
Selective Adsorption of Organic 
Homologues onto Activated Carbon from 
Dilute Aqueous Solutions: Solvophobic 
Interaction Approach 

Part IV. Effect of Simple Structural Modifications with Aliphatics 
Preferential adsorption of organic compounds onto activated carbon from dilute 

aqueous solutions is studied to develop a comprehensive theoretical basis for 
predicting the adsorption of structurally different isomers for different homologous 
series. The fundamental multidimensional approach of the solvophobic (c+) 
thermodynamic theory is further refined and used to correlate the extent of ad- 
sorption for the comprehensive theory with the overall standard net free energy 
change (ACnet/RT) for the association-adsorption reaction in solution, and for the 
simplified theory with the cavity surface area of the solute (TSA). 

Experimental adsorption isotherms of two homologous series (12 aliphatic al- 
cohols and 21 aliphatic ketones) were measured and used to test and compare the 
c+ theory with seven independent parameters characterizing the sorbates. Several 
experimental innovations for measuring equilibrium adsorption isotherms are 
introduced to reduce the possible loss of sorbate during the procedure and to pro- 
vide reproducible and reliable results. 

Comparing the coefficients of linear correlation (r), the results for 12 aliphatic 
alcohols give greater than 99% confidence that the r-values are different for 
hGnet/RT and molecular weight (MW). For the 15 aliphatic ketones, greater than 
90% confidence interval is obtained for different r-values for TSA and MW, 

These results support the contention that simple structural modifications of al- 
iphatic homologous compounds can be used to predict the effect of solutesol- 
vent-sorbent interactions on adsorption. The c+ theory can thus be used to rank- 
order adsorption intensity of these compounds from the aqueous phase onto acti- 
vated carbon. 

SCOPE 

During the past century, little effort has been expended in 
trying to understand the fundamentals underlying the process 
of adsorption of solutes from a solvent onto a solid sorbent 
(Miller, 1980a,b). Several simultaneous developments, such as 
the need to clean our surface water, the development of ex- 
tremely sensitive analytical techniques, and the wide use of 
reverse-phase liquid chromatography, have spurred interest in 
this field. 

Most researchers used a phenomenological approach in which 
equilibrium adsorption models mostly derived from gas- and 
vapor-phase adsorption, were used to describe adsorption from 
the liquid phase. This approach either a priori ignored the 
presence of the solvent, assuming that the dominant interaction 
was between the solute and sorbent, or included the solvent 
effect without specifying its role quantitatively. 

Freundlich (1926), in his classic monograph, describes the first 
attempts 90 years ago by Traube and others to include the sol- 
vent-solute interaction effect through interfacial tension at the 
solid-liquid interface. Although Defay et al. (1966) updated this 
approach with a major emphasis on the simplified Gibbs ad- 
sorption model, especially under nonequilibrium conditions, 
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a comprehensive interaction theory among solute, solvent, and 
sorbent is still lacking. Recent attempts to include the solvent- 
effect in aqueous phase adsorption include a semiempirical 
approach based on partial solubility parameters called the net 
adsorption energy approach (McGuire, et al., 1978; McCuire and 
Suffet, 1980). Unfortunately, the arbitrary choice of the relative 
values for the acid and base solubility hydrogen bonding pa- 
rameters is without theoretical justification and renders this 
approach somewhat capricious (McGuire and Suffett, 1980). 
With respect to the “thick compressed film theory” (or “Polanyi 
adsorption potential theory,” as it is often called), the basic 
problem is that the original physical model of a three-dimen- 
sional film has been questioned and rejected by many scientists, 
including none other than Polanyi himself (McBain, 1932). As- 
sociated with this is the problem of defining or measuring the 
adsorbate density, which is needed for plotting or measuring 
the characteristic curves (Miller, 1980a; Manes, 1980). However, 
Manes and coworkers (1980) have effectively used this theory 
with scaling factors to correlate the adsorption of organic liquids 
and solids from trace concentrations to saturation and to study 
competitive adsorption of binary and tertiary solute mixtures. 
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Belfort (1981b) has shown recently that the Polanyi and ideal 
adsorbed solution theory based on Gibbs’ adsorption isotherm 
have similar thermodynamic structure. Although these ap- 
proaches provide useful insight with respect to solute-solvent 
adsorption onto solids, the need exists for a comprehensive 
formalism of aqueous-phase adsorption including fundamental 
formulations of all dominant interactions among solute, solvent 
and sorbent. 

The work reported here involves the development of a com- 
prehensive theoretical basis for predicting the preferential ad- 
sorption of organic compounds onto activated carbon from di- 
lute aqueous solutions. A detailed analysis of the effect of the 
solvent on this process yields an expression for the extent of 
adsorption with no adjustable constants. Branching, cyclization, 
and position isomerism are automatically accounted for without 

introducing additional terms or adjustable constants. In prin- 
cipal, the theory incorporates the variation of a wide span of 
experimental conditions, including a comparison of the ad- 
sorption of similar organic compounds on different activated 
carbons, and comparison of the adsorption of different organic 
solutes on the same activated carbon. Under special conditions 
and assumptions, simplified analytical expressions result, al- 
lowing the prediction of the extent of adsorption as a function 
of the simple geometric characteristics of the (hydrocarbona- 
ceous moietids) of the solute. 

The objective of this study is to test and compare the com- 
prehensive c 4  theory and its simplified version with seven in- 
dependent molecular descriptors characterizing the solute. An 
experimental database of the aqueous-phase adsorption of two 
aliphatic homologous groups is obtained for this purpose. 

CONCLUSIONS AND SIGNIFICANCE 

The solvophobic (c4) theory is tested using single-solute 
aqueous-phase adsorption isotherms of two homologous series. 
Homologous series of alkyl alcohols and alkyl ketones were 
chosen to represent different aliphatic groups in water. Corre- 
lations with adsorption capacity for both the comprehensive 
and the simplified cd, theories are compared with similar cor- 
relations for other molecular descriptors, including molecular 
weight, density, index of refraction, molecular volume, and 
group contribution parameters such as molar refraction (or 
polarizability), octanol-water partition coefficients, and para- 
chor. For the 12-member alcohol homologous series, the best 
correlative parameters were the comprehensive c+ theory pa- 
rameter, AGnet/RTr = 0.94(6)], the simplified c 4  theory pa- 
rameter, TSA [r= 0.92(6)], and the octanol-water partition 
coefficient, log P [r = 0.91(1)]. All the other parameters had 
correlation coefficients of less than r < 0.76. For the 21-member 
alkyl ketone homologous series, those higher than C7 fall off the 
correlation line and adsorption intensity (InQ “b) becomes in- 
dependent of size or degree of branching. Below this critical 
value, however, the hypothesis rMW = r B A  can be rejected with 
90% probability for the 15 ketones studied. 

As part of developing the comprehensive database to test the 
theory, a new innovative procedure to measure batch adsorption 
isotherms was developed. The isotherms were measured at 
constant temperature and pH, and the procedure obviated the 
potential solute losses associated with the filtration step. 

The ability to predict the effects of even simple structural 
modifications on the adsorption of organic molecules from di- 
lute aqueous solutions onto activated carbon (or other adsor- 

bents) could be of great value in the design and operation of 
large-scale commercial water and wastewater treatment plants. 
This capability would assist in gaining a better understanding 
of competitive adsorption between, and chromatographic elu- 
tion by different organic solutes during adsorption. 

In addition, the usefulness of the c 4  theory extends beyond 
that of a purely predictive tool. It can provide a comprehensive 
framework for considering specific contributions to aqueous- 
phase adsorption, leading to an improved understanding of the 
entire process. Besides the theoretical analysis, the compre- 
hensive experimental results are self-consistent and can be used 
as a database for any future model development. Also, the mo- 
lecular area and volume results, as calculated by the molecular 
build program, are available ips0 fact0 for future use. 

As a result of this study, it can be concluded that the solvent 
plays an important if not dominant role in the adsorption of 
organics from aqueous solution onto activated carbon. Com- 
petitive results (Miller, 1980b; Horvath, et al., 1976) strongly 
support this contention. The c4 theory provides a quantitative 
measure of the individual interaction terms for the solute-sol- 
vent-sorbent association reaction. The important counterba- 
lancing terms are the van der Waals’ dispersion term and the 
cavity term. The branched isomers of two aliphatic homologous 
groups are experimentally used to probe these interactions. 
Finally, from a practical viewpoint, the simplified c 4  theory 
together with the molecular-build program can be used with 
confidence to rank-order single solute aliphatic isomers with 
respect to their adsorption potential. 

INTRODUCTION 

During the past decade there has been an intensified effort in 
the United States to define the performance of activated carbon 
(AC) for removal of dissolved organics from water supplies. With 
the development of extremely sensitive analytical techniques and 
the consequent discovery of potential carcinogenic, mutagenic and 
teratogenic compounds in drinking water, many researchers have 
focused on key questions associated with the use of AC in aqueous 
solutions (Suffet, 1980). The ability to identify and remove toxic 
compounds from mixtures is one important objective. Often, slight 
structural changes between isomers make the difference between 
benign or toxic molecules. 

A general comprehensive solution interaction approach, origi- 
nally developed by Sinanoglu and coworkers (1968, 1969, 1980), 
was recently adapted to the adsorption of organic homologues from 
dilute aqueous solutions by Belfort et al. (1979,1981a). By including 
solvent effects in the equilibrium adsorption (association) process, 

this solvophobic theory (cd,) differs from most other equilibrium 
theories in that the latter were originally derived from gas- and 
vapor-phase adsorption and thereby a prima ignored the presence 
of the solvent during the adsorption process (Miller, 1980b). 

In our preceeding paper (Altshuler and Belfort, 1981), we ex- 
tended the testing of the solvophobic theory to include the ad- 
sorption (data obtained from the literature) of branched aliphatic 
alcohols and slightly ionized linear carboxylic acids. Correlations 
from the comprehensive and simplified cd, theories were compared 
with correlations of other independent molecular descriptors such 
as the molecular weight, density, index of refraction, molecular 
volume, molar refraction, octanol-water partition coefficient, 
parachor, and polarizability. Total solute surface cavity areas (TSA) 
were calculated with a newly-developed molecular-build program 
coupled to Hermann’s method of intersecting atomic spheres with 
appropriate crowding factors (Herman, 1972). 

In this paper, we extend the testing of the solvophobic theory 
to include the adsorption of two comprehensive sets of homologous 
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series of linear and branched aliphatic alcohols and ketones. In 
contrast to all our previous papers, here we report for the first time 
our own experimentally measured isotherms. Besides being more 
comprehensive in number of isomers within a homologous group 
allowing for better statistical predictions, the data presented here 
is also internally self-consistent, i.e., the isotherms are measured 
with similar carbon, water, pH, temperature, duration and range 
of initial concentrations. In addition, for the first time we compare 
correlations for adsorbability ( I@%) with the comprehensive c+ 
model (AGnet/RT), with the modified model (TSA), and with 
other independent variables such as molecular weight, and those 
listed above for our previous publication. A new molecular-build 
program is coupled to a new cavity surface area and molecular 
volume program. 

MATERIALS AND METHODS 

Adsorbent 

Filtrasorb 400 granular activated carbon (Calgon Corp., Pitts- 
burgh, PA) was ground in a jar mill so as to pass through U.S. sieve 
series #ZOO (0.074 mm) and to be retained by U.S. sieve series 
#400 (0.037 mm). The carbon was cleaned with successive 
washing and supernatant removal. The carbon was then analyzed 
in a surface area-pore volume analyzer (Model 2100E, Microme- 
tries Instruments Corp., GA) and the data was fit to a B.E.T. model. 
The B.E.T. surface area, using Nz gas, was 1,031 m2/g, the pore 
volume was 0.95 cm3/g, the equivalent particle diameter was 
37-74 pm and the bulk density was 0.478 g/cm3. 

The carbon was dried in a vacuum oven (Isotemp No. 281, Fisher 
Scientific, NY) at 373 K and 3.33 X 103 Pa vacuum for a five-day 
period. Any extraneous adsorbed organics were volatilized by in- 
creasing the temperature to 393.2 K for two days until the weight 
of the carbon remained constant. The dried carbon was stored in 
a desiccator until use. 

One mg/mL and two mg/mL carbon solutions were prepared 
using 0.01 M phosphate buffer. These solutions were stored in 
amber glass bottles for two days to allow for complete wetting 
before use. 

Adsorbates 

The ketone compounds were purchased from Supelco (PA) as 
ketone kits #41 and #42 and the alcohols were obtained from 
Aldrich Co. (WI). These compounds are graded 99% pure. Stock 
solutions of these compounds were made with 0.01 M phosphate 
buffer and were stored in amber glass bottles. 

Adsorption Isotherms 

During this study, three environmental parameters were held 
constant; pH, temperature and time. The pH was controlled by 
using a phosphate buffer at pH 7.0 f 0.1. The temperature was 
controlled by conducting the isotherm in a water bath at 293.2 f 
0.5 K. The duration of each experimental isotherm was held con- 
stant at 24 hours. 

Carbon, solute and buffer were added to 38 mL capped stain- 
less-steel ultracentrifuge tubes (Part No. 301 112, Beckman, CA). 
The carbon dosage was increased from 0 mg/mL to a maximum 
of 500 mg/mL (depending on the adsorbability of the compound). 
The tubes were fastened to a rotating shaft and were rotated at 10 
rpm for 24 hours while immersed in a water bath at 293.2 K. The 
tubes were then removed and spun in an ultracentrifuge (Model 
L8-55, Beckman, CA) at 20,000 rpm for 15 minutes. The remaining 
solute concentrations, in the supernatant, were measured by TOC 
(Model 915 A, Beckman, CA). A TOC standard curve, of peak 
height vs. concentration, was used to compute the final solute 
concentrations. Stock solutions for TOC standard curve were 
prepared and refrigerated prior to use. 

Kinetic studies were performed on various solutes to confirm that 
equilibrium was attained in the 24 hour mixing time. 

GAS 
PHASE + 

Solute Carbon Complex 

A%,C I 
Figure 1. Association-adsorption reaction. 

Common statistical tests to determine the significance limits for 
which coefficients of linear correlation r were different from zero 
and each other were used. 

THEORY 

Conceptually, solute adsorption onto activated carbon may be 

si + c $ SfC (1) 

where St is the adsorbing solute, C is the activated carbon, and Sic 
is the adsorbed solute-carbon complex. The equilibrium constant 
for this reaction, Ksolvent,, is related to the overall free energy 
change, A c X n t  by 

(2) 
The solvophobic theory (c4) takes into account the effect of the 

solvent on the above association reaction by considering two hy- 
pothetical steps. First, a cavity in the solvent must be created to 
contain the reacting species. Second, after the gas phase reaction, 
the “molecules” are placed into the cavities, where each species 
may interact with the surrounding solvent. This process is depicted 
in Figure 1. 

The effect of the solvent may be calculated from the difference 
of the free energy cha’nges of the solvent and gas-phase reac- 
tions 

(3) 

In addition, this solvent effect is due to the interaction of each 

represented by the following reversibie association reaction 

A c X n t  = -RT In Ksolvent,, 

AG%ent effect = AGEfEnt- A G r  

species with the solvent. Therefore, 

AGELnteffect = C (AGY,?~c - AGY,?‘ - AGy:l (4) 
I 

where subscript j represents all possible interactions. In previous 
applications of the solvophobic theory (Sinanoglu, 1968; Halicioglu 
and Sinanoglu, 1969; Horvath et al., 1976) the interactions con- 
sidered were cavity formation, van der Waals (and reduction due 
to presence of a solvent), and electrostatic. Combining Eqs. 3 and 
4 gives 

A c X n t  = A c r  + [ACcav + AGodw + AGesl%-~c-~ 
- RT h(RT/P,V) (5) 

The free energy change for cavity formation has been calculated 

(6) 

(Sinanoglu, 1968) as 

AGcav,i = ytAiK:(l - WIN 
where W is given by, 

W = ( l - $ ) ( % +  dlnT “.T). 3 (7) 

The van der Waals’ interaction is represented by an effective 
Kihara potential (a modified Lennard-Jones potential). The term 
“effective” refers to the fact that it is corrected due to presence of 
surrounding solvent. This potential is integrated over a discrete 
solvent layer, then an outer solvent continuum. The resulting ap- 
proximate equation is (Halicioglu and Sinanoglu, 1969), 
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for solute i ,  nonsubscripted variables refer to the solvent. Also, 

where 

1 3u, 113 0.24 + 7wl 
3.24 + 7wi  1 =-. R, = 1.74 (G) ; 1, = R ,  ( 

u' = (z) 3.24 + 7wr 

) (12-14) (R - 1)' 
3U{ '13 4.64 

R,, I,, and u, are the molecular diameter, Kihara parameter, and 
Locdon parameter, respectively. The overbar variables indicate 
the mean value of the solute and solvent parameters. 

The electrostatic interactions may be estimated by (Horvath et 
a]., 1976), 

'p = 47r€(, 1 -- (16-18) [ ( ?)I-' 
Substituting Eqs. 6-18 into Eq. 5 gives 

- RT In(RT/P,V) (19) 

At this point, all of the considered solvent-solute interactions are 
included in the general Eq. 19. However, further simplification 
is needed to make the problem tractable. 

With respect to the activated carbon surface, essentially two 
types of interactions are thought to predominate. The first type of 
surface interaction, which occurs on most of the available surface 
area (on basal planes) can be characterized by van der Waals' 
physical interactions, and is apolar in nature. The second type of 
surface interaction which occurs at the more reactive edges of the 
microcrystallites, and at surface functional groups, can be char- 
acterized by physical (and maybe even chemical) attractive in- 
teractions due to electrostatic effects. Although the second type of 
surface interaction occurs at a small fraction of the total surface 
area, adsorption differences between different activated carbons 
is probably the result of their energy potential distributions, and 
extent of surface functional groups. However, since hydrophobic 
or apolar interactions play a dominant role in activated carbon 
adsorption of nonpolar (or nonpolar moieties of) solutes, only the 
first type of surface interaction discussed above will be considered 
here. 

Considering the carbon surface to be nonpolar, the following 
assumptions can be made, pccc = 0 (nonpolar carbon); psIc = ps, 
(solute could be polar); A C ~ w , ~ , ~  = AGdw,c (dilute range). 

In addition, since the carbon surface is much larger than the 
solute, then (Horvath et al., 1976) 

Wsd; = WsC = W c  and K E C  = KCC = 1 

Also per Horvath 

K &  1 + ( K e  - l ) (V/vs,)  (20) 
where K" is the microscopic cavity factor for pure water, and has 
a value of 1.277 (Halicioglu and Sinanoglu, 1969). 

To simplify the algebra, the molecular volume of the carbon- 
solute complex SIC may be expressed as a multiple of the solute 
molecular volume, 

us,, = Xusl (21) 
where X is the proportionality constant. For high pressure liquid 
chromatography, X was estimated to be approximately 3.7. Since 
the carbon-solute complex SIC is much larger than the solute S,, 
A is arbitrarily chosen as X = 1 0 0  for this work. Previously, it was 
shown that the actual value of X has only a very weak effect on 
A G Z n t  (Relfort, 1981). 

Finally, because of the association adsorption reaction of solute 
S ,  onto adsorbent C, the total surface area in contact with the free 
solvent is reduced by, 

(22) 

AA has been termed "the thermodynamic microsurface area 
change of reaction" (Sinanoglu, 1980). 

AA = As, + A, - As,c 

Substituting the above assumptions into Eq. 19 gives 

A RT - N y &  - N Y V ' / ~ ( K ~ -  l ) > - R T l n -  (23) 
v p  P O  V 

Equation 23 may be further simplified by noting that in the fifth 
term on the right hand side, As,/V.q3 is a constant for a given 
molecular shape. Therefore, for spherical molecules, 

As, = 4.836 u Y 3 =  4.836 ( V S , / N ) ~ / ~  (24) 

and Eq. 23 becomes, 

RT - NyAA - 4.836 N 1 I 3 y ( ~ "  - l )V2l3 - RT In - 
P"V 

(25) 

The free energy change of the association reaction may be re- 
lated to its equilibrium constant by 

AGkKnt = - RT Kwilvcnt.i  (26)  

Ksolvent.i = XSIC/ (~SIXC)  (27) 

where 

for dilute solutions. 
Equations 26 and 27 may be rearranged to give, 

XSF 
xs , AGgc,,t = -RT In - + RT 1n xc 

and therefore, 

or 

ACulw,s, N ( h  - 1) N(X - 1 )  
RT 2X US, 2XRT 

+ 
RT + (NAA + 4.836N1I3(~' - I)V2l3) t In - (30) 

RT P O  V 
or 

lnQob CY VOW + E S  + CAV + CHAT = AGnet/RT (31) 

where the term in brackets on the righthand side of Eq. 30 is con- 
sidered constant and omitted from Eq. 31, and X~C/XS(  = Qoh, the 
initial slope at infinite dilution for the Langmiur isotherm with Q o  
the capacity term and b the energy term. The relative contribution 
of each term in Eq. 31 will be discussed later. 
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TABLE 1. ADSORPTION ISOTHERM MEASUREMENTS FITTED TO LANGMURIAN MODEL FOR ALCOHOLS 

Solute 

Concentration 
Range No. of Q" 

MW (mmol/L) Points (mmol/g) 

1. 1-butanol 
2. 2-methyl I-butanol 
3. 1-pentanol 
4. 2,3-dimethyl2-butanol 
5. 3,3-dimethyl 1-butanol 
6. 2-ethyl 1-butanol 
7. %methyl 3-pentanol 
8. 4-methyl 1-pentanol 
9. 1-hexanol 

10. 2,4-dimethyl3-pentanol 
11. 3-ethyl 3-pentanol 
12. 1-heptanol 

74. I 
88.2 
88.2 

102.2 
102.2 
102.2 
102.2 
102.2 
102.2 
116.2 
116.2 
116.2 

0.140-0.047 
0.190-0.019 
0.133-0.023 
0.151-0.032 
0.108-0.020 
0.204-0.020 
0.139-0.014 
0.180-0.018 
0.161-0.009 
0.131-0.014 
0.135-0.018 
0.127-0.005 

10 
10 
10 
13 
11 
11 
14 
12 
io  
10 
10 
10 

0.17(9) 
0.41(1) 
0.43(7) 
0.5918) 
0.53(4) 
0.61(6) 
0.46(5) 
0.65(7) 
0.78(0) 
0.77(5) 
0.65(9) 
1.03(9) 

20.2 
30.7 
19.5 
9.9 

14.8 
45.2 
50.5 
51.2 
79.3 
40.6 
41.2 

107.6 

-1.72(0) 
-0.88(9) 
-0.82(7) 
-0.51(4) 
-0.62( 8) 
-0.48(5) 
-0.76(6) 
-0.42( 1) 
-0.24(9) 
-0.25(5) 
-0.41(7) 
-0.03(8) 

Solute 

TABLE 2. ADSORPTION ISOTHERM MEASUREMENTS FITTED TO LANCMUIRIAN MODEL FOR KETONES 

1.2(8) 
2.5(4) 
2.1(4) 
1.7(8) 
2.0(7) 

3.1(6) 
3.5(2) 
4.1(2) 

3.3(0) 
4.7(2) 

3.3(3) 

3.4(5) 

0.96(0) 
0.98(7) 
0.98(0) 
0.99(3) 
0.97(9) 
0.96( 1) 
0.99(5) 
0.99(4) 
0.98(5) 

0.98(3) 
0.99(5) 

0.99( 0) 

Concentration No. 
Range of Q" b .  

Mw (mmol/L) Points (mmol/d In 0" (mmol/L)-' In 0% r 

1. 2-propanone 
2. %butanone 
3. 2-pentanone 
4. 3-pentanone 
5. 3-methyl-%butanone 
6. 2-hexanone 
7. 4-methyl-2-pentanone 
8. 2-methyl-3-pentanone 
9. 3,3-dimethyl-2-butanone 

10. 2-heptanone 
11. 3-heptanone 
12. 4-heptanone 
13. 4-methyl-%hexanone 
14. 5-methyl-2-hexanone 
15. 2,4-dimethyl-3-pentanone 
16. 2-octanone 
17. 3-methyl-2-heptanone 
18. 5-methyl-3-heptanone 
19. 2-nonanone 
20. 5-nonanone 
21. 2,6-dimethyl-4-heptanone 

5ti.10 
72.12 
86.14 
86.14 
86.14 

100.16 
100.16 
100.16 
100.16 
1141.19 
1141.19 
1141.19 
1141.19 
1141.19 
1141.19 
128.22 
128.22 
128.22 
142.24 
142.24 
142.24 

0.166-0.103 
0.170-0.030 
0.152-0.010 
0.148-0.016 
0.203-0.013 
0.1 15-0.006 
0.150-0.008 
0.08&0.009 
0.124-0.018 
0.119-0.003 
0.140-0.003 
0.144-0.003 
0.122-0.002 
0,138-0.007 
0.144-0.007 
0,132-0.015 
0.122-0.005 
0.092-0.004 
0.135-0.019 
0.092-0.015 
0.104-0.017 

RESULTS AND DISCUSSION 

The results of the adsorption isotherm experiments for homol- 
ogous series of alkyl alcohols and ketones ,ire presented in Tables 
1 and 2. The data are represented by the Langmuir isotherm pa- 
rameters, Qo and b.  Where possible, the isotherms of several iso- 
mers of the same formula were measured to study the effect of 
structural modifications of the solute. Many of the isotherms were 
repeated for confirmational purposes. 

Adsorbability is defined here as the slope of the adsorption iso- 
therm at infinite dilution and expressed in Langmuirian terms as 
lnQ% The value of Q" is the saturated adsorption capacity as C 
+ C,,, while the value of b is related to the free energy of ad- 
sorption through exp(-AG/RT). 

The physical properties required for calculating Acne' are listed 
in Tables 3 and 4. Table 4 also includes calculated values for each 
term in Eq. 31. A complete consistent set of ionization potential 
data for the desired compounds was not found in the literature. 
Therefore a constant ionization potential for each series was as- 
sumed. Since the ionization potentials of a homologous series of 
alcohols varies only between 11.0 eV and 10.0 eV, and approaches 
10.0 eV asymptotically as the series is ascended (Vedeneyev et al., 
1966), this assumption has a small effect on the adsorbability 
(InQOb) prediction, but does not introduce a significant error in 
the correlation slope or coefficients, as shall be seen later. 

6 
13 
13 
13 
9 
9 

11 
9 

11 
10 
9 

10 
9 

10 
11 
11 
10 
9 

11 
9 

10 

0.13(6) 
0.28(3) 
0.37(1) 
0.33(1) 
0.48(8) 
0.49(3) 
0.70(7) 
0.43(9) 
0.40(8) 
0.60(0) 
0.76(7) 
0.78(3) 
0.90( 4) 
0.89( 1) 
0.97(6) 
1.66(3) 
0.90(5) 
0.90(5) 
2.13(7) 
2.12(9) 
2.14(3) 

- 1.99( 7) 
- 1.26(2) 
-0.99(3) 
-1.10(6) 
-0.71(8) 
-0.70(8) 
-0.34(6) 
-0.82(4) 
-0.89(5) 
-0.51(1) 
-0.26( 5 )  
-0.24(4) 

-0.11(5) 
-0.02(8) 

-O.lO(l) 

0.50(9) 
-0.09(9) 
-0.09(9) 

0.75(9) 
0.75(5) 
0.76(2) 

3.2 
11.4 
62.4 
43.7 
10.9 
77.3 
37.2 
39.2 
32.6 

203.9 
232.4 
317.0 
91.5 
96.5 
49.5 
87.1 

159.1 
132.4 
68.9 
73.5 
90.4 

-0.8(4) 
1.1(7) 
3.1(4) 
2.6(7) 
1.6(8) 
3.6(4) 
3.2(7) 
2.8(5) 
2.5(9) 
4.8(1) 
5.2(8) 
5.5(2) 
4.4(2) 

3.8(8) 
4.9(8) 

4.4(5) 

4.9(7) 
4.7(9) 
4.9(9) 
5.0(5) 
5.2(7) 

0.61(2) 
0.95(8) 
0.96(3) 
0.96(7) 
0.96(7) 
0.98(3) 
0.90(2) 
0.95(0) 
0.92(8) 
0.94(6) 
0.94(7) 
0.94(8) 
0.98(4) 
0.95(3) 
0.99( 1) 
0.99( 1) 
0.96(0) 
0.98(5) 
0.91 (6) 

0.88(1) 
0.98( 1) 

Surface Area Calculations 

The solute total cavity surface areas, TSA, were calculated from 
geometrical considerations. First, the x, y and z coordinates of the 
solutes' atoms were determined from known bond lengths and 
angles. These coordinates were then used to construct a set of in- 
tersecting spheres with radii equal to the van der Waal's radii of 
each atom. A spherical probe with the radius of a water molecule 
(1.5 A) is then traced around the surface of the spheres, and the 
resulting surface area and volume is calculated (Richards, 1977). 
A computer program to carry out these calculations was supplied 
by G. M. Smith of Merck, Sharp and Dohme. 

In comparison with the procedure described above, the calcu- 
lated TSA values did not differ by more than 3% when using the 
computer optimized surface areas from an energy minimization 
of the molecular configuration (Woodfield, 1982). 

In addition, a value is needed for AA, the change in area exposed 
to solvent as a result of the association reaction. Previous work 
(Altshuler and Belfort, 1981) estimated AA as 20-30% of TSA. 
Thus for this work, a constant value of 25% was used. 

Raw Data 

Figure 2 is included here for several reasons. First, the fact that 
although molecular weight is useful as a correlating parameter with 
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TABLE 3. SOLUTE AND SOLVENT PHYSICAL PROPERTIES 

a h Molar Octanol-water d 
Molecular  Densi ty  a Index o f  Accentr ic .  r e f r a s t i o n ,  p a r t i t i o n  Parachor 

r e f r a c t i o n  f a c t o r ,  MR c o e f f i c i e n t  
w [PI g cm -3 cm3 mole-’ 1bg P 

No. Compounds weight, MW P* 

A1 i p h a t i c  A1 coho1 s 

1. 1-butanol 74.12 0.8097 1.3993 0.251 22.157 0.87 205.3 
2 .  2-methyl 1-butanol 88.15 0.8191 1.4107 0.275 26.704 2.17 241.6 
‘4 1-nnntrnnl 88 15 n 8148 1 &inn 0.796 76 804 1 41 245.3 --. - -.- - . --  _ _ _ _ _  -. . *-,.””..- 
4. 2.3 dimethyl 2-butanol 102.18 0.8226 1.41 73 0.251 31.257 1.38 27412 
5 .  3.3 dimethyl 1-butanol 102.18 0.8147 1.4138 0.289 31 ,328 1.51 277.9 

7. 2 methyl 3-pentanol 102.18 0.8239 1.4168 0.299 31.175 1.60 277.9 
8. 4 methyl 1-pentanol 102.18 0.8130 1.4154 0.330 31.500 1.82 281.6 
9.  1-hexanol 102.18 0.8198 1.4181 0.351 31.417 1.95 285.3 
10. 2.4 dimethyl 3-pentanol 116.20 0.8290 1.4250 0.3’17 35.841 2.01 314.2 
11. 3 e t h y l  3-pentanol 116.20 1.4301 0.304 35.552 2.05 317.9 
12. 1 -heptanol 116.20 E;: 1.4241 0.394 36.057 2.49 325.3 

A l i p h a t i c  Ketones 
1. 2-propanone 58.08 0.7899 1 .3588 0.176 16.179 0.24 162.1 
2.  2-butanone 72.12 0.8054 1 .3788 0.227 12.082 0.30 199.8 
3. 2-pentanone 86.14 0.8089 1 .3895 0.279 25.215 0.84 238.3 
4. 3-pentanone 86.14 0.8138 1.3924 0.275 25.228 0.84 238.3 
5. 3 methyl 2-butanone 86.14 0.8051 1 .3880 0.247 25.249 0.71 234.6 
6. 2-hexanone 100.16 0.8113 1.4007 1.38 277.1 
7. 4 methyl.2-pentanone 100.16 0.7978 1.3962 ::E :;:K 1.25 273.4 
8.  2-methyl 3-pentanone 10 0.16 0.8106 1 ,3981 0.299 1.25 273.4 
9. 3,3 dimethyl 2-butanone 1D0.16 0.8012 1.3952 0.251 29.984 0.94 269.7 
10. 2-heptanone 114.19 0.8111 1.4088 0.378 34.791 1.92 317.1 
T l  . 3-heptanone 114.19 0.8183 1 .4057 0.369 34.254 1.92 317.1 
12. 4-heptanone 114.19 0.8174 1.4069 0.369 34.382 1.92 317.1 
13. 4 methyl 2-hexanone 114.19 0.8129 1.4082 0.343 34.669 1.79 313.4 
14.  5 methyl 2-hexanone 114.19 0.8119 1.4069 0.352 34.614 1.79 313.4 
15. 2.4 dimethyl 3-pentanone 114.19 0.8108 1 .4000 0.317 34.138 1.66 309.7 
16. 2-octanone 128.21 0.8185 1.4153 0.421 39.250 2.46 354.9 
T7. 3 methyl 2-heptanone 128.21 0.8218 1.41 72 0.383 39.250 2.33 351.2 
18. 5 methyl 2-heptanone 128.21 0.8218(,\ 1.4172 f e )  0.392 39.250 2.33 351.2 
19. 2-nonanone 112.24 0.8208- 1.4210 ~ 0.464 43,942 3.00 393.9 

6. 2 e t h y l  1-butanol 102.18 0.8281 1.4224 0.310 31.382 1.82 281.6 

20. 5-nonanone 142.24 0.8217 1.4195 0.455 43.761 3.00 393.9 a. 2.6 d imethy l  4-heptanone 142.24 0.8053 1.4120 0.414 43.950 2.74 386.5 

Solvent 

1. water 18.0 0.9971 1.3325 

Footnotes 

From (Manufacturing Chemists Assoc., 1966). 

Calculated from (Leo et. al., 1975). 

Estimated to be same Y compound #17. 

b Of a non-polar homologue, from (Reid, Prausnitz and Shewood, 1977). 

d Calculated from (Quayle, 1953). 

adsorbability for linear members of a homologous series, it clearly 
cannot be used for the adsorption of isomers of the same molecular 
weight. Secondly, the coordinates, plotted in Langmuirian form 
suggest that this simple model is quite adequate to describe the data 
especially in the dilute range (i.e., high values of C-l). Thirdly, in 
addition to the effects of branching, the location of the OH-group 
on the isomer is shown to affect the adsorbability (inverse slope) 
of the solute. It will be shown that all these effects are automatically 
accounted for by the CI$ theory. 

Solvophobic Contributions-Alcohols 

Figure 3 shows the contributions to the net free energy change 
for the association reaction of alcohols and the carbon surface, as 
calculated by Eq. 30. The dominant contribution is due to the van 
der Waals’ dispersion forces. The electrostatic contribution is 
negligible as expected for nonionizable solutes. However, the theory 
may be adapted for ionizable solutes (Altshuler and Belfort, 1981). 
The cratic term (7.21 dimensionless units) due to the reduction of 
the solvent free volume, is constant for each solute and therefore 
not shown in Figure 3. 

The curves drawn through the calculated points on Figure 3 are 
for the normal isomer of each formula. Note that branched isomers 

0.023 

have an increased net free energy change, indicating decreased 
adsorption. 

Simplified Solvophobic Theory 

Although total cavity surface area (TSA) is assumed to be linearly 
related to the reduced or lost microsurface area (AA) due to the 
association adsorption reaction, this parameter, according to the 
theory presented here, should only describe the free energy for 
cavity formation which increases with carbon number in the isomer 
or decreases with branching for an isomer of constant carbon 
number. The fact that TSA can be used to universally describe the 
net free energy ACnet/RT is dependent on a recent discovery of 
Sinanoglu (private communication) that, in addition to 
AC,,,AGdw, the dominant counteracting term (opposite sign to 
AG,,,) in our analysis (Figure 3) is also proportional to TSA. Thus, 
fortuitously, the difference in free energy (AG,dw - AG,,,) is also 
proportional to TSA resulting in, what is termed here, the “sim- 
plified c+ model.’ 

Test of Theory-Alcohols 

The results are plotted as adsorbability (ZnQOb) vs. MW,TSA, 
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TABLE 4 SOLUTE PROPERTIES AND SOLVOPHOBIC CONTRIBUTIONS 
C 

MOLECULAR PROPERTIES ADSORBABI L I TY SOLVOPHOBIC FREE ENERGY CHANGE, AG/RT 
Molecular  Cav i t y  Surfage Molecular  

ADSORBATE weight,MW area,TSA Volume, P ln (qob)  vow ES CRAT CAV NET 

- i2 i3 - - - - - 
Al ipha t i c  d l  coho1 s 

1. 1-butanol 74.12 251.5 152.01 1.29 -19.27 -0.27 7.21 9.39 2.94 
2 .  2-methyl 1-butanol 267.2 178.71 2.54 23.30 -0.23 7.21 9.88 6.44 
3. 1-pentanol 282.2 179.65 2.14 -25.01 -0.23 7.21 10.34 -7.69 
a? 102.1 274.1 206.27 1.78 -23.32 -0.20 10.09 -6.22 
5 .  3,3 dimethyl 1-butanol 102.18 284.0 208.27 2.07 -26.57 -0.20 10.40 -9.16 
6. 2 e t h y l  1-butanol 102.18 290.0 204.90 3.33 -28.77 -Q.20 7.21 10.58 11.17 
'1. 2-methyl 3-pentanol 102.18 290.7 205.94 3.16 -27.50 -0.20 7.21 10.61 -9.88 
8. 4:methyl 1-pentanol 102.18 300.4 -0.20 7.21 10.91 12.59 

11. 3 e thy l  3-pentanol 116.20 302. a 228.49 -30.29 -0.18 7-21 10.96 -12 i30 

9 .  1-hexanol 102.18 312.9 4.12 -0.20 7.21 11.30 14.28 
10. 2,4 d imethy l  3-pentanol 116.20 301.2 (1.18 7.21 10.93 13.62 

12. 1-heptanol 116.20 343.6 234.60 40.06 0.17 7.21 12.25 20.78 

A l i pha t i c  Ketones 

1. 2-propanone 58.08 209.6 122.10 -0.84 -11.71 -0.77 7.21 8.09 2.81 
'2. 2-butanone 72.12 238.7 148.70 1.17 -16.25 -0.64 7.21 8.99 -0.68 
3. 2-pentanone 86.14 269.4 116.84 3.14 21.62 0.54 7.21 9.94 5.00 
4. 3-pentanone 86.14 267.8 175.77 2.67 -21.30 -0.54 7.21 9.89 4.73 
5 .  3 methyl 2-butanone 86.14 258.4 177.67 1.67 -19.22 -0.53 7.21 9.60 -2.94 
6. 2-hexanone 205.02 3.61 28.15 -0.46 7.21 10.92 10.48 
7 .  4 methyl 2-pentanone 3.27 -25.97 -0.45 7.21 10.47 8.75 
8. 2-methyl 3-pentanone 1 0 0 . 7  287.6 2.84 -24.96 -0.46 7.21 10.51 7.71 
3 .  3,3 dimethyl 2-butanone 
10. 2-heptanone 
11. 3-heptanone 
12. 4-heptanone 114.19 
13. 4 methyl 2-hexanone 114.19 
; 233.55 4.45 -32.61 0.41 7.21 11.47 -14.35 3 233.87 3.88 -28.15 -0.41 7.21 11.07 -10.28 
16. 2-octanone 128.21 260.11 4.98 -43.07 -0.37 7.21 12.85 23.38 

12.30 -19.53 17. 3 methyl 2-heptanone 128.21 259.07 4.97 -38.67 -0.37 7.21 
18. 5 methyl Z-Wptanone 128.21 343.8 4.79 -39.70 -0.37 7.21 -20.61 
19. 2-nonanone 142.24 
20. 5-nonanone 142.24 392.1 5.05 -50.38 0.33 7.21 13.75 -29.75 
21. 2.6 d tae thy l  4-hcptanone 142.24 363.0 293.31 5.27 -43.86 -0.32 7.21 12.85 24.14 

Footnotes : 

.Calculated from Merck-Sharp & Dohme computer program. 
b Calculated from density and molecular weight. 
c Calculated from Eq. 31, with AA = 114 (TSA); Alcohols, ioiiization potential = 10.0 eV, dipole moment = 1.8 D, Ketones, ionization potential = 11.0 eV, dipole moment = 2.75 D. 

o d l l l l l l l l l l l l  
o 100 POO 300 400 so0 BOO 700 eoo sao ioao 1100 12a0 

'/C (I /m mole) 

Figure 2. Linear Langmuir isotherms for six-carban isomers of aliphatic ai- 
cohois. 

-401 1 1 -1 2. 
4 5 6 

Carbon Number 
Figure 3. Solvopohobic contributions to A G ~ I R T  for alcohols. 

and AGnet/RT in Figure 4. Because MW has traditionally been 
used to estimate the adsorbability, it is included in the analysis for 
comparison. 

As mentioned above, it is generally recognized that adsorption 
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Figure 4. hQob as a function of molecular weight, cavity surface area, and 
AGnot/RT for alcohols. 

increases with molecular weight. This is true when considering 
linear members of a homologous series, Figure 4a. However, iso- 
mers cannot be distinguished from each other by considering 
molecular weight only. 

Note that in both Figure 4b and c, TSA and AGnet/RT generally 
follow the expected trend. Since the surface areas of isomers are 
different, the correlation coefficient obtained for TSA (r2 = 0.858) 
is higher than that of MW (r2 = 0.519). The highest correlation 
coefficient (r2 = 0.894) is obtained for ACnet/RT, which accounts 
for surface area as well as the other major interactions. 

Assumptions 

The two main assumptions regarding the physical properties for 
calculating AGnet are a constant value of the ionization potential, 
I, and that the microsurface area change of reaction, AA is one 
quarter of the solute cavity surface area. 

Figure 5a compares the results of using an ionization potential 
of 11.0 eV rather than 10.0 eV which was used in Figure 4c. Since 
both the slope and the final correlation here are close, the actual 
value chosen for I has a negligible effect on the final results. Al- 
though the choice of AA fraction has a larger effect on the absolute 
magnitude of AGnet, as shown in Figure 5b, the effect on the final 
correlation is also negligible (r  = 0.95 for both cases). 

ALCOHOLS 

0 I =I00 

1 . 1 1  0 
slope = - 0  I 9 2  
mt = 0 630 
r = 0 9 4 ( 6 1  

0 

J I I I I I I 

-25 -20 -15 -10 - 5  0 5 

A G ~ ~ ~ /  RT 

ALCOHOLS 

12y A A = I / Z ( T S A I  
\ s l o w = - O . 2 4 1  :\ - 0 A A = l / 4 ( T S A l  slope r int  = = = - 0 0 0 7 9 3  94(61 204 02 I \  *2 

int = 2.58 I 
r = 0 .94 (71  

I1 I I I I 
- 2 5  -20 -15 -10 - 5  0 5 

A G ~ € ~ / R T  
Figure 5. Effect of ionization potential and AA and AGWRT.  

Molecular Descriptor Correlations 

Various parameters that characterize the solvent (water) and 
solute are needed to calculate the free energy terms in Eq. 31. Thus, 
a series of solute and solute-solvent molecular descriptors may be 
correlated with adsorbability ZnQOb, to compare then with the c+ 
theory. These molecular descriptors are molecular weight, MW; 
density, p; index of refraction, nD; molecular volume, v; molar 
refraction, MR; parachor, [PI; octanol-water partition coefficient, 
log P; and total cavity surface area, TSA. 

Molar refraction, MR, is a molecular descriptor widely used in 
quantitative structure-activity relationships (QSAR) (Leo et al., 
1969). It is defined by: 

(32) 

The parachor [PI was developed in the 1920's as a means for 

(33) 

It is not dimensionally correct to consider [PI as a volume. More 
accurately, the ratio of the parachors of two compounds is equal 
to the ratio of the molecular volumes under conditions such that 
the surface tension is equal to unity. Hence the parachor may be 
thought of as a molecular volume at a corresponding state with 
respect to surface tension, rather than temperature or pressure 
(Quayle, 1953). 

The octanol-water partition coefficient, log P is the logarithm 
of the ratio of a solute's concentration in octanol to that in a con- 
tacting water phase. It is extensively used in QSAR studies (Leo et 
al., 1971), and is a measure of the relative hydrophobicity of a so- 
lute. 

The results of these correlations are presented in Table 5. Of all 
the correlations for the alcohols, AGnet/RT results in the highest 

M R = -  - MW[ni - l l  p n i + 2  
and is therefore related to AG,,dw (Eqs. 8 and 10). 

calculating molecular volumes. It is defined by: 
MW [pi = y / 4  ~ 

( P I  - P " )  
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TABLE 5. SOLUTE PARAMETER CORRELATIONS 

Group AGNet/RT MW 7r no V MR [PI LogP TSA 

KETONES 

Aliphatic Alcohols, n = 12 
1 - 12 r2 0.894 0.519 

Ketones r2 0.920 0.883 
Rank 1 7 

1 - 15 Rank 3 6 

ALCOHOLS, n =  I 2  

99% _I 
Figure 6. Statistical significance of comparison of correlations with 
A G ~ R T .  

19, 20 10-12 l6 

I 9  
. 5 5 ( 1  I 

8 9 
Carbon Numb(er 

Figure 7. Soivophobic contributions to L?rGWRT for ketones. 

correlation coefficient. However, the statistical significance of 
differences in correlation coefficients must be checked. Figure 6 
shows the confidence levels at which the hypothesis ri = rAcm may 
be rejected. For example, at the 99% confidence level, Acne' yields 
a different and higher correlatiop than p. n ~ ,  or MW. However, 
it cannot be stated that even at the 50% confidence level, TSA and 
ACnet yield statistically different values. This substantiates the 
assumption that TSA represents a useful simplification of the 
comprehensive solvophobic theory. 

All of the ketones examined in this study were monofunctional 
compounds. As per the results of Abe et al. (1980), molar refraction, 
molecular weight, molar volume, parachor and the octanol-water 
partition coefficient all correlated well with the adsorption pa- 
rameters for the linear ketones. 

0.156 0.500 0.771 0.537 0.605 0.714 0.858 
9 8 3 6 5 4 2 

0.662 0.913 0.867 0.778 0.910 0.947 0.952 
9 4 7 8 5 2 1 

't 

O t  \ 
- 1 1  I .2-Pr , 
-40 -30 - 20 - 10 0 10 

A G " ~ ' / R T  

Figure 8. lnOo6 as a function of molecuhr weight, cavity surtace area, and 
AGWRTfor ketones. 

Abe et al. (1980), studied alcohols, amines, aromatics, esters, 
ethers, ketones, acids and oxides as a single group. There were nine 
ketones in this group, two of these nine were branched. For ali- 
phatic monofunctional compounds, these investigators obtained 
correlations of rMW = 0.943, rvm = 0.868, r h g  p = 0.904, r M R  = 
0.898, qPl = 0.889, and rnD = 0.932 with adsorbability. 

Test of Theory-Ketones 

The contributions to AGnet for the 21 ketones studied show the 
same trend as the alcohols, Figure 7. However, the adsorption 
isotherms show a different behavior. When plotted against mo- 
lecular weight, hQ0b appears to level off at a molecular weight 
of around 114, which corresponds to a seven carbon ketone, Figure 
8a. In addition, beyond C7, the sensitivity in hQ0b between iso- 
mers appears to have lessened. Both of these observations indicate 
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Figure 9. Statistical significance of comparison of correlations with 
AG"~'IRT. 

that there might be steric effects, influencing the larger molecules 
in reaching the surface of the smaller pores. 

Detailed analysis of that data shows that Q" values increase with 
molecular weight across the whole range of ketones, while b values 
decrease, Table 2. Thus, although the saturation values increase, 
the energy term decreases. These competing effects equalize at C 
> C7, resulting in an indifferent lnQOb with carbon number, TSA, 
or AGnet/RT. 

Figure 8b shows the relatiomhip of lnQob with total surface area 
for the aliphatic ketones. The leveling off of the curve starting at 
heptanone is even more apparent here. The expected relation be- 
tween the isomers is generally predicted; i.e., the branched isomers 
show a lower adsorbability than the linear isomers. 

Considering lnQob vs. ACnet/RT as shown in Figure 8c, the 
points for the ketones fall close to a straight line, in the expected 
sequence. In this case, however, TSA results in the highest corre- 
lation coefficient (4 = 0.95(2), when compared with AG"e'/RT 
( r2  = 0.92(0)), or MW ( r2  = 0.88(3)). 

The results of the correlations with ZnQOb for the parameters 
studied are listed in Table 5. For those ketones that follow the 
correlation, Figure 8c; i.e., the first 15 ketones, ACnet/RT yields 
the third best correlation coefficient. However, the differences in 
correlation coefficients for MW, [PI, nD, and log P are not statis- 
tically significant, even at the 50% confidence level, Figure 9. Total 
surface area, TSA, yields a statistically better correlation then 
AGnet/RT at greater than 75% confidence, and is better than 
molecular weight at a greater than 90% confidence level. 

The above discussion indicates that the solvophobic theory 
provides a framework to automatically account for changes in 
adsorbability due to specific solute-solvent interactions resulting 
from molecular structural changes. Furthermore, the simplified 
vetsion of the theory provides a useful way of correlating adsorption 
results. 
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NOTATION 

A 
a 
b 
C 
D 
a, 
c 
1 
K 
1 

nD 
M R  
M W  
N 
P 
P 
[ P  1 
Q 
Q' 
Q" 

Ri 

log P 

R 

T 
t 
V 
W 
X 

Greek Letters 

a 
Y 

€0 

K e  
K S  

x 
I.1 

P 

E 

U 

LT 
w 

= surface area, A2 
= coefficient of thermal expansion, cm3/K 
= Langmuir isotherm parameter 
= solute concentration, mmol/L 
= Clausius-Mosotti function, Eq. 10 
= electrostatic variable, Eq. 17 
= Gibbs free energy, kcal/mol 
= ionization potential, eV 
= reaction equilibrium constant 
= Kihara parameter, cm3 
= logarithm of octanol-water partition coefficient 
= index of refraction 
= molar refraction, cm3/mol 
= molecular weight 
= Avogadro's number 
= electrostatic variable, Eq. 18 
= pressure, kPa 
= parachor, Eq. 33 
= Langmuir isotherm loading, mmol/g 
= van der Waals' variable, Eq. 11 
= Langmuir isotherm parameter, mmol/g 
= universal gas constant 
= solute diameter, cm3 
= temperature, K 
= van der Waals' variable, Eq. 12 
= molar volume, cm3 
= cavity function, Eq. 7 
= mole fraction 

= polarizability, cm3 
= interfacial tension, erg/cmW2 
= solvent dielectric constant 
= free space permitivity constant 
= energy correction for curved surface, Eq. 20 
= entropy correction for curved surface, Eq. 7 
= complex/solute volume ratio 
= dipole moment, Debyes 
= molecular volume, A3 
= density, g/cm3 
= London parameter, cm3 
= accentric factor 

Superscripts 

assoc 
net 
overbar (-) 

= association reaction, Eq. 2 
= sum of all interactions 
= mean parameter of solute and solvent 

Subscripts 

cav 
C 
es 
gas 
i 
si 
sic 
solvent 
vdw 
W 

= cavity interaction 
= carbon 
= electrostatic interaction 
= gas phase reaction 
= ith solute 
= solute 
= carbon-solute complex 
= solvent phase reaction 
= van der Waals' interaction 
= water 
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Characterization 
Systems through 

of Mixing in 
Analysis of 

Reactor 

Tracer Dilution Data Obtained with a 
Gamma Camera 

A new approach to the characterization of flow patterns and mixing through 
analysis of regional tracer dilution data obtained with a gamma camera is pre- 
sented. Studies performed in a small, two-dimensional, multiple-inlet vessel 
demonstrate the experimental technique and how data are analyzed to determine 
the intravessel spatial distribution of fluid deriving from the traced stream. Good 
agreement is shown between calculated values of the flow distribution and visually 
observed flow patterns. 
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SCOPE 

While numerous models have been proposed to characterize 
fluid mixing in reactor vessels (e.g., Weinstein and Adler, 1967; 

Chemical Engineering, Cdumbia University, New York, NY 10027 

Nishimura and Matsubara, 1970; Goto et al., 1973; Dudukovic, 
1977; Spencer et al., 1980), their assessment has been relatively 

detailed experimental data. Recently, it has been shown that 
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