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Abstract 0 The distribution, metabolism, and elimination kinetics a t  
two different doses of phenobarbital were examined in rats. After in- 
travenous injection, phenobarbital distributed very rapidly to the liver 
and kidneys, less rapidly to the muscle and gut, and much more slowly 
to the brain. At the higher dose, a concentration rebound was observed 
1 hr after injection. In addition, phenobarbital distributed unevenly in 
various organs as a result of a different extent of drug binding. A physi- 
ologically based model, including enterohepatic cycling and diffusion 
resistances between blood and tissue, is proposed for phenobarbital 
pharmacokinetics. It satisfactorily describes phenobarbital distribution 
in rats at the two doses and allows an evaluation of fundamental physi- 
cobiochemical parameters such as drug-tissue binding constants, 
blood-tissue transport coefficients, metabolism, and elimination rate 
constants. 
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Physiologically based models are being used more fre- 
quently in pharmacokinetic studies (1,2). Based on ana- 
tomical and physiological characteristics and on drug 
physicochemical parameters, these models greatly facili- 
tate pharmacokinetic data interpretation and allow ex- 
trapolation outside the data range and to other species. 
Physiological models are of greatest interest for the de- 
termination of basic physicobiochemical parameters re- 
lating to drug disposition and action and for the rational 
design of drug posology. Their potential was recently il- 
lustrated for anticancer drugs (2) and for digoxin (31, 
thiopental (4,5),  and pesticides (6). 

The present study, which examined the distribution, 
metabolism, and elimination of phenobarbital following 
intravenous injection in rats, proposes a physiologically 
based pharmacokinetic model for phenobarbital. The drug, 
known to have different pharmacological action (sedative, 
hypnotic, and antiepileptic) depending on its concentra- 
tion level in the brain, is also a powerful inducer of hepatic 
metabolizing enzymes (7). A physiological model consid- 
ering phenobarbital diffusion to the brain, metabolism in 
the liver, binding to proteins and tissues, renal elimination, 
and intestinal resorption following biliary excretion can 
satisfactorily describe phenobarbital distribution and fate 
in rats. 

EXPERIMENTAL 

Male Sprague-Dawley rats', 200-240 g, were injected intravenously 
with an isotonic sodium chloride solution of phenobarbital sodium2. Two 
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doses, 30 and 50 mg/kg, were used. At different times after injection in 
the tail vein, the rats were decapitated, and blood and tissues were col- 
lected. After blood centrifugation at 9000 rpm, plasma was separated. 
Tissues and plasma were then stored at  -14' until analysis. 

Phenobarbital was extracted from plasma, urine, and bile using a 
one-step extraction procedure with chloroform; drug extraction from 
tissues and feces was performed with a previously described, two-step 
procedure with chloroform (8). Phenobarbital was then assayed in a gas 
chromatograph equipped with a nitrogen selective detector (9) to improve 
assay specificity and sensitivity. Analysis sensitivity is <1 pg of pheno- 
barbital/sample. 

For the evaluation of urinary excretion, rats were placed in metabolic 
cages. Urine, free from fecal contamination, was collected at timed in- 
tervals and then assayed for phenobarbital. The biliary excretion of 
phenobarbital was determined on bile duct-cannulated rats previously 
anesthetized with ether. 

Drug binding to plasma proteins was measured with an equilibrium 
dialysis system3. When using 1-ml polytef4 dialysis cells with cellulose 
membranes5, binding equilibrium can be rapidly achieved. Experiments 
were performed with undiluted plasma adjusted to pH 7.35 by carbogen 
(5% carbon dioxide, 95% oxygen) bubbled on one side of the membrane 
and an isotonic phosphate buffer (pH 7.35), initially spiked with phe- 
nobarbital, on the other side. Phenobarbital binding to the membrane 
was <5%. A total plasma concentration of 10-110 pg/ml was investi- 
gated. 

RESULTS 

Figure 1 shows the measured distribution of phenobarbital in the blood, 
liver, brain, muscle, intestine, and kidneys at the two injected doses of 
50 and 30 mg/kg. Each point represents the mean obtained for five rats, 
with a standard deviation between 15 and 20%. The following phar- 
macokinetic characteristics can be observed. First, while phenobarbital 
distributed very rapidly in the liver and kidneys, it entered more slowly 
in brain, muscle, and intestine, probably because of mass transport 
limitations. The slowness of drug diffusion was particularly pronounced 
in the brain where the maximum concentration was reached only after 
1 hr a t  the two investigated doses. 

Second, a concentration rebound was observed in blood and several 
organs, -1 hr after drug injection, a t  least a t  the higher dose. This phe- 
nomenon may be the result of enterohepatic cycline. A biliary excretion 
of unchanged phenobarbital (-110 pg in the 1st hr a t  the high dose) was 
indeed observed in bile duct-cannulated rats. 

Third, during the elimination phase, the concentration remained at 
different levels in the various organs, with the liver presenting the highest 
phenobarbital affinity. This result suggests different binding extents by 
plasma proteins and tissues. 

Further insight into the kinetics of the limiting processes is obtained 
by plotting the ratio of the drug concentration over the administered dose. 
As seen in Fig. 2 for the various tissues, the points corresponding to the 
two doses come close together, indicating that phenobarbital pharma- 
cokinetics can be considered dose independent at the investigated con- 
centrations. Consequently, in a first approximation, first-order transport, 
metabolism, and excretion processes, as well as linear phenobarbital 
binding to plasma proteins and tissues, may be assumed. 
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Figure 1-Time evolution of phenobarbital distribution in rat tissues 
after intravenous injection of 50 (a) and 30 (b) mglkg. K e y  (solid sym-  
bols for a and open symbols for b): m, 0,  plasma; +, 0 ,  brain; V, V, liver; ., 0, kidneys; and 0, 0, muscle; A, gut. 

The kinetics of urinary excretion were independently determined by 
simultaneously measuring the rate of urinary excretion and plotting the 
results as a function of drug plasma concentration. Figure 3 shows that 
the elimination rate was proportional to plasma concentration for con- 
centrations of <30 pg/ml, with, however, the rate falling off a t  higher 
levels. During the first 24 hr, the total amount of excreted unchanged 
phenobarbital was -10% of the administered dose. 

THEORY 

Flow-Sheet Diagram-In its basic structure, the model in Scheme 
I is similar to models previously proposed for other drugs (4,lO). It depicts 
the main organs (brain, liver, gut, kidneys, and muscles) represented by 
a physiological compartment and connected by the blood network. 
Moreover, each organ and tissue is subdivided into the flowing blood and 
the tissue region. Tissues not experimentally considered are lumped into 
an additional compartment, called “remaining distribution volume,” 
analogous to the distribution volume concept introduced in classical 
pharmacokinetics. 

In view of the previous experimental results, the model also takes into 
account the enterohepatic cycle. The progress of the biliary-secreted drug 
towards the gut is handled by a plug flow compartment with a given 
residence time. Since the intestinal resorption of phenobarbital is rela- 
tively fast, the excreted drug is assumed to be directly transferred to the 
gut tissue. 

In addition, this model includes some diffusional limitations between 
the perfusing blood and the brain, muscle, and intestinal tissues. In other 
organs, drug membrane transport is fast enough to assume equilibrium 
between blood and tissue. 

To account for drug elimination, the model also considers drug me- 
tabolism in the liver tissue and urinary excretion in the kidney. 

Injection-To represent intravenous administration of the drug, the 
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Figure %-Variation with t ime  of t h e  ratio of phenobarbital concen- 
trat ion over t h e  administered dose in various rat tissues as calculated 
from Fig. 1 Key: solid symbols, 50 mglkg; and open  symbols, 30 mg/ 
kg. 

injection function D g ( t )  proposed by Bischoff and Dedrick (4) was used 
such that: 

(Eq. 1) 

where g ( t )  is a normalized impulse function (minutes-’), 0 is the injection 
duration (minutes), and D is the total dose (micrograms). 

Drug Binding to  Plasma Proteins-The total blood concentration 
can be expressed as: 

(Eq. 2) Chi = (1 - HEM) Cb + HEM Chic 

where: 

Cgl = total blood concentration (micrograms per milliliter) 
C $  = total plasma concentration 

Chic = total blood cell concentration. 
HEM = hematocrit (dimensionless) 

It was observed experimentally that for phenobarbital the total blood 
concentration is equal to the total plasma concentration, i.e.: 

ChI = c; = chic (Eq. 3) 

In the plasma, it is necessary to distinguish between the free and bound 

c$=cp+cp (Eq. 4) 

Blood may thus be assimilated to plasma. 

drug Concentration: 

where C p  is the free plasma concentration, and C, is the bound plasma 
concentration. 

According to drug binding experiments, there is a linear relationship 
between plasma bound and free phenobarbital concentrations, i.e. : 
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Figure 3-Rate of urinary phenobarbitat excretion as  a funct ion of 
plasma concentration after a 30-mglkg iu dose. T h e  rate was calculated 
f rom the  quant i ty  of phenobarbital excreted over 2 hr, and the corre- 
sponding plasma concentration is the one at the middle of the collection 
period. T h e  urinary elimination rate constant was evaluated from the  
slope of the  line drawn through the  experimental points. 

Cb = bpCp (Eq. 5) 

where bp represents the plasma binding constant. Accordingly, the total 
plasma concentration is simply related to the free concentration by: 

C> = (1 + bp)Cp (Eq. 6) 

Drug Binding to Tissues-As previously proposed (4) ,  the total tissue 
concentration is expressed as: 

C ? = f T C T  + (1 -fT)c; (Eq. 7) 

where: 

C$ = total tissue concentration 
CT = free tissue concentration 
Ck = bound tissue concentration 
f T  = water fraction of tissue (dimensionless) 

Preliminary binding experiments with diluted muscles, as well as other 
results (11) with rat lung and liver slices, suggest a linear relationship for 
phenobarbital tissue binding, i.e.: 

ck = bTCT (Eq. 8) 

where bT is the binding constant of the tissue. Under these conditions: 

c? = VT + (1 - fT)bTICT 0%. 9) 

According to Eqs. 6 and 9, for blood and tissues the total concentration, 
C * ,  is proportional to the free concentration, C: 

c* = @C (Eq. 10) 

where: 

@ =  f + (1 - f ) b  (Eq. 11) 

The proportionality constant, a, represents the binding ability of blood 
and tissues (12). 

Blood-Tissue Distribution-In organs where the transport of drug 
between blood and tissue is very fast, equal free concentrations in plasma 
and tissue were assumed, i.e.: 

CT = c p  (Eq. 12) 

However, in brain, muscle, and gut, drug transport between blood and 
tissue may represent a limiting process. Under these conditions the 
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Scheme I-Physiological pharmacokinetic model for phenobarbital. 

transport rate is expressed as: 

rt = H ( C p  - C T )  (Eq. 13) 

where rt is the drug transport rate from plasma to tissue (wg/min), and 
H is the drug transport coefficient or tissue permeability (ml/min). 

Drug Elimination Processes-Phenobarbital elimination by urinary 
excretion, hepatic metabolism, and biliary excretion is assumed to be a 
first-order process and thus is represented by: 

re = KCT (Eq. 14) 

where: 

re = elimination rate (pg/min) 
K = elimination (excretion or metabolism) rate constant (ml/min) 

CT = free concentration in elimination tissue (pg/ml) 

The total amount of drug, E (in micrograms), excreted in a given organ 
is equal to: 

E = J ' K C T d t  (Eq. 15) 

where t is time (minutes). 
Mass Balance Equations-The resulting mass balance equations for 

the various compartments are as follows (notation is given in the Ap- 
pendix) .  

For blood: 
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Table I-Values of uarameters for a Standard 200-9 Male Rat 

Compartment 

Physiological Parameters Pharmacokinetic Parameters 
Water Binding Transfer Elimination 

Volume, ml Blood FractionC Constant Ability Coefficient, Constant, 
Tissue Bloodb Flow, ml/min (f) (b)  (9) ml/min ml/min 

Blood 
Brain 
Gut 

- 1.1 2.1 
0.80 1.1 1. 0.15 

13 58(*) 
2 0.022 2 
5.6 0.23 8.5 0.76 1.7 1.2 20 K h  = 1 

Liver 6.7 0.7 1 0.75 6.7 2.4 K ,  = 0.4 
Kidneys 2.3 0.21 8.5 
Muscle 93 0.4 10 
Remaining distribution volume 55 28d 

~~ 

0.80 6.1 2. Kl= 0.04 
0.78 3.6 1.6 50 

References 3.5, and 13-23. Blood permitted to ooze from tissue (13). From dog values (5). Calculated from difference between total cardiac output (*) and the 
sum of the tissue blood flows. 

For gut blood: 

+ H c ( C c . 7  - C C , B ~ )  (Eq. 18a) 

For gut tissue: 

where C f j T d e l )  is the free tissular liver concentration at  time ( t  - 
Tdel). 

For liver: 

(Eq. 1%) 

(Eq. 21a) 

For muscle tissue: 

(Eq. 21b) dCM,T - 
V M , T * M  - - f f M ( c M , B I  - C M , T )  d t  

For the remaining distribution volume: 

(Eq. 22) 

The resulting set of nonlinear differential equations is solved simul- 
taneously with a fourth-order Runge-Kutta method on a digital com- 
puter. 

Values of Parameters-The various anatomic and physiological 
parameters, blood flow rates, tissue volumes, and water fractions for a 
200-g male rat are summarized in Table I. The remaining distribution 
volume was determined by fitting the theoretical curves to the experi- 
mental results. 

For the intravenous drug injection, a value of 0.25 min for 0 is repre- 
sentative of the experimental conditions. 

The plasma binding constant bp was experimentally determined as 
1.1, which corresponds to a proportionality constant, @p,  of 2.1 between 
the total and free plasma concentration. The binding constants bT for 

the tissues as defined in Eq. 8 were obtained by curve fitting. They were 
most precisely determined from the different drug levels in the elimi- 
nation phase, as experimentally observed in Fig. 1. The resulting values 
of bT and the tissue binding ability +T, i .e. ,  the proportionality constant 
between total and free concentration, are shown in Table I. 

The urinary elimination constant, K u ,  defined in Eq. 20b as the pro- 
portionality constant between the rate of urinary elimination and the free 
tissue, i .e.,  free plasma, concentration in the kidney can be simply eval- 
uated from the slope of the line obtained on Fig. 3 as 0.04 ml/min. 

The metabolism rate constant K,, which, according to Eq. 14, relates 
the rate of metabolism to the free liver tissue concentration, was esti- 
mated by dividing the amount of drug metabolized, -80% of the dose, 
during the first 24 hr by the area under the free plasmatic concentration 
uersus time curve (assuming equal free plasma and free liver tissue 
concentration): 

CF d t  

This evaluation procedure yields a value of 0.4 ml/min for K,. 
As previously suggested (12), the passage of the drug through the en- 

terohepatic cycle was approximated in Eq. 1% by a delay time, Tdei, 
which approximates the drug travel through the bile and down the small 
intestine before absorption in the gut tissue. This residence time, Tdel, 
through the enterohepatic cycle was adjusted to 55 min to obtain a con- 
centration rebound -1 hr after drug injection. The magnitude of the 
biliary excretion constant, Kb, which directly determines the height of 
the concentration rebound, was chosen as 1 ml/min. 

Finally, blood-tissue transfer coefficients in brain, muscle, and gut were 
determined by fitting the theoretical curves to the experimentally ob- 
served tissue concentrations during the distribution phase. The corre- 
sponding values are given in Table I. 

DISCUSSION 

The theoretical drug distribution curves in the various compartments 
obtained with the previously defined model are shown in Fig. 4. The two 
sets of curves corresponding to the two injected doses of 30 and 50 mg/kg 
were calculated with the same physiological and pharmacokinetic pa- 
rameters (Table I). 

Although in its present state the model does not perfectly describe the 
observed phenobarbital distribution, it appears satisfactory in many 
respects. It is the simplest possible model based on the animal anatomy 
and taking into account key physiological parameters such as protein and 
tissue binding, liver metabolism, renal excretion, bile excretion, intestinal 
reabsorption, and tissue diffusion. This model, which only entails simple 
first-order physical and chemical rate processes, can especially account 
for the slow drug penetration in the brain, for the concentration rebound 
1 hr after injection, and for different tissue drug levels during the elimi- 
nation phase. Moreover, for several tissues it adequately predicts drug 
levels a t  two different doses, a t  least at the lower dose. 

The present model can be improved to get a close agreement with ex- 
perimental observation. The model does not precisely describe, at the 
two doses, the relatively narrow peak or its exact height in the brain tissue. 
The introduction into the model of a simple reversible mass transfer 
process through the brain-blood barrier accounts for the relatively slow 
drug entry into the brain but also results in slow drug release during the 
elimination phase. The observed rapid phenobarbital concentration 
decrease in the brain may be explained and modeled by some more 
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Figure 4-Calculated time distribution of phenobarbital in various rat 
tissues, using the physiologically bused pharmacokinetic model at 50 
and 30 mglkg. The corresponding experimental points are taken from 
Fig. 1 .  Key: solid symbols, 50 mglkg; and open symbols, 30 mglkg. 

complex asymmetric transport process, which greatly favors drug 
transport, at  least during the elimination phase. Some active drug se- 
cretion from brain tissue to the peripheral blood was experimentally 
demonstrated for triamterene (24) and salicylic acid (25). 

Another observation concerns the enterohepatic cycle, which was in- 
troduced in the model to explain the phenobarbital concentration re- 
bound. Similar rebounds were observed in rats with morphine (271, 
phenolphthalein (28), and phenytoin metabolites (29). The lag time 
ranged from 4 to 6 hr, accounting, in addition to hepatic formation and 
biliary excretion, for the intestinal hydrolysis of the glucurono conjugate 
prior to reabsorption of the compound; this rebound did not occur with 
bile duct-cannulated rats (28,29). 

As demonstrated by the present model, despite continuous bile flow 
in the rat, phenobarbital biliary excretion followed by intestinal reab- 
sorption can partly account for the concentration rebound observed at  
the higher dose -1 hr after drug injection. This phenomenon can be 
theoretically obtained by considering a mean residence time of -55 min 
of the drug through bile and intestine before reabsorption, provided the 
excreted drug Concentration is sufficiently high. Autoradiographic studies 
with [14C]phenobarbita17 demonstrated an intensive enterohepatic re- 
cycling. On the other hand, Caldwell et aL6 found that -35% of an in- 
traperitoneal [14C]phenobarbital dose was excreted by the bile while only 
1% was recovered in the feces during the first 24 hr. Moreover, unme- 
tabolized phenobarbital seems to represent about one-third of the total 
gut content radioactivity. Personal experiments and other work (26) on 
bile duct-cannulated rats confirm the biliary excretion of unmodified 
phenobarbital. 

However, according to this model based on a simple delay time through 
the enterohepatic cycle, an approximate 10-fold greater amount of phe- 
nobarbital than that experimentally observed has to be excreted in the 
bile to account for the observed peak height. Thus, further experiments 
are necessary to quantify the mechanism of biliary excretion. Moreover, 
if enterohepatic cycling is the actual phenomenon responsible for the 
concentration rebound, a more detailed representation of the cycle may 
be needed to improve model validity. 

According to Fig. 4, phenobarbital elimination at  the high dose is 
slightly faster than that predicted by simple first-order renal excretion 
and liver metabolism. A better quantitative understanding of the various 
elimination processes represents another prerequisite for better physi- 
ological modeling. 

In the present model, a remaining distribution volume was introduced 
to represent all nonspecified organs and tissues. This distribution volume 
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can account for the approximate 30% of the dose that distributes else- 
where than in blood, liver, brain, muscle, gut, and kidneys. According to 
autoradiographic results7 for phenobarbital, the remaining distribution 
volume corresponds primarily to fat, lungs, and the heart, providing that 
in all tissues, except for the intestine and gut contents, there are no me- 
tabolites but only unchanged drug6. 

In conclusion, a relatively simple model based on the animal physiology 
and physicochemical drug parameters to a first approximation describes 
the main characteristics of phenobarbital pharmacokinetics. This model 
has many features similar to physiological models recently proposed for 
other compounds (3,6,10,30). 

APPENDIX 

b = linear binding constant (dimensionless) 
C = free drug concentration (micrograms per milliliter of 

C' = bound drug concentration (micrograms per gram of dry 

C* = total drug concentration (micrograms per milliliter of 

D = dose (micrograms) 
E = total amount eliminated by one-way metabolism, bile, or 

f = fraction of water (dimensionless) 

water) 

matter) 

blood or micrograms per gram of tissue) 

urine during a period of time (micrograms) 

g ( t )  = normalized impulse injection function (minutes-') 
H = transport coefficient between blood and tissue (milliliters 

per minute) 
HEM = hematocrit (dimensionless) 

K = elimination constant by metabolism (K,,,), bile (&), or 

re = elimination rate (micrograms per minute) 
rt = drug transport rate from plasma to tissue (micrograms 

urine (K , )  (milliliters per minute) 

per minute) 
t = time (minute) 

(minute) 
Tdel = step-delay time accounting for the biliary excretion 

V = volume (milliliter) 
@ = global binding coefficient for blood or tissue 

0 = injection duration (minute) 
(dimensionless) 

B1 = blood pool 
B1C = blood cells 

Br = brain 
G = gyt 
K = kidneys 
L = liver 

M = muscle 
P = plasma 
R = remaining distribution volume 
T = tissue 

X,B1 = blood compartment of the considered organ or tissue X 
X,T = tissue compartment of the considered organ or tissue X 
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Abstract The solubility of 13 barbituric acids was determined in 
aqueous solutions of sodium alkyl sulfonate. The effects of concentration 
and temperature were investigated, and the thermodynamic functions 
of the solubilization process were calculated. An analysis of the location 
of a solubilized species within a micelle is suggested in terms of the sign 
and amplitude of the standard entropy of solubilization, which is strongly 
positive for micelle penetration and negative for adsorption. A solubili- 
zation mechanism through adsorption onto the micellar surface is sug- 
gested for most of the barbituric acids studied. The enthalpy/entropy 
compensation phenomenon was identical for barbituric acids in ionic and 
nonionic (polyoxyethylene lauryl ether) surfactant solutions with a 
compensation temperature of 270 OK, indicating common behavior of 
these compounds with respect to micellar solubilization. The concept of 
molecular surface area was used to correlate the free energy of solubili- 
zation of the solutes to their size and structure. A linear relationship was 
found with an excellent correlation factor for the alkane derivatives of 
the 5-ethyl-barbituric acids. The specific behavior of some of the bar- 
bituric acids investigated is discussed. 

Keyphrases Solubility-barbituric acids in aqueous sodium alkyl 
sulfonate, thermodynamics Thermodynamics-solubility of barbituric 
acids in aqueous sodium alkyl sulfonate 0 Barbituric acids-solubility 
in aqueous sodium alkyl sulfonate, thermodynamics 

The increase in solubility of poorly soluble preservatives 
in water by the addition of surfactants has been the subject 
of a large number of studies (1, 2). This phenomenon is 
related to the formation of micelles in water, but the 
availability of the preservative as an active agent is highly 
dependent on the molecular attachment site, and this 
subject is still a controversial matter. Opposite views have 
been proposed for barbituric acids, such as adsorption at  
the micelle interface (3) or incorporation into the micelle 
hydrocarbon core (4). However, for simpler molecules like 

acetone or urea, which may be considered model com- 
pounds for barbituric acids, thermodynamic evidence 
shows that these molecules hardly penetrate the micelle 
interior, a t  least a t  the critical micelle concentration 
(CMC) and for ionic micelles (5 ,6) .  

BACKGROUND 

Studies on the solubilization of barbituric acids have been mostly (7) 
restricted to the influence of nonionic surfactants (3,4, €&lo). Few of these 
studies were concerned with the determination of thermodynamic 
functions such as free energy, enthalpy, and entropy (3). In fact, few 
papers have been published on this subject for compounds other than 
barbituric acids (3, 11,12). 

The present work investigated the solubilization properties of sodium 
alkyl sulfonate. Its biodegradability and nontoxic properties, even at  high 
surfactant concentration, make it an interesting surfactant in formulation 
problems (13). The barbituric acids are useful compounds in this respect 
since the possibility of changing, almost at  will, the radicals attached to 
the malonylurea ring permits the study of the influence of shape and 
structure on the solubilization process. Thus, previous studies (14) on 
the molecular surface area concept and the investigation of the effects 
of temperature on barbituric solutions have indicated the use of the en- 
tropy function to deduce the chemical environment of compounds sol- 
ubilized by micelles. 

EXPERIMENTAL 

Materials-Sodium alkyl sulfonate’ was composed of 90.7% (by 
weight) monosulfonated detergent, 8.8% polysulfonated compound, and 
0.5% unsulfonated product. The monosulfonated compound was a mix- 
ture of C14H2gS03Na and C15H31S03Na, so a molecular weight of 323 was 
adopted in the concentration calculations. The CMC of the detergent 
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