAP in blood measure only about 50$ of the total 

drug, since they are usually performed by utilizing extraction proce-

dures,2^'2^ and the hydrophilic glucuronide would not be extracted. However, 

hydrolysis performed prior to the extraction step might overcome this 
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Fig. 4.l6. Comparison of Serum and Urine Concentrations of Acetamino-

phen (MP) and Its Clucuronide (AAPGL) and Sulfate (AAPS) Conjugates in 

Two Subjects. 
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Table 4.4. Comparisons of Serum Concentrations of Acetaminophen 
ana Its Metabolites in Two Clinically Normal Male Adults 

Time After Drug Serum Concentration (ug/ml) ingestion" 
(hr) Subject AAPb AAPGLb MPS"'3 MAAPSb 

0.5 1 6.2 1.0 0.5 N.D. 
2 12.4 4.3 0.9 0.2 

1.0 1 6.6 3.2 1.0 0.1 
2 8.6 9.1 1.2 0.04 

2.0 1 7.0 7.2 2.4 2.1 
2 5.4 13.4 1.2 N.D. 

3-0 1 7.0 9.4 1.9 0.2 
2 5.5 16.6 1.6 N.D. 

aEacb subject ingested 1950 mg of acetaminophen, equivalent to 23 mg/kg. 
bAAP = acetaminophen; AAPGL =•- 4-glucuronosidoacetanilide; AAPS = 
acetaminophen sulfate; MAAPS = 2-methoxyacetaminophen sulfate. 
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problem, provided additional complications were not introduced by such 

treatrent of the serum. 
Significance of CAAP and CAAPGL. - Some interesting studies aimed at 

defining the mechanism by which overdoses of acetaminophen cause hepatic 
necrosis in rats and mice, and the possible role that glutathione may play 
in preventing this liver damage, have been performed by Mitchell, Jollow, 
Potter, Gillette, and others. These workers found markedly enhanced 
hepatic necrosis in AAP loading experiments using rats and mice pretreated 
with phenobarbital. This drug, a known inducer of drug-metabolizing enzymes, 
stimxilated the disappearance of AAP from tissues with a concomitant increase 
in the liver damage. In contrast, pretreatment with piperonyl butoxide, a 
known inhibitor of microsomal drug-metabolizing enzymes, decreased the 
metabolism of AAP, delayed its disappearance from tissues, and dramatically 

27 3 
protected against hepatic damage. Using H-acetaminophen, Jollow et al. 
reported that amounts of covalently bound, radiolabeled hepatic material 
paralleled the severity of the histologically recognizable necrosis, with 28 
peak binding preceding its development by at least 1 to 2 hr. Based on 
the data, these workers concluded that hepatic damage is mediated by a 
toxic metabolite of AAP rather than the drug itself. 

•robabiy influenced by numerous reports of glutathione conjugation 
with foreign aromatic or unsaturated compounds and subsequent excretion 

these detoxified metabolites as mercapturic acids in animals,"" J 

Mitchell et al. examined the possibility that glutathione may prevent 
OA 

acetaninophon-induced hepatic necrosis.3 They found that either glutathione 

or cysteine completely inhibited the binding of radiolabeled AAP to micro-

somal protein In vitro. Pretreating mice so as to artificially deplete 



hepatic glutathione enhanced MP-induced hepatic necrosis, whereas prs-
treatment with cysteine, a glutathione precursor, prevented the hepatic 
necrosis. Finally, administration of AA? resulted in a dose-dependent 
depletion of hepatic glutathione, and significant covalent "bonding of 
radiolabeled AA? to hepatic macromolecules did not occur until at least 
70/: of the hepatic glutathione was depleted. These authors, on the basis 
of their experimental findings In rats and mice, suggested that a toxic 
metabolite of acetaminophen is prevented from covalent binding to hepatic 
macromolecules by preferential reaction and subsequent detoxication with 
glutathione. 

In man, it i' not known whether glutathione can prevent hepatic damage 
induced by acetaminophen and other aryl and unsaturated drugs. Conjugation 

of drugs with glutathione occurs, but enzyme activities in the liver are 
35 reported to be lower in man than in rats and mice. Warner a; , Lorincz 

were unable to isolate a glutathione conjugate after administering bromo-
"•G benzene to human subjects:'' however, Jagenburg and Toczko reported the 

identification of S-(5-acetamido~2-hydroxyphenyl)cysteine (GAAP) as a 
2? 

metabolite of both acetaminophen and phenacetin in man. 
We crudely stimated excretion of CAAF by the two subjects of this 

report to be no more than of the ingested dose, while the excreted 
amounts of the conjugate CAAPGL were 57- and 1.6̂ ,, respectively, for 
Subjects 1 and 2. Jagenburg, Nagy, and Rodger reported urinary excretions 
for GAAP of 0.U, 3.0, and 5-9$ from three healthy subjects after oral doses 

•3 "V 

of 1.5 or 2 g of acetaminophen. These same authors reported the isola-

tion of another cysteine-containing metabolite, excreted in amounts ranging 

from U.5 to 6.17 of - - "od dose of AAP. The compound which they 
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isolated yielded alanine after desulfurization and subsequent acid 
hydrolysis. Based on the absence of reaction with ninhydrin (CAAI did 
react) and also on "the well-known fact that monohalogenatea benzenes form 
II-acetylcysteine derivatives (mercapturic acids) in the animal body," 
•/agehburg et al. assumed the metabolite to be S-(5-acetamido-2-hydroxy-
phenyl)-mercapturic acid. 

It is possible that the metabolite isolated by these authors is the 
same metabolite which we have identified as S-(5-acetamido-2-glucuronosido-
phenyl)cysteine (CAAPGL); however, we have found that both CAAP and CAAi^L 
show a positive reaction with ninhydrin. This compound, shown by us to be 
a glucuronide by mass spectrometry, was completely resistant to hydrolysis 
with 3-glucuronidase after exposure for 72 hr at 37°C at a pH of 5.04. 
This suggests the possibility of steric hindrance to attachment of the 
enzyme or an intramolecular complex between the aglycon and the carboxylic 
acid group of glucuronic acid. 

Our evidence for the identification of cysteine as the group attached 
to the aromatic ring is conclusive only with regard to the attachment of 
sulfur to the ring (see Sect. k.U.i regarding the MS studies on px-obe samples 
of CAAPGL). Based on our interpretation of mass spectral data obtained for 
CAAPGL after treatment with diazomethane and BSTFA (see Fig. 4.13b) and its 
positive response to ninhydrin, we believe only an alanine moiety is 
attached to the sulfur (giving cysteine). However, since we did not observe 
a molecular ion (M ) [and the characteristic M minus 15(CH^) ion for TMS 
derivatives] for the high-molecular-weight conjugate, some possibility for 
error still exists. Considering the high molecular weight, the number of 
polar groups present, and the possibility of an intramolecular bond, it is 
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not unreasonable that the mass spectral data did not give a good structural 
representation of the total molecule. 

Important new questions can be answered about the nature of a possible 
toxic metabolite of AA? by using high-resolution liquid chromatography 
coupled with additional studies of animals. Focella et al.identified 
U-hydroxy-3-methylthioacetanilide as a new urinary metabolite of phenacetin 

in the dog. In an effort to clarify the mechanism by which the 3-substituted 
metabolites might be formed, Calaer et_ al. ~" studied the reactions of 
i:-hydro>:yphenacetin w'th nucleophiles in acid solution. They reported 
formation of k-hydroxy-S-methylthioacetanilide when methionine was the 
nuc]eophile used and postulated that the intermediate involved was N-acetyl-n-
beneoquinoneimine. They postulated that S-(5-s c et amido-2-hydroxyphe n y 1) -
cysteine might be formed via a reaction of cysteine with this same inter-
ii:-I!-ite. These results, together with our failure to identify any mercap-
t-i'-; • - id metabolite, nay argue against reaction of a presumed toxic 

30 

i:. i >1 • I u of AAr with glutathione as suggested by Mitchell et al. The 
protective role suggested by these authors may actually be played by either 
cysteine* or jno • j i, in man. 

i dm. ii. • !' in i i' the new conjugated metabolite CAAPGL is 
vital to . i II .. i; the nature of the presumed toxic 
Hi' i i l; i . ii. | i '.\:iir.. . u i \ i • L ui LI IUJ JAAh or AAFCL, the glucuronide 
r>C !\i\\ . If it i:: »|», I ' . | |i1g prnl'«|ily vvmJil t n|u mil ei hie Formation-'0 

as |M'et'fiiiUi(j; lioujillation with the nucleuphlllii sulfur group. Further studies 
to ity this and other questions should add much to our knowledge on 
met' olism and detoxication of aromatic compounds in the human body, 
facilitating the formulation of safer and, perhaps more effective drugs. 
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It is Important to note that recovery of the ingested drug dose 
averaged 100.6% for the two subjects in this study. This again illustrates 
the utility of liquid-chromatographic techniques in drug studies to enable 
a wide spectrum of metabolic changes to be observed. In this way, 
unexpected metabolic changes induced by a drug can be observed, enabling 
mechanistic inferences regarding its mode of action to be further tested. 
4.5.2 Comparative Urine and Serum Analysis for a Newborn Child 

Urine and serum samples (courtesy of Dr. J. L. Epler, ORNL Biology 
Division) from a one-week-old infant afflicted with extreme acidosis were 
analyzed on the two-detector chromatographic system (see Sect, 4.2.5). 
Both the urine and the serum were found to contain extremely high concentra-
tions of tyrosine (see Fig. 4-.17). The urinary concentration of 4-hydroxy-
phenyllactic acid was also elevated. The serum sample appeared to have 
elevated homovanillic acid (HVA) (tentative identification) together with 
two unknown compounds eluting relatively late in the chromatogram (see 
Fig. 4.17). Serum pyruvic acid was relatively high, and the large fluores-
cent response coincident with uric acid suggested that lactic acid was also 
elevated in the serum (uric acid and lactic acid are known to coelute from 
the system, and the fluorescent response, shown in Fig. 4.17, is greater 
than would be expected from the ultraviolet response). 

Results such as those obtained here illustrate the utility of multi-
detector liquid chromatographic analysis of physiologic fluids. The fact 
that sample pretreatment is unnecessary is important, since it enables 
screening of a complex sample for a multitude of compounds without the 
need for preconceived ideas concerning what to look for. 
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Fig. 4.17. Comparative Serum and Urine Chromatograms for a Newborn 
Child from a UV-Analyzer rfith COD Detector. 



170 

U.5.3 Comparison of Enzymic and Liquid Chromatographic Analysis 
for Urinary Uric Acid 

Some interesting findings have appeared during the routine analysis of 
a Urinary sample (courtesy of Dr. W. H. Kelley, Duke University Medical 
Center) from a patient having xanthinuria who was buing treated with 
allopurinol and glutamine. Liquid anion exchange analysis of the urine 
sample for uric acid showed an excretion of 75 p g/ml, while enzymic 
measurements on the undiluted sample using uricase indicated about 35 pg/ml 
(dilution of final reaction mixture equivalent to 1:25). The liquid 
chromatographic (LC) analysis was rechecked using a second wavelength 
(2o0 nm) with virtually identical results. The enzymic procedure was 
then rechecked using varying dilutions of the original urine sample. The 
data, shown in Fig. 4.18, asymptotically approach the value obtained by 
liquid chromatography (72 ug/ml at a dilution of 1:125, compared with 
75 Mg/ml by LC). These results suggest the presence of an enzymic inhibitor 
in this sample. A necessity for caution in the interpretation of analyses 
of urinary uric acid by the uricase enzymic procedure is evident. 
k.5.b Liquid Chromatographic Analysis of Protein-Bound Carbohydrates 

A marked increase in the level of serum protein-bound carbohydrates 
has been noted repeatedly in many disease states, including neoplastic 
diseases. However, attempts to establish some single feature of the 
increase in protein-bound carbohydrate that could be used as a diagnostic 
tool for malignancy have met with mixed success. 

Although both GC and LC methods exist for the determination of protein-
UO-1+2 . bound carbohydrates, investigators have exclusively used standard wet-

chemistry techniques to malyze serum samples in malignancy-related studies. 
U3 In addition to the proved interferences J and lack of specificity of these 
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UU 
methods, they further suffer from the limitation that they only detect 
expected compounds and, consequently, are not useful for examining the 
hydrolyzates for unexpected compounds. On the other hand, chromatographic 
techniques are ideally suited for this type of investigation. In addition, 
high-resolution chromatography "by definition exhibits excellent specificity. 
Thus a program was initiated to determine the feasibility of using liquid 
chromatography as a viable approach to the determination of protein-bound 
carbohydrates in the serum of normal and diseased (those with malignancies) 
individuals. 

Our approach was to employ the existing Carbohydrate Analyzer but to 
change the detection system from the phenol—sulfuric acid method to the 
cerate oxidative method. Preliminary results indicate a significant 
improvement in sensitivity by this change. Although this method is not as 
specific as the phenol—sulfuric acid method, the chromatographic method is 
fairly specific for carbohydrates, and the hydrolyzed samples contain few 
organic anions; so problems associated with carbohydrates coeluting with 
other compounds that might also be detected by this method are essentially 
nonexistent. 

In developing this chromatographic method into a routine analytical 
procedure, the following areas are being investigated: 

1. Hydrolysis Procedure 
(a) How complete is the hydrolysis? 
(b) Kow much carbohydrate decomposes during the hydrolytic 

procedure? 
2. Chromatographic Procedure 

(a) Is the resolution adequate? 
(b) Is the detection system sufficiently sensitive? 
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3. Serum Sample Storage 

At this point, our results are very preliminary in nature. We have 

established that the existing Carbohydrate Analyzer, equipped with the 

cerate oxidimetric detector, exhibits adequate resolution for the neutral 

carbohydrates of interest, including mannose, fucose, and galactose. We 

have also shown that the sensitivity is sufficient to adequately detect 

the protein-bound carbohydrates in a 1-ml aliquot of a 0.5-ml serum sample 

diluted 1:10 after hydrolysis. The gain setting on the fluorometer was at 

^ (maximum of 10) to minimize base-line drift with increasing borate 

concentration. Also, it appears as though hydrolysis of fucose and mannose 

is complete in 1.5 hr in 3 N HC1 at 100°C. Some decomposition of the sugars 

does occur during the hydrolytic procedure. 

Currently, sample storage as serum or precipitated protein is being 

investigated, and an optimal hydrolysis procedure is being sought. The 

hexose amines appear to require a much longer hydrolysis time than the 

neutral sugars do. The use of HC1 seems, at present, to give better 

results than either HgSO^ or trifluoroacetic acid. A typical chromatogram 

of a hydrolyzed serum protein sample is shown in Fig. U.iy. 

In the hydrolysis procedure, 0.5 ml of serum is placed in a centrifuge 

tube and 5.0 ml of 95^ ethanol is added with stirring. The solution is 

centrifuged and washed once with another 5.0-ml aliquot of ethanol. The 

suspension is centrifuged, and the protein pellet is transferred by a 

spatula to a screw-top hydrolysis vial. The centrifuge tube is washed 

with 1.0 ml of 0.1 N NaOH to dissolve the remaining protein and then with 

two successive 0.8-ml aliquots of distilled water. All washings are added 

to the hydrolysis vial. The vial is capped with a Teflon-lined cap and 
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Fig. 4.19. Chromatogram from the Carbohydrate Analyzer of Protein-

Bound Carbohydrates after Hydrolysis. 
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shaken in a vortex mixer to dissolve the protein. An 0.8-ml aliquot of 
concentrated HC1 is added, and the vial is immersed in a boiling-water 
bath for a set period of time. After hydrolysis, the sample is centrifuged 
and the supernatant deacidifiea with a small amount of Dowex 1-X8 (50-100 
mesh) in the HC0„~ form. The hydrolyzate is removed by filtering and the 
resin is washed with 1.6 ml of distilled water. About U ml of solution 
is recovered, with a dilution factor of 1:10. 
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5 J BIOPROCESS DEVELOPMENT 
3. Z. Egan, C. W. Hancher, G. B. Dinsmore, 

J. P. Eubanks, and E. R. Johns 

The objectives of the bioprocess development efforts are application 
of the combined principles of engineering and chemistry to the solution of 
problems of biological interest and use of biological processes to achieve 
a useful program goal. Current efforts include the separation and purifica-
tion of erythropoietin (E?0) and the enzymatic production of hydrogen. 

5.1 Erythropoietin Separation and Production 
Erythropoietin (EPO), the hormone that is the primary regulator of 

erythropoiesis, is present in only minute quantitie- in blood and urine. 
1 2 Its biological function has been extensively investigated, ' and methods 

for its recovery from body fluids have been devised in order to study the 
associated chemistry and biochemistry. Since anemia can be artificially 
induced in mammals, with a concomitant increase in the plasma EPO concentra-
tion, attention has been directed toward the use of anemic laboratory 

animals as a source of EPO. Sheep, which represent a practical compromise 
U 5 between size and ease of handling, have been used in many experiments, ' 

g 
as well as for the commercial production of EPO. 

Methods for the isolation of EPO from sheep plasma have been 
7 8 described, 3 and a purification factor greater than 1,000,000 was achieved g 

in one case. The quantities of purified material obtained, however, have 
been very small, and only radiotracer investigations of the chemical or 
physicochemical properties have been undertaken. The molecular weight was 
reported to be 1+6,000.̂  The composition of EPO, other than information 

7 
inferred from enzymatic and chemical inactivation experiments, remains 

unknown. 
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It would be highly desirable to carry out clinical tests to determine 

whether EPG is capable of relieving anemia in patients. However, much 

greater quantities of purified EPO must be prepared before such experiments 

can be carried out. 

A major problem with published purification procedures has been the 

very low recovery of product. In the case of the most highly purified 
g 

material, the recovery from plasma was only 0.3%. Thus it is apparent 
that improved recovery schemes must be developed before large quantities 
of purified material can be obtained. Consequently, two years ago a 
program was initiated to develop engineering-scale techniques for obtaining 
large amounts of purified EPO from sheep made anemic with phenylhydrazine. 
This effort has also required the development of an assay technique to 
allow evaluation of the separation process. 
5-1.1 Bioassay 

The assay for EPO concentration was carried out in vivo by the 
exhypoxic polycythemic mouse procedure, and the results are reported 

13 in terms of International Units. 

Animals. - Female (C57BL/6 Cum $ X DBA/2 Cumo*^ mice were used as 
routine assay animals, although (C3H Cum £ X C57BL/6 CumO,)F1 males were 
used in several initial experiments. At the beginning of the experiment 
the mice were 13 to 15 weeks old and weighed 16 to 26 g. 

Hypoxia Chamber. — A metal glove box was modified and used as a 
hypoxia chamber with a volume of about 0.8 st? (Figs. 5.1 and 5.2). The 
front panel of the box was replaced by an 80- by 100-cm pi.ece of 2—cm— 
thick Lucite fitted with handles. This plate, which could be removed to 
provide access to the mice, was held to the body of the chamber by hinged 
clamps that forced the plate against foam rubber strips at the edges. The 
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(B) condenser, (C) 10-cm flex tubing, (D) fan, (E) container to collect 
condensed -water, (F) refrigerating-pumping unit, (G) coolant tubes 
(rubber), (H) exit tube to oxygen analyzer, (I) water vapor absorber 
(Drierite), (j) oxygen analyzer, (K) closed-end T-tubes (7 mm, stainless 
steel) with holes (1 mm) for entry of gas mixture, (L) relative humidity 
indicator within chamber, (M) nitrogen gas rotameter, (N) air rotameter, 
(0) indicator for nitrogen gas, (p) indicator for air, (Q.) compressed 
air entry, (R) nitrogen gas entry from liquid nitrogen, (S) flow regulator 
for nitrogen gas, (T) flow regulator for air, (U) chamber pressure 
indicator, (V) gas exit tube. 



Fig. 5.2. Photograph of Norinobaric Hypoxia Chamber. 
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chamber was fitted •.•.•IT.:; metal racks to hold ?J- plastic cares '-1 cm long, 

18 cm wide, and 12 cm hi{;h). A maximum of 10 mice were r. laced In each care. 

An atmosphere containing Sf oxygen was made by diluting dry, oil-free 

air with nitrogen rer.orated from liquid nitrogen. The flow rate of 

the mixture into "he chamber was about 1- liters/r.in. ?cth air an i nitrogen 

gas were pressure-regulated; the flow rate of each was adjustable and was 

monitored by rotameters. :•'.:•:its for the ras mixture consisted of 0 tube 

leading from the chamber to an oxygen analyzer, a v-mm-ID tube emerrir.;-

fron the bottom of the chamber, and leakage at the junction between the 

chamber and the Luclte plate. Hewever, there was slight positive pressure 

(0.5-1.0 cm rL0'> within the chamber. 

The chamber temper*;.t ure ranged from 'dh to cCcC, and the relative 

humidity was kept at 60 to usir.r a dehuir.idifier consisting of a 

circulation fan (*> liters/sec) which moved gas from the chamber through 

a cooler, after which, it was returned to the chamber. Air flow from the 

dehumidifier system also provided circulation of gas in the chamber. 

A Beckman Model D2 oxygen analyser was used to measure oxygen content 

of the effluent gas mixture. Oxygen utilization by the mice did not 

appreciably alter the oxygen concentration in the chamber; therefore, this 

measurement was very close to the chamber concentration. The influent 

flow rate of 13 liters/min provided about 10 tines as much oxygen as would 
lU 

be utilized by 200 mice. A high flow rate also had the advantage of 

keeping the temperature and humidity lower. The influent flow rate 

apparently was insufficient to prevent a slight increase in carbon dioxide 

concentration, namely, 0.measured by gas chromatography. 

The chamber was operated continuously, and at all times contained 

180 to 200 mice. It was opened three times a week for cage maintenance 
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or for removing or introducing mice. At these times the mice were exposed 
to normoxic conditions for no more than 15 min. The oxygen level reached 

87a about 3 hr after the chamber was closed. 
.Assay Procedures. — For a routine EPO assay, mice were kept in the 

chamber for 11 days. Three days after removal from the chamber, they were 
injected with preparations to be tested for EPO activity. Two days later 

59 
they were injected with 'Fe, and two days after that, blood was obtained 
for red blood cell (RBC) ̂ °Fe determination. Between 90 and 100 mice per 
week were used in this manner. 

5 0 Assessment of EPO Activity. — The amount of Fe appearing in RBC 
ov-2r a 48-hr period was used as a measure of EPO activity. Each mouse 

59 15 received 0.2 ̂ Ci of Fe as citrate intraperitoneally in a volume of 

0.25 ml. Blood was obtained from the retro-orbital sinus and collected 

in cups containing ethylenediaminetetraacetic acid as anticoagulant. The 

blood samples (250 ̂ 1) were pipetted into plastic tubes, and their radio-
59 

activity was measured in a crystal scintillation counter. The Fe counts 
were converted to total circulating blood counts for each animal; blood 
volume was calculated to be 7.4% of the body weight, an average determined C -I £1 
for 20 exhypoxic mice by the Cr-RBC dilution method. Uptake was 
expressed as a percent of injected counts. Packed RBC volume was determined 
by a microhematocrit procedure. 

EPO Preparations. — Samples to be tested for EPO activity were injected 
intraperitoneally in a volume of 1 ml. Before use, these samples were 
stored at -20°C. Four or five mice were used to assay the EPO activity of 
each preparation, although occasionally only three mice were used for 
screening less critical samples. For each experiment, four or five concen-
trations of a reference EPO solution were tested. Each assay test included 
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a group of five mice that received 1 ml of a saline solution for control 

purposes. 

Assay Evaluation. — The efficacy of the hypoxia chamber in inducing 

polycythemia Is shown in Fig. 5.3- F o r this experiment, (C3H X C57FL/6)F^ 

male mice were kept in the chamber l4 days, then removed. At intervals 
59 thereafter, hematocrits and 48-hr levels of Fe in RBC were measured. 

Hematocrits were over 60% during the first week, declined gradually 

thereafter, but were still above 50$ during the third week. Erythropoiesis, 
5° 

measured as RBC Fe, was slightly above normal at the time the mice were 

removed from the chamber, fell progressively during the subsequent week, 

remained at negligible levels dur? second week, and showed evidence 

of a slight increase during the third week. Although (C3H X C57BL/6)F1 
male mice were used in preliminary experiments, (C57BL/6 X DBA/2)F2 female 

mice were preferable for routine EPO assays. The latter hybrids were 59 
chosen because they gave lower RBC Fe uptake values when injected with 

59 saline and higher 7Fe RBC values when given EPO. 17 For a working EPO standard, a DEAE—sheep-plasma product was compared 

with an IRS (W.H.O. Second International Reference Standard). When different 
concentrations of the two standards were tested at the same time, the 

59 percentage RBC Fe uptake vs the logarithm of the concentration gave 

different slopes. However, since 1.0 unit of the IRS gave about the same 
59 

RBC Fe value as 1 ml of a h% dilution of our working standard, we 

arbitrarily chose this correspondence as a contingent measure of EPO 

activity. For each weekly experiment the four or five concentrations of 

the reference solutions covered the range of about 0.25 to 10.0 units of 59 EPO, and the percentage RBC Fe uptake plotted as a function of the 
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10 15 
TIME AFTER REMOVAL FROM HYPOXIA CHAMBER (days) 

, 5a 
Fig. 5-3- Hematocrit arid no-hr RBC Fe Levels as a Function of 

Time After Removal of (C3H X CyTSL/S)?^ Male Mice from a Normobaric 
Hypoxia Chamber. Each point is the mean plus or minus one standard error 
for ten animals. Large symbols are values for ten untreated normal mice. 
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logarithm of the EPO concentration was reasonably linear over this range. 
Table 5.1 shows typical RBC Fe values obtained with our working standards. 

5° The average percentage KBC -'Fe uptake for the saline control group was 
subtracted from each experimental value. The average of the means of the 

5Q 
values of percentage RBC "Fe uptake for the saline controls used m ten 
consecutive weekly experiments was 1.2% with a standard deviation of 0-59%? 
and the corresponding hematocrit was 6b.9 ± O.U. 

Determination of EPO activities of unknown solutions was made by 
59 

comparing the RBC Fe uptake values of the unknowns with those obtained 
from the reference solutions used in each experiment, thereby minimizing 
errors resulting from intertest variables. A slope was calculated by the 
method of least squares from the data for the reference solutions. To 
determine how well the linear model fitted the data, the multiple correla-2 
tion coefficient, R , was calculated for each set of reference solution 

i ft 

data. The R*2 values ranged from 92 to 99% (100% being a perfect fit) 
for ten consecutive weekly experiments, and the slope ranged from 11 to l6 
(percentage RBC ̂ °Fe uptake per logarithmic cycle of units). 

When polycythemic mice are used for EPO assay, a hematocrit is obtained 
for each animal to ensure that the RBC mass is sufficient to preclude 
production of endogenous EPO. Therefore, we routinely obtained hematocrits 
on each mouse, but as data accumulated it became evident that this procedure 
was unnecessary. A frequency distribution of hematocrits for 159U mice 
(all animals of 17 consecutive experiments) used over a U-month period is 
shown in Fig. Only 2.8% of the mice had hematocrits below 55, a value 
commonly used as the cutoff point. Furthermore, within groups there was no 

59 indication that xFe appearance in RBC was inversely related to hematocrit 
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Table 5.1. Effects of Concentration of Erythropoietin on 
48-hr Levels of ̂ Fe in RBC of Polycythemic MIcea 

59 
EPO Concentration RBC Fe Hematocrit 

{<fo Reference Solution13) (f0 ± SD) (% ± SD) 

33 35.2 73 
33-9 64 
29.4 66 
31.1 69 
32.5 ± 2.6 68 

14 28.1 67 
28.4 65 
26.1 63 
20.2 §1 
25.7 ± 3.8 66 

4 8.4 75 
18.8 70 
24.8 70 
14.6 6c 
16.7 ± 6.9 69 

1 21.6 72 
10.5 62 
11.8 65 
14.2 63 
14.5 ± 5.0 66 

Saline 0.6 69 
0.8 65 
2.1 73 
0.6 69 
0.6 73 
0.9 ± 0.7 70 

^ata are from a routine assay (see "Materials and Methods"). 

°Working standard diluted to indicated percent concentrations. 
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(Table except when the hematocrit was below 50 (frequency of 0.3%). 
In view of these findings, we first reduced hematocrit determination to 
one mouse in each group (20 out of 100) and then to ten mice per experi-
ment (five saline-injected and five that had received the lowest concentra-
tion of EPO as a. reference solution). 

The chamber has been in almost continuous use for 3 years. Of the 
more than 11,000 mice used, fewer than 1 "jo have died in the chamber. 
Initially, when liquid nitrogen storage tanks were used, problems in 
maintaining adequate nitrogen gas flow were encountered because heat gain 
was not high enough to effect sufficient boiling of the liquid. This 
problem was remedied by the use of tanks equipped with vaporizers, one 
tank being sufficient to provide nitrogen gas for ̂  days of operation. 
5.1.2 Sheep Treatment and Whole-Blood Processing 

Sheep were purchased as culled ewes in the western United States and 
shipped to the UT-AEC Comparative Animal Research Laboratory. These sheep, 
weighing Uo to 60 kg, were 7 to 9 years old. They were maintained on open 
pasture land, except in the winter months, when the feed was mainly hay, 
and were treated monthly for parasites. 

Chemical Stimulation of EPO Production. — In order to increase the 
plasma EPO concentration, the sheep were made anemic with phenylhydrazine 
by using a modification of the method of Painter, Bruce, and Goldwasser.^ 
Groups of approximately ten sheep were each injected subcutaneously in the 
shoulder on the first and third days with 16 mg of phenylhydrazine hydro-
chloride (C.P. grade from Eastman Kodak Company) per kilogram of body 
weight. Before use, the phenylhydrazine hydrochloride was recrystallized 
once from boiling ethanol, a.nd the recrystallized solids were dissolved in 
water at a concentration of 18 mg/ml. Hematocrits were determined on the 
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first and fifth days. The subsequent injection of phenylhydrazine given 
on the fifth day was dependent on the hematocrit, as shown in Table 5.2, 
so that ultimately the hematocrit would reach the target value of 12 ± 3% 
on the eighth day. 

Table 5.2. Protocol for Phenylhydrazine Hydrochloride 
Dose on the Fifth Day of Treatment 

Hematocrit (jo) on Fifth Day When Initial Hematocrit Was; ^"i^se'8^ 
30-34$ 35-39% 40-45% (mgAe) 

<14 <16 <18 9-0 
14-17 16-20 18-25 13-5 
18-21 21-24 26-29 18.0 

>21 >24 >29 27.0 

Phenylhydrazine was administered to a total of 187 sheep over a 
24-month period. The procedure for inducing anemia, particularly the use 
of a variable dose on the fifth day to bring the sheep to a hematocrit of 
12 ± 3io, gave satisfactory results. Only 19 (llfo) of the animals expired 
prior to the recovery of blood. The average hematocrit of the remaining 
168 sheep was 11.8% on the eighth day. These sheep yielded a total of 
499 liters of plasma, an average of 3 liters per sheep. 

Whole-Blood Processing. — After the hematocrit had been determined on 
the eighth day, each animal was anesthetized with 15 ml of sodium pento-
barbital (Diabutal, Diamond Laboratories), given 50,000 units of heparin 
by jugular vein injection, and then bled from the carotid artery. 
Simultaneously, a total of approximately 3 liters of Tyrode's solution 
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was infused into the jugular vein to maximize blood recovery. Heart 
action was maintained as long as possible so that natural circulation 
aided in the removal of the blood from the circulation system. The blood 
was collected, with stirring, in iced 4-liter bottles containing about 
25,000 units of heparin and an antifoam agent (Dow Corning type A). The 
chilled blood was then promptly centrifuged at 6000 x g (3000 rpm in an 
International model PR6 refrigerated centrifuge) in a 1-liter plastic 
bottle for 10 min. The plasma was then decanted for further processing, 
and the cells were discarded. A pooled batch of 25 to 30 liters of plasma 
was obtained from ten sheep. 

The EPO content of the pooled plasma after dialysis or dilution 
averaged 2.9 ± 2.0 units/ml (average plus or minus standard deviation). 
However, the EFO content varied greatly from batch to batch, as shown by 
a coefficient of variation (CV) of 69%. The overall range of EPO concen-
tration in plasma was 0.4 to 9.4 units/ml. A total of 1,486,600 units of 
EPO was isolated from the 499 liters of plasma. Since the 168 sheep 
weighed a total of 8497 kg, a yield of 175 units of EPO per kilogram of 
sheep was obtained. 
5.1.3 Chemical Processing 

The EPO is purified by first desalting the plasma, followed by 
chromatographic separations. 

Plasma Desalting. — The initial ionic strength of the plasma, which 
effected a conductivity of 18,000 to 20,000 micromhos/cm, as measured with 
a conductivity meter (Industrial Instrument Company Solu-Bridge model 
RBC-U104), was decreased by dialysis so that the EPO would bind to the 
DEAE-cellulose column. All operations were carried out in a cold room at 
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about 4°C. The plasma was placed in 3^-in.-long sections of 1-7/8-in.-
diam dialysis tubing suspended in a 250-liter plastic tank; each section 
had a volume of about 3 liters. Distilled water was passed through the 
stirred tank at the rate of 3 to 5 liters/hr for 40 to 48 hr or until the 
conductivity of the plasma fell below 6000 micromhos/cm. 

In some tests, the plasma was diluted with distilled water until the 
conductivity was less than 6000 micromhos/cm. In these tests, about 2.5 
to 3.5 volumes of water per volume of plasma were required. Use of the 
dilution technique was faster since it could be carried out in a few 
minutes, whereas dialysis required about 2 days. A comparison of the 
recovery of EPO using the two methods is shown in Table 5.3- The large 
standard deviation is indicative of the range of individual results. For 
example, extreme values of 21% and a calculated 153% recovery were recorded 
for the dialysis method. The recoveries for the two methods do not differ 
with regard to their average value at the 95% confidence level.Thus 
the method of choice would be dilution, because of the short time involved. 

Table 5.3* Comparison of Desalting Methods 

Percent 
Method Number of Tests Recovery8, 

Dialysis 20 60 ± 36 
Dilution 12 91 ± 44 
El Average plus or minus standard deviation. 

DEAB-Cellulose Chromatography. - ^EAE-cellulose column chromatography 

at about 4°C was utilized to separate the EPO from the majority of the 

plasma proteins. A combination batch-extraction—column-elution technique 



194 

was most frequently employed, although hatch extraction and batch elution 

were used in some instances. 

The dialyzed or diluted plasma was adjusted to a pH of 4.5 with 10% 
(v/v) HC1. This sometimes caused precipitation of a fraction of the plasma 
proteins, which could be effectively removed by centrifugation at 6000 x g 
for 10 min. The pH-adjusted plasma was subsequently contacted with DEAE-
cellulose in either batch or column experiments. 

The DEAE-cellulose (Whatman DE-23) was thoroughly equilibrated with 
loading buffer (0.02 M NaCl—0.01 M NaCgH^Og, pH 4.5) and then stirred 
into the dialyzed plasma. About 100 g (wet weight) of DEAE was used per 
liter of plasma; in the case of diluted plasma, 40 g (wet -weight) per 
liter was used. Agitation, just vigorous enough to suspend the DEAE 

particles, was continued for 5 to 10 min, after which the DEAE slurry was 
added to a column. Typically, one batch of plasma from ten sheep was 

contacted with 2.4 kg (wet weight) of DEAE, which was then poured to form 
a 6-in.-diam, lO-in.-long column. An additional seven column volumes of 

loading buffer were pumped through the column at the rate of 50 ml/nin 
- 1 -2 

(0.25 ml min cm" ). The column effluent was monitored at 280 nm. The 
bulk of the 280-nm absorbing material was eluted in this buffer and 
discarded. Finally, elution buffer (0.6 M NaCl—0.01 M NaCgH^Og, pH 6.0) 
was pumped through the column, and 100-ml fractions were collected. As 
soon as possible after elution, the pH of each fraction was adjusted to 7.0 
with 2 M NaOH. Small samples of each fraction were nV.en for EPO analysis; 
the remainder was stored at -20°C. 

For batch extraction, 1.2 kg of equilibrated DEAE-cellulose was 
stirred into the 25 to 30 liters of plasma. Stirring was continued for 
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approximately 5 min; then the DEAE-cellulose was allowed to settle, and 

the clear solution was decanted. It was reextracted with an additional 

1.2 kg of DEAE-cellulose in the manner just described. The DEAE-cellulose 

was washed four times with loading buffer and then was similarly extracted 

four or five times with 300 ml of elution buffer. Samples of the elution 

buffer, after contact with the DEAE-cellulose from the first and second 

extractions, were taken for EPO assay; the remainder was stored frozen 

at -20°C. 

Subsequently, the fractions that contained EPO, as determined by 

analysis, were thawed, pooled, and dialyzed against distilled water until 

their conductivities were less than 1000 micromhos/cm. This procedure, 

which, required kO to 48 hr, was carried out in conventional dialysis tubing. 

The dialyzed solution was lyophilized to a dry powder, which was stored at 

-20°C. This product was designated as "Step I EPO." 

A summary of the results obtained in the DEAE-cellulose tests for the 

production of Step I SP0 is shown in Table 5-4. Two methods of desalting 

Table 5.4. Comparison of Data from Different 

DEAE-Cellulose Procedures for Step I EPO 

Number Product Purification 
Desalting DEAE of Recovery Concentration11 Factor 
Technique Method Tests ($)A ( I .U . / A 28Q) (approx.) 

Dialysis Column 15 80 ± 36 0.8 ± 1.0 Uo 
Dialysis Batch 5 65 ± 22 0.7 ± 0.4 30 

Dilution Column 10 66 ± 12 6 . 3 i 3 . 6 70 
M 
Average plus or minus standard deviation. 

b Ratio of the g?0 concentration in the product to that in the plasma. 
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prior to the DEAE-cellulose step (dialysis and dilution) and two modes of 

chromatographic operation (hatch operation and column elution) were 

employed in a total of 30 tests. Considerable variation was encountered, 

even though a few outlying data points were rejected, since they were 

assumed to stem from problems encountered with the assay method. 

The recovery of EPO in the DEAE-cellulose eluate ranged from 65 to 80%, 

based on the quantity in the feed solution. Within the 95% confidence 
19 

level, there was no statistical difference in the average values; 7 thus 

recovery from DEAE-cellulose appears to be independent of the method used. 

The product concentration, that is, the number of units of EPO per 

A 2 8 o unit* in the DEAE effluent solution, varied substantially, depending 

on the desalting method, but was independent of the DEAE elution method. 

Lowering the ionic strength by dilution resulted in less precipitation on 

pH adjustment prior to DEAE column chromatography, as well as less precipi-

tation of contaminating protein in the DEA^-cellulose column. This resulted 

in the elution of a smaller amount of contaminating protein in the product 

solution, and hence a significantly higher value for the product concentra-

tion after the ionic strength was decreased by dilution. A relatively 

wide range of product concentration was encountered. For example, after 

dilution and column chromatography, the product concentration varied from 

1.7 to 12.5 units per A2Qq unit. In part, high product concentration values 

could be correlated with high EPO concentration in the plasma. 

The purification factor for Step I EPO product was calculated by 

dividing the EPO concentration in the product solution by that in the 

One A^qq unit is the quantity of protein which, when dissolved in 1 ml, 

gives an absorbance of 1 at 280 in in a cell having a 1-cm path length. 
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plasma. Values of about 30 and about 40 -were obtained in the runs after 

dialysis and about 70 after dilution. These large purification factors 

show that only about 1 to 2% of the plasma protein is retained in the 

Step I EPO product. In small-scale tests at higher pH values (6 to 7), 

much larger quantities of extraneous protein were bound to the column and 

eluted with the EPO; thus operation at higher pH levels appeared impractical. 

The eightfold higher value for the product concentration for the experiments 

employing dilution, as compared with the value obtained after dialysis, 

resulted from the use of higher-concentration plasma pools and is thus 

consistent with a net twofold increase in purification factor for dilution 

as compared with dialysis. 

The total quantity of Step I material recovered after the DEAE-cellulose 

step amounted to 824,000 units (55% of the 1,486,600 units in the plasma). 

The overall recovery is a weighted average for all the experiments and is 

lower than the average recovery because smaller amounts of material were 

recovered in some of the tests made with larger quantities of feed. 

Repeated analyses of the loading solution that passed directly through the 

column, the loading solution that was pumped through the column after 

applying the plasma, and fractions of the eluate, other than those pooled 

for EPO recovery, revealed no significant amount of activity. Washing the 

DEAE-cellulose column with stronger eluents such as 2 M NaCl or 1 M NaCl 

plus 8 M urea removed no additional EPO activity. Therefore it appears 

that 45% of the EPO was denatured by this step. 

Carboxymethylcellulose Chromatography. — The second purification step 

involved column chromatography at a pH of 4 and at about 4°C of the Step I 

product, using carboxymethylcellulose as the stationary phase. Under 
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these conditions the contaminants are hound to the stationary phase, and 
the EPO passes directly through the column. Since EPO has a limited 
stability at a pH of the procedure was designed to minimize exposure 
time at that pH. Carboxymethyleellulose (Whatman CM-23) was extensively 
equilibrated with buffer (0.01 M WaCgH^Og at a pH of 4.0), and a feed 
voluus calculated to give a column loading of 25 to 35 A280 s^eP 1 

EPO per gram (wet weight) of CM-23 was then introduced into the chromato-
graphic column. 

In many cases, about 10,000 to 50,000 ̂ 280 Step I material 
was dissolved in 60 to 300 ml of distilled water and subsequently dialyzed 
against disti_Led water until the conductivity of the resulting solution 
was less than 1000 micromhos/cm. This usually required about 20 hr. The 
solution was adjusted to a pH of 4.0 by adding 2 M acetic acid, and it was 
then centrifuged at 16,000 x g for 10 min to remove the small amount of 
denatured protein formed during pH adjustment. The supernate was layered 
onto the top of the prepared carboxymethylcellulose column, which was 
eluted with buffer by gravity flow with a maximum hydraulic head of 6 ft. 
The effluent was monitored at 280 nm, and fractions were collected. 
Slution was continued until the absorbance was less than 0.2, which usually 
required about 10 liters. The EPO, which was present in the breakthrough 
23o-nm absorbance peak, was promptly pooled and adjusted to a pH of 7.0 by 
adding 2 M KaOii. Precipitation was effected by adling 0,60 g of ammonium 

20 

sulfate per milliliter, about 85^ saturation. After standing for 8 to 
lo hr in the cold room, the precipitate was recovered by centrifugation at 
16,000 x £ (10,000 rpn In a Sorval RC-H refrigerated centrifuge) for 10 min 
tu;d stored at -20'C. The product was designated as Step II EPO. 
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A total of 523,000 units of Step I EPO was processed "by carboxy-
methylcellulose column chromatography in 14 runs. The average recovery 
in the product stream, the solution that passes directly through the 
column, was 73 ± 37% (average plus or minus standard deviation). Large 
variations between different experimental runs were encountered, and the 
range of recoveries was from 2k to 162%. 

The average concentrations of EPO in the column feed and the product 
solution were 2.6 ± 2.k and 9.8 ± 6.5 units per AggQ unit respectively; 
hence the purification factor for this step was only 3-8- The product 
solutions contained a total of 323,000 units of EPO (62% of the feed EPO). 
This figure represents a weighted average for all the experiments and is 
lower than the average recovery for the tests, since smaller recoveries 
were obtained in some of the experiments made with larger quantities of 
feed. 

In several experiments, attempts were made to increase the recovery 
of EPO by washing the column with 0.04 M NaCgH^Og at a pH of 5.0 or 0.15 M 
NaCl—-0.01 M sodium phosphate at a pH of 7.0. No additional EPO could be 
detected. Thus, it appears that 38% of the EPO was denatured or otherwise 
irreversibly lost during this operation. 

The Step II EPO product (the ammonium sulfate precipitate) was stored 

frozen at -20°C until needed for additional processing. Additional steps 

currently under evaluation include lithium chloride—ethanol precipitation, 

phenol extraction, and ammonium sulfate fractionation. 

5.1.U Summary of Results 

The procedure used for the production of EPO yielded anemic sheep 

plasma containing an .average of 2 . 9 units/ml. It is not possible to 
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directly compare this with yields reported previously in sheep plasma, 
21 6 1.25 units/ml and 4.3 to 5.6 units/ml, since in the present work we 

have standardized on International Units as determined in the exhypoxic 

polycythemic mouse, whereas the previous results were reported in cobalt 

units as.assayed in the fasted rat. The use of simultaneous infusion of 
Tyrode's solution during plasma recovery to increase the volume of 

recoverable plasma yielded an average of 3.0 liters of plasma per sheep. 
This compares favorably with the value of 2.76 reported by Painter et al. 

The plasma was desalted both by dialysis and by dilution, and the 
comparative EPO recovery data revealed no significant statistical difference 
in recovery for the two approaches. Consequently, no dialyzable EPO activity 

22 

was present, as has been reported for human urine. Although it would be 
possible to interpret the wide range of values encountered in individual 
tests as being due to the loss of dialyzable EPO activity in some tests or 
loss of inhibitors in other tests, we believe that the large variations, 
as indicated by the large standard deviations, simply reflect the variability 
of the in vivo assay. 

DEAE-cellulose chromatography provided an excellent first-step purifica-
tion of the EPO. Purification factors of 30 to 70 were recorded. The 
specific activity of the Step I product cannot be compared with values 
obtained previously,^ because of the unknown relationship between Inter-
national Units and cobalt units. The overall recovery of only 55% of the 
EPO as Step I product was disappointing. No additional activity was 
detected in any of the column stationary phase or wash solutions; thus the 
low recovery does not appear to result from forms of EPO (or EPO bound to 
carrier proteins) that do not bind to DEAE-cellulose at low salt concentra-
tions. Also, elution of the column with stronger reagents failed to release 
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any tightly "bound EPO. Therefore, the low recovery does not appear to he 
related to failure to recover EPO with different ion exchange properties. 
We were unable to routinely obtain the 85 to 100% yields reported by others 
for recovery from sheep plasma or human urine with DEAE-cellulose and 
CM-cellulose. 

The concentration of EPO in the Step I product was significantly higher 
in tests when the plasma was diluted prior to DEAE-cellulose chromatography, 
primarily because less extraneous protein was included in the column eluate. 
This may be due to diminished protein denaturation upon pH adjustment of 
the diluted plasma and/or to the shortened experimental times, which could 
decrease the denaturation of nonspecific proteins. 

In the carboxymethylcellulose step for the preparation of Step II EPO, 

the average recovery was 62%, and the purification factor was 3.8. Again, 

additional EPO activity could not be detected in other column fractions 

and could not be removed by elution with stronger reagents. Denaturation 
24 

of EPO, possibly because of the low pH involved, may account for the loss. 
Further work to define the nature of the losses involved and to 

investigate alternative processing steps are under way. 

5.2 Enzyme-Catalyzed Production of Hydrogen 
The principal present methods for the production of hydrogen are 

electrolysis of water and variations of steam reforming of natural gas. 

Increasing interest in a "hydrogen economy," based on hydrogen as a medium 

of energy transport, has increased efforts to develop other production 

methods as alternatives and for application in specialized situations. 
25-32 

It is well known that certain bacteria, for example, Clostridium 

pasteurianum, in the proper environment will produce hydrogen. The 
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hydrogen-producing process has "been demonstrated in an aqueous environment 

combining cellular extracts containing ferredoxin and hydrogenase, using 

sodium dithionite as the reducing agent. Hydrogen was formed as the 

reduction product from the water, and KagSgO^ was presumably oxidized to 
33 

a higher oxide, as yet unidentified. It has been reported-^ that higher 

oxides such as Ra2S20^., NagSgOg, and WagSgO^ can be reduced to dithionite 

by thermal decomposition. Thus a cyclic process can be considered that 

results in the net production of hydrogen (and oxygen) from water: 
ferredoxin 
buffer 

Na2S2°4 + H2° hydrogenase > H2 * + Na2S2°x > 

N a 2 S 2 0 x
 6 3 Q - ? 1 0 ° C > 0 2 t +

 W a 2 S 2 ° 4 ' 

We have investigated the stability of the dithionite and enzymes, 

the reaction kinetics and efficiency of the enzymatic reduction step, and 

the chemistry associated with the thermal decomposition and chemical 

reduction of sodium hyposulfite and sodium dithionate. 

5.2.1 Production of Enzymes 

Growth of Clostridium Pasteurianujm. — Methods and conditions for 

growing several grams of C. pasteurianum as a source of crude enzymes were 
34 

described previously. Freeze-dried cultures were obtained from American 
Type Culture Collection, ATCC 6013, and the initial inoculum was grown in 
the recommended beef liver medium for anaerobes. The growing subculture 
was transferred to 500 ml of sterile medium, and this culture was finally 
transferred to a 5-liter fermentor. The cells were harvested with a centri-
fuge and stored frozen (-20°C) under nitrogen. Several grams of frozen 
cells were also obtained from G. D. Novelli of the OKNL Biology Division. 
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Preparation of Crude Enzyme Extracts. — Two methods -were used to 
obtain crude enzyme extracts from the cells. In one method the cells 
were slurried in a phosphate buffer (about 5 g of wet cells in 20 ml of 
buffer solution) and ground in a cell homogenizer at 0°C with a Teflon 
pestle driven by a constant-torque motor. The supernatant obtained after 
centrifugation constituted the crude enzyme preparation, which was stored 
frozen (-20°C) under argon. 

In a second method, cells were slurried in water and lyophilized, 
and the dry cells were ground with a porcelain mortar and pestle in a 
glove box containing an argon atmosphere. The ground cells were then 
extracted with 0.05 M potassium phosphate buffer (about 10 ml of buffer 
solution per gram of dry cells). As in the above method, the supernatant 
obtained after centrifugation constituted the crude enzyme preparation. 
This method was preferred over the wet grinding method, primarily because 
of easier handling in an inert atmosphere and, consequently, less 

probability of enzyme degradation in solution. The hydrogenase has been 
25 

reported to be particularly sensitive to oxygen. 
Crude enzyme preparations remained active for several weeks when 

stored frozen (-20°C) under either argon or vacuum in closed vessels. 
5.2.2 Kinetics of the Hydrogen Production Reaction 

Procedures. — Since both the dithionite and the enzymes, particularly 
hydrogenase, are sensitive to oxygen, most experimental operations and 
preparations were carried out in a glove box or in closed vessels in an 
argon atmosphere. The dithionite is also unstable in acidic solutions and 
disproportionates to sodium bisulfite and sodium thiosulfate, which may 
decompose further to give elemental sulfur. Generally, a 0.05 M 
KgHPO^-KHgPO^ buffer solution was used to maintain pH control, and the 
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enzymes were stored frozen in the same buffer under argon or vacuum in 
septum-equipped vials. 

The reaction vessels were 25-ml volumetric flasks sealed with a rubber 
septum and containing a Teflon-coated stirring bar. The buffered dithionite 
solution, typically 10 ml per reaction vessel, was added to the reaction 
vessel in the glove box, and the vessel was sealed. The vessel was then 
removed from the glove box and placed in a constant-temperature bath. The 
enzyme preparations were thawed just prior to use and injected through the 
septum into the stirred solution at time zero. At timed intervals, samples 
of the gas phase were removed with a gas syringe and analyzed for hydrogen 
with a gas chromatograph. The gas was replaced with an equal volume of 
argon to maintain constant pressure in the reaction vessel. 

At various times a reaction was run under a set of "standard" condi-
tions to detect any discrepancies or day-to-day changes and allow all the 
data to be "normalized" to the same basis. The rate of hydrogen production 
generally refers to the initial rate determined from a plot of the amount 
of hydrogen produced vs time and normalized to a "standard" run in the 

35 
same series. Detailed data used to obtain these rates have been discussed. 

In general, the hydrogen production rate decreased with time during a 
run. In several runs the total amount of hydrogen produced reached or 
approached a constant value. This behavior could be due to several factors, 
including approach to equilibrium, thermal inactivation of the enzymes, 
decomposition of dithionite, or product inhibition. Attempts to approach 
equilibrium by measuring the rate of hydrogen uptake for the reverse 
reaction were unsuccessful. In another experiment, to measure the effect 
of thermal deactivation of the enzyme, runs were compared using fresh 
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enzyme and enzyme that had been incubated at 50°C for 2.5 hr. The initial 
rate of hydrogen production for the run with the incubated enzyme was about 
25 to 3C/fo lower than for the run containing fresh enzyme. In another run, 
fresh enzyme was injected into the reaction after about 20 hr, and the rate 
of hydrogen production increased sharply. However, this effect could be 
reduced by using larger amounts of enzyme initially. Thus the reason for 
the decreasing rate of hydrogen production with time has not been conclu-
sively determined. 

After many of the kinetic measurements were completed, it appeared 
that much of the variation in the "standard" runs was due to lack of 
accurate pH measurement and control and to small differences between enzyme 
preparations. Some of the measurements are being repeated to refine the 
data. A pH electrode has been installed in the glove box, and the 0.05 M 
buffer has been replaced by 0.10 M buffer. In addition, a concerted effort 
is being made to use the same enzyme preparation for a given set of measure-
ments . 

Effect of Enzyme Concentration on the Hydrogen Production Rate. — No 
attempt was made to quantitatively measure the amount of ferredoxin and 
hydrogenase in the cell extracts. Enzyme concentration was measured only 
in terms of the volume of cell extract. On this basis, approximately a 
first-order relationship between initial hydrogen production rate and enzyme 
concentration was obtained (Fig. 5-5)• Rates were measured both at constant 
dithionite concentration (curve 1, Fig. 5.5) and at constant dithionite/ 
enzyme ratio (curve 2, Fig. 5.5). The lower slope of curve 2 is probably 
due to substrate inhibition at higher substrate concentrations. 

Effect of pH. — The observed effect of reaction pH on the rate of 

hydrogen production is the sum of several effects. The pH affects the 
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(2) constant ratio of dithionite to enzyme. 
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enzyme stability and also the decomposition of sodium dithionite. In 
addition, the pH may change slightly during the reaction. Most enzymes 
have an optimum activity "bet-ween pH 6 and 8. Even under anaerobic condi-
tions, sodium dithionite solutions decompose rapidly^ below a pH of 6. 
Therefore, the range of pH from 6 to 8 was of greatest interest. As shown 
in Fig. 5.6, under the conditions considered, the optimum pH for maximum 
hydrogen production rate appears to be in the range from 6.5 to 6.8. 

Effect of Temperature. — The effect of temperature on the hydrogen 
production rate may be influenced by thermal inactivation of the enzymes 
as well as the effect on the catalyzed reaction itself. At lower tempera-
tures, thermal inactivation of the enzymes is probably negligible, "while 
at higher temperatures the enzymes may be completely inactivated, giving 
an initial reaction rate of zero. 

No decrease in initial hydrogen production rate was observed in the 
temperature range of 35 to 50° C, indicating that at least initial inactiva-
tion of the enzymes at 50°C is not significant. In this temperature 
range the initial hydrogen production rate follows the Arrhenius relation-
ship; a plot of the hydrogen production rate vs l/T gives a straight line 
(Fig. 5-7). From the slope of the line, an apparent activation energy of 
14 ± 2 kcal per gram-mole of hydrogen was calculated. This value is 
consistent with the range of 8.5 to 20 observed for most enzyme systems.^ 

Effect of Substrate Concentration. — To obtain better process 
economics, it would be desirable to use a high concentration of dithionite 
in order to reduce the heat required for evaporation of water before the 
recycle step. Accordingly, the rate of hydrogen production was measured 
at different dithionite concentrations in the range of 0.5 to 230 g/liter. 
(The solubility of NagSgO^HgO at 20°C is 21.8 g per 100 g of water.38) 
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At constant enzyme concentration the maximum rate of hydrogen produc-
tion was observed at approximately 3 g of Na^SgO^ per liter at a pH of 6.6 

and 35°C (Fig. 5-8). Higher concentrations of dithionite appeared to 
Inhibit the reaction. Part of this inhibition could be overcome by 
increasing the enzyme concentration. Figure 5.9 shows the hydrogen 
production rate vs dithionite concentration as measured in experiments in 
•which the enzyme concentration was increased to maintain a constant ratio 
of dithionite to enzyme. Data were obtained at relatively low dithionite 
concentrations, and it is not known whether this relationship is maintained 
at higher dithionite concentrations. 
5.2.3 Regeneration of Dithionite 

Sodium dithionite, NagSgO^, also known as sodium hydrosulfite and 
sodium hyposulfite, is used extensively in the textile and paper industry 
and is relatively inexpensive. However, recycling of the oxidized substrate 
to recover the dithionite would make the enzymatic method for producing 
hydrogen much more attractive. Because of the complexity of the reaction 
mixture, the oxidation products in the dithionite reaction have not yet 
been identified. However, probable oxidation products can be postulated, 
based on related chemistry of sodium dithionite. 

In the absence of air, aqueous solutions of dithionite undergo 
di spropo r t io natio n: 

2Na2S20^ + H20 2NaHS03 + N a ^ O . 

The rate of decomposition depends on temperature, concentration, and pH. 

It has been reported13 that after 2 hr at 20°C under anaerobic conditions, 

0.1 M dithionite solutions in aqueous phosphate buffer decompose 16% at 
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pH 6.75, at pH 5.3, and $k% at pH U.O. At low pH, the thiosulfate 
decomposition product decomposes further to give the overall reaction: 

+ H o0 + K* <HaHSO, + S + Ka+ . 

Several intermediates, including SOg~ and HSgO^", nay also he involved in 
dithionite reactions. 

In the presence of oxygen, aqueous solutions of di.thionite form 
bisulfite and bisulfate: 

S ^ 2 - + 0 2 + HgO HSO^- + HS0 ~ . 

The dihydrate, NagSgO^•2HgO, is oxidized to pyrosulfite: 

Na 2S 20 u.2H 20 + | 0 2 - H a ^ O g + 2HgO . 

Commercial sodium metabisulfite is usually a mixture of NaHSO^ and NagSgO^. 

Since, on heating, 

2NaHS03 -» NagSgO^ + HgO 

and 

2NaHS0^ Ka2Sg07 + HgO , 

it seems reasonable to postulate that after evaporation of the solution, 
NagSgO^, Na^SgO^, and possibly NagSgOg are oxidation products of the 
dithionite reaction. 

Thermal Decomposition of Na2S20^, NagSgOg, and KgSgO^. — There are 
conflicting reports in the literature as to the products and mechanism of 
the thermal decomposition of dithionate, pyrosulfite, and pyrosulfate. In 
a derivatographic study of NaHSO^, Boros and Laurant, by interpreting 
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small peaks in the derivatogram in conjunction with the change in total 

sample weight, concluded that a series of reactions occurred: 

2I;aHS0^ 102-240°C > ^ + } 

N a2 S2°7 l425"5'°°C > ^ °2 + Na2S2°6 > 

N a2 S2°6 5 5 0" 6 3°° C > V 2 0 2 + Ka2S205 , 

Ite2S205 630-710°C > ljf2 + Na2s2ou , 

Na2S201+ 710-910°C > g + ^ ^ ^ 

?9-4l Other investigators have reported^ that S02 is the predominant 
decomposition product of NagSgO^, NagSgO,., NagSgOg, and KgSgO,-. Erdey 

4l 
et al. investigated the thermal decomposition of several sodium salts 
derivatographically. They reported that "both N&gSgO^ and Na^SgO^ evolved 
S02 on heating to about 170°C: 

2 N a2 S2°4 Na 2S 20 3 + Na2S03 + S02 , 

N a2 S2° 5
 1 7°° C > N a 2 S 0

3
 + S°2 ' 

Further heating in the presence of oxygen produced sodium sulfate: 

2Na2S03 + 0 2
 U ° U L > 2Na2S0^ . 

•3Q It has also "been reported that on prolonged standing in air, sodium 
42 pyrosulfite evolves SOg and forms NagSO^. Epifanov and Kunin heated 

powdered NaoSo0c fluiaized by dry air and reported the evolution of S0_ at c c p c 
110°C, with the formation of NagSO^ The Na2S03 was converted to NagSO^ 
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at higher temperatures. Fluidization of the liâ Ŝ Ô  with moist air 

resulted in the formation of NagSO^ at 50°C. Sodium hyposulfate has also 
3Q 

teen reported to decompose to sodium sulfate on heating. 
We have investigated the thermal decomposition of NagSgO^ by differ-

ential thermal analysis and thermogravimetric analysis in vacuum and in 
oxygen, argon, and hydrogen. Gases formed were analyzed by mass spec-
trometry. In each case, sulfur dioxide was produced. No evidence of 
oxygen evolution was observed, although small amounts could have been over-
looked, since a peak at mass 32 also resulted from sulfur dioxide and 
traces of air in the system. 

In a vacuum, sulfur dioxide was produced below 100°C: 
Na2S205 •—> Na2S03 + S02 . 

On further heating to 750°C, more S0? resulted from the decomposition of 
the NagSOy Heating was discontinued because of the possible formation of 
Na20, which was incompatible with the crucible. Consequently, a final 
weight loss was not determined. 

In argon, the decomposition is described by: 

Na2S205 150-250°C > W a + _ 

The theoretical weight loss for this reaction is 33.7%. A weight loss of 
33-3% was observed. 

In oxygen, two reactions apparently occurred: 

Na2S205 150-215°C > Na2S03 + SOg , 

NagSO + 1/2 0g > NagSO^ . 
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The net reaction was therefore: 

Ka2S205 + 1/2 0 2 > Na2S0^ + S02 . 

The theoretical weight loss for this reaction is 25.3%. A weight loss of 
25.6% was observed. 

In hydrogen, the NagSO^ produced in the initial decomposition was 
further reduced by hydrogen: 

N a2 S2° 5 ^ 0 " 2 0 5 ° C > N a2 S 0
3
 + S 02 ' 

Na2S03 + 3H2 720-750°C > N & g S + 3^0 . 

The net reaction was 

Na2S205 + 3H2 > Na2S + SOg + 3H20 . 

The theoretical weight loss for this reaction is 58.9%. A weight loss 

of 59.7$ "was observed. 

Also, a sample of NagSgOg • 2HgO was heated in a vacuum. After the 

initial loss of water, SOg was evolved: 

Wa2S2°6 ' 2 H2° 3 5" 8 5° C > 2 H2° + Na2S2°6 ' 

Na 2S 2o 6
 1 7 5- 2 7°° C > SOg + Na2SO^ . 

Commercial potassium pyrosulfate is a mixture of KgSgÔ . and KHSO^. A 
sample of this material was heated in a vacuiim. Loss of water, presumably 
from KHSO^, occurred below 225°C: 

2 K H S 0 ^ L U ° - 2 2 5 ° C > K G S 2 0 7 + H G O . 
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On further heating, the weight loss was consistent with the formation of 

W 

K2S2°7 350"U3Q°C > K2S°4 + S°3 ' 

Chemical Reduction of NagSgO^ (NaHSOg) and NagSgOg. - One method for 
38 )iii 

preparing NagSgO^ involves the reduction of HaHSO^ with zincJ 3 in the 

presence of SOg: 
2NaHS0g + S02 + Zn > NagSgO^ + ZnSO^ + Hp0 . 

This reaction, then, offers a possible method for chemically recycling 

the oxidized substrate to recover the dithionite. 

We have investigated the reduction of WagSgO^ and Na^SgOg by this 
method. Sulfur dioxide was bubbled into slurries of zinc in buffered 
solutions of NagSgO^ and NagSgOg at 0cC. The solutions became yellow, 
and the pH decreased to about 4. After removal of unreacted zinc, the 
solutions were neutralized with KOH, and the zinc precipitated as Zn(0H)g. 
The precipitate was removed by centrifugation, and the supernatant was 
reacted with crude enzyme. Hydrogen was produced from both the NagSgO,. 
and the NagSgOg solutions, indicating that some KagSgO^ had been formed 
in each case. 

However, there are several disadvantages to this method of recycling 

the oxidized substrate. The low pH reached during the reduction probably 
reduced the yield of NagSgO^ as a result of its instability at low pH. In 
terms of a closed cycle, methods would be required to separate the ZnSO^ 
or Zn(OH)2 from the dithionite product and to regenerate the zinc. The 

45 thermal decomposition of ZnSO^ produces sulfur dioxide; the thermal 
46 decomposition of ZnO requires temperatures of 1350 to 1500°C. 
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5.2.1+ Alternative Reductants 

Several alternative reducing agents to replace Na^SgO^ as substrate 
for the hydrogen production reaction have been investigated. Generally, 
conditions were chosen that were favorable for using dithionite as 
substrate, viz., 10 ml of solution containing 5 to 20 g of reducing agent 
per liter of 0.05 M potassium phosphate buffer, pH 6,5 to 6.8, at 35 or 
50°C. Several reductants that were tried were ineffective in producing 
hydrogen under these conditions. These reductants included sodium sulfite, 
sodium metabisulfite, sodium nitrite, lithium nitrite, manganous chloride, 
ferrous chloride, chromic chloride, potassium ferrocyanide, and potassium 
iodide. 

In the pH range required for enzyme stability, of course, some of 

these salts (e.g., to , Fe , and Cr2 ) precipitated as hydroxides. A 
precipitate was also present in the LiNOg solution, probably resulting 
from lithium phosphate formation. The lack of reaction of Na„S„0.- and c. c p 

Na S0o indicates that they could be products of the dithionite reaction 

or at least that they are not produced as intermediates and oxidized to a 

higher oxide. If either NagSgO^ (NaHSO^) or NagSO^ was a product of the 

dithiordte reaction, then no further reaction would be expected. 
27 29 

The possible use of sodium pyruvate as the reducing substrate 
for hydrogen production was studied in some detail. The rate of hydrogen 
production was measured as a function of solution pH, pyruvate concentra-
tion, and enzyme concentration. The optimum pH for the pyruvate system 
appeared to be 6.1+ to 6.5, slightly lower than the optimum pH for the 
dithionite system. As in the dithionite system, the rate of hydrogen 
production appeared to be inhibited at high substrate concentrations. 
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Figure 5.10 shows the rate of hydrogen production at different concentra-
tions of sodium pyruvate in the range of 2.5 to 50 g of sodium pyruvate 
per liter of 0.05 M potassium phosphate buffer, pH 6.7, and 50°C. The 
effect of doubling the enzyme concentration is shown in Fig. 5.H. We 
have not investigated the recycling of the pyruvate substrate. 
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Fig. 5.10. Effect of Substrate Concentration on the Hydrogen 

Production Rate with Sodium Pyruvate. Temperature, 35°C; pH 6.7; 
sodium pyruvate concentration, (l) 2.5 g/liter, (2) 5 g/liter, 
(3) 50 g/liter. 
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/ 6. WATER POLLUTION STUDIES 

6.1 Automated Analysis of Dissolved Organic Compounds 
in Polluted Waters 

W. W. Pitt, R. L. Jollcy, G. Jones, R. C. Lovelace, and J. E. Thompson 
The discharge of stable organic compounds from various sources, both 

man-made and natural, to surface waters, and the concomitant buildup of 
organic constituents during recycle, is a nationally significant problem. 
The organic compounds found in the aquatic environment have many and 
varied sources; while many of these are a result of man's activities, 
some are simply the outgrowth of natural processes. Regardless of the 
source, whether domestic, industrial, or agricultural waters, atmospheric 
washout, runoff, or by-products of natural waters, it is imperative that 
identities, quantities, and toxicologic effects of the individual con-
taminants be established. Although little is known about the health 
significance of the very low concentrations (pg/liter) of stable organic 
and organochlorine compounds found in water, experimental evidence 
indicates that- some of them may be carcinogenic, mutagenic, or 
teratogenic. 

Studies aimed at fully understanding and combating this problem have 
been hampered by the lack of suitable analytical tools. Historically, 

these organic contaminants have been determined by nonspecific and 
indirect determinations such as total carbon, oxygen demand, total 
ultraviolet absorption, and selective fractional extraction; only limited 

1 2 
work has been done to identify the specific compounds. ' The impact of 

this concentration on water ecosystems, and hence on mankind, cannot be 
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accurately assessed without quantitative information concerning these 
specific trace compounds and the effects of treatment processes such 
as chlorination. In addition, information of this nature will obviously 
be required to adequately design and evaluate systems for removal or 
recovery of the organic content. 

High-resolution chromatographic systems for analysis of organic 
constituents in the complex biological body fluids, urine and blood, 
have been developed at the Oak Ridge National Laboratory. These 
systems have been used successfully for analyses of uv-absorbing con-
stituents (UV-Analyzer), carbohydrates, and oxidizable organics.^-^ 
Using these chramatographs and ancillary identification procedures, 

7 

over 120 separated constituents have been identified in body fluids. 
Katz et al. utilized the UV-Analyzer and the carbohydrate analyzer to 
separate and identify several organic compounds in concentrates of g 

effluents from sewage treatment plants. 
Results from the application of high-resolution chromatographic 

analytical procedures to the problem of identification and measurement 
of individual organic compounds in polluted waters, both process effluents 
and natural, waters, are presented. Background information and earlier 9 progress have been previously presented in detail. 

6.1.1 Effluents from Sewage Treatment Plants 

Thirty-nine (two during this report period) stable organic compounds 
have been identified in effluent samples (both chlorinated and unchlori-
nated) frcm the primary stage of domestic sanitary sewage treatment 
plants. The identities, concentrations, and procedures used for 
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identification of these compounds are given in Table 6.1. In addition, 
the identifications of xanthine and ̂ -hydroxybenzoic acid have been 
confirmed by mass spectra. A reference chromatogr am from the UV-
Analyzer of primary sewage treatment plant effluent is shown in 
Fig. 6.1, with the identified organic compounds indicated at their 
respective elution positions. The high-resolution chromatographic 
separation techniques and identification procedures have been discussed 
in detail in several previous reports. 

The elution volumes on a cation exchange resin column of the chlorine-

containing chromatographic peaks separated from primary and secondary 

sewage treatment plant effluents after chlorination with CI are being 
9 13 

obtained. ' Comparison of these values with those determined for 

reference compounds may permit identification or confirmation of 

identification for such chlorine-containing constituents. 

A UV-Analyzer for the EPA Southeast Environmental Research Laboratory 
was constructed and delivered to Southeast Environmental Research Labora-
tory in Athens, Georgia. John Pope of SERL was given three days of 
instruction on the operation and maintenance of the analyzer prior to 
its delivery. In several shakedown runs of this instrument, the resolution 
of the anion-exchange resin column was excellent and compared very favorably 
with columns of previous chromatographs (see Fig. 6.2). Figure 6.2 shows 
the chromatograms of the reference urine standard (URS-1V) used to routinely 
evaluate resolution of the UV-Analyzers used in biomedical research and 
a 65-hr chromatographic separation of a 1000-fold concentrate of effluent 
from the primary stage of the Oak Ridge East Sewage Treatment Plant. The 
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Table 6.1. Identification of Molecular Constituents in the Effluent 
of the Primary Stage of a Domestic Sewage Plant 

Identification Concentration 
Compounds Method3- (tag/liter) 

Ethylene glycol AC, GC, MS 
Maltose AC, GC 
Galactose AC, GC 
Glucose AC, GC 
Glycerine AC, GC, MS 
Urea AC, GC, MS 
N^-Methyl-4-pyridone-3-carboxaiaide AC, UV, GC 10 
Phenylalanine AC, GC, MS 90 
Uracil AC, CC, UV, GC, MS 40 
5-Acetylamino-6- amino-3-methyluracil AC, CC, UV, GC i4o 
N^"-MethyI-2-pyridone-5-carboxamide AC, CC, UV, GC 20 
Thymine AC, CC, GC, MS ~7 
Theobromine AC, CC 
7-Methylxanthine AC, CC ~90 
Inosine AC, CC, UV, GC, MS 50 
Hypoxan thine AC, GC, MS 25 
Xanthine AC, CC, UV, GC, MS 70 
Copper(ll) acetate (binuclear) MS 
Adenosine AC, CC, UV, GC, MS 
1,7-DimethyIxanthine AC, CC 
3-Methylxanthin e AC, cc 
Caffeine AC, cc, UV, MS ~10 
Guanosine AC, cc, UV, GC, MS 50 
1-Methylxanthine AC, cc, UV 70 
Uric acid AC, GC, MS 20 
Orotic acid AC, UV, GC, MS 5 
Succinic acid AC, GC, MS 
Phenol AC, GC, MS 6 
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Table 6.1 (continued) 

Identification Concentration 
Compounds Method8, (ug/liter) 

3-HydroxyphenyIhydracrylic acid AC, UV, GC, MS 10 
Ehenylacetic acid AC, GC ~10 
Hydroxphenylacetic acid AC, UV, GC, MS 190 

Benzoic acid AC, GC, MS 
2-Hydroxybenzoic acid AC, GC, MS 7 
Hydroxybenzoic acid AC, GC, MS 

3-Hydroxybenzoic acid AC, GC, MS 
3-Hydroxyphenylpropionic acid AC, GC, MS ~20 
Indican AC, C-C, F ~2 
o-Phthalic acid AC, UV, MS 200 
£-Cresol AC, GC, MS 20 

3» AC = anion exchange chromatography; CC = cation exchange chromatography; 
UV - ultraviolet spectrimi; GC = gas chromatography on two columns; 
MS = mass spectroscopy; F = fluorescent spectrum. 
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Fig. 6.2. Chromatograms of UV-Absorbing Constituents Developed on the Southeast 
Environmental Research Laboratory UV-Analyzer: (a) 0.25 ml of Reference Urine (URS-IV); 
(b) 0.25 ml of Primary Effluent (1000X). 
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analyzer is currently being used by SERL personnel for analysis of 
various industrial plant effluents. 

6.1.2 Natural Waters 

The identification and quantification of trace organic compounds 
present in various natural waters are being studied using high-resolution, 
anion exchange chromatography. The sites chosen for obtaining natural 

9 waters for the study, and the basis of selection, were listed previously. 
9 

As stated in the previous report, the initial purpose in this 
investigation was to establish the requirements for obtaining and 
preparing various natural water samples for subsequent analysis. These 
requirements have been established, and samples from five of the six 
selected sites have been successfully concentrated and chromatographed. 
The information obtained from the sixth sample (Mississippi River) makes 
us confident that we can now successfully concentrate a sample from 
this site. 

Samples from the six selected sites show a diversity of chromato-
graphic patterns with regard to constituents and concentration, but 
also several common peaks. In addition to the natural water samples, 
a sample of the sodium humate fraction of a soil extract was chromato-
graphed, yielding several peaks. 

Sampling at each site was done according to the previously described 
protocol,^ except that, for convenience, 4-liter glass jugs were occa-
sionally substituted for the 24-liter carboys, (in one instance, a 
full 24-liter carboy was dropped in the lake and nearly caused the 
investigator to take an unintentional dip.) Sufficient quantities 
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of water have been obtained at three of the sites to begin identifi-
cation of individual pollutants. These samples were concentrated by 
the concentration scheme shown in Fig. 6.3-

This concentration technique was evaluated by obtaining dissolved 
organic carbon analyses of samples before and after each step. As 
can be seen in Table 6.2, the cation-exchange step usually results 
in low losses of dissolved organic carbon; however, considerable 
losses still occur in some cases during the low-temperature evaporation. 
For comparison purposes, a sample of Fort Loudoun Lake water was taken and 
half of the sample was concentrated by the technique described above, 
while the other half was concentrated by the Carbon Absorption Method 
(CAM).11' The analytical results (Table 2) showed that the low-temperature 
evaporation technique was superior to the CAM (at least for this sample) 
since about \Ofo of the dissolved organic carbon was not absorbed on 
the activated charcoal. The chramatogram of the two final concentrates 
also showed that the low-temperature evaporation gave more and larger 
peaks than did the CAM concentrate. 

The concentrated samples were analyzed on the UV-Analyzer having 
the cerate oxidative detector in series with the uv detector. With 
the exception of the Mississippi River site, samples from all of the 
initial sites have been successfully concentrated and subjected to 
high-resolution liquid chromatographic analysis. A second series of 
samples is currently being collected with the intent of obtaining enough 
material to permit identification of some of the individual contaminants. 
Concentrates of these samples (three to date) have been chramatographed 
on a preparative-scale chromatograph. 
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Fig. 6.3. Procedure for Concentrating Natural Water Samples. 
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Table 6.2. Losses of Dissolved Organic Carbon (DOC) 
Daring Concentration 

Sample 
DOC in Original 

(lig/ml) 
Loss (% of original DOC) 

Step l3 Total 

Fort Loudoun Lake I 
Fort Loudoun Lake I (CAM) 
Holston River I 
Lake Marion I 
Fort Loudoun Lake II 
Holston River II 

3.1 

3-1 

3-2 

6.5 

2.8 
3.0 

<10 
40 

20 
35 
<10 

7 

<L0 

57 

<L0 

40 

Percolation through bed of weak cation exchanger or activated charcoal 
in case of CAM. 
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Pollutants separated on this system from the concentrates of 

natural waters are being subjected to the procedure that was most 

successfully applied to the identification of individual constituents 

in human body fluids and sewage plant effluents. ' This procedure 

has been described in detail elsewhere. 

One or more 5-ml aliquots of concentrates from Lake Marion, Watts 
Bar Lake, and Fort Loudoun Lake nave been fractionated on the preparative-
scale chromatograph, and the column eluate fractions relating to chromato-
graphic peaks are presently undergoing identification. Many elution 
positions in the cation exchange separation, ultraviolet absorption 
spectra, and dual-column gas chromatographic retention times for 
trimethylsilyl (IMS) derivatives have been obtained. The status of 
these fractions axe shown in Table 6.3. Six different stable organic 
compounds have been identified in natural water samples (Table 6.k). 

As an additional tool in identification, an electron capture 
detector was installed on the gas chromatograph. This detector has 
a much higher sensitivity to halogenated compounds than the flame 
ionization detectors, and thus provides a strong indication of the 
presence of chlorinated compounds such as pesticides. 

6.2 Environmental Effects of Antifoulants 

R. L. Jolley and J. E. Thompson 

The expected increased demand for electrical power in the future 

will result in greater numbers of nuclear and fossil fuel power plants, 

and therefore greater use of natural surface waters in the cooling 



Table 6.3. Status of Natural Water Samples February 28, 1974 

Sample Lake Marion I Fort Loudoun Lake I Watts Bar Lake I 

Concentration Factor 500 1300 2700 

Chromatographed Analytical X X X 
Column 

Chromatographed Preparative 1 2 2 
Column (Number of Runs) 

Number of Anion Exchange 15 15 10 
Column Fractions Collected 

Number of Anion Column 11 15 3 
Fractions Chromatographed 
on Cation Exchange Column 

Number of Cation Column 8l 57 7 
Fractions Collected 

Number of Fractions Ultraviolet 84 22 5 
Spectra Obtained 

Number of Fractions 77 25 2 
Chromatographed on Dual 
Column GC 

Number of Fractions Mass 39 7 6 
Spectra Obtained 
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Table 6.b. Identification of Molecular Constituents in Natural Waters 

Sample Site Compound Identification Method3, 

Fort Loudoun Lake Glycerine AC, GC, MS 

Urea AC, GC, MS 
Lake Marion Glycerine AC, GC, MS 

Glycine AC, GC, MS 

Urea AC, GC, MS 
Watts Bar Lake Glycerine AC, GC, MS 

Diethylene glycol AC,. GC, MS 

Xylitol AC, GC, MS 

Mannitol AC, GC, MS 

Q* 

AC = anion exchange chromatography; GC = gas chromatography; 
MS = mass spectrometry. 
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systems of such power plants. Because biological organisms grow In 
or on the surfaces of the cooling systems and reduce the efficiency of 
heat transfer, it is necessary to clean the surfaces periodically. An 
accepted practice is to add chemical antifoulants such as chlorine to 
the cooling waters. These "biocides destroy the film of biological 
organisms covering the heat transfer surfaces of the cooling systems. 
The primary reaction of chlorine with pollutants in natural waters 
is thought to be with ammonia and organic amines and amides to form 
chloramines. Many other reactions, such as halogenation of phenols, 
may possibly occur. Chloramines are known biccides; however, other 
chlorinated organic compounds may also have biological effects. 

Prior to studying the chlorination of organic compounds in natural 
waters per se, chlorination effects on process waters or effluents 
entering surface water were investigated. The methodology for determining 

1 3 

chlorination effects was described previously. Preliminary investi-
gations of the biotoxicities of two of the chlorine-containing organic 
compounds (4-chlororesorcinol and 5-chlorouracil) tentatively identified 
as present in chlorinated sewage effluents were conducted in a cooperative 
effort with the Environmental Sciences Division. The zooplankton Daphnia 
magna and Diaptomus clavipes were used as test organisms in this study, 
which includes not only acute toxicity, but also chronic effects 
(e.g., survivorship and fecundity).^ 

The methodology developed with process effluents for identification 
of chlorinated organic compounds and determination of biotoxicity is 
being applied to determination of chlorination effects on cooling waters. 
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A sample of Watts Bar Lake water was chlorinated to 0.5 ppm 
chlorine residual and analyzed using the coupled CI tracer—high-

ly 
resolution chromatographic procedure. Preliminary evaluation of 
the results indicate a number of chlorine-containing chromatographic 
peaks and a radioactivity chramatogram quite similar to the one 
obtained when secondary sewage plant effluent was chlorinated in a 
like maimer. The results are currently undergoing more detailed 
evaluation. 
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j 7. CONTROLLED THERMONUCLEAR PROCESSING 

During the report period, studies of tritium handling have included 
an experimental determination of tritium sorption from liquid metals and 
conceptual studies of plasma exhaust recovery systems. The sorption 
studies are designed to evaluate one potential method for recovering 
tritium from the blanket (liquid lithium) or the coolant (liquid 
potassium) fluids of a CTR. No demonstratively feasible recovery system 
has been proposed for this purpose; sufficient data to show this are 
not available for any system."*" This investigation is an attempt to 
establish the feasibility or practicability of one proposal for liquid 
metal fluids. When first initiated, two potential problems with this 
recovery system were recognized: (l) oxide films on the more promising 
sorbent materials could limit sorption rates, and/or (2) continual 
tritide cycling could destroy the sorbent. Since this proposal was 
funded largely by the Chemical Engineering Research Program, the 
results are reported in Section 9-

Evaluation or conceptual studies have been focused recently on 
the plasma exhaust recovery system. The more specific portion of 
this study is aimed at a conceptual design of tritium handling facilities 
for a large Tokamak experiment proposed for construction at ORNL during 
the late 1970's. The later stages of this Tokamak study would include 
"burning" experiments, that is, actual use of D-T rather than hydrogen. 
The conceptual studies are reported here in two parts. A review of 
general considerations for fusion power reactor exhaust systems is 
presented first. This is followed by the more specific recommendations 
made for the ORMAK F/BX program. 
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7.1 Conceptual Studies for Plasma Exhaust Recovery Systems 
R. C. Forrester and J. S. Watson 

Recent conceptual studies have included methods for recovering and 
processing material removed from the plasma of CTR systems. This investi-
gation has supplemented earlier studies for the blanket system, and 
appropriate experimental studies in this area are planned. In addition, 
preliminary concepts have been prepared for the equipment required for 
near tern (next 10 years) physics experiments which may be constructed 
at Oak Ridge or elsewhere. 

Three separate process steps are required for a plasma recovery 
system: 

(1) D, T, He, H, and other gases are removed from the plasma liner. 
(2) He and other nonhydrogen isotopes (inleakage and outgassing 

materials) are removed from the mixture. 

(3) Hydrogen is removed by isotope separation. The recycle 
system is illustrated schematically in Fig. 7.1. 

The first step is the only operation unique to a specific confinement 
machine design. In the simplest and perhaps the most likely case, the 
gases can simply be pumped from the liner by an appropriate vacuum pump. 
This would be the situation both for Tokamaks without diverters and 
for same types of diverters. Since the diverter concepts are still 
largely speculative, definitive statements about the way the gases could 
be removed cannot be made. A high Z gas could be introduced into the 
diverter region to reduce the plasma temperature, and/or the plasma 
could eventually strike a sacrificial metal surface. It may be possible 
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Fig. 7.1. Flew Diagram of Plasma Exhaust Recovery System. 
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to pump off the tritium with the high Z gas even if it is diffusing out 
of the sacrificial metal surfaces. 

The pumping system must provide high pumping rates at low pressure. 
The pump must not add impurities to the plasma, and the removed gases 
must he recoverable. These conditions suggest cryosorption pumps. Com-
mercial pumps are available which appear to meet all of the above con-
ditions at reasonable cost (assuming an appropriate scaling of cost 
with size), with the only drawback being that the pumping operation 
is cyclic. Dual (parallel) pumps could be used to provide continuous 
availability, but this operation would still result in undesirable, 
although not prohibitive, inventory problems. If the pumps are cycled 
daily, a one-day inventory will accumulate on the pumps. Although the 
inventory adds to the cost, and hazards of the plant, these would not 
be unreasonable with a daily cycle. The size of the pumping system 
required is strongly dependent upon the minimum pressure to be achieved. 
It is thus necessary to specify the operating pressure, the time between 
pulses, and the minimum pressure between cycles as accurately as possible. 

There are few alternate pumping systems. Sublimation pumps will 
not allow simple recovery of the tritium (and deuterium), and ion pumps 
of the size required are likely to be far too costly. Diffusion pumps 
may contaminate the plasma with high Z material. Mechanical (turbo-
molecular) pumps are a possibility, but care must be taken to eliminate 
leakage or contamination from shafts and lubricants. Mechanical pumps 
with the required capacities are likely to be more expensive than 
cryosorption pumps. 
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The second process step, removal of all impurities except hydrogen 
isotopes, can be achieved in either of two rather simple single operations. 
For small systems, sorption and desorption on beds of uranium chips will be 
effective and economical. Since the size of the beds will increase linearly 
with system, capacity, rather large beds would be required for large fusion 
reactors. Extrapolating current OSUL practice with small beds, several 
tons of uranium would be required for a 1000 MW(e) reactor with daily 
cycles. The cyclic operation again results in higher inventories unless 
the beds can operate between cryosorption cycles. 

For large systems, it may be practical, to introduce compressors to 
increase the capacity of uranium beds (lower the uranium requirements), 
or to permit efficient use of a continuous purification system. Permeation 
through palladium membranes should be considered for larger systems. This 
technique will eliminate the inventory problem, and would probably result 
in more favorable scaling of the costs with capacity. 

Several isotope separation systems may be considered for H removal. 
These systems usually have been evaluated or demonstrated for H-D 
separations. Costs (capital equipment, tritium inventory, and operating 
costs) will determine which of the processes will be selected. Preliminary 
considerations indicate that any of several systems could be economical. 
Thus, isotope separation costs do not appear to be a major portion of 
the tritium recovery process costs. Thermal diffusion, cryogenic 
distillation, or palladium permeation separation appear to be potential 
techniques. In some cases, the throughput for this separation system 
seems small relative to the H-D separations which have been studied 
more extensively. 
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An additional process step will be required for exhaust streams. 

Both the He removal unit (e.g., uranium chip bed or palladium membrane) 

and the isotope separation unit will require a vent or exhaust. If 

0.3 g of tritium are lost per day from, a 1000 MW(e) system, the breeding 

ratio would only be reduced by approximately 0.01. A loss of this 

magnitude would not affect the reactor performance significantly. In 

any case, an economic balance between recovery costs and tritium cost 

will be made for the design of an optimum system. On the other hand, 

the release of 0.3 g/day (3000 Ci/day) to the environment could not 

be tolerated. If the total allowed tritium release to the environment 

is set at 1 to 20 Ci/day, a range which seems likely, most of the loss 

will be taken in the blanket recovery systems. This is expected to 

be the more difficult recovery system to build. Release rates from 

the two plasma exhaust process steps may then be limited to 1 Ci/day 

or less. These levels could be achieved if the exhaust streams include 

a trapping or decontamination step. 

The obvious technique to consider first is oxidation to TgO and 

drying. The oxidation step could use either a palladium catalyst (if 

oxygen is present) or CuO. Solid sorbents (perhaps silica gel or 

moleculaz- sieves) would recover the tritium oxide. If the loss rate 

were 0. 3 g T/day, or greater, a decontamination factor of greater than 3 
10 could be needed. It is likely that some isotope dilution would be 

required to achieve these levels. Steam or moist air could be injected 

into the exhaust stream. While this would trap tritium effectively, it 

would result in a waste stream for long term storage or disposal. It 

is desirable to minimize the isotqpic dilution, and thus hold the waste 

volume to the lowest level practical. 
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Tritiated wastes are also likely to result from the secondary 
containment atmosphere surrounding the high level process equipment. 
Although major efforts will he made to prevent leakage of tritium from 
process equipment, or leakage of contaminants into the equipment, signifi-
cant leakage may occur during maintenance or equipment failure, and some 
leakage may occur routinely. All process equipment will he housed in 
enclosures with continuous process systems for removing tritium in the 
enclosure atmosphere. This atmospheric process system is likely to 
be similar to the system for removing tritium from process vent exhausts, 
and similar wastes will be produced for disposal. 

A plasma exhaust process system would significantly effect the 
overall design and appearance of a thermonuclear reactor system. As 
much equipment as possible may be grouped together into a central unit 
to minimize the containment space, but same equipment would be located 
throughout the main reactor room. The isotope separation equipment and 
the D-T storage and feed system could be maintained in a central facility, 
but the high vacuum pumps would probably surround the reactor. This would 
avoid long, complex ducts and permit higher pumping rates. The uranium 
beds or Pd membrane purification system may be located in the central 
facility or distributed throughout the reactur system in smaller units. 

The purification steps can be designed almost independently from 
the reactor type considered (Tokamaks, mirrors, pinch devices, lasers, 
etc.), but the removal step and fuel feed systems (i.e., gas or solid 
pellet feed) are machine dependent. For instance, mirror devices with 
large energy recovery devices will require much larger pumping systems. 
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As noted, earlier, diverters on Tokamaks will complicate tritium recovery; 
the extent of the complication will depend upon the diverter design- For-
tunately, the process steps required for next generation plasma experi-
ments appear to he feasible. Development, design, and testing of these 
systems must keep up with the needs of the plasma programs as well as 
prepare for eventual fusion power reactors. The need for other less 
certain techniques (removal from diverters and more complex feed system) 
will be evaluated in the next generation of plasma experiment. 

7-2 Preliminary Design Studies for OKMAK F/BX 
R. C. Forrester and J. S. Watson 

ORMAK F/BX is a large Tokamak experiment for feasibility and/or 
burning studies. During the current fiscal year, conceptual designs 
and cost estimates for the system are being prepared. A preliminary 

2 
report was issued in January, and a progress report will be issued in 
June. If funding for this program continues, detailed design work would 
begin in July, and the machine would be constructed in the late 70*s. 

The CTD contribution to this study has been concerned with handling 
and containment of the tritium used in the experiment. We have provided 
a conceptual design of a process system for removing tritium from the 
plasma lines and assisted the Engineering Division in making a cost 
estimate for the process system. 

7.2.1 Requirements of Tritium Recovery Systems 
For each shot in the D-T burning experiments, the liner is charged 

with a D-T mixture containing about 50 Ci of tritium. After the shot, 
virtually all of this gas, now containing on the order of 1$ helium and 
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small "but undesirable amounts of other gases, is pumped out of the liner. 
In the course of a day's operation there may be 50 shots, or a total of 
2500 Ci of tritium cycled through the liner region. There is an economic 
incentive to recover and reuse the tritium, but more importantly, the 
amount released to the facility environment must be strictly limited. 

' Regulations governing the release of radioactivity to the environ-
ment are subject to change, but one may expect that at the time of the 
D-T burning experiments in ORMAK-F/BX the criterion on tritium releases 
will be "as low as practicable." Chronic release of more than a few 
Ci per day will be considered intolerable, and engineered safeguards 
will be required to prevent any accidental release of serious proportions. 
Thus, for reference design — version 1, the principal goal of the tritium 
handling system was to contain the tritium (i.e., to limit routine leaks 
to less than a curie per day, and to minimize the likelihood and con-
sequence of ail accidental release). 

Recovery of tritium for reuse is a secondary goal of the F/BX 
tritium handling system. High recovery is desirable since it will 
minimize both the quantities of tritium wastes and the hazards involved 
with larger inventories and/or more frequent shipments; a recovery for 
reuse of 95 to 991o of the tritium (and deuterium) is expected. The 
remaining tritium would be trapped, diluted with normal hydrogen, and 
sent to storage and disposal. No tritium will be intentionally released 
to the atmosphere. 

Design of the tritium system interacts with several other portions 
of F/BX design, in particular with the injectors, fill system, and 
vacuum systems. The removal, and recovery system couples with each 
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injector drift tube and with each liner feed point. Recovery units are 
located near injectors; a separate recovery unit may be used with each 
injector, or two (or more) injectors may be serviced by a single tritium 
process system. For this cost estimate, eight separate and self-sufficient 
tritium process systems were assumed, one unit for each of eight injectors. 
The process system cost estimate does not include any equipment for 
metering flow to the injectors or to fill the liner. The process unit 
simply provides a supply of high purity tritium-deuterium mixture to 
the injector intake. Excess, not injected, material would be pumped 
from the injector drift tube back to the process unit. 

The tritium process systems used for this estimate would be capable 
-9 

of evacuating the liner to less than 10 torr; thus, the process system 
pumps also serve as the high-vacuum liner pumps curing the D-T burning 
phase of operations. 

Overall Description. — A schematic of the reference tritium process 
system is shown in Fig. 7.2. Gases are drawn out of the liner through 
an injector drift tube by a cryosorption pump. Two pumps are provided 
in each unit so one can remain in service while the other is regenerated, 
thus allowing the experiment to operate continuously. During regeneration, 
the "loaded" pumps are isolated (valved) from the liner and heated to 300°C 
to drive off the sorbed gases. All gaseous materials except the noble 
gases are sorbed on uranium chips at approximately room temperature. The 
remaining gas over the uranium chips is pumped to an exhaust. This 
pumping step removes noble gases. The uranium chip bed is then heated 
to approximately 250°C to drive off the product of hydrogen isotopes. 
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254-

The product is then collected in a chilled storage tank. Oxygen, nitrogen, 
and most other likely contaminants remain on the uranium chips. The 
material received hy the storage tank is essentially deuterium and 
tritium, practically free of all contaminants except normal hydrogen. 
Some small fraction of this hydrogen will he formed by D-D reactions, but 
the major source of hydrogen is likely to result from inleakage and out-
gassing of the liner walls. No isotopic separations step is proposed, 
so care will be required to insure that only minimal quantities of 
hydrogen enter the system. The small, steady removal from the recovery 
system during pumpdown of the uranium beds will limit the buildup of 
hydrogen. 

The tritium removed in this way will not go to the atmosphere, 
since a separate process system is provided to remove tritium in these 
exhaust streams from the cubicle surrounding the module. This is shown 
schematically in Fig. 7.2. The tritium-containing gases are oxidized 
by a CuO or Pd bed at 4-00 to 600°C, cooled, and dried on a molecular 
sieve or silica gel bed. The degree of decontamination achieved by 
this system could be adjusted by bleeding in a controlled amount of 
steam (probably upstream of the CuO). The more isotope dilution achieved 
with the steam, the greater the decontamination. However, because it 
is not desirable to accumulate too much waste, no more water than neces-
sary will be used. Two drying beds are provided so the atmosphere 
control process can operate continuously. The dryers are regenerated 
by heating and flushing with dry gas. The contaminated water is 
condensed and collected for storage and eventual disposal. 
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The tritium process system and the atmosphere process system are 
both contained in an airtight enclosure (see Fig. 7*2) operating at 
slight negative pressure (~0.5 in HgO). The atmosphere of this 
enclosure, as well as all process exhaust streams, pass through the 
atmosphere process system before going to the building exhaust system. 
It may also prove desirable to accept potentially contaminated exhaust 
gases from other parts of the F/BX complex and run them through these 
atmosphere process systems; the atmosphere around the injectors is the 
most likely such stream. The secondary vacuum exhaust discharge will 
be monitored for tritium, and if a significant tritium concentration 
is detected this discharge can be sent to the atmosphere process system. 
(Note that the flow rate from the secondary vacuum system during the 

initial pumpdowns will be far too great to handle in this manner; 
-5 -7 

however, once the pressure reaches 10 to 10 torr and steady state 
is achieved, the discharge rate will be much less.) 

Before use, all equipment will be "baked" out at its appropriate 
temperature while open to the liner and with the liner pump (perhaps 
only a roughing pump) operating. A few flush cycles with deuterium 
may help reduce the hydrogen sorbed in some equipment. 

Cryosorption Pumps. — The cryosorption pumps proposed in this 
conceptual design are commercial units in which molecular sieve sorbents 

•st-are bonded to a metal surface which is cooled to 5°K by liquid helium. 

Manufactured by Excalibur Corp. tinder license from Linde Div. of 
Union Carbide. 
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The chosen model can pump to pressures less than torr -with a 

hydrogen pumping spe^l -f 6000 Shfsec at operating pressure. As 

hydrogen is sorted, the minimum pressure and pumping speed are reduced. 

This pump will hold 6.6 I of hydrogen (STP) without a significant drop 
-11 -9 -6 in pumping speed at 10 torr. ^ e capacity at 10 to 10 torr 

should he several-fold greater. The costs of these pumps (without 

He or liquid nitrogen supplies) are less than $10,000 each. The liner 

has a volume of approximately 5 x 10 liters. Eight of the pumps 

just described would provide a total pumping capacity of 4.8 x 10^ &/see. 
-3 -5 

This is sufficient to pump the liner down from 1.5 x 10 to 10 torr 

in a few minutes (time between F/BX "shots"). 

Approximately 50 Ci of tritiun will be used per "shot. " This 

corresponds to 5 x 10~ g/shot or 0 . 187 i (STP)/shot. Since an equal 

amount of deuterium will be used, a minimum 0 .373 & (STP) total gas/shot 

will be used. The injectors are only about 50% efficient (only about 

half of the gas fed to them is accelerated); therefore, somewhat more 

gas will be required, but certainly less than 0 .75 JG (STP)/shot. It 

thus becomes apparent that eight pumps loaded to 6.6 & each (10~"^" torr 

capacity) would hold sufficient material for 70 "shots." At 10~^ to 

10~5 torr, the pump capacity is expected to be three or more times 

greater (perhaps much greater). This would allow operation for 

approximately a week or longer before switching pumps and regenerating. 

Uranium Chip Beds. — These devices have been used fairly extensively 

for storing and purifying tritium, but few data are available or. low 

(<1 torr) pressure-composition relations for uranium. Fortunately, 

this is not expected to be an expensive piece of equipment; great 
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precision in the size of this unit is not required — a factor of two 
or more error in bed volume would not greatly affect the overall system 
cost- For 50 shots per day, the equivalent of 350,000 CI (including 
D and T) would be processed on a weekly cycle. Note that there would 
only be 175,000 Ci of tritium, but the deuterium would require hydrogen 
sorption capacity equivalent to 350,000 Ci of tritium. A small uranium 
bed (in the Target Fabrication Facility at 0ENL), 1-in. diam by 10-in. 
long routinely handles 20,000 Ci of tritium. Bight beds slightly 
larger than this size (one bed per process module) would be adequate. 

Isotope Separation. — Current plans call for injecting only deuterium 
into the plasma. This will lessen the contamination of the injectors, and 
make injector maintenance simpler. Unfortunately, this will result in 
deuterium accumulation in the recycled D-T mixture and will require 
isotope separation. The lines will be filled before each "shot" with 
appropriate D-T mixtures. The injectors will then introduce deuterium 
equivalent to approximately 50 percent of the fill gas. The D-T 
mixture in the plasma will change composition during the "shot," and 
if the gas mixture is recycled one or more times before going to the 
isotope separation system, the composition will change from cycle to 
cycle. 

The best gas composition to use in the initial fill must be decided 
by the plasma design, and the choice of the number of recycle steps 
before separation must came largely frcm behavior of the plasma system. 
At the present time, we will consider no recycle (i.e., the exhaust 
gases will be enriched in tritium after each pass through the plasma). 
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Because the burning experiments are not expected to last much longer 
than two years, it is probably not desirable to construct an isotope 
separation system at the ORMAK F/BX site. This remains an alternative 
and should be reconsidered if future plans for ORMAK F/BX or subsequent 
experiments suggest a continuing need. In the meantime, isotope separa-
tion capacity is available at another AEC site, and indications are 
that the separation service needed for this program will be available. 
Licensed shipping containers with approximately the required capacity 
are available (i.e., the design and licensing has been completed; new 
containers may have to be purchased or constructed). The shipment 
rate should not exceed one per week at the maximum rate. 

7.3 References for Section 7 

1. J. 3. Watson, A Summary of Tritium Handling Problems in Fusion 
Reactors, 0KNL-TM-4022 (November 1972). 

2. P. N. Haubenreich and M. Roberts, internal communication, 
March 197^. 
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J 8. SHIPPING STUDIES 

8.1 Plutonium Nitrate Solution Shipping Package Design 

W. C. Ulrich 

The design of a package for shipping plutonium nitrate solutions 

expected to be obtained in the future from the reprocessing of high-

burnup power reactor fuel was completed,̂ " and fabrication of a prototype 

package for use in a testing program was begun. 

For design purposes, a number of problem areas specifically associated 

with transporting nitrate solutions containing olutonium expected to be 

produced in high-burnup power reactors over the next 10 to 20 years were 

identified. These include pressure buildup and possible hydrogen-oxygen 

reaction effects due to radiolytic gas generation; criticality considera-

tions; heat transfer requirements for both normal and potential accident 

conditions; radiation shielding requirements; corrosion problems; and 

operating considerations. The physical characteristics of the resulting 

package designed to solve these problems are described below. 

The package was designed for transporting 10 liters of a plutonium 

nitrate solution having a nominal concentration of 250 g of plutonium per 

liter and a free nitric acid concentration of about 3 M. In addition to 

other futures, the package (l) affords double containment for the solu-

tion; (2) employs a solid thermal insulating material for fire protection; 

(3) provides a reliable method for the release of internal pressure 

buildup prior to and after shipment; (4) is equipped with a hydrogen-

oxygen reaction quenching device; and (5) possesses a radiation shielding 

capability sufficient for handling high-burnup plutonium. 
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A cutaway drawing indicating the principal regions and other impor-
tant features of the package is presented in Pig. 8.1. The primary 
containment vessel, which is in direct contact with the plutonium nitrate 
Solution, is made of type 304L stainless steel, and was designed in 
accordance with Section VIII of the ASME Boiler and Pressure Vessel Code 
for a working pressure of 1895 psig. The lower cylindrical section, 
capable of holding 10 liters of solution, is made of 5-in sched 80 pipe. 
Directly above the solution-containing section, separated by a perforated 
plate, is the gas space. When filled with stainless steel balls which act 
as a hydrogen-oxygen reaction quenching device, the gas space has a free 
volume of approximately 2 liters. 

The fill tube which reaches nearly to the bottom of the container, 
and the vent line which extends to the top of the solution volume, are 
equipped with hand operated high-pressure valves. The valves have 
auxiliary fittings that permit them to be leak-tested in place. A pressure 
relief valve vents directly into the cover that forms part of the primary 
containment and affords protection for the valves. In the area occupied 
by these valves is a ring for attaching a heat-sealable plastic sleeve 
(of the type used in glovebox bagging operations) to prevent the spread 
of radioactive contaminants during transfer operations. A flanged valve 
cover, provided with a double elastomeric type 0-ring seal and a 3000 psig 
rupture disk, completes the primary containment vessel. Included on the 
valve cover flange is a fitting for leak-testing the 0-ring seal after 
it is installed. A hand operated valve (not shown in Fig. 8.1) is also 
included on the valve cover assembly to permit the containment volume to 
be vented under controlled conditions through an off-gas system before the 
cover is removed. 
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The secondary containment vessel is also type 30̂ -L stainless steel, 

and was designed for a working pressure of 1615 psig in accordance with 

Section VIII of the ASHE Boiler and Pressure Vessel Code. The lower 

section is 8-in. sched 80 pipe, and the top portion or head is 10-in 

sched 80 pipe. The head is attached to the lower section by means of 

a double elastomeric 0-ring sealed flange. A fitting on the flange permits 

leak testing of the seal. 

A lead radiation shield is located in the annular space between the 

lower sections of the primary and secondary containment vessels. The 

shield is approximately 1-in. thick, and extends from the bottom of the 

secondary containment vessel to the bottom of the gas space of the primary 

containment vessel. There is no lead shielding around the gas space. 

Surrounding the primary and secondary containment vessels is the 

fire and impact shield that provides an air gap of about 1/2 in. or 

more, in addition to a 2-in. thickness of insulating material completely 

around the two vessels. The insulation is cast-in-place gypsum plaster. 

8. 2 Reference for Section 8 

1. L. B. Shappert and W. C. Ulrich, personal communication, December 21, 
1973-
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9. CHEMICAL ENGINEERING RESEARCH 

The Chemical Engineering Research Program includes a number of 
fundamental studies that often benefit the mission directed development 
programs of the Chemical Technology Division. These are, however, 
separate studies, and attempts are made to keep the investigations funda-
mental anu of broad (general) interest, as well as important. These 
investigations can be fit into three broad categories: (l) consideration 
of chemical reaction techniques and systems that may be important to 
future energy programs; (2) development of advanced separation methods 
and systems potentially useful in present or anticipated mission oriented 
efforts; and (3) other fundamental studies, such as advanced methods of 
data correlation, relevant transport phenomena, etc. 

Efforts during this report period have included studies of hydro-
dynamics of packed liquid-liquid columns, mass transfer in open bubble 
columns and stirred liquid-liquid contactors, tritium recovery from 
liquid metals by sorption processes, and correlations of liquid COg, 
02, CO, and vapor-liquid equilibria. 

9.1 Flooding Behavior of Packed Liquid-Liquid Extraction Columns 
with Fluids of Different Densities 
J. S. Watson and L. E. McNeese 

Past investigations of countercurrent flow in packed columns have 
been primarily concerned with systems using organic solvents and aqueous 
solutions, since these types of fluids have been used in most solvent 
extraction applications. In recent- years, however, applications requiring 
high-density fluids such as liquid metals and/or molten salts have 
received increased attention. It has been previously shown ' that 
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conventional correlations developed from data on organic-aqueous systems 
are of little help in estimating the hydro&ynamie behavior of systems 
consisting of high-density (or high-density-difference) fluids. Correla-
tions that give similar predictions in the case of low-density fluids also 
give widely divergent predictions for high-density fluids and thus cannot 
be extrapolated to conditions far removed from those observed in conven-
tional systems. 

A correlation to predict flooding rates or capacities for columns 

operating with mercury and water was given earlier;"'" however, this 

correlation cannot be extrapolated to low-density systems since systematic 
variations of fluid properties were not included in that study. More 

Ij. 
recent measurements have provided information on variations in physical 
properties in systems of high density difference, as well as data for 
high-density halocarbons (CCl̂  and CH^Br^), These new results made it 
possible to develop a general correlation covering a wide range of 
physic;.-i properties, iuch a correlation is needed as solvent extraction 
applications incorporating a wide range of conditions become increasingly 
important. The general correlation, even if it does not fit either the 
conventional low-density data or the high-density data, as well as 
correlations based upon a narrow range of conditions, would permit a 
higher degree of reliability in extrapolating or interpolating to new 
conditions of interest. 

9.1.1 Summary of Available Data 
A review of literature data and correlation was provided in a 5 

previous paper. Most of the flooding data chosen for use in the present 
g 

study (see Table 9*1) were taken from five sources: Dell and Eratt, 



1-Table 9.1. Summary of Available Flooding Data -5 
5 

Viscosity of 
1/2 Packing Continuous Density > = V 1/2 j Diameter Void Hiase Difference "1 c. 0 

(cm) Fluids Fraction (CP) (g/W) (ca/sec) 1 
0.6 Benzene-Water 0.725 1.0 0.12 9.07 = .035 

-1 i •i 
1.0 Benzene-Water 0.7 8 5 1.0 0. 12 11.28 - .26 
1.0 Benzene-Water 0.795 1.0 0.12 11.70 - .57 j 
0 . 6 3 5 Benzene-Water 0.7̂ 5 1.0 0.12 9- 32 ± • 33 * 

0 . 4 5 3 Benzene-Water O . 6 7 I + 1.0 0.12 9-10 ± .10 
1.27 Methylisobutyl Ketone-Water 0.748 1.0 0.195 17.16 ± .28 5 
1 . 2 7 Dibatylc art itol-Water 0 . 6 1 8 1.0 0.1 1 3 13.60 ± .45 1 
1.0 Dibutylcarbitol-Water 0.797 1.0 0.1 1 3 11.26 ± .66 •j 
1.0 Dibutylcarbitol-Water 0.787 1.0 0.113 10.75 ± .39 
0 . 6 3 5 Dibutylcarbitol-Water O.7U5 1.0 0.113 9-32 X . 2 3 j 
0 . 6 0 0 i-octane-Water 0.725 1.0 0.303 12. 29 ± .59 
1.0 i-octane-Water 0.8 1.0 0 . 3 0 8 13-93 ± .78 * 1.0 Butylacetate-Water 0.79 1.0 0 . 1 1 7 11.69 ± . 1 6 1 
1.0 Butylacetate-Glycerol Solution 0.79 1.65 3 . 1 5 7 11.37 r . 0 9 

1.0 Butylacetate-"lycerol Solution 0.79 2 . 3 2 0 . 1 8 1 + 12.33 ± . 0 9 3 

1.0 Butylacetate-Glycerol Solution 0.79 5 . 7 0. 2 3 7 1 3 . 5 0 ± .21+ 
1.0 Chlorex-Water 0.795 1.0 0 . 2 2 14.1+0 ± .1+2 ; 
1.0 Chlorex-Water 0.795 1.0 0. 22 lit. 6 9 ± . 2 1 ! 
1.0 Chlorex-Water 0.795 1.0 0. 22 i4.oo ± .27 1 
1.0 Chlorex-Water 0.793 1.0 0. 22 1 1 + . 1 3 ± .43 
1.0 CC1[|-Water 0.798 1.0 0. 6 1 7 . 5 2 ± .73 
1 . 9 0 5 Benzene-Water 0.755 1.0 0.12 1 9 . 6 7 ± 1.59 
2.5 Benzene-Water 0.777 1.0 0.12 2 5 . 7 1 ± 1.1+9 
2.5 Dibutylcarbitol-Water 0.753 1.0 0.111+ 12.55 ± 1.17 
1 . 9 0 5 Methylisobutyl Ketone-Water 0.753 1.0 0.195 2 1 . 0 5 ± . 1 2 

1 . 2 7 Methylisobutyl Ketone-Water 0 . 7 2 5 1.0 0-195 21.13 ± • 73 
0.6 3 5 Gasoline-Water 0.534- 1.0 0.16 8 . 6 7 ± 06 
0 . 6 3 5 Gasoline-Water 0.534 1.0 0 . 1 6 5.16 ± • 05 
0 . 6 3 5 Gasoline-Water 0.534 1.0 0 . 2 S. 7 6 ± .23 
0 . 6 3 5 Gasoline-Water 0.534 1.0 0.2 O . 0 0 a : .28 
0 . 6 3 5 Methylisobutyl Ketone-Water 0.534 1.0 0. 2 1 0 . ou ± • 19 
0 . 6 3 5 Toluene-Glycerol Solution 0.534 2 . 7 7 0.23 7.9U ± .29 
1.27 Naptha-Water 0.74 0.?S 0.15 12. 51 ± . 0 1 + 

1 . 2 7 
r!aptha-Water 0.7k 0.98 0.15 13-5J ± .11 

1.27 Gasoline-Water 0 . 7 0 7 0.8S 0.215 ll+.2l+ ± .43 
3 . 8 1 Gasoline-Water 0.679 0.88 0.215 19.25 ± 1.00 
2.54 Gasoline-Water 0.7b 0.88 0. 2 1 5 1 9 . 6 6 ± . 3 1 CCl̂ -Water 0.728 0.44 0.58 25.10 ± .66 
2.54 CCl̂ -Glycercl Solution 0.722 0.1+1 0.1+1+ 23- 79 ± .50 
0 . 6 3 5 Bismuth-Molten Salt 0.81+ 12.0 6.23 15-87 ± 2.1+3 
0 . 6 3 5 Woods Metal-Water 0.94 0 . 3 3 8 . 6 7 3 2 . So ± . 9 5 

0 . 6 3 5 Toluene 0.559 0 . 8 9 ! + 0.117 7.79 ± . 1 1 + 

0 . 6 3 5 Toluene 0.559 0 . 8 9 ! + 0 . 1 1 7 7-59 ± .11 
0 . 6 3 5 Petroleum Ether-Water 0.559 0 . 8 9 4 0.26 7-15 ± . 2 1 

0 . 6 3 5 ocî -Water 
Fotroleum Ether and CCll̂ -Water 0.559 0 . 8 9 4 0.5̂ 3 10.1+2 s . 2 2 

1 . 2 7 

ocî -Water 
Fotroleum Ether and CCll̂ -Water 0 . 6 0 3 0 . 8 9 4 0.151+ 1;.0T X A5 

1 . 2 7 Petroleum Ether and CCl̂ -Water 0 . 6 0 3 0.894 0.55 2 > lo ± .34 
1.27 Petroleum Ether and CCll̂-tftuer 0 . 6 0 3 0 . 8 9 ! + 0.1+ 20.1+5 ± .68 
1.27 Petroleum Ether and CClipWater 0 . 6 0 3 0 . 8 9 4 0.2 14. iZ ± - 38 
1 . 2 7 Petroleum Ether and CCl̂ -VIater 0 . 6 0 3 0.895+ 0.11 10.32 ± .72 
1 . 2 7 Petroleum Ether and CCl̂ -Water 0 . 6 0 3 0 . 8 9 4 0.26 16.71 ± .1+6 
0 . 9 5 3 CH2Br2-Water 0.595 1.0 1.1+85 £7.5 
0 . 9 5 3 CCl̂ -Water 0.595 1.0 0.50 19.5 
0 . 9 5 3 Hg-Glycerol Solution 0. 6 5 6 1 5 . 0 12.4 29 
0 . 9 5 3 Hg-Water O . 6 5 6 1.0 12.5 35 
0 . 6 3 5 Hg-Water 0.757 1.0 12.5 U 



Le 9.X- Suonary of Available Flooding Data 

Viscosity of 
ntinuous 

(c?) (g/cn^) (cm/sec) k2 Reference 

Continuous tensity _ 1/2 
JV.as? D i f f e r e n c e 1 " c . o 

1.0 0.12 9-07 .035 0.865 ± .064 Dell and Pratt 
1.0 0.12 11.28 ± .26 0.748 + .035 Dell and Pratt 1.0 0.12 u . 70 a. .57 0.771 ± .072 Dell and Pratt 
1.0 0.12 9.32 ± .33 0.76k ± .058 Dell and Pratt 
1.0 0.12 9.10 £ .10 0.688 ± .017 Dell and Pratt 
1.0 0.195 17.16 ± .28 0.850 ± .028 Dell and Pratt 
1.0 0.113 13.60 ± .45 0.957 ± .0.64 Dell and Pratt 
l.c 0.113 11.26 ± .66 0.810 ± .101 Dell and Pratt 
1.0 0.113 10.75 ± .39 0.816 ± .058 Dell and Pratt 
1.0 0.113 9.32 .23 0.813 ± .048 Dell and Pratt 
1.0 o. 308 12.29 ± • 59 O.763 ± .071 Dell and Pratt 
1.0 o. 308 13.93 ± .78 0.638 ± .074 Dell and Pratt 
1.0 0.117 11.69 ± .16 0.730 .021 Dell and Pratt 
i.'J? 0.157 11.37 .09 0.622 ± .012 Dell and Pratt 
2.32 0.184 12.88 .09 0.715 ± .010 Dell and Pratt 
5.7 0.237 13.50 ± .21* 0.722 ± .026 Dell and Pratt 
1.0 0.22 14.40 ± .42 0.852 ± .052 Dell and Pratt 
1.0 0. 22 14.69 ± .21 0. 836 ± .028 Dell and Pratt 
1.0 0.22 14.00 .27 0.780 ± .037 Dell and Pratt 
1.0 0. 22 14.13 ± 0. 800 X .059 Dell and Pratt 
1.0 0.6 17.36 .73 1.000 ± .079 Dell and Pratt 
1.0 0.12 19-87 ± 1.59 1.330 ± .130 Dell and Pratt 
1.0 0.12 25.71 ± l.i+9 1.590 ± .140 Dell and Pratt 
1.0 0.114 12.55 ± 1.17 0.668 .136 Dell and Pratt 
1.0 0.195 21.65 ± .12 1.088 ± .011 Dell and Pratt 
1.0 0.195 21.18 ± .73 1.31+0 ± .079 Dell and Pratt 
1.0 O.lo 8.67 ± .36 0.934 ± .09!+ Breckenfeld and Wilke. 
1.0 O.lo 8.16 ± .05 0.827 i .013 Breckenfeld and Wilke 
1.0 0.2 S.78 ± .23 0.805 ± .054 Breckenfeld and Wilke 
1.0 0.2 9.00 ± .28 0.870 ± .061 Breckenfeld and Wilke 
1.0 0.2 10. oU ± .19 0. d89 ± .041 Breckenfeld and Wilke 
2.77 0.23 7.9b -j. .29 0.81+2 ± .067 Breekenfeld and Wilke 
0. -jr- 0.15 12.91 ± .01+ 0.81+8 ± .007 Breckenfeld and Wilke 
0. 98 0.15 13.53 .11 0.923 i .017 Breckenfeld and Wilke 
o. as 0.215 14.24 ± .43 0.835 ± .052 Crawford and Wilke 
0.88 0.215 19.25 1.00 0.730 ± .082 Crawford and Wilke 
0. t>8 0.215 ly. 66 M .31 0.830 ± .027 Crawford and Wilke 
0.1+1+ 0.58 25.10 ± .66 1.008 ± .051+ Crawford and Wilke 
o.U o.i+4 23.79 ± .50 1.016 ± .046 Crawford and Wilke 

12.0 6. 28 15.87 2.43 0.755 ± .195 Hannaford 
0. j 8.67 32.80 ± .95 0.789 ± .121 Johnson et al. O.cJoU 0.117 7.79 ± .lh 0.635 ± .025 Ballard and Piret 
o. 69!+ 0.117 7-59 ± .11 O.oOl ± .017 Ballard and Piret 
o.S'A 0.26 7-15 .21 0.561 ± .030 Ballard and Piret o.&jU 0.543 10. U2 J- .22 1.206 ± .o4o Ballard and Piret 
o. Sy-4 0.15!+ 13.07 ± .45 1.760 ± .22 Ballard and flret 
0. S9U 0.55 23.16 ± • 34 1.370 .04 Ballard and Piret 
0.8y4 0.1+ 20. U5 J. .68 1.777 ± .093 Ballard and Piret 
o. 8<jh 0.2 14. 32 ± • 33 1.754 ± .082 Ballard and Piret 
0.894 o.il 10.32 ± .72 1.1+86 ± .18 ^ m m ̂ Ballard and Piret o. frjb 0.26 16.71 i .h6 1.496 ± . 0 7 5 ^ ^ ̂ ^ Ballard and Piret 
1.0 1.1+85 27.5 1.536 X This study 
1.0 0.-)0 19.5 1.50 ^ This study 
15-0 12. 29 1.57 I Z This study 
1.0 12.5 35 1.67 o n 9 This study 
1.0 12.5 31 1,13 This study 
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7 8 9 Breckenfeld and Wilke, Crawford and Wilke, Ballard and Piret, and 
1 4 

Watson, McNeese et al. ' The first three sources contain data from 

conventional low-density systems and some information on CCl^ and 

water. The last source provides data for high-density systems (mercury 

and water) and a few data for intermediate-density systems (CHgBrg or 

CClĵ  with water). Hannaford et al. have reported results for liquid 

hismuth and a molten fluoride salt, while Johnson et al. have reported 

results for Woods metal and water. 

The column packing in this study was restricted to Raschig rings. 

Although considerable data are available for other packing materials, 

especially Berl saddles, there is insufficient information available 

on any other single packing to permit an analysis and correlation of the 

magnitude presented here. It appears likely that other materials will 

show a similar dependence upon fluid properties and packing dimensions; 

hence, the results of this study should be useful in extrapolating data 
from other packing materials to the systems of interest. Several 

7-10 

authors have reported correlations that use the packing external 

surface area per unit packing volume, rather than packing diameter as 

a parameter. For a single type of packing, such as Raschig rings, this 

parameter is approximately proportional to l/d , where d denotes P P 
packing diameter. The only advantage of using packing area instead of 

dp as a correlating parameter is that the resulting correlation may 

possibly describe results from several types of packing, such as Raschig 

rings and Berl saddles. When the packing is wet by the dispersed liquid 

phase, there is some theoretical basis for such a parameter; the area 

of contact and drag between the two phases is essentially equal to the 
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area of packing surface. On the other hand, liq.uid-liq.uid systems 
usually operate with the packing not wet "by the dispersed phase. Iii 
these cases, the dispersed phase travels up or down the column in the 
form of droplets, and there is no justification for such a single 
correlation for all packing shapes. The interacting surface area is 
that of the droplets, not that of the packing. In any case, there is 
little reason to use packing area rathe-"* than the more easily measured 
packing diameter as a parameter in correlating data from a single packing 
shape. 

Examination of each set of data listed in Table 9.1 indicated that 
flooding data can be approximated reasonably well as a straight line 
when the square root of the superficial flow rate of one phase is plotted 
against the square root of the other flow rate. This behavior has also 

5 

been reflected in several previous correlations. The new correlation 
was developed on this basis. The flooding points from each data set 
"were fit to a straight line with the form 

v 1 / 2 + ki V 1 / 2 = k2' ( 1 ) 

where 
V „ = superficial continuous-phase velocity at flooding, cm/sec. 
V d f = superficial dispersed-phase velocity at flooding, cm/sec. 

The resulting parameters k^ and kg for each set of data were evaluated by 
a least-square regression, and the results are shown in Table 9.1. Only 
those sets where the uncertainties in k^ or kg did not exceed 30% of their 

most probable value are listed. This criterion eliminated a few sets of 
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scattered data, but in general, they were sets containing only one or 

two data points. The reliability of the eliminated data could not be 

quantitatively confirmed. 

9.1.2 Results 

Hie parameters of Eq. (1), k^ and kg, are functions of fluid and 

packing properties. The significant variables were identified, and the 

function dependences were evaluated. It was convenient to use the 

intercepts of Vc ^/^-vs-V^ plots rather than kn and kg for the 

dependent variables of the correlation. These intercepts are related 

directly to and kg as follows: 

Vc,ol/2 = V (2) 

and 
V X/2 _ ̂ 2 
d, o kx' 

where 

c,d = subscripts denoting continuous and dispersed phases, 

respectively, 

o = subscripts representing intercept value; flow rate of 

other phases approaching zero. 

Several independent variables were investigated; among these were 

fluid density difference, Ap; packing diameter, d ; packing void fraction, IP 
e; continuous-phase viscosity, nc; and interfacial tension,a. Both 

V and V, were correlated with all of these parameters; however, c, o a, 0 
some of the parameters did not significantly affect one or both of the 

dependent variables. The correlations were improved by discarding some 
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parameters. The resulting correlations were compared using the F ratio 
as a figure of merit: 

_ __ E (V " ymeajl Coefficient ^ 
2 (j " ̂ predicted } C n d a t a " ncoeffiri<iit J 

The higher the F ratio, the better the correlation. The best fits to the 
data were: 

v x/2 „ ( 2 3 b 8 ± O.6)Ap
0-269 ± °- 0 1 5 d ± °- o U 6

 w -0-0811-Cj o p o 

± 0.030 e0.50^ ( 5 ) 

V, 1/2 - (28.2 ± 2.1)^°'^ ± d O'2* ± °'062 s1'28 ± °-18, (6) d, o p 
where 

o 
Ap = difference in densities of dispersed and continuous phases, g/cm , 
d = diameter of packing, 
(j. = viscosity, poise, 
e = void fraction of the packed column, dimensionless. 

A H of the regression coefficients are given above, along with their 
standard error, except in the case of e in Eq,. (5). The first regressions 
gave an exponent of 0.35 ± 0.15. Fixing the exponent at 0.5, however, 
resulted in a higher F ratio, or a better fit. Additional regressions 
were made with fixed exponents of 0.^5 and 0.55, both of which gave lower 
values for the F ratio. This means that a minimum sum of residual squares 
occurs when the value of this exponent is near 0.50. Thus, this value was 
chosen for the correlation. 
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The scatter of data around the correlations is illustrated in Figs. 

9.1 and 9«2. These are common log plots of the predicted intercepts vs 

the experimental or measured values. Hie scatter in the results is 
significant, hut not unreasonable for flooding data. The F ratios for 

1/2 1/2 the V ' and V, ' correlations were I33 and 32, respectively. These C^ 0 CLj O 

values suggest a high confidence in the validity of the correlations 

(greater than 99%). 

Equations (5) and (6) can he combined into the more convenient 

single form of Eq. (1) 

V V 2 + (O.S^Ap0-145 d , s~0.078^ 1/2 
c,f p p c d, f 

?? «A 269 , 0.1^ , -0.08^ 0.5 = 23.oAp ^ d^ M-c e (7) 

This flooding correlation is based upon more extensive data and a wider 

range of physical properties than has been the case for any previous 

correlation. Thus, it should be more reliable in predicting flooding rates 

for new systems where no data exist. Its advantages will be most evident 

when systems with higher density differences are used. Since it is not 

a dimensionless correlation, however, care must be taken to choose correct 

units. 

Comparison of the Hew Correlation with Previous Correlations. — In 

Table 9.2, the fit of this new correlation to the data in Table 9.1 is 

compared with some of the previous correlations. The measured and 

predicted intercepts of flooding curves are compared for conventional 

low-density data (Ap < 0.5), for high-density data (Ap > 0. 5 ) , and for 

all of the data listed in Table 9«1. For each intercept, the fractional 
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Table 9-2. Fractional Error of the Proposed Flooding Rate 
Correlation and Previous Correlations 

Low Ap, High Ap, 
Ap < 0.5 Ap > 0.5 

All Data cm-3 cmJ 
I ^ I V * ~ 172 ~ 172 ^ 172 7 172 
V V v V v v. Investigators c,o d, o c,o d, o c,o d, o 

Watson and McNeese 0.276 0.209 0.293 0-213 0.204 0.203 

Breckenfeld and Wilke O.825 0.829 0-842 0.657 0.795 0.746 

Crawford and Wilke 0.903 0.904 O.926 0.935 0.847 0.811 

Dell and Pratt 0.324 0.628 0.309 0.574 0.394 0.844 
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"error,11 e^, in each correlation has been evaluated: 

W ? - v 1 / 2 
calc meas fQ\ 

ef = — j T z • ( 8 ) 

meas 

The fractional error for each correlation listed in Table 9« 2 is defined 

as; 

2 e „2 

^ = — . (9) 1 n - 1 

The fractional error is written to resemble a standard deviation. Since 

the same number of data points was used for each correlation, n is of no 

importance in comparing correlations for any set of data. However, the 

normalization achieved by the denominator n-1 allows the relative accura-

cies of the correlations for low-density, high-density, and all data to 

be compared. 

The new correlation Eq. (7), is in good agreement with both low-

density- and high-density-difference data. It is more accurate than any 

of the other three correlations listed in Table 9-2 for both high- and 

low-density data. The Dell and Pratt correlation appears to be the best 

of the previous correlations. At low values of V^ (i.e., at the Vc 

intercept) their error is from 0.30 to O.UO. On the other hand, the 

accuracy of their correlation diminishes further at high V^ values. Both 

of the other correlations tested were considerably less accurate. Their 

fractional errors range from approximately 0,88 to 0.90. The new 

correlation is clearly better. 

The differences between the new correlation and previous expressions 

can also be illustrated by comparing the dependence of flooding rates on 



275-

several parameters (i.e., the exponents of these parameters). Exponents 
7 of &p are approximately unity in correlations of Breckenfeld and Wilke 

g 
and Crawford and Wilke, while the exponent is near 0.5 correlations 

c. 6 
of Ballard and Piret, and Dell and Pratt. The latter value is in agree-
ment with the new results. 25ie exponent for the specific area, a, is 

Q 
near -0.5 for correlations of Cravrford and Wilke (turbulent), Ballard 

9 6 and Piret,-' and Dell and Pratt, but near -1 for correlations of 
7 8 Breckenfeld and Wilke, and Cravrford and Wilke (laminar). The new 

correlation agrees with the latter value. Similar differences are observed 

for the exponents of nQ and s. Since the new correlation is based on a 

wider range of experimental conditions, it. should be more reliable than 

previous ones. It is evident from comparisons of exponents that 

differences in correlations could be important if extrapolations to 

conditions far from those encountered in conventional systems are required. 

The differences between the new, proposed correlation and previous corre-

lations are significant, and justify the use of the new correlation in 

estimating flooding rates with new fluids, or in extrapolating data with 

other packing materials. 

Interpretation of Results. — We have examined the power dependence 

of flooding rates on some parameters shown in Eqs. (5-7). As a result, 

an attempt has been made to rationalize the results from qualitative 

knowledge of countercurrent flow patterns in packed columns. At high 

continuous-phase and low dispersed-phase flow rates the dispersed phase 

moves up or down the column in the form of small droplets. The dependence 

of flooding rates on density difference and void fraction is essentially 

what would be expected from settling rates of separate spheres. In the 
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inertial region, spheres settle with an approximately constant drag 
coefficient; therefore, the settling (slip) velocity is proportional to 
the square root of the density difference. 3h Eq. (7) the dependence 
(0.538) is near this value. Furthermore, in the inertial region, tne 
flooding rate should not be a strong function of continuous-phase 
viscosity, that is, power dependence on viscosity should be considerably 
less than unity. The dependence as shown In Eq,. (7) is significant but 
small (0.168), which is not inconsistent with the physical model .just 
described. 

At high dispersed-phase flow rates, the droplets coalesce into 
larger droplets, which fill some of the packing openings. It is more 
difficult to rationalize the dependence of Vj q on the significant para-
meters with physical interpretations. In this range of flow rates, inter-
action of the dispersed phase with the packing is increased. The vis-
cosity of the continuous phase should, therefore, have a decreased 
sffect. This proved to be true in subsequent observations; the correla-
tion was even improved by eliminating uc as a parameter. The flooding 
rate shows less dependence on packing diameter, but a strong dependence 
on void fraction. This latter term for Raschig rings does not vary 
over a wide range; nevertheless, it is statistically significant. 

Conclusions. — A new correlation has been proposed and tested that 
predicts flooding rates for Raschig-ring-packed columns with significantly 
greater accuracy than previous correlations over a wide range of fluid 
properties. The earlier correlations were developed from data covering 
a more narrow range of low-density difference systems. Although the 
i.ow correlation was developed solely from data for Raschig rings, it can 
also be used to extrapolate measurements made with other packing materials 
(e.g., Berl saddles). The dependence of flooding rates on parameters 
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such as density differences., viscosity, packing (nominal) diameter, etc. 
should he similar for many other packing materials. 

9.2 Performance of Open Bubble Columns 

J. S. Watson, H. D. Cochran, and J. Tester 
Measurements of gas holdup and axial dispersion in open bubble 

columns having diameters of 1, 1.5, 2, 3, and 6 in. over a wide range of 
operating conditions and liquid properties have been reported elsewhere.^" 
During this reporting period, these data, along with a large collection 

12-20 
comprising the best available data in the literature, have been 
reduced to generalized correlations based on dimensionless groups. 

It has been observed visually that the hydrodynamic performance of 
open bubble columns is characterized by two extreme flow regimes and an 
intermediate transition region. At low gas superficial velocities, the 
gas rises as discrete single bubbles. This flow regime is called the 
bubbly regime. At very high gas superficial velocities, the gas surges 
through the column in large cylindrical slugs occupying nearly the whole 
cross section of the column. This flow regime is called the slugging 
regime. In the Intermediate transition region, discrete bubbles coalesce 
as they rise through the column to form slugs near the top. It has proven 
useful to distinguish between the two extremes of flow in correlating 
hydrodynamic results. 

In the bubbly flow regime, the axial dispersion coefficient has been 
correlated using dimensionless groups as follows: 

WPe = r L - 1 2 N R e 0 " 8 2 N A r 0 ' ^ <10) 

*MIT Practice School Student. 
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where 
U D 

N_. = Peclet number = § - , Pe E z 

DcU 
N. = Reynolds number = , Re V l 

N. = Archimedes number = , Ar Vl 

and 

U = gas superficial velocity, S 
D = column diameter, c 
E^ = axial dispersion clefficient, 

g = acceleration of gravity, 

v^ = liquid kinematic viscosity. 

The validity of this correlation was estimated from the F factor; 

F Z ^ Y - y m e a n ) ^coeff 
E ( y - ypred ) 2 /( "data " Wcoeff ) 

The value of F was 1587; with 491 data points, this implies a high con-

fidence in the validity of the fit. 

In the slugging regime the axial dispersion coefficient has been 

correlated using dimensionless groups as follows: 

MPe " °-38'' *B. °'25 "Su 

where 
Dcpa 

= Suratman number = , bu .. 2 ' 
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and 
p - liquid density, 
a = Interfacial tension, 
H = liquid viscosity. 
Xs 

The F factor was 307 for this correlation, with 58^ Peclet number data 
points. Again, this established a high confidence in the correlation. 

The transition between bubbly flow and slugging flow may be reliably 
predicted from the intersection of Eqs. (10̂  and (11). The observed 
Peclet number tends tc follow the lower (greater axial mixing) value 
of the Peclet number across the transition-

Using this method for predicting the transition in flow regime, it 
has been possible to correlate data for gas phase holdup in each regime 
as follows: 
In the bubbly regime 

k . PU N 0.219 
0 = 0 , 3 2 2 ' ( 1 2 ) 

In the slugging regime 
, u 2 ^ 0.362 

<P - 0.8^8 , (13) 

where 
0 = gas holdup fraction. 

Figure 9.3 shows a log-log plot of predicted vs observed gas holdup for 
both the bubbly regime and the slugging regime. 

The correlations for axial mixing and gas holdup comprise a thorough 
description of the hydrodynamic performance of open bubble columns. During 
this reporting period a study of the mass transfer performance of open 
bubble columns has been initiated using the same equipment that was used 
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Fig. 9.3. Comparison of Predicted and Observed Holdup in Open 

Bubble Columns. 



for the hydrodynamic studies. The liquid film, controlled absorption of 

COg Into water has been chosen as the system for initial study; to date 

results have been obtained only on the 1.5-in.-dism column. Details of 
21-2 

experimental procedure and data analysis have been reported elsewhere. 
Carbon dioxide in an inert diluent gas (argon or air) was metered 

through a single l/4-in. orifice in the bottom of the column ana con-
tacted with distilled water that was introduced at the Lop. The liquid 
height in the column was adjusted by varying the elevations of an overflow 
on the liquid exit lin±. Water samples were taker, from the bottom of the 
columns as well as from points along the length of the column, and wer° 
titrated for CO- concentration. 

u 

The effects of axial mixing on mass transfer performance were iso-

lated by using values of the axial dispersion coefficient from the 

correlations given above, and the solutions to the dispersion equation 

given by Hiyauchi and Vermeulen. Column end effects (resulting largely 

from enhanced mass transfer at the inlets) were isolated by plotting 

the number of transfer units observed (corrected for axial dispersion) 

against column heignt. In general, a linear relationship was observed 

that could be extrapolated to zero column height to give the number of 

transfer units resulting from end effects. 

Val.ues of the mass transfer coefficient (after corrections for 

axial dispersion and end effects) are presented in Fig. as a function 

of gas superficial velocity. The effect of liquid superficial velocity 

was found to be small; therefore, the resuits in Fig. 9.3 are for various 

liquid flow rates. It was convenient to operate ths column with approxi-

mately the same extraction factors for all runs. Ar. appropriate 
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Fig. 9.^. Mass Bubble Coefficients in a 1.5-in.-diam Column. 
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extraction factor was chosen that permitted the most accurate evaluations 
of mass transfer coefficients (with the existing uncertainties in the C02 
analyses). 

Concentration profiles obtained from liquid samples along the length 
of the column have been compared with predictions from the Miyauchi-
Verraeulin dispersion equation. Figure 9- 5 presents a typical concentra-
tion profile including data points and predictions (solid line). It is 
evident that there is reasonably good agreement between predictions 
and observations, validating our use of the dispersion model. Moreover, 
it is clear that the assumption of complete mixing in the liquid phase 
(which has invariably been made in previous studies of open bubble column 
mass transfer performance) is not tenable. That the data do not support 
a plugflow model of the liquid phase is evident from the concentration 
jump at the liquid inlet (Z = 0). The presence of an end effect at the 
gas inlet (Z = 1) is shown by the deviation from the Miyauchi-Verraeulen 
model at the bottom of the column. Finally, the mass transfer coefficients 
derived from the observed concentration profiles are in good agreement 
with those obtained from the overall column performance, and have been 
corrected for dispersion and end effects. This encouraging agreement 
between the two independent experimental and analytical methods indicates 
that our experimental and analytical approaches are valid. 

Future studies will first involve columns with a variety of larger 
diameters. Subsequent studies will consider gas film controlled systems 
(NFL-H„0), and variations in liquid properties (viscosity, etc.). 
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Fig. 9- 5. Typical Column Profile and Comparison with Miyauchi-
Vermeulen Itodel. 
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9.3 Development of Mechanically-Agitated Liquid-Liquid Contactors 
J. A. Klein 

Contactors for the two phases, liquid metals and molten salts, have 
potential applications in the MSBR program, in addition to other uses. 
A mechanically-agitated nondispersing contactor is one possible type in 
which, for example, bismuth and fluoride salt phases can be agitated to 
facilitate the mass transfer of rare earths across the salt-bismuth 
interface. 

2*5 26 
Previous reports ' have shown that a water-mercury contactor 

using the reaction 
Pb++(HgO) + Zn(Hg) Zn(Hg) + Zn++(H20) (14) 

is suitable for studying mass transfer rates in high density difference 
systems. These studies have indicated that although results are generally 

27 
similar to the predictions of the Lewis correlation, significant devia-
tions from this correlation do exist. It was, therefore, deemed necessary 
to study geometric variations and mass transfer rates in rectangular cells 
similar to those proposed for the MSBR fuel reprocessing scheme. 

9.3*i Previous Correlations 
26 

Lewis developed the original correlation for this type contactor. 
His data were based on one size contactor and a variety of aqueous-organic 
systems. He fitted his results with the following empirical equation: 

60 fc 6 n 1.65 
— - = 6.76 + 10 Q Rex + Reg J + 1, (15) 
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where 
2 

Re = Reynolds number = — , 

N = stirrer speed = rps, 

L = stirrer length - cm, 

p = density = g/crn , 

T| = viscosity = g/cm»sec. 

v = kinematic viscosity = 7]/p = cm /sec, and 

1,2 = phase being considered. 

For the case in which N^ = and L^ = the above equation can 

be reduced to the form 

6 0 - 6 r /- P p n t 1 - 6 5 

— ~ ~ = 6.76 x 10 ° (L) [ Re^l + y J J + L . (16) 

This indicates that for Lewis' data, where the density of the various 

phases varied from 0.8 to 1.2 g/cm and the stirrer length was not varied 

at all, this correlation effectively uses only the Reynolds number of the 

phase being considered. 
28 

McManamey derived the following expression which is similar to 

Lewis', but includes the Schmidt term, although to a small power: 

^ . ^ (1 + J ^ ) ( ^ 3 7 ( L ) > 
V1 

where 

Sc = Schmidt number = i]/pD, 
2 D = diffusion coefficient = cm /sec. 

(17) 
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This equation can also be reduced to 

6 0 ^ = 0.102 (Re,)0'9 (1 + — ( S O - 0 ' 3 7 (L). (l8) vij_ -J- v pg y -L 

Again the Reynolds number of the phase being considered is the 

dominant factor, although it is raised to a different power from that used 

by Lewis (i.e., 0.9 rather than 1.65). 
29 

Mayers 7 developed a slightly more involved correlation of the follow-

ing form; 

This reduces to 

^ . 0.1896 ( % f 4 r0.6 • £ V (Sc,)"^ ( £ ) 0. J. (2c, 

This correlation indicates that the viscosity and density of both 

phases affect the mass transfer coefficient. The density term may be some-

what questionable because the small exponent of 0.5 resulted from consid-

eration of a limited range of densities, that is, 0.8 to 1.2 g/cn3. 

All the above equations closely correlate the large amount of aqueous-

organic data, with the I-'-ayers and i'5cMar.ar.ey correlations being slightly 

better than the Lewis correlation. However, in all cases, the only 

parameters varied to any degree were K, fy, T)9. A H other variables 

wore held constant. 

9.3.2 Experimental 

Ibree rectangular contactors were fabricated i:i the following 
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sizes: 5-1/k in. by 7 in., 7-3/k in. by 10-1/2 in., and 11-5/8 in. by 
12-1/2 in. The two smaller vessels were constructed of Plexiglas, while 
the larger was fabricated in stainless steel. 

-Agitator blades with 5-> and 7-in« -diam were fabricated. One 
set of blades having these diameters was fabricated with a constant 
height of 3/k in. Another set had a constant ratio of blade diameter to 
blade height of ij-.O. All blades were four-vaned straight paddles. 

Many experimental runs were made with each contactor size. Phase 
volume and blade size, as well as agitation rates, were varied. Agita-
tion rates were limited to values below the point at which dispersion of 
the phases became apparent. Identical size paddles were used in each of 
the two phases. 

Details of sampling and analysis of data are included in a previous 
+ 2k report. 

9.3.3 Results 

Results were compared with each of the three correlations discussed 

above. Results for the 7-3/^ in. by 10-1/2 in. cell, and the 5000-cc 

volume for each phase are shown in Pigs. 9 9 « 1) and- 9-8. 'Ehe results 

for other cell sizes are similar to those results shown. The data are 

shown in Table 9.3 for the HgO-H^ system. Phase 1 is the mercury phase, 

and pliase 2 is the aqueous phase. 

Experimental mass transfer coefficients ranged from 3% to 3®% of 

the values predicted by the Lewis correlation. The slope of the data 

deviated significantly from the Lewis correlation. The slope of the 

McManamey correlation agreed with the slope of the data very closely, 

but experimental values were only 15 to 3®% of predicted values. The 
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Fig. 9.6. Selected Experimental Results as Compared to the Lewis 

Correlation for the Water-Mercury System. 
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to the '•fc'-'-an&mey Coi'i-eltttion. 
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Fig. 9.8. Selected Experimental Results as Compared to the Mayers 
Correlation for the Water-Mercury System. 



Table 9.3. Experimental and Predicted Mass Transfer Rates for the Water - Mercury System 

Predicted8, Experimental Contactor Blade Phase Stirrer 60 k L 60 k L 
Run Size Size Phase Depth Speed 1_ 1_ 
No. (cm) (diam x height) Volume (cm) (rpm) V^ V^ 

1 13.3 x 17.8 7.62 X 1.90 
2 13-3 X 17.8 7.62 X 1.90 
3 13.3 X 17.8 7.62 X 1.90 
5 13.3 X 17.8 7.62 X 1.90 
10 13.3 X 17.8 7.62 X 1.90 
11 13.3 X 17.8 7.62 X 1.90 
12 13.3 X 17.8 7.62 X 1.90 
13 13.3 x 17.8 7.62 X 1.90 
14 13-3 X 17.8 7.62 X 1.90 
20 13.3 X 17.8 7.62 X 1.90 
21 13.3 X 17.8 7.62 X 1.90 
22 13.3 X 17.8 7.62 X 1.90 
23 13.3 X 17.8 7.62 X 1.90 
24 13.3 X 17.8 7.62 X 1.90 
35 13.3 X 17.8 12.70 X 3.175 
36 13.3 X 17.8 12.70 X 3.175 
37 13.3 X 17.8 i:\70 X 3.175 
38 13.3 X 17.8 12.70 X 3.175 
39 13.3 X 17.8 12.70 X 3.175 
40 13.3 X 17.8 12.70 X 3.175 
hi 13.3 X 17.8 12.70 X 3.175 
kz 19.7 X 26.7 7.62 X 1.90 
43 19.7 X 26.7 7.62 X 1.90 
bb 19.7 X 26.7 7.62 X 1.90 
45 19.7 X 26.7 7.62 X 1.90 
46 19.7 X 26.7 7.62 X 1.90 
47 19.7 X 26.7 7.62 X 1.90 

1200 5.2 55 917 836 
12 00 5.2 72 1200 577 
1200 5.2 98 1634 1457 
1200 5.2 136 2267 3078 
1800 7.8 53 736 689 
1800 7.8 70 972 645 
1800 7.8 99 1375 1313 
1800 7.8 150 2083 2710 
1800 7.8 180 2500 3956 
2600 11.0 51 607 428 
2600 11.0 70 833 517 
2600 11.0 126 1499 2025 
2600 11.0 183 2177 3034 
2600 11.2 205 2420 3711 
1200 5.3 29 1676 1849 
1200 5-0 h9 2906 3318 
1800 7.5 29 1^33 1609 
1800 7-5 50 2471 3811 
2600 11.0 29 1206 1017 
2600 11.0 51 2121 3377 
2600 11.0 81 3369 6294 
3000 5.5 51 829 476 
3000 5.5 77 1252 1064 
3000 5.5 123 1999 1919 
5000 9.5 50 635 756 
5000 9.5 80 1017 1024 
5000 9-5 120 1525 1548 



Table 9.3 (Continued) 

(L) 
Contactor Blade 

Ran Size Size Phase 
No. (cm) (diam x height) Volume 

48 19-7 X 26.7 7.62 X 1.90 5000 
19.7 X 26.7 7.62 X 1.90 7000 

50 19.7 X 26.7 7.62 X 1.90 7000 
51 19.7 X 26.7 7.62 X 1.90 7000 
52 19.7 X 26.7 7.62 X 1.90 7000 
53 19.7 X 26.7 7.62 X 1.90 9000 
54 19.7 X 26.7 7.62 X 1.90 9000 
55 19.7 X 26.7 7.62 X 1.90 9000 
56 19.7 X 26.7 7.62 X 1.90 9000 
70 19.7 X 26.7 12.70 X 3.175 3000 
71 19.7 X 26.7 12.70 X 3.175 3000 
72 19.7 X 26,7 12.70 X 3.175 3000 
73 19.7 X 26.7 12.70 X 3.175 3000 
74 19.7 X 26.7 12.70 X 3.175 5000 
75 19.7 X 26.7 12.70 X 3.175 5000 
76 19.7 X 26.7 12.70 X 3.175 5000 
77 19.7 X 26.7 12.70 X 3.175 5000 
78 19.7 X 26.7 12.70 X 3.175 7000 
79 19.7 X 26.7 12.70 X 3.175 7000 
80 19.7 X 26.7 12.70 X 3.175 7000 
81 19.7 X 26.7 12.70 X 3.175 7000 
82 19.7 X 2617 12.70 X 3.175 7000 
83 19.7 X 26.7 12.70 X 3.175 9000 
84 19.7 X 26.7 12.70 X 3.175 9000 
85 19.7 X 26.7 12.70 X 3.175 9000 
86 19.7 X 26.7 12.70 X 3.175 9000 
100 19.7 X 26.7 17.78 X 4.44 3000 
101 19.7 X 26.7 17.78 X 4.44 3000 
102 19.7 X 26.7 17.78 X 4.44 3000 

J H> P^ Predicted3 Experimental Phase Stirrer 6 6 o 
Depth Speed 1 1 
(cm) (rpm) V^ V^ 

9.5 181 
13.5 53 
13.2 78 
13.5 127 
13.2 185 
17.1 51 
17.0 82 
17.0 125 
17.0 150 
5.5 21 
6.0 hi 
6.0 59 
6.0 79 
9.5 20 
9.5 44 
9.5 61 
9.5 75 
13.5 21 
13.5 4o 
13.5 60 
13.5 80 
13.5 89 
17.0 20 
17.0 41 
17.2 60 
17.2 80 
5.8 21 
5.8 4i 
5.8 48 

2300 2507 
575 765 
855 1045 
1378 956 
2028 1839 
498 421 
802 842 
1223 1022 
1467 1234 
1193 959 
2240 l84o 
3223 2521 
4316 3^85 
889 884 
1955 1681 
2710 2769 
3332 4329 
797 869 
1517 1144 
2276 2046 
3035 3133 
3376 353^ 
684 776 
1402 1372 
2041 1853 
2721 2690 
2657 2640 
5185 5094 
6073 7350 



Table 9.3 (Continued) 

(L)" (H) (N) 
Contactor Blade Phase Stirrer 

Run Size Size Phase Depth Speed 
No. (cm) (diam x height) Volume (cm) (rpm) 

103 19.7 x 26.7 17.78 x 4.44 5000 9.5 21 
104 19.7 x 26.7 17.78 x 4.44 5000 9.5 35 
105 19.7 x 26.7 17.78 x 4.44 5000 9.5 50 
106 19.7 x 26.7 17.78 x 4.44 7000 13.5 20 
107 I9.7 x 26.7 17.78 x 4.44 7000 13.5 35 
108 19.7 x 26.7 17.78 J: 4.44 7000 13.5 52 
109 19.7 x 26.7 17.78 x 4.44 9000 17.2 22 
110 19.7 x 26.7 17.78 x 4.44 9000 17.5 39 
111 19.7 x 26.7 17.78 x 4.44 9000 17.5 47 
130 29.5 x 31.8 12.70 x 3.17 25000 26.8 32 
131 29.5 x 31.8 12.70 x 3.17 25000 26.9 51 
132 29.5 x 31.8 12.70 x 3.17 25000 26.2 80 

1.4 w x.-r p 0.27 jj " 
0.2058 ( ^ ( i ^ ) ( i ) ( a Q ( 0 . 6 ^ ) 

0.45 -1/6 -2.4 

Predicted' 
60 kxL 

a 

Vn 

2128 
35̂ -6 
5066 
1730 
3028 
4498 
1707 
3002 
3617 
892 
l4l8 
2252 

Experimental 
60 kxL 

2169 
4223 
6l04 
1440 
3392 
6091 
2118 
331^ 
4566 
1167 
1435 
1881 

M N2. 
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McManamey correlation is only slightly better than the Lewis correlation. 

The Mayers correlation matches the data slope very well, but underpredicts 

experimental results by 40 to 50^. 

The results shown in Figs. 9«6 and 9.7, as well as the remainder of 

the data, indicate that the mass transfer coefficient is proportional 

to the stirrer length, L, raised to a power different from that associated 

with the Reynolds number. In the Mayers correlation the exponent of L 

is 1, rather than approximately 2 as in the other correlations. This 

change improves the correlation, but is also seems to overcompensate to 

some extent. 

Using the Mayers correlation as the best of the existing correlations, 

two additional terms were added to include the effect of the density 

ratio of the two phases (p̂ /p,,), and a dimension ratio (L/H) where H is 

the height of an individual phase. 

The tank size or phase volume was shown to be -unimportant except in 

the manner in which it affects H. 

A linear regression was performed on all the new experimental data 

to determine'the exponents on (p-,/p?) and (L/H) with the following result: 

For the case in which the blades in each phase have identical dimen-
sions and stirring rates, this reduced to 

60 k1Lj[ 

(21) 

60 k L Tin V Hi n"2-^ -1/6/- Pi 2 7 T -N0'2^ 
— ^ = 0.2058 (Re,) (0.6 + (SCl) Q ) ( | ) 

(22) 
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The constant was determined by using the aqueous organic systems as 
well as the mercury-water system. Thus, the new correlation predicts the 
aqueous-organic systems as accurately as the original Mayers correlation. 

This correlation fits the experimental water-mercury data with a 
s bandard deviation at 25$>, and is shown in Fig. 9.9. 

9.3.4 Salt-Metal Contactor 
It was also deemed necessary to look at mass transfer rates in an 

actual fluoride salt-bismuth contactor. Thus, a mild steel contactor 
was fabricated and installed in the mild steel reductive extraction 
facility. This system (Fig. 9-10) allows for (1) the periodic cleaning 
of the feed salt and metal, (2) the removal of surface contamination from 
the salt-metal interface, and (3) the varying of the distribution ratio 
of the material of interest between the salt and bismuth. 

The new stirred interface contactor makes use of the existing piping 
equipment and instrumentation present in the mild-steel, reductive extrac-
tion system. The contactor is geometrically identical to the contactor 
that was used with the water-mercury system, and consists of a 6-in. 
diam carbon steel vessel containing four 1-in. wide vertical baffles. 
The agitator consists of two 3-in.-diam, four-bladed stirrers, and 3/4-in. 
overflow at the interface allows for removal of interfacial films, as well 
as the salt and metal outflow. The system is operated in essentially the 

same manner as was employed with the packed column. The salt and bismuth 
97 237 

phases are equilibrated prior to an experiment. Tracers of Zr and U 
are added to the salt, after transfer of the salt and metal phases to the 
feed tanks. This permits determination of the rates at which zirconium and 
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Fig. 9.9. Experimental Water-Mercury Results as Fit by the 

Modified Mass-Transfer Correlation. 
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Fig. 9.10. Salt-Metal Contactor as Installed in the Mild-Steel 
Reductive Extraction Facility. 
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uranium tracer transfer from the salt to the hismuth in a system that is 
otherwise at chemical equilibrium. 

9.3.5 Mathematical Analysis 
For a flowthrough, continuously stirred contactor at steady-state 

conditions, a mass balance on the salt phase yields 

F1C1 = F1Cs + material transferred, (23) 

where 
•3 

F^ = flow rate of salt, cur/sec, 
C1 = tracer concentration in salt inflow, units/cm , 
Cs = tracer concentration in salt outflow, units/cm3. 
Expressing the material transferred as the product of an overall 

mass transfer coefficient and a driving force times the area available 30 for mass transfer yields 

material transferred = K A (C - C /D), (24) 
S S TCV 

1/Ks = l/ks + 1/Dkm , (25) 

where 
Kg = overall mass transfer coefficient in salt phase, cm/sec, 
k = individual mass transfer coefficient in salt phase, cm/sec, 
k = individual mass transfer coefficient phase in metal, cm/sec, 
D = distribution coefficient, m°les/cm3

 } 
moles/cm o Cm = tracer concentration in metal outflow, units/cm , 

2 A = interfacial area, cm . 



Taking an overall s-tss balance: 

f -i. V - "« V .. V 

where 
Cg tracer concentratior. ir. rr.c-tal i:\xlj-, 
Fg = flow rate of metal, c-'/^eu. 

If it is assumed that C^ = 0, tb.cn 

Combining Eqs. (23), (24), and (27) yield 

F,C„ + ?»C = ?,C • K„C„A -
«L V< fa M 1 S W <J> 

c, = c_ + c„ ?„/?,. 

C,/Cs 

Rearranging Eq. (28) gives 

v"c /C > F. 

(2=) 

v = ^ m V 2 . (2o) 

The above equation can then be used to calculate mass transfer coefficients 
from experimental results (i.e., the ratio of tracer concentrations in 
the bismuth and salt outflows). 

Approximately 1C liters of salt and bismuth are available. This 
should allow for flow rates up to 200 cc/min. Experimental D values, the 
distribution coefficient for material of interest, will tend to vary some-
what; however, if D is made large enough then Eq. (29) reduces to 

(30) 



V »• V ~ » „• » . <f fa>r*v M v « «»•-<» - y f V k « . r > r .»>-«««» «.«• 

yi-.â c r.... Tr.c c ".rrti-r. L:; .'2-. 

assuravdy t:rc.lv--- V:,'.- cxj.crisw.'i&i V.v i:>\>.. v.-r-rwi-c,iry v 

yell a-S a;r.;.c*:•-jr*'w.Ic I'viwlxs.. A 

-̂.Lsrcd. ir."„\ii-ra.c<: vai i:; the -I VI iitel induct 

7.'» Zoirp" Lz:. .î udifo 
C« Forrester ur.d J. o. Viatic;:: 

31 

A, fusion reactor design described by Fraas employs vl liquid lithium 

blanket for tritium bx'ccdi::g ur.d also ac the prirr,ary r.eat trajisfer niediur;. 

Tne lithiur. transfers heat to a potassium boiler v;itr. ar. exit terr.pei'ature 

of 1000"C. A potacsiun topping cycle is used, and the •JOO°C potassium 

vapor is condensed in a conventional steam boiler-turbine system providing 

the final thermal-electric energy conversion. With such a design both 

theoretical and economic considerations suggest only two or three viable 32 tritium recovery techniques. ' J One of the more promisi:.̂ , of these 
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appeal's to be sorption of tritium from tbe potassium coolant (or the 
lit::i;u.i Lix'-kc-t) using hydrogen-gettering metal sorbents such as yttrium, 
-irconixra, or rare-earth metals. 

9.4.1 Description of Experiment 
A study of tritium sorption from potassium is presently being 

conducted using selected metal sorbents (both coated and uncoated). 
M-tals chosen for study include known hydride-formers with large equi-
librium hydrogen uptakes at low tritium pressures. These include yttrium, 
uirconium, and (to a much lesser extent) uranium and titanium. 

Figure 9-H shows the schematic of the liquid potassium purification 
and transfer system used in this study. It consists of a small sorption 
chamber, a potassium feed tank, and a drain tank that also serves as a 

-4 ̂  
bubbler. Research grade argon l̂ess than 10 % total impurities) is 
used to force the potassium from the feed tank to the drain tank, through 
the adsorption chamber. Pressure in the feed tank is usually quite low, 
but never exceeds 5 psig. To reduce the problems of oxygen contamination 
of the potassium, the entire process system is leak-tight and further 
enclosed in a glove box with a once-through, dry argon atmosphere. The 
glove box also serves as secondary tritium containment, operating at a 
alight negative pressure (0.5 in. HgO) and exhausting to the hot off-gas 
system. The presence of an inert atmosphere around the potassium-
containing vessels also gives an added measure of safety from alkali 
metal fire hazards. 

At the beginning of the program, approximately 1200 g of pure 
potassium (le?s than 50 ppm total impurities) were placed in the glove 
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b ::< in a scaled vessel that *the:; cjr.:;oct«d dl.vectly to the process 
jystc-r.. is vessel a I-orge sr..sunt of uirecr.iur. foil (K/Zr vrt 

ratic ~ ?. 5 ), which is ar. effect Lve osQ/jpr. iett-'-r a.-, tespai-avure-s above 
•pa^C. TJIC vessel 1;; utili i:; use tc periodically clean the potassium. 
After the pjiasslur. was transferred to the ';.r it luting tank, an orgon-
t-*Ltivjn gas ~dxture was sparged ir.to the liquid. Tritium in the- jjas 
stream dissolved in the- potassium, and subsequent ar.alysis has shown that 
the tritium concentration i:: the liquid Is hc-j ~ h? ppb. 

9 . 2 5xpex*i;r.ental Procedures 
Preliminary experiments wore based upon a "differential bed" 

approach. In this technique a very thin sorbent bed is used, and mass 
transfer taking place during contact between sorber and solution is 
measured by examination of the bed itself. Tne total amount of mass 
transferred during such an experiment is small, and the concentration of 
tritium in potassium remains essentially constant. The sorption chamber 
and the enclosed sorber (small metal foils 1/2 x 1/2 x 0.020 in.) were 
first allowed to contact the tritiated potassium at 150°C. Two methods 
for measuring tritium in the sorbent were tested. The first method 
involved desorbing in argon at elevated temperatures. The sorption 
chamber was isolated, heated to 400°C, and swept with argon. The gas 
stream leaving the chamber passed through a CuO bed at temperatures up 
to 600°C, and then through a silica gel bed (30°C) where tritium was 
removed. (Some experiments were conducted without a CuO bed, using only 
silica gel to trap the tritium.) The gel beds were analyzed, but diffi-
culties in gas analysis prevented use of this technique as it was initially 
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conceived. The second netr.sd involved measuring changes ir. tritium 
concentration in the metal. Development of* a n a l y t i c a l proced-jres are 
discussed below. 

9 . 3 Development of Analytical Capabilities 
Gas Analysis. — Results of the initial sorption chamber swec-p-gas 

analyses suggested a fundamental technical problem - an inability to 
accurately and reproducibly measure tritium concentrations in a gas 
stream. Attempts were made to evolve an effective gas sampling technique 
using the constant composition tritium-argon gas mixture that had been 
used to tritiate the potassium. An injection system was constructed 
to introduce a measured volume of this mixture into a pure argon flush 
stream which then flowed to the analysis system under study. Various 
silica gel beds were used to optimize (1) bed volume, (2) gas flow rate, 
and (3) adsorbed water content of the bed prior to tritium pick-up. 
Silica gel and 5A molecular sieves were equally effective in sorbing 
tritium from argon. Small beds containing 2 ml of sorbent in 1/4-in. 
stainless tubing beds sorbed better than 90% of the tritium contained in 
argon flowing at 50 to 100 ml/min. Tritium was removed from the silica 
gel or molecular sieve beds by leaching with a measured amount of water 
for 10 min or more. The leach water was analyzed by conventional liquid 
scintillation techniques. The sorbent could be added directly to the 
liquid scintillation solution; howeve' . leach time of several hours was 

required before maximum counting rates were observed. 
* 

Scintillation solution recipe: 
12 grams PPO 
0.3 grams P0P0P 
2010 ml toluene (gj 
990 ml TRITON X-100 , a product of Rohm and Haas. 
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Tritium-argon gas mixtures were also passed over CuO beds at 350° 
and 600°C before going to the sorption columns. The object of these 
tests was to improve Tg recovery by oxidation to T^O: 

T2 + CuO > Tg0 + Cu . (31) 

T„3 is more strongly sorbed by the silica gel or molecular sieve beds. 
At the lower temperature, however, tritium was sorbed to a considerable 
extent by the CuO itself, hindering recovery. At o00°C, measurable but 
insignificant sorption by the CuO was observed. Furthermore, tritium 
recovery by the sorbents was improved significantly, perhaps by an order 
of magnitude. 

Numerical analysis of the data obtained during these tests gave a 
mean value of 2.5 x 10 Ci/liter (STP) for the activity of the tritiated 
argon gas supply; however, scatter in the data was significant, and the 
mean is only accurate to ±16$ (at 95% confidence). We felt this accuracy 
woulu be inadequate for determining tritium uptake by gas analysis. It 
had been suggested that better accuracy could have been achieved by the 
controlled addition of hydrogen (protium) to the argon stream entering 
the analysis system. This would tend to flush tritium through the CuO 
bed and from the tubing walls, but it would introduce hydrogen to the 
apparatus and possibly increase the hydrogen content of the liquid 
potassium. 

Metal Analysis. — Tritium uptake can also be determined from analysis 
of the potassium before and after contact with the sorbent. After 
experiencing difficulties with gas analysis, our attention shifted to 
analysis of the metal phase. First attempts to analyze potassium for 



tritium employed mercury amalgamation in a stainless steel vessel which 
was continuously swept with argon. The sweep gases were passed over a 
CuO bed (600°C) and through a water bubbler where tritium -.-/as held up by 
isotonic exchange. (The effectiveness of this method of tritium removal 
from argon was checked by placing sorbent beds and/or secondary bubblers 
in the gas line following the first bubbler. These secondary traps, 
then analysed for tritium, showed measurable but insignificant activity.) 
Regeneration of the mercury after amalgamation was accomplished by the 
addition of water as follows: 

amalgamation - XHg + K -> Hg^K (32) 

regeneration - 2 Hg^K + 2HgO > 2 XHg + 2K0H + Hg. (33) 

Mercury was separated from the aqueous KOH solution, mixed with a second 
aliquot of water, separated, and washed a third time. Water from the 
third wash was analyzed for tritium and showed no appreciable activity. 
Water from the second wash was added to the hydroxide solution from the 
first wash and counted for tritium. Titration of a portion of this solu-
tion with HC1 measured the mass of the potassium sample. 

Although successful analyses were carried out using the amalgamation 
technique, it was abandoned in favor of another approach that was being 
developed concurrently. The mercury system worked well with clean 
mercury and potassium samples, but in transferring potassium from the 
experimental apparatus to the analytical hood, significant oxygen con-
tamination was observed. Oxidized potassium, unreactive with mercury, 
sometimes caused portions of the sample to be protected from amalgamation. 
Upon addition of regeneration water, violent reactions occurred on several 
occasions. 
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Figure 9.12 shows the apparatus that is currently used in the 

potassium analysis procedure, A pool of toluene covers the potassium-

filled sample tube that is open at both ends. The tube typically contains 

between 6 and 8 g of tritiated potassium. After an argon sweep gas has 

been established, a quantity of ethanol considerably in excess of the 

amount necessary to react with the potassium sample is added to the 

toluene. Reaction proceeds rapidly (but not violently), and is com-

plete in 2 to k hr. Tritium released from this reaction is flushed 

through the CuO bed (600°C) and is trapped by the water bubbler. A small 

amount of hydrogen is added to the argon to flush tritium continuously 

from the CuO and the tubing walls. Aliquots of water bubbler and reactor 

vessel residue are taken for scintillation counting, and a portion of 

tine residue is titrated with HC1 to determine the mass of potassium in 

the sample. The toluene pool is used to provide a heat sink for the 

heat of reaction between ethanol and potassium and to dilute the 

ethanol reactant. Pure ethanol added to potassium reacts too vigorously 

for our purposes, and with considerable evolution of ethanol vapor. 

Toluene was chosen because it is unreactive towards potassium and is 

compatible with the scintillation counting medium. 

Results of the ethanol analysis of tritiated potassium samples are 

presented in Table 9« I 1̂6 precision of the measurement is indicated 

by repeated measurements of the tritium concentration in the bulk 

potassium reservoir. Small samples (less than 1 g) showed more scatter 

than large- _nes. 

Metallic sorbers are analyzed by dissolving them in acid and 

counting a neutralized and diluted aliquot of the resulting solutions. 
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Table 9.4. Results of Tritlated Potassium 
Analyses (Blank Samples) 

Sample Potassium Tritium 
Number Weight (g) Concentration (ppb)a 

36 r S £ 0.00 490 
37 7.20 419 
30 7.20 455 
39 7.01 484 
4o 6.54 479 
51 0.98 511 
52 7.20 489 
54 T C "1 1 • J3 470 
55 7. '->1 475 
57 7. 20 516 
58 6.82 466 
59 7.23 
60 6.98 445 
61 6.96 560 
62 7.23 462 
63 5.. 55 486 
64 6.98 562 
65 7.01 588 
00 6.92 514 
71 6.60 489 70 1 -• 6.90 535 
7j 7. 20 493 
74 7.12 498 
75 6.90 496 
79 7.03 5 66 
c-0 6.84 529 
62 6.82 521 
23 7.01 489 Q ̂  6.84 449 

t" 7.06 504 
90 6.9 8 458 
92 6.92 463 
94 7.17 488 
95 6.92 398 
98 6.90 407 
99 6.92 392 

a3amp3.e mean = Z X/K - 486 ppb; 

Standard deviation = [EX2 - (EX) 2/Nj/N = 44.8 ppb (9.2%); 

Range of mean © 95% confidence = X - X = ± 14. 9 ppb (3.1%). 
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These reactions are carried out in an argon-hydrogen swept system sii ilar 

to that used in the potassium analysis. A dilute caustic bubbler is used 

to protect the CuO bed from acid vapors. Results of these analyses are 

given in Table 9«5« 

9 . S o r b e r Materials Evaluation 

Potassium analyses were successful but gas sampling posed technical 

problems. For this reason the "differential bed" approach to sorbent 

materials evaluation was abandoned in favor of batch contacts. As the 

name implies, small samples of sorbent material are allowed to contact 

measured amounts of tritiated potassium for periods of time ranging from 

a few minutes to several days. This approach is satisfactory for slow, 

solid diffusion, controlled processes. Temperatures have ranged from 

150° to 400°C. After sorber and potassium have been in contact for the 

desired equilibration period, the potassium is drawn into a sample tube 

and analyzed for tritium content. After several such tests, the sorber 

itself is removed from the system and analyzed. Potassium "blank" samples 

are drawn from the supply reservoir (feed tank) periodically to maintain 

surveillance of the bulk tritium concentration. Samples were also taken 

from the sorber chamber (with no sorbent material present) at various 

times to ensure that changes in tritium concentration in the potassium 

did not occur as a result of other transport mechanisms. 

Yttrium Sorbers. — Since yttrium appears to have the greatest capacity 

for hydrogen of all the hydride-forming metals, tests using yttrium metal 

sorbers were the first to be made. Table 9.6 lists some of the metals 

investigated and/or studied using the equilibrium apparatus. The Sieverts' 



Table 9.5. Sorber Analyses 

Surface Tritium 
Sorber Specifications Coating Material Treatment Concentration 

Number Material Weight (g) and Applicationa Procesŝ  (ppb)c 

la Yttrium 0.16 None None 208 
ID Yttrium 0.16 None None 294 
2 Zirconium 0.74 Nickel (S-0.1) None 5.2 
3 Zirconium 0. ih Nickel (S-.01; P-l) None 3.2 

Zirconium 0.33 Nickel (S-0.1) HT 2.5 
5 Zirconium 0.71 Nickel (P-l) None 0.05 
6 Zirconium 0.72 Nickel (P-l) HT 0.09 
7 Zirconium 0.72 Nickel (P-l) HA; HT 0. 22 
8 Zirconium 0.72 Vanadium (S-0.1) None 0.2̂  
9 Zirconium 0.69 Vanadium (S-0.1) HT; AE 0.32 
10 Zirconium 0.70 Vanadium (S-0.1) HA 0.95 
11 Zirconium 0.70 Vanadium (S-0.1) HA 0.91 
12 Zirconium 0.66 None AE (3 N HF) 2.73 
13 Zirconium 1.87 None AE (3 N HF) ND 
LIT Uranium ~1.5 None AE (0.1 N HC1) ND 
15 Titanium oM None AE (3 N HF) ND 
16 Yttrium 1.15 None None ND 
17 Titanium 0.51 None AE (3 N HF) ND 
18 Zirconium 0.97 Nickel (P-l) None ND 
19 Zirconium 0.09 Nickel (S-0.1) None ND 
20 Zirconium 0.08 Nickel (S-0.01) None ND 

s Coating application processes: 
(P-l) - electroplated to a thickness of 1 mil. 
(S-O.l) - sputter etched then sputter coated to a thickness of 1/10 mil. 

Ŝurface treatment processes: 
AE - acid etched; 
HT - heat treated (annealed) at 650°C for k to 5 hr; 
HA - hydrogen "activated" (6oo°C, 5 psig Hg). 

CND - not determined. 
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Table 9.6. Hydrogen-Gettering Potential of Selected Metals 

Metal 
Investigated 

Sieverts' Constant3, 
k = c/p1/2 

(ppm./ torr-1/2 ) 
Temperature 
Coefficient13 
(cal/g-mole) 

Literature 
Source 

Yttrium 1.7 x 105 to Q.k x 109 11700 to 18200 Yannopoulos 

Zirconium 
(T 

2.0 x 10 11800 Kearns 

Titanium 3.6 X 102 92^0 Albrecht 

Potassium 10 0 Compere 

Vanadium 1.3 -6930 Chariot 

304 SS 1.2 -2. 29 Nelson 

Iron 4.5 x 10"1 -6.59 Kelson 

Nickel 2. 9 X 10"2 -3600 Robertson 

Uranium 2.5 x 10~2 -1770 Mallett 

aAt 150°C. 
v 
k" E X P ( B / R T ) . Applicable temperature ranges vary with, the literature 
source. Since most literature data have been taken at temperatures 
and hydrogen pressures higher than those of interest in this study, 
extensive extrapolation has usually been necessary. 
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constant is used as a measure of hydrogen-gettering potential, though 

other considerations may rule out the use of any metal listed. 

Yttrium metal samples procured for initial studies were tested even 

though they were of poor quality. The metal appeared layered (somewhat 

like sheets of mica) and the surfaces were friable and discolored. 

Cleaning and etching were ineffective. Results of the tests were con-

clusive; the metal did not sorb any appreciable amounts of tritium during 

contact times for periods extending up to four days. After testing some 

other metals, a second source of yttrium metal was found that w far 

superior in appearance to the first material. Cleaning and etching the 

surfaces of these samples, however, did not result in any improvement 

in sorption rate. The metal did not sorb tritium in detectable quantities 

from potassium even after a contact time of four days. We believe that an 

impenetrable oxide barrier is formed upon the metal surface which effec-

tively closes the interior of the metal to hydrogen permeation. Efforts 

to circumvent this problem are described in the section on Zirconium 

Sorbers — Coated and Uncoated. 

Titanium Sorbers. — Titanium sorbers were tested briefly with indica-

tions that tritium sorption was taking place, but only very slowly after 

contact times of 24 hr or longer. Even at contact times of 72 hr, however, 

the extent of tritium removal from the potassium was small - about 28$ of 

the tritium originally present in the potassium. Such slow mass transport 

makes titanium unsuitable for use in CTR applications. 

Uranium Sorbers. — A small quantity of natural uranium sheet was 

obtained from the Metals and Ceramics Division for testing. The metal was 

heavily oxidized; but unlike the tenacious and impenetrable oxide films 
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characteristic of yttrium and zirconium, the uranium oxide was flaky and 

broken. It resembled the familiar iron oxides. After etching in dilute 

HC1, the metal samples appeared to be clean and shiny. The samples 

were then placed into the sorption chamber for study. Tritium sorption 

was observed for this material after short contact times; increasing 

contact time promoted further sorption, though the extent of further 

tritium pickup seemed quite limited. This indicates a rapid uptake to 

equilibrium conditions, through the 32% tritium removal observed is the 

most promising result observed to date. Figure 9-13 gives some of the 

results obtained in these scoping studies of yttrium, titanium, uranium, 

and zirconium. 

Zirconium Sorbers - Coated and Uncoated. — Most of the testing done 

to date has been with zirconium metal sorbents. The reasons for choosing 

this metal include the following: 

(1) There is considerable literature data available dealing with 

the Zr-H system. 

(2) A large supply of high-quality zirconium metal is available 

at 'ORNL. 

(3) Zirconium presents one of the highest hydrogen-gettering 

potentials of the metals investigated in the literature 

(see Table 9.6). 

Figure 9-14 presents the results of zirconium sorbent testing. The 

uncoated sorbents gave results similar to those observed for yttrium; 

that is, no measurable transfer of tritium from potassium to sorbent was 

observed. This result seemed inconsistent with literature data describing 

zirconium affinity for hydrogen, and it was again our belief that a 



ORNL DWG 7 4 - 9 5 5 6 

<E Ul i- — U_ J3 <i a a 
2 tc to (U 
V) CD K t; ° O W 
a 

-i 
u 

z s o UJ < X ce t-i-
Z O U z O — Z I -
o o u ? 

z z o 3 o 

600 

4 0 0 

KEY TO SYMBOLS 
• ZIRCONIUM 
A URANIUM 
• TITANIUM 
D> YTTRIUM 

INITIAL TRITIUM CONCENTRATION 
(UPPER BOUND 9 5 % CONFIDENCE) 

(LOWER BOUND) 
REFERENCE LINE 

( Z r ) 

oo 

\ 
• ^ 

(U) 

200 
0 . 5 

_L 
o.i i 10 100 1000 

CONTACT TIME ( h r ) 

Fig. 9.13. Selected Results of Batch-Contact Tritium-Gettering 

from Potassium Using Uncoated Metal Sorbents. 



317-

ORNL DWG 7 4 - 9 5 ^ 0 

u 
<S s S 2 — 
in oc 
« U J ga> 

oiu 
£UJ & 
zz 
8g 
or 
E3 
a: 

600 

4 0 0 

200 

KEY TO SYMBOLS: 
A SPUTTERED VANADIUM COATED ZIRCONIUM 
• SPUTTERED NICKEL-COATED ZIRCONIUM 
• ELECTROPLATED {NICKEL) ZIRCONIUM 

INITIAL TRITIUM CONCENTRATION (UPPER BOUND 9 5 % CONFIDENCE 

REFERENCE LINE (UNCOATED Zr) 

_ (LOWER BOUND) 

I 10 
CONTACT TIME (hours) 

100 

Fig. 9.14. Selected Results of Batch-Contact Tritium-Gettering 

from Potassium Using Coated Zirconium Sorbents. 



879-

surface oxide film was acting as a barrier to mass transfer. Some 

sorbent samples were etched in j .J;1 to remove this oxide, hut a surface 

film reformed immediately upon removal of the metal from its acid hath. 

Sorption testing indicated, as expected, that the newly formed film was 

an equally effective barrier to tritium transport. 

A few samples were first nickel-plated, then heat treated at o50°C. 

The purpose of the nickel (about 1 mil thick) was to protect the zir-

conium surface from further oxidation during heat treatment. Oxygen 

already at the zirconium surface has been shown to dissolve within the 

bulk metal at temperatures greater than o00°C. ^ Although a few of 

these clad and heat-treated sorbents were tested in the sorption apparatus, 

the negative results obtained were not unexpected. Close examination 

of the samples showed that the nickel cladding had undergone metallurgical 

changes during the heat treatment, including exaggerated grain growth 

and extensive cracking along grain boundaries. Additionally, the nickel 

appeared to have broken away from the zirconium over large areas, per-

haps as a result of unequal rates of expansion and contraction during 

heat treatment, and/or poor bonding during the cladding process caused 

by the pervasive surface oxide. 

lix an attempt to get better adhesion between the cladding and sorbent 

metal, some samples were sputter-etched and coated with nickel. Addi-

tional samples were also etched and coated with vanadium, which was 

expected to have superior hydrogen permeability to that of nickel. In 

addition, some of these samples were heat treated in order to observe 

any differences in their behavior to that of the plated samples. Adhesion 



319-

of the film was "better for these samples, hut the grain growth and 

"boundary cracking were still evident. 

Sorption test results with vanadium sputter-coated zirconium 

failed to demonstrate the enormous hydrogen uptake from potassium which 
36 37 

the literature data lead one to expect. Some researchers suggest 

that vanadium must be "activated" in order to promote hydrogen permeation. 

Following this suggestion, several vanadium-clad samples were activated 

in hydrogen (at 300° and pOO°C, 5 psig hydrogen, followed by outgassing 

for several hours in ~1 torr vacuum). Results obtained using these 

activated sorbers were indistinguishable from those of inactivated samples. 

Experiments using nickel sputter-coated zirconium sorbers have been 

(like those carried out on vanadium-clad samples) inconclusive, neither 

confirming nor denying the occurrence of mass transfer. We believe that 

several tests demonstrate the existence of measurable tritium transport 

but the data obtained to date have shown considerable scatter. The 

objective of present experimental efforts, therefore, is to determine 

(unequivocally, if possible) the apposition of our theoretical model, 

described more fully in the following section. 

9 . 5 Mass Transport Model 

A literature review of measured equilibrium uptake for zirconium 

(coated and uncoated) and other sorbents, and a theoretical examination 

of loading models have been undertaken to gain an understanding of the 

tritium distribution uptake measurements. The following assumptions 

have been made: 

(1) P-C-T relationships for the isotopes of hydrogen are 

essentially equal. 
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(2) Sieverts1 law adequately describes the solubility of hydrogen 

in all sorbent metals and potassium. That is: 

C = k P l / 2, (34) m m ' 

where 

C m = concentration of hydrogen in the metal, ppm, 

p = partial pressure of hydrogen above the metal, torr., 

k m = Sieverts' constant (an exponential function of temperature), 

p p m - t o r r ' V 2 

Table 9.6 lists the Sieverts' constants for metals used in this study at 

150°C and their temperature dependence. Figures 9-15 and 9.16 provide 

comparison of these constants as a function of temperature over the range 

investigated. 

Figure 9*17 is the idealized one dimensional adsorption model. The 

sorber is treated as an infinite plane having finite thickness, 2L. The 

transport of tritium from potassium to sorber is assumed to proceed only 

in the z direction. 

Diffusion from a solution of limited volume to an infinite plane 
T O 

sheet has been examined in detail by Crank and others. Solution of 

Fick's second law is required, and the boundary conditions which apply 

to our experimental system are presented below. 

Fick's second law: |r = D . (35) dt z2 o 

Initial Condition: C = 0 for -L < z < L at t = 0. 
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Boundary Conditions: 

= 0 for z rr 0 at t ̂  0, Sz 

a § £ = T K D § § - f o r z = : h L a t t > 0 , o^ oZ 

where 

C = tritium concentration in the metal sorber, gm/cm metal, 

a = the "width" of the solution (triti\im in potassium), cm, 

K = a "partition factor*" which describes the interfacial 

equilibrium for tritium, (gms/cm )/(gms/cm ). 

Figure 9'18 is a reproduction of Crank's graphical solution of this 

system of equations. At infinite time (equilibrium), a tritium mass 

balance gives: 

= L C „ = a C q , (36) 

where 
o 

COD = final, uniform tritium concentration in the sorber, gm/cm . 
„3 CQ = initial tritium concentration in potassium, gm/cm . 

The tritium content of the sorber at equilibrium is given by 

2 a C 2 a C 
Mco = 2 L Ceo = , + (a/°K) - • (37) 

Fractional uptake of tritium by the sorber is, therefore 

tfe 
2 a C o 

= l + a . (38) 

Table 9« 7 presents some partition factors for various metal-potassium 

and metal-metal couples. The implicit assumption in this "factor" is 

that, at the couple interface, the equilibrium partial pressures of 
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Table 9.7* Equilibrium Partition Coefficients for Tritium 
Distribution Between Selected Metal Interfaces 

Metal Density Interfacial Partition Coefficient 
Couple Ratio 150 °C 250 °C 350 °C 

Zr - K 7.8 1.6(106) 1.2(105) 1.8(10^) 

Hi - K 10.5 3.0(10-2) 7.2(10"2) l.4(io"1) 

V - K 6.9 9.0(10"1) 4.5 13 
Ti - K 5.4 1.9 do"2) 23 5.4 

U - K 22.5 5.6(10~2) 8.3(10"2) 1.0(10_1) 

Zr - Ni 0.74 5.3(107) 1.7 do 6) 1.3(105) 

Zr - V 1.1 1.8(106) 
k 

2.7(10 ) i.4(io3) 
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"hydrogen (described by the Sieverts1 constants for the two metals) are 

equal. That is: 

Cml kml X 
C~7 = I n„0 = Kxnl - m2 * ^ m2 k _ x 10 Pm2 md 

Figure 9*19 is an idealization of a coated metal sorber in the sorp-

tion apparatus. Present efforts are directed towards altering Crank's 

solution of the simple single-interface problem to develop solutions for 

this situation. 

9.4.6 Outline of Future Experiments 

Further testing of coated metal sorbents is anticipated, with most 

emphasis on nickel and vanadium coatings. The concurrent development 

of a mathematical model will provide a means of correlating results of 

these tests, and/or suggesting more fruitful avenues of investigation. 

Exhaustive analysis of current data using Crank's solution of the 

limited-volume diffusion model is also planned. For this reason, we may 

repeat some of the tests made with uranium and titanium sorbent materials. 

Figure 9» 20 shows the newly-designed apparatus which we hope will provide 

improved results for these experiments. The sorption chamber is presently 

under construction. 

9.5 Representation of Gas-Liquid Equilibrium Data for the KALC Process 

H. D. Cochran and R. W. Glass 

For ease of calculation in computer models of the KALC (Krypton 

Absorption in Liquid C02) process it was necessary to develop 

explicit algebraic representations of the gas-liquid equilibrium 
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Fig. 9. 20. Experimental Apparatus Being Constructed for Batch-
Equilibration Sorption Studies of Tritium Removal from Potassium 
Using Metal Sorbents. 
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data for the major constituents in the process — COg, Og, CO, and Ng. 
39-^-3 

Data were available from the literature for the systems COg-Og, 

cOg-Ng, 39,^2-^ C 0 2_ C 0^5 ^ cOg-Og-Ng.^ S o m e o f tllese d a t a a r e 

presented in Figs. 9« 21, 9« 22, and 9*23 (many of the data have been omitted 

for clarity) in the form 

Y.P/x. [ s 7.f°/0. ] vs P-p°c , 

where 

Y^ = mole fraction of component i in the vapor phase, 

P = total pressure (atm), 

x^ = mole fraction of component i in the vapor phase, 

= activity coefficient of component i, 

f° = standard state fugacity of component i (atm), 

= fugacity coefficient of component i, 

p° = vapor pressure of pure C0„ (atm). LOg ^ 

For an ideal gas and an ideal liquid solution the ordinate would 

be constant. At the critical point, Y^ = x^, the ordinate must equal 

the critical pressure, P . A function meeting these criteria and 

fitting the data reasonably well is as follows: 

Y.P 

(ir> P = k (P - Pj r, (1) 

where 

k = empirical coefficient, 

r = empirical exponent. 

Solid lines on. Figs. 9«21, 9.22, and 9«23 represent best (least squares) 

fits of all the literature data to a function of the form of Eq. 1. For 
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Fig. 9.21. °2~C02 "vTaPor~Li^uid Equilibrium Data. 
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the systems CO -0 and CO -N, the optimum value of r was near 0.5, and 
U di C* Cm 

k was an approximately linear function of temperature. It was convenient 

to make k a linear function of temperature and force the exponent to 

the value 0.5. The hest fit for the system C02-C0 was found with a 

constant k and exponent r. The hest fit, correlating equations are also 

presented in these figures. 

Although only binary system data have been fit, the limited amount 

of ternary data also lie within the scatter of the binary data. 

Power series representations of the critical pressures of binary 

systems with temperature were used to evaluate Pc« The expressions used 

are as follows: 

? (CO-0 ) 4 6 2 
i n I p* — — = 57.8 - 0.0935 - 1.26 x 107T + 1.23 X 10 , 

- ^C02 J 

P (COg-N ) 4 6 2 
In | C d ] = 82.7 - 0.127T - I.89 x KT/T + I .67 x 10o/aT, 

L 2 ' 

P (CO -CO) 5 
In p o = -17.1 + 0.O194T + 6.82 x I07T - 5.41 x 10VT , 

L C 02 

where 

T = temperature, °K. 

An existing equation for the vapor pressure of carbon dioxide was used. 



335-

9.6 References for Section 9 

1. J. S. Watson and L. E. MeNeese, "Holdup, Flooding, and Pressure Drop 
in Packed Columns During Countercurrent Flow of Mercury and Water, " 
A. I.Ch.E. J. 19, 230 (1973). 

2. M. W. Rosenthal, P. K. Haubenreich, and R. B. Briggs, The Development 
Status of Molten-Salt Breeder Reactors, ORl̂ L-4812 (August 1972). 

3. T. R. Johnson, R. D. Pierce, F. G. Teats, and E. F. Johnston, 
"Behavior of Counter-current Liquid-Liquid Columns with a Liquid 
Metal, " A. I. Ch. E. J. 17, Ik (1971). 

J. S. Watson, L. E. McNeese, J. Day, and P. Carrod, "Flooding Rates 
and Holdup in Packed Liquid-Liquid Extraction Columns," submitted 
for publication. 

5. J. S. Watson and E. McNeese, "Hydrodynamic Behavior of Packed 
Liquid-Liquid Extraction Columns with Fluids of Different Densities," 
to be presented at the International Solvent Extraction Conference, 
Iyon, France, Sept. 8-l4, 197*4-; to be published in the Proceedings. 

6. F. R. Dell and H. R. C. Pratt, "Liquid-Liquid Extraction. Part 1. 
Flooding Rates for Packed Columns," Trans. Inst. Chem. Eng. 2Qj 
89 (195I). 

7. R. R. Breckenfeld and C. R. Wilke, "Limiting Flows in Packed 
Extraction Columns," Chem. Eng. Progr. k6, 187 (1950). 

8. J. W. Crawford and C. R. Wilke, "Li mi.ting Flows in Packed Extraction 
Columns. Correlation for Large Packings, " Chem. Eng. Progr. kTj 
kZ3 (1951). 

9. J. H. Ballard and E. L. Piret, "Limiting Flow Phenomena in Packed 
Liquid-Liquid Extraction Columns," Ind. Eng. Chem. j+2, 1088 (1950). 

10. B. A. Hannaford, J. S. Watson, C. W. Kee, and H. D. Cochran, 
"Hydrodynamics and Mass Transfer in Packed Columns," paper presented 
at the 72nd Annual Meeting of the A.I. Ch.E., St. Louis, Mo. (May 
1972). 

11. L. E. MeNeese, Engineering Development Studies for Molten-Salt 
Breeder Reactor Processing Mo. 9, 0RNL-TM-3259, pp. 52-148 (1972). 

12. T. Reith, et al., "Gas Holdup and Axial Mixing in the Fluid Riase of 
Bubble Columns," Chem. Eng. Sci., 23, 619-29 (1968). 

13. Y. Kato and A. Nishiwaki, "Longitudinal Dispersion Coefficient of 
a Liquid in a Bubble Column," Int. Chem. Eng. 12(1), 182-87 (1972). 

lU. Y. Ohki and H. Inoue, "Longitudinal Mixing in the Liquid Riase in 
Bubble Columns," Chem. Eng. Sci. 25, 1-16 (1970). 



336 

15. Y. Aoyama, et al., "Liquid Mixing in Concurrent Bubble Columns, " 
J. Chem. Eng. Jap. 1(2), 158 (1968) 

16. W. B. Argo and D. R. Cova, "Longitudinal Mixing in Gas-Sparged 
Tubular Vessels," Ind. Eng. Chem., Process Des. Develop. 4(4), 
352 (1965). 

17. W. Siemes and W. Weiss, "Liquid Mixing in Harrow Bubble Columns, " 
Chem. Eng. Techn. 29(11), 727 (1957). 

18. W. Siemes and W. Weiss, "Liquid Mixing in Bubble Columns, " 
Dechema. Monogr. 32, 228 (1959). 

19. T. Tadaki and S. Maeda, "Longitudinal Mixing Characteristics of the 
Gas Bubble Column," Kogyo Xagaku Zasshi 2(2), 195 (1964). 

20. G. D. Jowell, et al., "Mixing and Mass Transfer in Large Diameters 
Bubble Columns," Chem. Eng. Progr. Symp. Ser., 10, 97 (1965). 

21. A. S. Y. Ho, et al., Axial Mixing in Open Bubble Columns, Part VII: 
Mass Transfer Effects, ORNL-MIT-I83 (in preparation). 

22. J* J* Toman, et al., Axial Backmixing in an Cpen Bubble Column, 
Part VI: Mass Transfer Effects, ORNL-MIT-174 (1973)• 

23. D. J. Conklin, et al., Axial Mixing in Open Bubble Columns-Part V, 
Mass Transfer Effects, ORNL-MIT-174 (1973). 

24. T. Miyauchi and T. Vermeulen, Longitudinal Dispersion in Solvent 
Extraction Columns: Mathematical Theory, UCRL-3911 (1957). 

25. J. A. Klein, Engineering Development Studies for Molten-Salt Breeder 
Reactor Processing No. 14, QRNL-TM-4018 (in preparation). 

26. J. A. Kle'in, Engineering Development Studies for Molten-Salt Breeder 
Reactor Processing No. 15, 0RNL-TM-4019 (in preparation). 

27. J. B. Lewis, "The Mechanism of Mass Transfer of Solutes Across 
Liquid-Liquid Interfaces, Chem. Eng. Sci. 3, 248-59 (1954). 

28. W. J. McManamey, "Molecular Diffusion and Liquid-Liquid Mass Transfer 
in Stirred Transfer Cells, Chem. Eng. Sci, 18, 123-32 (1961). 

29. G. R. A. Mayers, "The Correlation of Individual Film Coefficients of 
Mass Transfer in a Stirred Cell," Chem. Eng. Sci. 16, 69-75 (1961). 

30. A. S. Foust et al., Principles of Unit Operations, p. 210, Wiley, 
New York, 1960. 

31. A. P. Fraas, Preliminary Appraisal of the Hazards Problems of a D-T 
Fusion Reactor Power Plant, ORNL-TM-2822, (November 1970). 



337-

32. J. 3. Watson, A Summary of Tritium Handling Problems in Fusion 
Reactors, ORNL-TM-4022 (November 1972). 

33- J. S. Watson, An Evaluation of Methods for Recovering Tritium from 
the Blankets or Coolant Streams of Fusion Reactors, ORNL-TM-379^ 
(July 1972). 

J. H. DeVan, ORNL Metals and Ceramics Division, personal communi-
cations, February 197^. 

35. R. L. KLueh, "A Feasibility Study of the Determination of Oxygen 
in Liquid Alkali Metals by Zirconium Gettering, " J. Nucl. Energy 25, 
253-61 (1971). 

36. D. P. Smith, Hydrogen in Metals, Chap. 3, Univ. of Chicago Press, 
Chicago, 19^8. 

37. R. R. Heinrich, C. E. Johnson, and C. E. Crouthamel, "Hydrogen 
Permeation Studies," J. Electrochem. Soc. 112, 1071 (1965). 

38. J. Crank, The Mathematics of Diffusion, p. 52, Clarendon Press, 
Oxford, 195^ 

39. G. H. Zenner and L. I. Dana, "Liquid-Vapor Equilibrium Composition 
of Carbon Dioxide-Oxygen-Nitrogen Mixtures." Chem. Eng. Progr. Symp. 
Ser. 59{bb), 36-^1 (1963). 

bo. A. Fredenslund and G. A. Sather, "Gas-Liquid Equilibrium of the 
Oxygen-Carbon Dioxide System, " J. Chem. Eng. Data 15(1), 17-22 
(1970). 

A. Fredenslund, J. Mollerup, and 0. Perrson, "Gas-Liquid Equilibrium 
of the Oxygen-Carbon Dioxide System," J. Chem. Eng. Data 17(U), V+O-U3 
(1972). 

h2. G. Kaminishi and T. Toriumi, "Vapor-Liquid Equilibrium Between 
Liquid Carbon Dioxide and Hydrogen, Nitrogen, and Oxygen," Kogyo 
Kagaku Zasshi 69(2), 175-78 (1966); ORNL-TR-2615. 

^3. N. K. Muirbrook and J. M. Prausnitz, "Multicomponent Vapor-Liquid 
Equilibria at High Pressures: Part 1. Experimental Study of the 
Nitrogen-Oxygen-Carbon Dioxide System at 0°C.," A. I.Ch.E. J. 11(6), 
IO92-96 (1965). 

Mk Y. Arai, G. Kaminishi, and S. Saito, "The Experimental Determination 
of the P-V-T-X Relations for the Carbon Dioxide-Methane Systems, " 
J. Chem. Eng. Jap. ^(2), 113-22 (1971). 

U5. G. Kaminishi, Y. Arai, S. Saito, and S. Maeda, "Vapor-Liquid Equi-
libria for Binary and Ternary Systems Containing Carbon Dioxide, " 
J, Chem. Eng. Jap. 1(2), 109-16 (1968). 

U6. M. E. Whatley, Calculations on the Perfont.ance of the KALC Process, 
ORNL-^859, p. 11 (1973). 


