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ABSTRACT

The radioisotope technique was used to study the 

removal of organic acid contaminants from dilute aqueous 

solutions onto activated carbon. Five single-solute 

systems (acetic acid, propionic acid, n-butyric acid, 

n-hexanoic acid and n-heptanoic acid) were studied at 

three different temperatures, 278, 298 and 313 K. Three 

bi-solute acid mixtures (A. acetic and propionic acids,

B. acetic and butanoic acids, and C. propionic and butanoic 

acids) were studied at two different temperatures 278 

and 29 8 K.

The purposes of this study are two-fold. First, 

experimental isotherms of single-solute systems were 

obtained at three different temperatures in the very 

dilute concentration region (less than 1% by weight).

These data are very important in the prediction of bi-solute 

equilibrium data. Secondly, a Polanyi-based competitive 

adsorption potential theory was developed in this study 

and used to predict the bi-solute equilibrium uptakes.

The calculated values were compared with both experi­

mental data and equilibrium uptakes as predicted by ideal 

adsorbed solution theory. The average errors between 

the values calculated by the competitive adsorption
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potential theory and experimental data ranges from 4% 

to 14%. It was found in this study that the competitive 

adsorption potential theory gives slightly better results 

than those calculated by ideal adsorbed solution theory.
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I. Introduction

Due to the growing concern for potential carcinogenic, 

mutagenic and teratogenic compounds found in drinking water 

and the associated impact of developing alternate energy 

sources, the removal of biologically resistant organic 

contaminants from water has become more important in recent 

years (1, 2). The organic contaminants found in by-product 

water of synthetic fuel processes are mainly aliphatic 

organic acids, and phenol and its derivatives as will be 

shown later.

The adsorption of organic acids from aqueous solution 

has been studied primarily by chromatographic or spectroscopic 

techniques over moderate and higher concentration ranges.

The adsorption data of aliphatic acids from dilute aqueous 

solution (less than 1% by weight) are not eadily available 

in the literature.

This work presents the adsorption data of single-acid 

solutions and bi-acid solutions by using radioactive tracer 

techniques. Five carboxylic acids were studied at three 

different temperatures over five decades in low concentra­

tion range. The data obtained are important for develop­

ing theoretical adsorption models to predict competitive 

adsorption equilibrium data and for the design of fixed bed 

adsorption towers.
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In studying competitive adsorption of organic acid 

from dilute aqueous solution, three acid mixtures were 

studied at two different temperatures over three decades 

in concentrations. In all these studies, activated carbon 

was used as the substrate because of its high capacity in 

removing organic contaminants from aqueous solution.
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II. Literature Review

A. Experimental Works

Numerous pertinent studies of adsorption using carbon 

have been reported in the literature by different investi­

gators (3-14). The monograph by Kipling (15) provides an 

excellent review on the adsorption at the liquid-solid inter­

face for research done prior to 1965. Among those works 

mentioned above, the adsorption of organic acids from aque­

ous solution has been carefully studied by Linner and Gortner 

(3), Hansen and co-workers (5-9) , and Smith and Hurley (4).

Linner and Gortner (3) studied the adsorption onto 

decolorizing carbon of thirty-one organic acids, differing 

in most cases in chemical configuration. The experiments 

were conducted at essentially room temperature which varied 

from 22°C to 30°C; the equilibrium concentrations were 

determined by titrimetric methods. Hansen and co-workers 

studied the homologous normal aliphatic acids from acetic 

acid to heptanoic acid at 25°C on three non-porous carbons, 

Spheron-6, Graphon, and Acheson Graphite (DAG-1). The 

results were analyzed interferometrically. Smith and Hurley 

studied the adsorption of acetic, capric, palmitic, and 

stearic acids onto six different carbon blacks at 25°C. 

Concentrations were determined volumetrically, using methan- 

olic sodium hydroxide and phenalphathalein as an indicator.



T-2293

All of their experimental work was devoted to single­

solute systems only.

It has been found that few efforts have been directed 

toward using activated carbon as the adsorbing media. The 

main reason for not using activated carbon is to avoid 

the steric effect and the surface heterogeneity due to the 

microporous structure of activated carbon.

Since 1970, granular and powdered activated carbon 

have been widely used to remove organic contaminants from 

water. Also researchers have extended their experimental 

studies to multi-solute systems. Manes and co-workers 

(16-22) studied the adsorption of acrylamide, benzamide, 

benzoic acid, coumarin, glucose, methionine, phthalide, 

p-nitrophenol, thiourea, urea and valine at 25°C and the 

final concentrations were determined by U.V. spectropho­

tometry. Parkash (23) studied the adsorption of homologous 

aliphatic acids, from formic acid to n-caproic acid on 

four activated carbons at 25^C over a concentration range

0.02M to 0.20M. Radke and Prausnitz (24) reported the 

adsorption data for dilute aqueous solutions containing 

acetone and propionitrile, p-chlorophenol and p-cresol at 

25°C using activated carbon as the adsorbent. The equili­

brium concentrations were measured by a gas chromatograph 

with a flame ionization detector. The bi-solute mixture
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of p-nitrophenol and phenol was thoroughly studied by Fritz 

and Schluender (25) at 20°C and the concentrations were 

determined by U.V. spectrophotometry.

In addition to these new experimental data, four com­

petitive adsorption models have been proposed by different 

investigators. All these models require only that the 

single-solute adsorption isotherms be known.

B . Previous Theoretical Models

In the waste water retreatment problem, a competitive 

adsorption model based solely on single-solute isotherms is 

essential in determining the bed life of an adsorbent. 

Several models based on fundamental thermodynamic principles 

have been developed to predict the uptake of each solute 

from multi-solute mixtures.

Butler and Ockrent (27) proposed a competitive Langmuir 

model that found limited success because of thermodynamic 

inconsistency as indicated by Jain and Snoeyink (28).

Radke and Prausnitz (24) developed the thermodynamic formu­

lation for adsorption of multi-solute mixtures from 

dilute aqueous solutions by direct extension of the method 

proposed by Myers and Prausnitz (29). A simplified model 

based on the same concepts as the approach of Radke and 

Prausnitz has recently been proposed by Digiano, et al. (30)

The application of the above model is limited primarily
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to the dilute concentration range. To overcome this short­

coming, Minka and Myers (31) proposed a method to predict 

the surface excess over the entire composition range in 

terms of the system variables. These are: the energy of im­

mersion of the adsorbent, the capacity of the adsorbent 

at saturation, and the activity coefficients in the bulk 

and adsorbed phases. Using the Polanyi adsorption poten­

tial theory as a basis, Manes and co-workers (16-22) 

extended gas phase adsorption theory to the liquid phase.

The modified potential theory has been used to predict 

the adsorption of organic liquids and solids from trace to 

saturated concentrations for partially miscible bi-solute 

and tri-solute aqueous mixtures.

The following part gives the summary of the main 

equations and assumptions for each model. For more detailed 

derivations, the listed references are recommended.

1. Ideal Adsorbed Solution Theory (IAS Model)

(a) Method of Radke and Prausnitz (24)

As shown by Gibbs (32), the solution-solid interface region 

can be considered as a separate two-dimensional phase. If

the solid is assumed to be inert and to possess a specific

surface area identical for all adsorbates, then the differ­

ential Helmhotz energy of the adsorbed phase, designated 

by superscript a is given by
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à/\ =  - S d T  2  ( i )

where and n^^ are the surface excesses of solute i

and solvent s respectively. By Euler's theorem, Equation 

(1) can be integrated to give

^  j x t n ^  (2)

where subscript i represents the solute and subscript s 

represents the solvent. The surface tension is indicated 

by a a n d ^  stands for the surface area of the solid. By 

differentiation of Equation (2) and combining with 

Equation (1) leads to Gibbs isothermal adsorption equation

'-j4dO' = ^  72/ d/(.t (constant T)

At equilibrium, the chemical potentials of the adsorbed 

and liquid phases are identical. Hence the isothermal 

Gibbs-Duhem equation can be written as

Ç  Q  4^/ -f Cs = 0   ̂ ^

where and are the bulk liquid concentrations of 

solute i and solvent s in moles per unit volume.

Substitution of Equation (4) into Equation (3) gives

the desired result which is valid over the entire solute

concentration range.

^  ni (5)
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where the summation is over the solute species only. The 

spreading pressure tt is defined as the difference between 

the surface tension of the pure solvent-solid interface 

and that of the solution-solid interface at the same 

temperature, i.e.

solvent- Sohd. ^S o lu tion  -  Solid  ̂^
The quantity n^^ is the invariant adsorption of solute i 

defined by

Radke and Prausnitz (24) indicate that moles of solute and 

solvent adsorbed, and n^^ are defined as Gibbs surface

excess quantities, relative to the dividing surface which 

makes the adsorption of the solid equal to zero. This is 

obviously a mistake. If the Gibbs dividing surface is 

chosen so that the adsorption of solid is zero, then there 

is no adsorbed phase at all.

Radke and Prausnitz show that for dilute solutions n^^ 

can be approximated by measuring the solute concentration 

decrease AC- caused by contacting a solution of known con­

centration and known volume V with a known mass of adsorbent 

Thus
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Because of the approximate nature of Equation (8), its 

application is restricted to dilute solutions. Since only 

the invariant adsorption of solute species appear in 

Equation (5), Radke and Prausnitz suggest that the adsorbed 

phase can be treated as though it were solvent free.

Following the work of Innes and Rowley (33), the adsorbed 

phase fugacity f^^ is defined as

d/̂ 4.' —  R T d  In

and l-^ =  J (10)
ir—*o <-

where the adsorbed-phase mole fraction is defined by

7?'"̂  77^

The adsorbed-phase fugacity is two-dimensional ind has the 

same units as the spreading pressure t t .

When solute species adsorb simultaneously from dilute 

solution at constant T and tt , Radke and Prausnitz propose 

that the adsorbed phase forms an ideal solution, i.e.

** (12)J c  CT, TT, 2,; (T, TT)
aowhere f^ is the fugacity that single solute i exerts 

when it adsorbs singly from dilute solution at the same
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temperature and spreading pressure as that of the mixture 

The superscript "o" denotes single-solute adsorption. 

Equation (5) can be rewritten as

n

For an ideal adsorbed phase, Equations (5), (9), and (12) 

give

CL 0.0

Substituting Equation (14) into Equation (13) gives

Equation (15) provides one of two relationships of the 

ideal adsorbed solution theory for calculating multi-solute 

equilibria.

At equilibrium conditions,the chemical potential of 

solute i in the adsorbed phase is equal to that of the 

liquid phase

The chemical potential of the adsorbed phase depends on
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temperature, spreading pressure and composition as measured 

by the mole fraction Z^. Integrating Equation (9) together 

with the ideality assumption of Equation (12) gives

4. 0,0 f 1 71yW; (T , IT, Zc) (T. TT) +A’T /nZ,-
For single-solute adsorption the intensive variables 

T and tt fix the concentration in the dilute liquid

phase. Thus, for in Equation (17) we substitute

0-0 /<> c o riRi=/2̂ ' CT. C. (7T;} -tRTlnQ̂ iT)
where superscript * denotes the ideal dilute-solution 

(Henry’s law) standard state of the liquid phase. No 

activity coefficient is required in Equation (18) when the 

liquid solution is dilute. The concentration C^°(tt) refers 

to solute i when the solute adsorbs singly from solution at 

the same temperature and spreading pressure as that of 

the mixture. In a dilute liquid mixture at constant tem­

perature y^^ is a function only of C^. Therefore, the 

right side of equation (16) becomes

T, C, ) = y u f \  T ) ;?T//7 Q
Again, no activity coefficient is needed in Equation (19) 

when attention is restricted to dilute solutions. Equations 

(15) through (21) lead to the second relationship of ideal
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adsorbed solution theory for calculating multi - solute equil­

ibria.

=  C, (Tr_) - z.- (20)

In order to use Equation (15) and (20) spreading pres­

sures must be known for the various singly-adsorbing solutes 

in the mixture. These spreading pressures can be evaluated 

from Equation (5) by

Experimental single-solute isotherms are used to construct 

a curve of as a function of and the area

under this curve determines t t .

Calculation of Multi-Solute Equilibria

The following procedure illustrates the calculation 

of competitive adsorption of bi-solute equilibrium data.

1. Experimental isotherm data are integrated according 

to Equation (21) giving the spreading pressure for each 

single solute as a function of concentration.

IT, = y  ( c°)
(2 2)

TL = Â  cc/; (23)
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by some simple form, Equation (21) can be integrated expli­

citly. Then the ideal adsorbed solution theory can be ex­

tended easily to an N-component system without calculating 

spreading pressures. For example, if two different solutes 

have identical isotherms over the entire concentration 

range then the same relationship between tt and holds

for these two solutes. It follows that for any given 

spreading pressure and temperature

c ; = c ;

From Equation (24) and (25) , the ratio of the solutes
Si

adsorbed, —  in the mixture can be related to the corres- 
^2

ponding ratio of the solute concentration C^/C 2 in the mix­

ture , i.e.

where q̂ ,̂ q 2 represent the uptake of solutes 1 and 2 respec­

tively and q,p denotes the uptake of all solutes. Combining 

Equations (24) and (25) gives

c , - - c , + c .
If a Freundlich isotherm is applied to a given concentration 

range, then
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(32)

where k and n are parameters from a curve fit of the 

equilibrium data. Thus, the total loading q_ is given by

(33)
~  1 /

The individual uptake can be calculated by combining 

Equations (30) , (32) and (33) to yield

2 =  /tCa C C , + G ) " *   ̂ (35)

Digiano et al. (30) also show that the same procedures 

can be applied to the case where the experimental isotherms 

can be fitted by the Langmuir equation. However, the 

approach proposed by Digiano et al. is not an improvement 

on Radke’s method. It is a special case of the IAS model. 

If the experimental single-solute isotherms can be fitted 

with simple equations then the IAS model can easily be 

programmed.

2. Method of Minka and Myers (31)

For multicomponent adsorption, two basic assumptions 

were postulated by Minka and Myers in deriving an equation 

for surface excess in terms of variables obtained from 

binary-solution data. The first assumption is that the
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original liquid solution, consisting of n° moles, may be 

divided into two phases after the establishment of equili­

brium. These are an adsorbed phase containing n ’ moles 

and a bulk phase containing n moles. Thus

7L° =  71 + n '  (36)

The second assumption is that n ’ may be estimated for micro 

porous adsorbents as shown

/ ^
n ' ^c' (37)

where m^ is the capacity of the pores for the pure i^^ 

liquid, given by the amount adsorbed from the vapor of that 

liquid at saturation. The superscript "prime" indicates
I

the adsorbed phase and is the mole fraction of i in

the adsorbed phase at equilibrium. Based on the assump­

tions in Equations (36) and (37), Minka and Myers developed 

the following equations to predict the surface excess for 

the adsorption from ternary liquid mixtures.

. < = ■ >

-  ' # )
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j ^ ' «X:' (40)

xt' ' / -è
/?7 A  ^  /C'y

o

y= / ^

where (|)̂'̂ is the free energy of immersion of the adsorbent

in the pure liquid and (ÿ is the free energy of immersion

in the mixture.

Properties needed for calculating the surface excess

in Equation (38) are: differences of free energies of

immersion in the pure liquids , the capacities
RT

of the adsorbent [m^], activity coefficients in the bulk 

liquid [ïj^(X^)] , and activity coefficients in the adsorbed 

phase [y  ̂’ (Xjî ’ ) J . All these properties are obtained from 

single solute adsorption data. Activity coefficients in 

the liquid phase are obtained using the relationship 

developed by Chao (35) for the ternary system - benzene, 

ethyl acetate and cyclohexane. The difference of free 

energy of immersion is obtained by integration of Equation 

(41) as developed by Larinov and Myers (35).

y>f

However, the derivation of Equation (41) is questionable. 

[See Equations (5) to (7) in Reference (35)]. The ratio 

of the activity coefficients in the adsorbed phase is also
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obtained by

where S is given by

77/

^  - S f#
Therefore, for given values of and X j , (the mole fraction 

of component i and j in the liquid phase at equilibrium) 

the surface excess can be calculated from Equations (38) 

through (43).

It is clear from Equation (39) that only the experi­

mental data for binary mixtures are needed to predict the 

surface excess for a ternary mixture. The application of 

Minka and Myers' ap; r^ach is limited by the difficulties 

in the integration of Equation (40). Three sets of binary 

data, (the 1,2 system; the 1,3 system and the 2,3 system) 

must be known in order to predict the surface excesses of 

a ternary mixture. In addition, m^ in Equation (38) 

must be determined from saturated vapor phase adsorption 

data. Unfortunately, most of the organic contaminants



T-2293 19

found in waste water have low vapor pressures which makes 

this determination difficult. Thus, the method of Minka 

and Myers may be of limited usefulness.

3. Polanyi-based Adsorption Potential Theory

Polanyi potential theory was originally proposed to 

deal with gas-phase adsorption (36). It was then extended 

by Polanyi (37) to account for the adsorption of solid

solutes of limited solubility from solution. He proposed

that adsorption or precipitation from the liquid phase is 

comparable to the liquification of gas. If and C are 

the saturated and equilibrium concentrations of the solute 

and Eg is the adsorption potential obtained from vapor 

phase data, then the potential for the liquid state is

In a later paper, Polanyi (38) corrected this equation to

account for the energy required for the displacement of 

adsorbed solvent from the adsorption space when a solid is 

adsorbed. The criterion for adsorption becomes

where is the adsorption potential for the solute ad­

sorbing from the solvent, C^ and are the gas phase adsorp
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tion potential of the solvent and solute and and are 

the molar volumes of solute and solvent respectively.

a . The Hansen-Fackler Modification of the Potential 

Theory (39).

Hansen and Fackler modified the Polanyi theory to 

deal with the adsorption of binary liquid mixtures over 

the entire composition range. The idea is that the ad­

sorption space is invariant, i.e. the adsorption of one 

component must be accompanied by the desorption of an 

equal volume of the other.

Based on the above assumption, Hansen and Fackler 

derived an Equation to predict the amount of component i 

adsorbed.

where V and AC^ refer to the volume of the bulk solution

and the change in its concentration due to adsorption.

The variable c}) ' represents the volume element in the

adsorbed phase and X . , and X.„ are the mole fractions ofi(p iB
component i in the adsorbed phase and bulk phase respec­

tively. and Vg are the volumes per mole of mixture in

the adsorbed phase and in the bulk respectively.
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b . The Manes-Hofer Correlation of Liquid Phase 

Adsorption Data (17).

Manes and Hofer applied the Polanyi theory to the 

adsorption of solids from a number of different solvents.

This work is important in that it provides an experimental 

test of the Polanyi theory with a large number of solvents. 

They rewrote Eauation (45) as

or in shorter notation

~  (48)

where each a corresponds to an e/V. If the characteristic 

curves for the solute and solvent are assumed to have the 

same functional form except for a multiplier in the abscissa, 

then adsorption isotherms can be predicted according to 

Equation (48) for any compound for which the scale factor 

can be found. Figure 1 illustrates the relation of ^̂ sl'̂ ŝ'̂ l̂ 

If the adsorbent has been characterized by some 

reference substance (for example n-Heptane), then the ratio 

of the a ’s in Equation (48) to a^, which is the reference 

substance n-heptane, gives the abscissa scale factor, i.e.

^s£ ^ (49)
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100.0
- CORRELATION CURVES (SCHEMATIC) - 
p ^ F O R  SOLUTE, SOLVENTS, SOLUTIONS :

50.0

10.0

5.0

20 24

Figure 1. Schematic plot of the volume of adsorbate 
adsorbed (cm*) per unit weight of carbon (1 0 0  g) vs, 
the adsorption potential per unit volume of the solvent (1) ,  
the solute (s), and the solute from solution (si) 
illustrating the relation a ,i  =  a , — a j. ( 1 7 )  .

or more compactly 

where y , =

y;

o(c

(50)

However, most solutes of interest are not volatile and one 

cannot determine or independently from vapor phase studies 

If Equation (50) is to be useful, the estimation of y^^ 

should not depend on gas-phase adsorption measurements.

Manes and Hofer proposed that an approximation of y^^ could 

be obtained from the polarizability per unit volume of 

solute and solvent using the relationship
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/

!
where is the polarizability per unit volume of various 

compounds. However, the polarizability per unit volume is 

proportional to the refractive index through the Lorentz- 

Lorentz Equation

Tc =  V  - (52)

where [r ] is the molar refraction and n is the refractive

index. Manes and Hofer estimated the y factors for liquids 

from their refractive indices and for solids from a table 

of bond refractivities. They were successful in correlating 

the low adsorbent loading for the adsorption of Sudan III 

(benzene-azo-p-benzene-azo-3-naphthal) and Butter Yellow 

(p-dimethylamino-azobenzene) from various solvents. However, 

when Equation (49) was used to correlate the same set of

experimental data, the agreement was not good. Manes and

Hofer suggested that steric hindrance was responsible for 

the discrepancy. The effect of steric hindrance was further 

studied by Chiou and Manes (40) for the adsorption of 

planer and octahedral complex solutes on activated carbon 

and on carbon black.
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c . Adsorption of Partially Miscible Liquids from 

Water, Wohleber and Manes (18, 19).

Wohleber and Manes treated partially miscible liquids 

in essentially the same fashion as the Manes-Hofer treat­

ment of solids, except for the empirical scale factor for 

water, y=0.28. The correlation for liquids was better than 

for solids from solvent. All the correlations were limited 

to single-solute systems.

d. Application of the Polanyi-Based Adsorption Potential 

Theory to Predict the Competitive Adsorption of 

Solid Solutes from Aqueous Solution, Rosene and 

Manes (20- 22) .

In a series of recent articles, Rosene and Manes (20-22) 

presented experimental data and extended the Polanyi treat­

ment to competitive adsorption of solid solutes from aque­

ous solutions. They proposed that the adsorption potential 

£ of the solutes can be approximated by

e = R T l n - % -  (53)

where is the saturated concentration of the solute and 

C is the equilibrium concentration of the solute in the 

bulk phase.

Rosene and Manes were successful in applying their 

model to predict the competitive adsorption of binary solid
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solutes and ternary solid solutes from aqueous solutions 

onto activated carbon. Their approach is very similar to 

the model developed in this work. A detailed derivation 

is given in the theoretical section of this text.

The major disadvantage of their method is that it 

can not be applied to the case where the solutes are com­

pletely soluble in the solvent. Also, when applying this 

method an adjusted adsorbate volume factor must be used. 

Although Rosene and Manes gave some explanations about 

the physical meaning of the adjusted adsorbate volume 

factor, this adjusted adsorbate volume factor appears to 

be only a correction factor to fit the experimental data. 

Also their derivations are not thermodynamically rigorous.

The purpose of the present work is to overcome these 

shortcomings mentioned above so that the adsorption poten­

tial theory can be applied to predict competitive adsorp­

tion from liquid mixtures.
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where and are the partial molar volumes of solutes 

i and j respectively. In the above treatment, the adsorp­

tion of water is neglected because of its very low adsorp­

tion potential per unit volume as shown in Figures (2) 

and (3) by Wohleber and Manes (18). Thus equation (64)

becomes V-
dn . = - — 2 —  dn. (65)

The adsorption of any solute occurs whenever the following 

criteria is satisfied

X . ,
> RT In (66)

The equality holds when equilibrium is reached. The 

driving force, on a per mole basis, for adsorption of 

single solute i is thus

_ X. ,
-AG. = e. - RT In -VI (67)

 ̂  ̂ ^iB

The condition AG<0 is the criterion for any solute to be

adsorbed in a given element of adsorption space. In a

bi-solute system, the displacement of the j s o l u t e  by

the i^^ solute will occur in a given element of adsorption

space when

d(AG) = AG^dn^ + AG^dn^^O (68)
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100.0

10.0 -

0  2 4 6 8 10 12 14 16 18 20
£/4 6V

Figure 2. Volume of 1,2-dichIoroethane, diethyl ether, ethyl 
acetate, methylene chloride, and propionilrile plotted Jts a 
function of adsorption potential. ( 1 8 )

000

10.0 :

0 2 4 6 8 10 12 >4 16 18 20
t/4.6V

Figure 3. Correlation curves for water: ------- , calculated
from adsorption is o th e rm ; , calculated from 71 =  0.28;
------------- , calculated from refractive index. ( 1 8 )
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Substituting equations (65) and (67) into equation (68) 

gives

_L in + li _ 91 in ll* <0 (69)
V. ^^i V. V- ^iB V. V. ^JB

1 1 1  3 3

Since + Xj^ = 1.0, Equation (69) can be rearranged

to give

(70)
^iB V. V. ^jB 

The equality holds when equilibrium is reached. Equation

(70) can thus be solved to yield values for x - . and x...i(|) 3(j)
The calculational procedure is similar to that for the 

prediction of competitive adsorption of partially miscible 

solutes as presented by Rosene and Manes (20-22). The 

complete procedure is illustrated as follows:

1. Plot the adsorbed volume V , versus — for eachads V
single solute from its corresponding adsorption 

isotherm (see curve j in Figure 4). is

defined as the product of the molar volume of 

solute i and the moles of solute i adsorbed.
X. ,

0 - is equal to RT In — - . The adsorption
^iB

potential of the solute i in the solvent x - . is  ̂ 1 9

assumed to be equal to 1 because of the very

low adsorption potential of water.

2. For a given set of (x^g, Xjg) try an assumed
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value of X ■, and use this value to calculate

M  in ÎÜ .
V . ^ iB

3. Shift curve i to the left by an amount equal to

^  In —^  (see curve i' in Figure 4).
V. ^iB

4. The adsorption of component j will occur whenever

^  in ill = ^  ^  M  in iil (71)
Vj XjB Vj ^iB

The dashed line in Figure (4) shows the right hand 

side of Equation (71).

5. Enter —  In —1— on the abscissa of Figure (4)
Vj XjB

and find its corresponding ordinate C on the 

dashed line. This ordinate gives the volume of 

component j adsorbed. The volume of component i 

adsorbed is represented by the distance (B-C).

If C>B, then the surface excess of component i 

is a negative value equal to B-C. This is contrary 

to the explanation of Rosene and Manes (20-22) 

who indicated that component i would be excluded. 

The fact that the surface excess is negative 

for component i does not mean that it is not 

adsorbed. It means only that the percent of
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solute in the adsorbed phase is less than its 

value in the bulk phase. This results from the 

strong adsorption of the solvent molecules rela­

tive to the solute molecules.

6. Check to determine if the assumed Xj value is

equal to that given by
C
V.

C , (B-CT (72)

If the value calculated by Equation (72) is 

not equal to the assumed value, steps 2 through 

6 should be repeated until the assumed and cal­

culated values are equal.

A sample calculation is shown in Appendix B.
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Figure 4 Schematic diagram of competitive adsorption 
potential theory
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IV. Experimental Section

A. Adsorbent

Activated carbon was chosen as the adsorbent because 

of its high capacity for removing organic contaminants 

from aqueous solutions. The. lignite based activated 

carbon was obtained from Darco Co., Denver, Co. A 20x40 

mesh material with a total surface area of 667 m /g (deter­

mined by N 2 “BET Method) was used. According to the report

from the manufacturer, the activated carbon was washed by 

a strong acid to leach out undesirable inorganics such as 

calcium, magnesium, iron and aluminum. This was followed 

by water washing until the water extract reached a pH of

6. Table 1 shows the physical properties of the activated 

carbon used in this work.

The structure of microporous activated carbon consists

of graphite-like layers stacked parallel to each other in

packets of some 3 to 30 layers. In graphite, the resulting
o

layers are stacked with a separation of about 3.35A in the 

sequence of ABAB as shown in Figure 5. In microporous 

carbon, the interlayer distance is larger than in graphite - 

i.e. about 3.6^. The stacking sequence is greatly perturbed 

with the result that many graphite layer planes are tilted

with respect to one another.
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Table 1. Physical Properties of DARCO (20x40)* 
Activated Carbon

Propntlcs (Typical V.i?ucii)

Moisture content (max., an packed)  ......................................... , 12Vc ,,
V/ater'SO»nl)lrs (dctcinnnocl hy 4 leachmqs with boiling ......................> 1%--
pH at v.ntr-r e x t r a c t ................................       6.0
Bulk density (by vibrating food frcibod)

9/ml............................................................. 0.39
lbs/ft^....... 24.5

Total cui(;icc' area, m^/g (by mtrogcn adcurption)......................   TOO
T o t a l  ()Ore volu>no, r n l / g ............................................ .. .................. .................................................................................  1 . 0
Mean pore radius. Angstroms  .........................................   29 ■
Void Gpace as loaded in plant column  ................     . 50%
Reocncration loss per complete adsorption and reyeneration cyclo (t y v.oight) 5%
Storage space nc.adcd (ft.̂ /ton, approx.)..............   100 •

* Report from Darco Co., Denver, Colo.
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T  O 
6.70 A

3.35 A

1.42 A
3.46 A

Fig. 5» Crystallographic structure -  graphite

(taken from C. L. Mantell, "Carbon and 
Graphite Handbook", John Wiley, 1968)

Because of the structure of microporous carbon, the "free 

valence electrons" at the edges of the graphite layer planes 

are very reactive. These highly reactive free valence 

electrons can form compounds with any suitable foreign 

atoms (impurities) present in the carbon. Therefore, func­

tional group or surface compounds can be expected to occur 

almost exclusively at the layer edges. Foreign atoms or 

molecules can only be weakly adsorbed on the basal faces 

by means of the graphite tt electrons.

B . Adsorbate

Acetic, propionic, n-butanoic, n-hexanoic and n-heptanoic 

acids were chosen as adsorbates because these acids are the 

main organic contaminants found in by-product waters from 

certain synthetic fuel processes. Table 2 shows typical
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OHNL OW<i VG r»074
Tab le  2 . Organic Coinpouiicls Determined in JJy-Product Waters

from Fossil Fuel Conversion Processes

Reak Compound
Concentration (pg/ml)

Oil Shale 
Retorting

Synthanc Coal 
Gasification

COED Coal 
Liquefaction

I acetic acid 600 620 600
2 propanoic acid 210 60 90
3. . n-I)iitanoic acid 130 20 40
4 acetainidc 230 — —

5 n*pentanoic acid 200 10 30
6 piopionahiidc 50 — —

7 n-Iiexanoic acid 250 20 30
8 butyraniido 10 —

9 plicnul 10 2100 2100
10 n*heptanoic acid 200 — ■

11 o-cresol 30 670 . 650
12 in &  p-cresols 20 18Ü0 IHOO
13 ii'OCtanoic acid 250 —

14 2,6-dimethylplienol — 40 30
15 o-elliylphenol — 30 30
16 2,5'dimcthylphenoi — 250 220
17 3,5-dinicthylp!ienol — 230 240
18 2,3-diinetIiyIplionol — 30 30
19 n-nonanoic acid 100 — —

20 3,4-dinietliylpheiiol — 100 900
21 ii-decanoic acid 50 — —

22 o*nap!ilîî()I — 10 —

23 /1-naphtliol — 30 —
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study is given in the following section.

D. Procedures

The activated carbon used in this work was further 

cleaned by washing with double distilled water until no 

floculation was seen. Then the washed activated carbon was 

heated at 428 K for 9 hours. The same procedures were 

repeated twice before taking adsorption data. The concen­

trations of acetic, propionic, and n-butanoic acids varied 

from 1 to 10,000 ppm. The concentration of n-hexanoic 

acid varied from 100 to 2500 ppm, and the concentration of 

n-heptanoic acid varied from 100 to 2000 ppm. For bi-acid 

systems, the total acid concentrations varied from 1000 ppm 

to 5000 ppm.

The radioanalytical approach used in these adsorption 

experiments involved the addition of a small mass (less 

than 1 yg) of high specific activity radioactive solute to 

each of the stock solutions of solute made up at varying 

concentrations. This imparted a uniform and high solute 

specific activity to each of the stock solutions with 

negligible change to the final solute concentration. This 

method provides an equally sensitive and accurate radio­

analysis for determining solute concentrations at both 

high and low levels. The net result is that the overall 

statistical variance and accuracy of the results obtained
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are the same over the entire concentration range.

After preparing the radioactive solutions, samples of 

5 mL were taken before and after equilibration with the 

activated carbon. The radioactivity was counted after 

mixing 1 mL (out of 5 mL) of each sample with 12 mL of 

Dimulume-30, Packard Instrument Co. Ninety-five milliliters 

of each sample solution was shaken with 0.5 g of activated 

carbon in a shaker bath set at either 278, 298, or 313 K ,

for 48 h to reach equilibrium.

Forty-eight hours was found to be adequate time for 

equilibrium as determined from kinetic studies as shown in 

Tables 4, 5 and Figures 6, 7.

Samples were placed in the liquid scintillation counter 

and dark adapted for at least 30 min prior to counting. 

Counting was performed in a wide open ̂“̂C window and con­

tinued until a 2a count rate error of 2 % or less was

achieved. Random coincidnece monitoring was used to ensure 

that the contribution of counting events not due to radio­

activity disintegrations, e.g. chemiluminescence, was less 

than 0.2%. The counting efficiency was determined for each 

sample and was used to compute the absolute activity as 

disintegrations per minute (DPM). Efficiency corrections 

were made by instrumental measurement of the Compton edge 

inflection point (a Beckman modification of the external
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standardization method). The determination of the count­

ing efficiency was made from a calibration curve obtained 

from a series of water quenched C standards of hexadecane 

prepared in Dimilume-30. Final DPM values were corrected 

by subtraction of background count rate. The background 

count rate was found to be 60 cpm. Appendix A illustrates 

the calculâtional procedures and the procedures in prepar­

ing the calibration curve. For more detailed information 

references (41-43) are highly recommended.

All the radioisotopes used in this study were labeled 

by Thus, in taking the bi-solute equilibrium data,

each sample solution was duplicated and injected with 

the isotopes of one of its components. To obtain the 

final countings, the duplicated sample solutions were 

counted separately in a single channel C window. An 

error analysis of the experimental measurements is given 

in Appendix C.
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Table 4 Kinetic study for the adsorption of acetic acid 
from aqueous solution at 298 X (initial concen­
tration 2500 ppm)

Counts (DPM) Time (hours)
10164 0

9 9 4 3  2

9833 4
9816 6

9725 ,10
9 6 9 1  12

9 5 4 7  22

9 5 0 3  26

9517 30
9480 34
9483 46
9 5 0 2  5 9 . 5

9490 72.5
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Table 5 Kinetic study for the adsorption of n-heptanoic 
acid from aqueous solution at 298 K (initial 
concentration 1 ppm)

DPM Time (hou
10907 0

3011 4

1274 7

242 11

100 23.25
82 27
87 31
78 36
79 48.25

78 54
80 60
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V. Results

The experimental data of single-acid systems are presented 

in Tables 6 through 10 and Figures 8 through 10. The adsorp­

tion isotherms were fitted with a three-parameter empirical 

equation proposed by Radke and Prausnitz (44)

^ Cj:
t  — (73)

where q is the uptake of the solute by solid, m mole/g,

C£ is the final equilibrium concentration of the solute in 

the bulk phase, m mole/1, and 3 is constrained to be less 

than 1.0. The data were fitted to within 1% by using the 

parameters given in Table 11. Tables 12 through 17 and 

Figures 11 and 12 give the adsorbate volume, Vads, versus 

T 1
Ÿ . ^iB the acids adsorbed singly from aqueous at 278K

and 298K respectively.

The results of the individual adsorption of bi-solute 

organic acids, total amount of uptake and the average 

errors are presented in Tables 18 through 23. The average 

errors shown in the tables are taken to be the absolute 

errors compared with the experimental data. The predicted 

uptakes as found by the method proposed in this study are 

compared with experimental values and with values predicted 

by the method of Radke and Prausnitz (24) . In all of the
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calculations, the partial molar volumes of solutes are 

assumed to be equal to their molar volumes at the specified 

system temperatures. A sample calculation is given in 

Appendix B to illustrate the calculational procedures.

Figures 13 through 24 show predicted results for dif­

ferent mixtures at the specified system temperatures. Solid 

lines are the interpolated single solute isotherms, dotted 

lines are calculated from the potential theory as modified 

in this study herein and the dash lines represent values 

calculated by the method of Radke and Prausnitz (24).

The experimental data are shown by the black points. Thirty- 

six experimental mixture points were measured over a two- 

decade range in solute concentration and adsorbent loading. 

However, only one point per calculated line is shown because 

of the difficulty in controlling the final equilibrium con­

centrations especially for completely miscible solutes.

The experimental error of the bi-solute studies is estimated 

to be about 4%.

In applying the ideal adsorbed solution theory, the 

spreading pressures were calculated numerically and then 

fitted by a fourth order polynomial over the appropriate 

concentration range. The calculated spreading pressures 

were shown in Tables 24 and 25, and Figures 25 and 26.

Tables 26 and 27 show the coefficients of the fourth order
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Fable 6. Adsorption Isotherm Data of Acetic Acid

2 78  K 2 9 8 K 313 K

_ m .m ole  
9

C f
m ole  

* 1
.  m .m ole  

9
C f. m o le  

’ 1
m .m ole

9
Cf:

m o le  
’ 1

.6 0

.1 4

7 . 4 6

3 .6 1

X

X

1 0 - 2

1 0 - 2

1 . 2 3

8 . 8 3 X 1 0 -1

7 . 6 9

3 . 7 0

X

X

1 0 -2

1 0 -2

1 . 0 6

8 . 0 4 X 1 0 - 1

7 . 7 8

3 . 7 4

X

X

1 0 - 2

1 0 - 2

.8 3 X 1 0 " ! 1 .3 3 X 1 0 - 2 5 . 4 7 X 1 0 - 1 1 .4 1 X 1 0 - 2 4 . 5 8 X 1 0 -1 1 . 4 3 X 1 0 - 2

.3 8 X 1 0 " ! 5 . 9 8 X 1 0 * 2 3 . 6 5 X 1 0 -1 6 . 5 2 X 1 0 - 3 2 . 8 4 X 1 0 -1 6 . 8 4 X 1 0 - 3

.7 1 X 1 0 -1 2 . 7 4 X 1 0 - 3 2 . 2 9 X 1 0 -1 2 . 9 6 X 1 0 - 3 1 .7 5 X 1 0 -1 3 . 2 5 X 1 0 - 3

.3 5 X 10“ 1 9 . 5 6 X 1 0"4 1 .1 6 X 1 0 -1 1 .0 6 X 1 0 - 3 8 . 1 0 X 1 0 -2 1 . 2 4 X 1 0 - 3

.5 0 X 1 0 -2 4 . 4 0 X 1 0 " 4 6 . 9 8 X 1 0 -2 5 . 0 4 X 1 0 -4 4 . 2 5 X IQ - 2 5 . 1 0 X 1 0 - 4

.7 3 X 1 0"2 7 . 5 8 X 10-® 1 . 5 0 X 1 0 - 2 7 . 7 7 X 10-® 1 .1 6 X 1 0 - 2 1 .0 6 X 1 0 *4

.6 2 X I Q - 3 6 . 0 1 X 10-® 2 . 6 8 X 1 0 - 3 9 . 0 0 X 10-® 1 . 5 8 X 1 0 - 3 8 . 3 4 X 10-®
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Table 7. Adsorption Isotherm Data of Propionic Acid

278 K 298 K 313 K
 ̂ m .m ole  

9 C f
mole 

* 1
m.mole

9 C f
mole

1
_ m.mole 

9 C f
mole 

* 1

88 5.77 X 10“2 1.30 2,71 X 10-2 1.60 5.63 X 10-2

55 2 . 7 1 X 10-2 8.80 X 10*3 8.79 X 10-3 1.28 2.63 X 10-2

00 X lO'l 8 . 9 8 X 10-3 5.72 X 10*3 3.80 X 1 0 - 3 8.03 X 10-3 9.30 X 10-3
40 X lO'l 3 . 3 9 X 10-3 3.55 X 10‘3 1.51 X 10-3 4.95 X 10-3 4.15 X 10-3
94 X lO ’ l 1 .4 1 X 10-3 1.70 X 10-2 5.00 X 10-4 3.10 X I Q - 3 1.75 X IQ-3
8 0  X 10"1 3 .8 1 X 10-4 8.95 X 10-2 2.10 X :o-4 1.56 X 10" 3 5 . 6 1 X 10-4
46 X 10"2 1 .7 8 X 10-4 2.02 X 10-2 2.80 X 10-® 8.50 X 10-2 2 . 2 8 X 10-4
07  X 10“ 2 2 . 6 2 X 10-3 •

- - 2.00 X IQ-2 3.60 X 10-®
57 X 10“ 3 2 . 0 6 X 10-3 2.40 X 10"3- 8.22 X 10-2
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Table 8. Adsorption Isotherm Data of Butyric Acid

278 K 298 K 313 K

m.mole
Î» g C f ,

mole
1

_ m.mole
g

- mole
t f  1

_ m.mole 
9 C f

mole 
• 1

72 9 .7 0  X 10-2 2 .4 3 1 .0 0  X 10-1 1 .93 1.04 X 10-1

05 4 .6 6 X i q - 2 1 .87 4 .7 5  X 10-2 1 .65 4 .8 0 X 10-2

62 2 .0 4 X 1 0 '2 1 .42 2 .1 2  X 10-2 1 .39 2 .1 1 X 10-2

11 X lO'l 6 .3 0 X 10 -3 9 .2 4 X 10-1 6 .5 0  X 10-3 8 .4 5 X IQ-l 6 .9 2 X 10-3

04 X lO'l 1 . 9 8 X 10-3 6 .5 7 X 10“ 1 2 .22  X 10-3 5 .9 6 X 10-1 2 .5 4 X 10-3

30 X 1 0 -1 5 .7 0 X 10-4 4 .0 8 X 10-1 6 .3 8  X 10-4 3 .77 X 10-1 8 .5 5 X IQ -4

95 X 1 0 -1 1.11 X 10-4 1 .98 X iq -1 1 .48  X 10-4 1.84 X 10-1 1 .66 X 10*4

03 X 10-1 2 .87 X I Q - ® 1 .0 0  X 10-1 4 .1 0  X 1Q-® 9 .7 2 X 10-2 5 .6 6 X 10-®

3 .11 X 10-2 5 .44  X 10-® 2 .0 9 X 10-2 3 .62 X 10-®
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Table 9. Adsorption Isotherm Data of Hexanoic Acid

278 K 298 K 313 K

m.mole 
'• 9

P moletf, ^ m.mole
9

P moletf, ^ _ m.mole 
9

P moletf. ^

72 1.25 X 10'2 1.66 1.28 X 10*2' 1.56 1.33 X '0*2

30 2.32 X 10'3 1.20 2.30 X 10*3 1.08 2.90 X 10*3

66 X 10'3 2.80 X 10*4 7.19 X 10*3 3.72 X 10*4 7.04 X 10*3 6.05 X 10*4

90 X 10’3 3.87 X 10'® 4.00 X 10*3 6.45 X 10*® 3.92 X 10*3 8.87 X 10*®

-- - - - 1.62 X 10*3 7.16 X 10'® 1.62 X 10*3 1.02 X 10*®

Table 10. Adsorption Isotherm Data of Heptanoic Acid

278 K 298 K 313 K

m.mole
9

r moletf, ^ _ m.mole
. 9

P moletf, ^ _ m.mole
9" 9

P moletf. ^

.76 '6.13 X 10*3 1.60 6.96 X 10*3 1.47 7.10 X 10*3

.31 1.31 X 10"3 1.19 1.73 X 10*3 1.09 1.97 X 10*3

.97 X 10’3 1.76 X 10*4 6.90 X 10*3 2.13 X 10*4 6.30 X 10*3 2.49 X 10*4

.10 X 10'3 2,65.x 10'® 3.60 X 10*3 2.55 X 10*® 3.40 X 10*3 4.03 X 10*®
#» M  ## W mmtmrn 1.41 X 10*3 6.22 X 10*®
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Table 11. Parameters of Equation (73)

Aliphatic
Acid

Temperature
K a b 6

Acetic 278 0.2811 0.2743 0.4288
298 0.2357 0.2181 ' 0.4155
313 0.1324 0.1706 0.4602

Propionic 278 0.8827 0.5202 0.3404
298 0.8594 0.4024 0.3895
313 0.7138 0.3377 0.4144

n-Butyric 278 9.0113 0.5620 0.3462
298 6.7248 0.5010 0.3457
313 3.0223 0.4921 0.3133

n-Hexanoic 278 72.0000 1.0265 0.2260
298 52.4989 0.9349 0.2444
313 43.4166 0.8185 . . 0.2547

n-Heptanoic 278 111.3755 1.1626 0.2487
298 70.0420 1.0411 0.2286
313 46.7134 0.9278 0.2446I •



T-2293 55,

g < o o lO

ü o 
w o
0<3

jtt)o
E
w-o

00
CM

m

I(U
o(/)
c
o

o .i-
o
co•o

00

g3
en

co

i4J
CO

eu
4-)3
0 
CO1
eu

enc

S-
oq-



'-2293 56

U  u  <
—  o  =

^ i s i i

<  Û. c  c  c
O < □ X o

Qo Q

o
E
o

00
cr>C\J

<oV)
<uJC.4->O(/)
c
o

a .
s-
o
CO*o

cn

3cr>

CO
0•M
CO
CO
CD+J
0 
CO1(U
C7>

S-
o

4 -

6/a|0ujuj ‘6



T-2293 57

ÜJ üJ

O
E
O

ro
co

(O

i
<vx:4->O
t/)

<D
4-)(/)>»to
eu4-)3
0 
CO1
<u

(Us-3

5/8|OUiiu *5



58

Table 12 Adsorption of acetic acids from aqueous solution 
at 278 K

Equilibrium Weight Volume ^2 T
Concentration Adsorbed Adsorbed

^2 ?2
mole/l m mole/g ml/lOOg

7.46 X lO'Z 1.60 9.16 14.04

3.61 X 10"2 1.14 6.48 15.60
1.33 X 10“^ 6.83 X 10"! 3,88 17.71
5.98 X 10"3 4.38 X 10”^ 2.49 19.42
2.74 X 10"3 2.71 X lO'l 1.54 21.08

9.56 X 10"^ 1.35 X 10"! 0.77 23.28
4 .4 0 X 10” 7.50 X 10"^ 0.43 24.95

7.58 X 10'^ 
6.01 X 10"^

1.73 X 10"3 

1.62 X 10”^
0.098 28.71

log
2B

?£= 58.83 ml/mole 
* The subscripts 2 ,3 , and 4 refer to acetic acid, 
propionic acid and n-butanoic acid respectively

+ from Perry's Handbook, S'tb j£d.,McGraw Hill, (1973)
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Table 13 Adsorption of propionic acid from aqueous solution 
at 278 K

Equilibrium
Concentration

Weight
Adsorbed

Volume
Adsorbed h  _ —  log —  

^3 ^ 3B

mole/ m mole/g ml/lOOg
5.77 X 0’^ 1.88 13.75 11.32
2.71 X 0’^ 1.55 11.31 12.58
P.98 X 0"^ 1.00 7.35 14.40

3.39 X 0-3 6 .4o X 10-1 4 .68 16.00

1.41 X 0-3 3.94 X 10-1 2.88 17.49
3.81 X 0-^ 1.80 X 10-1 1.32 19.62
1.78 X 0-^ 9.46 X 10-2 0.69 20.87

2 .62 X 2.07 X 10-2 0.18 24.06
2 . 06 X 0-6 2.57 X 10-3

’ 3= 73.5
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Table 14 Adsorption of Butanoic acid from aqueous solution 

at 278 K

Equilibrium
Concentration

Weight
Adsorbed

Volume
Adsorbed

m o l e / l m m o l e / g m l / lO O g

9.7  X 1 0 “ 2 2.72 24.23 8 . 56

4 . 6 6  X 1 0 ' 2 2.05 18.36 9.56

2 .  :,4 X 1 0 ' 2 1 . 6 2 14.51 1 0 . 6 4

6.30  X 1 0 " 3 1 .1 1 9.90 1 2 . 2 2

1.98 X  1 0 " 3 7 . 0 4  X  l o ' l 6.30 13.80

5.70  X 10" ^ 4.30  X  10" 1 3.85 15.49
- 41 . 1 1  X  10 1.95  X  l O ' l 1.74 17.70

2 . 8 7  X 1 0 " 3 1.03  X  l O ' l 0.92 19.52

?.. = 8 9 . 6
ml__
mole
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Table 15 Adsorption of acetic acid from aqueous solution 

at 2 9 8  K

Equilibrium Weight Volume %  _ T ,

^2  ’  ^2
Concentration Adsorbed Adsorbed

mole/l m.mole/g ml/lOOg

7.69  X  10"2 1.23 7.04 14.88

3.70  X  10"2 8.83  X  iQ-l 5.05 16.54

1.41  X  10"2 5 . 4 7  X  lO'l 3.13 18.73

6.52  X  10"3 3.65  X  IQ-l 2.09 20.46

2.96  X  10"3 2.29  X  lO'l 1.13 22.27

1.06  X  10"3 1.16  X  10“ ^ 0.664 24.57

5.04  X  10” ^ 6.98  X  10“ ^ 0.40 26.23

7.77  X  i o ”3

9.00  X  10 '

1 . 5 0  X  1 0 "^

2.68  X  10"3

0.086 30.47

'2B

57'24 ml/mole
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Table 16 Adsorption of propionic acid from 
at 298 K

aqueous solution

Equilibrium Weight Volume h  = - ^ 1VConcentration Adsorped Adsorbed V
3 3

mole/l m mole/g ml/lOOg
2.71 X 10-2 1.30 9.76 13.15
8.79 X 10-3 8.80 X 10-1 6.60 15.10
3.80 X 10-3 5.72 X 10-1 4.30 16.55
1.51 X 10-3 3.55 X 10-1 2.66 18.11

5.00 X 10-4 1.70 X 10-1 1.27 20.02

2.10 X 10-4 8.95 X 10-2 0.67 21.53
2.80 X 10-3 2 .02 X 10-2 0.144 25.00

^3B
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Table 1? Adsorption of butanoic acid from aqueous solution 
at 298 K

Equilibrium
Concentration

Weight
Adsorbed

Volume
Adsorbed

mole/ 1 m.mole/g ml/lOOg
1.00 X 10-1 2.43 22.20 8.93
4 .7 5 X 10-2 1.87 17.08 10.00

2 .12 X 10-2 1.42 12.98 11.15
6.50 X 10-3 9.24 X 10-1 8 .44 12.81

2.22 X 10-3 6.57 X 10" 1 6.00 14.34
6.58 X 10"^ 4.08 X 10-1 3.73 16.11

1.48 X 10-4 1.98 X 10-1 1.81 18.16
4 .1 0 X 10-3 1.00 X lo'i 0.91 19.99
5.44 X 10-6 3.11 X 10-2

7. = 91.4 ml
mole
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Table 24 Spreading pressures of acetic, propionic and 
butanoic acids at 278 K

Concentration ^(acetic acid) ^(propionic acid) ^(butanoic acid) 
mole\ /___ /_2 \  2  /_2m mole\ 

1 ^ (erg/cm^) 2erg/om erg/cm
5 1.9765 7.5402

10 3.1239 6.4918 9.9158
20 4.8218 9.2918 13.2658
30 6.1374 11.3206 15.6398
40 7.2467 12.9619 17.5412
50 8.2215 14.3622 19.1536
60 9.0998 15.5949 20.5676
70 9.9046 16.7033 21.8353

80 10.6509 17.7149 22.9899
90 11.3493 18.6487 2 4.0540

100 12.0075 19.5181 25.0435
110 12.6315 20.3334 25.9705
120 13.2258 21.1024 26 .8440

130 13.7940 21.8312 27.6712
140 14.3391 22.5247 28.4580

150 14.8636 23.1869 29.2088
l6o 15.3648 23.8212 29.9277
170 15.8537 24.4304 30.6179
180 16.3271 25.0168 31.2820
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Table 25 Spreading pressures of acetic, propionic and 
butanoic acids at 298 K

Concentration ^(acetic acid) ^(propionic acid) ^(butanoic aci(
21 mole/l) (erg/cm ) 2erg/cm erg/cm

5 1.7163 4.0360 7.0847

10 2.6853 5.9405 9.3610
20 4.1025 8.6106 12.5512
30 5.1902 10.5888 14.8129

4o 6.1017 12.2214 16.6245
50 6.8992 13.6156 18.1608
6o 7.6152 14.8616 19.5082
70 8.2695 15.9907 20.7161
80 8.8875 17.0281 21.8163
90 9.4399 17.9913 22.8302

100 9.9717 18.8931 23.7731
110 10.4749 19.7427 24.6563
120 10.9535 20.5475 25.4886

130 11.4105 21.3133 26.2768
140 11.8483 22.0448 27.0264

150 12.2691 22.7456 27.7418
160 12.6746 23.4191 28.4267

170 13.0662 24.0679 29.0843

180 13.4450 24.6942 29.9170
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Table 26 Coefficients of the fourth order polynomial in 
curve fitting the spreading pressures at 2?8 K

TT. = AC. + BC . 2 + CC . 3 + DC.

TT^ erg/cm' C^: m mole/l

For C^< 50.0 m mole/l

' A
Acetic acid 0 .42054E0

Pripionic acid 0 .93539EO 
n-butanoic acid O.I5106EI

B C
-O.I3443E-I O.26797E-3
-O.36OO6E-1 0.750748E-3

-0 .66078E- 1 0 .143533-2

D
- 0 .2 0 3 1 5 3 - 5

-O.5 7 9 9 OE- 5

-O.II298E-4

For Cĵ > 50 m mole/l

Acetic acid 
Propionic acid

O.30312EO
O.60838EO

B D
-0.397893-2 0 .293113-4 -0792593-7
-0 .934893-2 0.716253-4 -O.19708E-6

E ± n = 10-n
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Table 27 Coefficients of the fourth order polynomial in 
curve fitting the spreading pressures at 298 K

TT . = AC . + BC^ + CC? + DC,1 1 1  1 1

TT erg2cm
C^: m mole/l

For Cĵ  < 50 .0 m mole/l

A B
Acetic acid 0.3655330 -0 .120853-1

propionic acid 0.8472330 -0 .3183623-1

n-butanoic acid 0.1423831 -0 .620623-1

0 .243863-3  

0 .662483-3  

0 .134673-2

D
-0 .186393-5 

-0 .511583-5  

-0 .105963-4

For Ĉ  > 50 .0 m mole/l

B
Acetic acid 0.2594730 -0 .349293-2 0 .258863-4

propionic acid 0.5589030 -0 .832733-2 0 .634963-4

D
-0 .701883-7

- 0 .1 7 4 4 3 3 - 6
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Figure 11 Volume adsorbed versus adsorption potentials of 

acetic, propionic and n-butanoic acids at 278 K
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Figure 12 Volume adsorbed versus adsorption potentials of 
acetic, propionic and n-butanoic acids at 298 K
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VI. Discussions

A direct comparison of this work was made with the 

study of Parkash (23) at 298 K. For an equilibrium concen­

tration of 0.1 M, the uptake of the various acids in this 

study is about 37% greater than the uptake found by Parkash 

for the same adsorbent. The greater uptake found in this 

work can be attributed to the more extensive pretreatment 

prior to use. Parkash indicated that in his study all 

adsorbents were thoroughly refluxed with boiling distilled 

water and vacuum-dried at 70°C.

An examination of the adsorption data shows that the 

adsorption of lower aliphatic acids from aqueous solutions 

increases with increasing chain length. This result agrees 

with Traube’s Rule: i.e., the addition of the CH 2 group

to the aliphatic acid molecule reduces its solubility in 

water. In the dilute solution region, Equation (70) will 

give a straight line and the parameter "a" becomes the 

Henry constant. As shown in Table 11 the parameter "a" 

decreases with increasing temperature and with increasing 

molecular size. This result not only supports the Traube's 

Rule but also indicates that the adsorption of organic 

acids is an exothermic process as expected.

For competitive adsorption studies, the adsorption 

potential theory developed in this study has been tested at
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two different temperatures, 278K and 298K and has been shown 

to give slightly better results than the method by Radke 

and Prausnitz (24) . No attempt was made to compare this 

work with the simplified model as proposed by Digiano et 

al. (30) because of the difficulties in fitting the single­

solute isotherms with simple equations such as the Langmuir 

or Freundlich type equations.

The average deviation between predicted and experimental 

loading ranges from 4.4% to 14.4% for uptake of the indi­

vidual components and from 2% to 11% for the total uptake 

of both components. The average error between the predicted 

and experimental loading is greater than the 4% estimated 

experimental error. This could be the result of several 

factors including the pH effects and the non-ideal behavior 

of the adsorbed phase. The errors in using the ideal ad­

sorbed solution model (24) are possibly due in part to the 

extrapolation error introduced when evaluating the spreading 

pressure in the very low concentration region. However, 

as shown in Tables 18 through 23, as well as in Figures 13 

through 24, the errors do not appear to be systematic.

Figures 13 through 24 show that the potential theory 

generally predicts lower adsorption in the high concentra­

tion range and higher adsorption in the lower concentration 

range than the method of Radke and Prausnitz. The higher
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adsorption in the lower concentration range is probably due 

to the effect of neglecting the adsorption potential of the 

solvent, which in this case is water. By the same argument 

the potential theory as presented here might be expected to 

predict higher adsorption uptakes even in moderate or high 

concentration ranges. As shown in Figures 13 through 24 

this does not appear to be the case for all of the data.

The disagreement again may be due to the pH effects, steric 

hinderance or chemisorption in the higher concentration 

range (44).

In contrast to the studip^ of Manes and co-workers, 

an adjusted adsorbate volume correction factor was not 

necessary in predicting bi-solute uptake. The reasons are 

twofold. First, the surface excess is zero when pure solute 

is used (7, 10, 31, 35). Secondly, it is not possible at 

the present time to give a meaningful adjusted volume cor­

rection factor because of many-body effects and the unknown 

structure of the adsorbed liquid phase (46) . The lack of 

quantitative information on intermolecular potentials, to 

say nothing of the complexity of a multi-layer model of a 

dense-fluid adsorbate, is the main reason for not using 

the adjusted adsorbate volume factor.

Based on almost the same assumptions as that of the 

ideal adsorbed solution theory, the adsorption potential
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thickness for the adsorbed layer, since adsorption is con­

sidered as only a function of the adsorption potential at 

any distance from the adsorbing surface (15).

In the ideal adsorbed solution theory, the adsorbed 

phase is considered to be of zero thickness and the small 

pressure effect is neglected. In monolayer surface 

coverage or less, the concept of zero-thickness adsorbed 

phase may be a good approximation. However, it can not 

be applied to the case where multi-layer adsorption 

occurs. Radke and Prausnitz indicated that the adsorbed 

phase was determined according to the Gibbs dividing sur­

face. The concept of Gibbs dividing surface was originally 

developed to deal with the vapor-liquid interface or immisci 

ble liquid-liquid interface. To the author's knowledge, 

it is not appropriate to apply the Gibbs dividing surface 

to treat the adsorption at a liquid-solid interface because 

there is no shape density change in the liquid phase. A 

thorough discussion of this problem is given in references 

(15) and (47).

The application of the potential theory in this study 

is based on the assumptions that the bulk phase and adsorbed 

phase form ideal solutions. In addition, it was assumed 

that the amount of water adsorbed in the adsorption space 

near the surface can be neglected because of its low
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Table 2 9. Equilibrium adsorption of carboxylic acids 
from toluene onto XAD resins at 25 C

Equilibrium Adsorption of Carboxylic Anlda 
From Toluene at 25*̂  C.

Acetic Acid Olci c Acid

Adsorbent
Wt« Ads.

DW*
Wt. Ads.
(mc/n) DW»

XAD-4 68.7 3.85 23.3 3.51
XAD-8 71.7 5.90 33.0 4.96
XAD-11 152 9.77 46.0 8.62
XAD-I2 371 37.2 79.0 34.0
XE-284, 161 10.4 93.3 254

*ni f _ iQoles acid/fijratn dry resin
n, moles acid/ml. of solution

( taken from the manufacture's report by ) 
Rohm and Hass Company
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VII. Conclusions

Adsorption of organic acid from dilute aqueous solu­

tions onto activated carbon was studied at three different 

temperatures: 278K, 298K and 313K. Based on this informa­

tion, a competitive adsorption potential theory was 

developed in this study to predict the bi-solute equili­

brium data. The agreement between the calculated values 

and the experimental data is good. The success of the 

competitive adsorption potential theory indicates several 

important conclusions.

1. The adjusted adsorbate volume factor is not 

necessary when the surface loading is not high. This is 

in contrast to the approach of Rosene and Manes (20-22).

2. The derivation of the model presented in this 

work is thermodynamically rigorous. It can be extended

to more concentrated solutions provided the activity coef­

ficients of the adsorbed and the bulk liquid phases are 

known or can be calculated. However, the method of Rosene 

and Manes is not thermodynamically sound and can not be 

applied to more concentrated solutions.

3. The model presented in this work can also be 

applied to predict competitive binary gas phase adsorption 

equilibrium data because the adsorption potential of

the solvent is neglected. The method of Rosene 

and Manes can not be extended in this manner.
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4. It is not necessary to assume that the adsorbed 

phase is of zero thickness as proposed by Radke and 

Prausnitz (24). The idea of finite adsorbed volume space 

occupied by adsorbates describes the actual physical 

system more closely than the conventional Gibbs adsorption 

equation.

5. The model presented in this work provides a 

simpler way to predict bi-solute equilibrium data than 

does the ideal adsorbed solution theory. In order to use 

the IAS model, it is necessary to solve equations (22) 

through (26) simultaneously together with the curve fit­

ting of the spreading pressures.

In applying the competitive adsorption potential 

theory, only equation (71) is necessary for the prediction 

of bi-solute equilibria.

6 . The disadvantage of the model presented in this 

work is that it is difficult to extend the present model 

to predict tri-solute equilibria. This shortcoming may 

limit its practical usefulness in predicting multicomponent 

equilibria.
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VIII. Recommendations

It is recommended that the competitive adsorption 

potential theory be tested in the very low concentration 

region. This can be done by properly choosing the solutes. 

The purpose of running experiments at very low concentra­

tions is to differentiate the IAS model and the competitive 

adsorption potential theory.

The most difficult thing in the prediction of multi­

solute equilibria is to predict the total uptake of the 

solutes. It is recommended that the research work in the 

prediction of the total uptake be given a high priority.

In the waste water retreatment, the continuous flow 

process is of practical importance. It is recommended 

that liquid phase adsorption studies also be conducted 

in a packed-bed, continuous flow process.
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Appendix A. Liquid Scintillation Counting Theory and 
Techniques.

The application of radioisotope technique in adsorption 

studies is based on the following assumption. It is assumed 

that the ratio of radioactive molecules to radioinactive 

molecules remains constant before and after the sample 

solution is equilibrated with activated carbon. Isotopes 

refers to atoms of the same chemical properties but differ­

ent atomic mass. Two different isotopes of an element would 

have the same number of protons but a different number 

of neutrons.

Liquid scintillation depends on the critical inter­

actions between the radioactive sample and the surrounding 

medium which is a liquid solution. This liquid scintilla­

tion solution is often called a "cocktail". In this report, 

the two terms are used interchangeably. In order to count 

the radioactivity of the samples, certain amount of cocktail 

(12 mL in this case) must be added to the samples. The 

function of adding cocktails is to amplify the production 

of Compton electrons during the scintillation process. The 

Compton electrons then excite other cocktail molecules which 

will soon return to their ground energy states by emitting 

photons. The amount of photons monitored by the photomulti­

plier tubes is a measure of the radiointensity of the radio-
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active sample. However the production of Compton electrons 

is decreased by the amount of water present in the sample

solutions. This is due to the lack of tt electrons of

the water molecules. Such effect is called "quenching".

Procedures for quench correction:

(1) Prepare samples and standards. Standards must be 

prepared which have the same chemical composition as the 

samples (buffer, salt, etc.) with the same type of quenching 

agent, e.g. water. The standards have the same type of 

isotope as the samples but their activités are known.

(2) Count standards using the same channel settings as the

samples. Eight samples with different amounts of quenching 

agent are usually needed to prepare the quenching curve.

(3) Plot a counting efficiency curve of efficiency (y-axis) 

as a function of Horrock’s number (H# in x-axis). The H#
is a measure of the decrease in the light produced by the 

excited electron energy due to the quenching that is present 

in the sample.

observed counts per
counting .fficiency - : ; : : r : i : l K : : » , i o n  «

per minute

(4) Curvefit the counting efficiency by a fourth order 

polynomial.

Efficiency = AH + BH^ + CH^ + DH"̂
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(5) Determine sample activity as

DPM = — --------------------counting efficiency

The quenching curve determined in this study when water is 

the quenching agent is

Efficiency = 88.6586H - 0.113705H^ + 0.001827H^ + 

0.00000528H^

Sample Calculation for Single Solute Uptake 

Temperature 298K

Initial Counting and Concentration of acetic acid:

2500 ppm, 47676 CPM, H=75 

Final Counting: 42394 CPM. H=74

Find the final equilibrium concentration and the amount 

of uptake when 0.5 g of activated charcoal is used?

Initial H = 75

Initial efficiency = 88.6586 x 75 - 0.113705 x 75^

+ 0.001827 X  75^ + 0.00000528 x 75^ = 89.13%

Initial DPM = 47676 _ c-r/inr» n89.13% " 53490.0
Final Counting Efficiency = 88.6586 x 74 - 0.113705 x 75

+ 0 .001827 X 75^ + 0.00000528 x 7S'* = 89.21%

Final DPM = " 47522.0

Mol ecular weight of CH^COOH = 60.0
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Final solute concentration

mole
= 2500 ppm X  X  -g-ggT----  ^ 100 ml x 10.0

= 3.70 X 10  ̂ mole/1  Ans

the amount of uptake

= 2500 ppm X  (1 - ‘i l M h  xO.95 x 10^
(0.5 X  603

= 8.83 X  10 m mole/g ♦---------Ans

Here, 10 is the conversion factor for changing moles to 

m moles and 0.95 is due to the fact that only 95 mL of the 

original sample solution is used in equilibration with 0.5 g 

of activated carbon.

The amount of radioactive organic acids injected per 

mL of radioactive stock solution is shown as follows:

A. acetic acid 2.496 X 10-6 g/mL

B. propionic acid 3.246 X lO'G g/mL

C. butanoic acid 9.167 X 10 G g/mL

D. hexanoic acid 2.900 X lO'S g/mL

E. heptanoic acid 4.750 X lO'S g/mL

The amount of radioactive acids injected should be corrected 

when the initial solute concentration is less than 1 ppm.

The amount of isotopes injected should not be confused 

with the radioactivity of the isotopes .injected.
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Appendix B. Sample Calculation for Competitive Adsorption

Problem: Predict the competitive adsorption equilibrium

data for the mixture of acetic acid and priopionic acid at 

25°C. The final equilibrium concentrations are

C 2 (acetic acid) 1.52 x 10 ̂  mole/1

(propionic acid) 4.69 x 10 ̂  mole/1

V 2 (molar volume of acetic acid) at 25°C = 57.24 ml/mole 

(molar volume of propionic acid) at 25°C = 75.0 ml/mole

Calculation :

X 2 (mole fraction of acetic acid) in the bulk phase =

2.7462 X 10'4

X, (mole fraction of propionic acid) in the bulk phase =

8.4428 X lO'S

(Step 1) Plot the adsorbed volume Vads versus

b; D'T’ 1
71̂  = TT- ln(---) for each solute from its

corresponding adsorption isotherm (see curves 2 and 3 in 

Figure 27).

(Step 2) Assume X2^ = 0.4, x^^ = 0.6

^  I n ( ^ )  = 16.477 
^2 ^2B
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^  In ( ^ )  = 15.304 
3 ^3B

(Step 3) Shift curve 3 to the left by an amount equal

In (fli) = 15.304 
^3 %3B

(see curve 3 ’ in Figure 27)

(Step 4) the adsorption will occur whenever

The dashed line in Figure 27 represents the right 

hand of Equation (68).

(Step 5) Enter M  = 16 .477 on the abscissa of
4  ^2B

Figure 27 and find its corresponding ordinate C from the 

dashed line.
^ 3.6 cc Ü _ 5.4 cc
^ 100 g ' * 100 g

q£ = moles of acetic acid adsorbed
=  3.6

57.24

= 0.629 m mole/g

q^ = moles of propionic acid adsorbed
5.4 - 3.6 

 75----

= 0.240 m mole/g

(Step 6) Check



T-2293 10 7

rx 1 - .0-629
'■■̂ 2<)i-'calc. 0.629+0.24

= 72.4% + (X2^)assum.

So, repeat steps 2 through 6.

Assume X 2 ^ = 0.445

In ^  = 16.718
' ' 2 ^2B

In ^  = 15.169
' 3  ^3B

Then, construct Figure 28.

Enter ^  2^ _ on the abscissa of Figure 28
^ 2  ^2B

B = 5.6; C = 2.1

92 = 57̂ 74 = 0-3G7

q_ = 5'6-2^1 = 0.467^3 75 g

Check

(X,J - 0-3672^^calc 0.367+0.467

= 0.44 = (Xz^^assum 

q 2 = 0.367 m mole/g 

q^ = 0.467 m mole/g.
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Appendix C. Error Analysis

An estimate of the random errors associated with the 

measurement of the final liquid equilibrium concentration 

and the uptake can be made from an estimate of the errors 

involved in the individual parameters. Uncertainties in 

the measurement of experimental variables are given as 

follows :

Experimental variables Uncertainty

weight of solute Wa ±0.0000 Ig
weight of activated carbon ±0.0000 Ig
solution volume Vs ±1 ml

initial solute activity Dpm^ ±1%

final solute activity Dpm^ ±1%

temperature K(°C) ±1K(°C)

The final solute concentration was calculated by the 

use of equation (C-1).

where is the final solute equilibrium concentration. 

Differentiating equation (C-1) gives
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Vs^Dpm^

Wa°P“£ d°P'"i
Vs(Dpm^)^ (C-2)

By representing the derivatives as difference values 

and dividing each term in equation (C-2) by equation (C-1) 

the following equation is obtained:

AWa . AVs  ̂ *OP“f . ADpm^
C^ Wa Vs Dpm^ Dpm ̂

The sign on each term has been chosen to yield the maximum 

error in C^ values. It is seen from equation (C-3) 

that the maximum error occurs at the smallest solute con­

centration. Two examples are shown below to demonstrate 

the analysis of experimental errors.

1) initial solute concentration = 1 ppm

AWa ^ 0.00001 g  ̂ ^
Wa 1 ppm X  100 ml

where 100 ml is the solution volume used in the 

equilibration study.

ACf ^

= 0-1 + T&Ô + 1% + 

= 13%
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2) initial solute concentration = 10 ppm

AWa  ̂ 0.00001 g = n m
Wa 10 ppm X  100 ml

ACf 2
-cf = 0.01 + îiô + 1% + 1%

= 4%

From these two examples, it is clear that the maximum 

error is about 13% when the initial solute concentration 

is 1 ppm. The error in the calculation of the final 

solute concentration is controlled by the first term of 

equation (C-3). When the initial solute concentration 

is 10 ppm or higher, the error in C^ decreases to 4% 

or even less. Since the amount of uptake is calculated 

from the difference between the initial and final solute 

concentrations, the error for the uptakes is the same 

as that of the final equilibrium concentration.

Therefore, the uncertainties in both the final solute 

concentration and uptake are estimated to be about 4% 

for the entire data reported in this study.
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C ***** P0W2.F0R; DATA:0CT.18,1979 *****
G ***** THIS PROGRAM IS TAKEN FROM JAMES L. KÜESTER &
C ***** JOS H. MIZE; "OPTIMIZATION TECHNIQUES”,
C ***** MCGRAW BILL,(1973)
C ***** UNCONSTRAINED NONLINEAR MINIMIZATION
C *******WAIN PROGRAM OF THE POWELL METHOD**********

COMMON/LIST1/X(5),E(5),W(100) 
CGMM0N/LIST2/Q(15),C(15),T(15),Y(15),ERR(15) 
CQMM0N/LIST3/IN,I0 
IN=12 
10=4

30 READ(IN,5)N,NDATA,IPRINT,MAXIT,ESCALE
5 F0RMAT(4I,F)
C ***** TEST OF IPRINT, IF IPRINT LESS THAN ZERO, STOP ****

If(IPRINT.LT.O) STOP 
READ(IN,6) (X(II),II=1,N)

6 FORMAT(SG)
READ(IN,6)(E(JJ),JJ=1,N)
READ(IN,10) (Q(I),C(I),I=1,NDATA)

10 F0RMAT(2F)
NW=N*(N+3)
CALL POWELL (X,E,N,F,ESCALE,IPRINT,MAXIT,W,NW,NDATA,Q,C) 
%RITE(I0,1)

1 F0RMAT(//,5X,'VALUES OF THE VARIABLES') 
WRITE(I0,2)X(1),X(2),X(3),X(4),X(5)

2 FORMAI(/,5X,'X(1)=',S,5X,'X(2)=',E,5X,'X(3)=',E,5X,'X(4)=' 
1 ,S/5X,'X(5)=',E)
WRIT2(I0,3)F

3 FORMAT!//,5X,'OPTIMUM VALUE OF F=',E16.8)
DO 100 I=1,NDATA
Y(I)=X(1)*C(I)+X(2)*C(I)**2+X(3)*C(I)**3+X(4)*C(I)**4
FRR(I)=(Q(I)-Y<I))/Q(I)*100.0 
WkITS(IO,20) Q(I),Y(I),EPR(I)

20 FQRMAT(5X,'Q(I)=',E,5X,'Y(I)=',E,5X,'SRR(%)=',£)
100 CONTINUE

GO TO 30 
STOP 
END
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C ***** END OF THE MAIN PROGRAM *****
SUBROUTINE POWELL(X,E,N,F,ESCALE,IPRINT,MAXIT,W,NW,NDATA/Q/C) 
DIMENSION X(5),E(5),W(100)
DIMENSION Q(15),C(15),T(15)
C0MM0N/LIST3/IN,IQ
%RITE(I0,2)N,MAXIT,ESCALE,(E(I),1=1,N)

2 F0RMAT(//,2X,'N = ',I2,4X,'MAXII=',I4,4X,'ESCALE=',F,//,2X,
1 'ACCURACY REQUIRED FOR VARIABLES',/,3X,'£(!)=',
2 F,3X,'E(2) = *,F,3X,'E(3)=',F,3X,'E(4)=',F,3X,'E(5) = ',F) 
DDMAG=0.1*ESCALE
SCER=0.05*1.0/ESCALE
JJ=N*N+N
JJJ—JJ*1
K=N+1
NFCC=1
I%D=1
INN=1
DO 4 1=1,N 
W(I)=ESCALE 
DO 4 J=1,H 
W(K)=0.0 
IF(I-J) 4,3,4

3 W(X)=ABS(E(I))
4 K=K+1 

ITERC=1 
ISGRAD=2
CALL RESTNT(N,X,F,NDATA,Q,C)
FKSEP=ABS(F)+ABS(F)

5 IT0NS=1 
FP=F 
SUÜ=0.0 
IX?=JJ
DO 6 1=1,N
IXP=IXP+1
W(IXP)=X(I)

6 CONTINUE 
IDIRN=N+1 
ILIKE=1

7 DMAX=W(1LINE)
DACC=DKAX*SCER
DMAG=AMIN1(DDMAG,0.1*DMAX)
DMAG=AMAX1(OMAG,20.0*DACC)
DDMAX=10.0*DMAG
GO TO (70,70,71) ,ITONS 

70 DL=0.0
D=DMAG 
FPR£V=F 
IS = 5 
FA=F 
DA=DL

8 DO=D-OL
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DL=D 
58 K=IDIRN

DO 9 1=1,N 
X(I)=X(I)+DD*W(K)
K=K+1 

9 CONTINUE
CALL RESTNT(N,X,F,MDATA,Q,C)
&FCC=NFCC+1
GO TO (10,11,12,13,14,96),IS

14 IF(F-FA) 15,16,24
16 IF(ABS(D)-DMAX) 17,17,18
17 D=D+D 

GOTO 8
18 WRITE(I0,19)
19 F0RMAT(5X,'MAXIMUM CHANGE DOES NOT ALTER FUNCTION') 

GO TO 20
15 FB=F 

DB=D
GO TO 21

24 FB=FA 
DB=DA 
FA=F 
DA=D

21 GO TO (83,23),ISGRAD
23 D=DB+DB-DA

18=1 
GO TO 8

33 D=0.5*(DA+DB-(FA-FB)/(DA-DB))
15=4
IF((DA-D)*(D-DB)) 25,8,3

25 IS=1 
Xf(ABS(D-DB)-DDhAX)8,8,26

26 D=DB+SIGN(DDMAX,DB-DA)
13=1
DDMAX=DDMAX+DDMAX 
DDMAG=DDMAG+DDMAG 
IF(DDMAG.G2.1.0E38) DDMAG=1.0E38 
If(DDHAX-DMAX)8,8,27

27 DDMAX=DMAX 
GO TO 8

13 IF(F-FA) 28,23,23
23 FC=FB

nc=DB 
29 FB=F

DB=D
GO TO 30 

12 IF(F-FB) 28,28,31
31 FA=F

DA=D
GO TO 30 

11 IF(F-FB)32,10,10
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32 fA=FB 
DA=DB
GO TO 29 

71 DL=1.0
DDMAX=5.0 
FA=FP 
DA=-1.0 
FB=fHOLD 
DB=0.0 
D=1.0 

10 FC=F
DC=D

30 A=(DB-DC)*(FA-FC)
B=(DC-DA)*(FB-FC)
IF((A+B)*(0A-DC))33,33,34

33 FA=FB
DA=DB 
FB=FC 
DB=DC 
GO TO 26

34 D=0.5*(A*(DB+DC)+B*(DA+DC))/(A+B)
DI=D9
FI=FB
IF(FB-FC)44,44,43

43 DI=DC 
FI=FC

44 GO TO (86,86,85),IT0NS
as IT0NE=2

GOTO 45
86 IF (ABS(D-Di)-DACC) 41,41,93
93 If (A8S (D-DI)-0.03*A8S(D)) 41,41,45
45 IF ((DA-DC)*(DC-0)) 47,46,46
46 FA=FB 

DA=DB 
P8=FC 
D3=DC
GO TO 25

47 IS=2 
IF((DB-D)*(D-DC))43,8,8

48 IS=3
GO TO 8 

41 F=FI
D=DI-DL
DD=SQRT((UC-DB)*(DC-DA)*(DA-DB)/(A+B)) 
DO 49 1=1,N 
X(I)=X(I)+D**(1DIRN) 
W(IOIRN)=DD*W(IDIRN)
I0IRN=IDIRN+1

49 CONTINUE 
W(ILINE)=W(ILINE)/DD 
ILIN£=ILINH+1
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IF(IPRIST-l)51,50,51
50 WRITE(10,52)ITERC,F,(X(I),l=l,N)
52 FORMAT!/,3X, 'ITERATION^', I5,2X, 'FUNCTION VALU£S=',F.15.8/

1 2(E16.8,2X))
GO TO (51,53),IPRINT

51 GO TO (55,38),ITONS
55 If(FPREV-F-SUM) 94,95,95
95 SUM=FPREV-F 

JIL=ILINE
94 IF(IDIRN-JJ) 7,7,64
84 GO TO (92,72),IND
92 FHOLD=F

IS=6 
IXP=JJ 
DO 59 1=1,N 
IXP=IXP+1
W(IXP)=X(I)-W(IXP)

59 CONTINUE 
DD=1.0 
GO TO 58

96 GO TO (112,87),IN0
112 IF (FP-F) 37,37,91
91 0=2.*(FP+F-2.*FH0LD)/(FP-F)**2

IF(D*(FP-FH0LD-SUM)**2-SUM) 87,37,37
87 J=JIL*N+1

IF(J-JJ) 60,60,61
60 DO 62 I=J,JJ 

K=I-N 
W(K)=W(i)

62 CONTINUE
DO 97 I=JIL,N 
W(I-1)=W(I)

97 CONTINUE
51 IDIRN=IDIRN-N

IT0NS=3 
K=IDIRN 
IXP=JJ 
AAA=0.0 
DO 65 1=1,N 
IXP=IXP+1 
%(K)=W(IXP)
IF(AAA-ABS(w(K)/E(I))) 66,67,67

66 AAA=ABS(W(K)/E(I))
67 K=K+1
65 CONTINUE

DDMAG=1.0 
W(N)=ESCALE/AAA 
ILINE=N 
GO TO 7

37 IXP=JJ
AAA=0.0
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F=FHOLD 
DO 99 1=1,W 
IXP=IXP+1 
X(I)=X(I)-W(IXP)
IF(AAA*ABS(E(I))-A8S(M(IXP))) 98,99,99

98 AAA=ABS(W(IXP)/E(I))
99 CONTINUE 

GO TO 72
38 AAA=AAA*(1.0+DI)

GO TO (72,106),IND 
72 IF<IPRINT-2) 53,50,50
53 GO TO (109,88),IND
109 IF (AAA-0.1) 20,20,76
76 IF(F-FP) 35,78,78
78 WRITE(IO,80)
80 F0RMAT(5X,'ACCURACY LIMITED BY ERRORS IN F') 

GO TO 20
88 IDN=1
35 DDMAG=0.4*SQRT(FP-F)

ISGRAD=1 
108 ITERC=ITERC+1

IF(iTERC-MAXlT) 5,5,81
81 NULUCK=4 

IF(F-FXESP) 20,20,110
110 F=FKESP

DO 111 1=1,N
vjjfj—lJJvJ+1
X(I)=W(JJJ)

111 CONTINUE 
GO TO 20

101 J1L=1
FP=FKSEP
IF (F-FKSEP) 105,78,104

104 JiL=2 
F?=F 
F=FKSEP

105 IXP=JJ
DO 113 1=1,N
IXP=IXP+1
K=IXP+N
GO TO (114,115),OIL

114 W(IXP)=W(K)
GO TO 113

115 W(IXP)=X(I)
X(I)=W(K)

113 CONTINUE
JIL=2 
GO TO 92

106 IF(AAA-0.1) 30,20,107
20 RETURN
107 INN=1
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GO   TO   35
END
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SUBROUTINE RESTNT(N,X,F,NDATA,Q,C) 
DIMENSION X(5),E(5),«(100)
DIMENSION Q(1S),C(15),T(15)
Xl=X(i)
X2=X(2)
X3=X(3)
X4=X(4)
X5=X(5)
f=0.0
DO 1000 I=l,liDATA
T(I)=Q(I)-X1*C(I)-X2*C(I)**2-X3*C(I)»»3 

1 -X4*C(1)»*4 
F=F+T(I)*T(I)

1000 CONTINUE 
RETURN 
END
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C ***** SWll.FOR; DATEîOCT.18,1979 *****
C ****** MAIN PROGRAM-------NEWTON,RAPHSON METHOD
C ***** XOLDCD'S ARE THE UNKNOWN VARIABLES
C ***** A IS THE AUGMENT MATRIX OF THE NEWTON-RAPHSON METROS
C ***** ITMAX=MAXIMUN NUMBER OF THE ITERATION
C ***** EPS1=CRITERIA OF CHOOSING THE PIVOTING VALUE
C ***** EPS2=ACCURACY OF THE FINAL RESULTS,X(I)
C ***** XINCCD'S ARE THE INCERMENTS OF EACH
C ***** ITERATION
C ***** A1,B1,E1,A2,B2,E2=PARAMETERS OF THE ADS. ISOTHERMS
C ***** NDATA=NUMBER OF THE DATA POINTS

DIMENSION X0LD(21),XINC(21),A(21,21),TITLS(3)
C0MM0N/LIST1/A1,31,D1,E1,A2,B2,D2,E2
COMMON/LIST2/Cl,C2
NI=1
N0=4
NDATA=4
IC0UNT=1

C *** READ AND PRINT INPUT DATA
10 READ(NI,100) ITMAX,IPRINT,N,EPS1,SPS2,T
100 F0RHAT(3I,2E,F)

READ(NI,110) (X0LD(I),I=1,N)
110 FORMAT(5F)

READ(NI,120) (TITLS(I),I=1,8)
120 F0RMAT(8A4)

WRITE(NO,130) (TITLE(I),I=1,6),T 
130 F0RMAT(5X,'*** BI-SOLUTE SYSTEM DATA ENTRY ***'/

1 5X,9A4/5X,'T2MP(K)=',F)
WHITE(NO,200) ITMAX,IPRINT,N,EPS1,SPS2,(XOLD(I),1=1,N)

200 F0RMAT(5X,'ITMAX=',I,5X,'IPRINT=',I,6X,'N=',I/5X,'EPSi = ', 
1G,6X,'£PS2=',G/5X,'X0LD(1),X0LD(2)...V5X,5(5X,F))
READ(NI,205) A1,B1,D1,S1 
READ(SI,205) A2,B2,D2,E2

205 F0RMAT(4G)
206 F0RMAT(3G)

WRITE(NO,207)A1,B1,D1,E1,A2,D2,D2,E2
20 READ(NI,206)C1,C2,Q

WRITE(NO,209) C1,C2 
DO 90 ITER=1,ITMAX 
CALL CALCN(X0LD,A,21)
DETER=SIMUL(N,A,XINC,EPS1,1,21)
IF(DSTER.N£.0.) GO TO 30 
*RITE(NO,201)

201 PQRMAT(5X,'MATRIX IS ILL-CONDITIONED OR SINGULAR')
STOP

30 ITC0N=1
DO 50 1=1,N
1F(ASS(XINC(I)).GT.EPS2) ITCON=0 
XOLD(I)=XOLD(I)+XINC(I)

50 CONTINUE
WRITE(N0,202) ITER,DETER,(XOLD(I),1=1,N)
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IF(ITCON.EQ.O) GO TO 90
HRITE(NO,203) ITER,DETER,(XQLD<I),1=1,N) 
Q1=Q*X0LD(3)
Q2=Q*(1.-X0LD(3))
TYPE 210,ai,Q2 

210 F0RMAT<5X,'Q1=',F,5X,'Q2=',F)
IF(ICOONT.EQ.NDATA) STOP 
GO TO 95 

90 CONTINUE
KRIIE(NU,204)
IF(ICOUNT.EQ.NDATA) STOP 

95 IC0UNT=IC0UNT+1
GO TO 20

202 FORMAT(5X,'ITER=',I,5X,'DETER=',G,/,
1 5X,'XOLD(1),XOLD(2)..'/5X,5G)

203 F0RMAT(5X,'SUCCESSFUL C0KYERGENCE'/5X,'IT£R=',I5X, 
l'DETER=',G/5X, 'PI(1)=',G,5X,'PI(2)=',G,5X, '2(1) = ',F
2 ,5X,'C1=',F,SX,'C2=',F)

204 F0RMAT(5X,'K0 CONVERGENCE')
207 F0RMAT(5X,'PARAMETERS OF THE ADS. ISOTHERMS'/5X,

1 'A1=',E,5X,'B1 = ',E,5X,'D1 = ',E,5X,'E1 = ',E/5X, 'A2=' 
2,E,5X,'S2=',E,5X,'D2=',E,5X,'E2=',E)

208 FURMAtOX, 'SURFACE ARSA(M2/G) =',G/5X,'TEPM(K) = ',F)
209 F0RMAT(5X,'C1=',G,5X, 'C2=',G)

END
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C
C
C
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C CGC FUNCTION SIMÜL IS REFERED TO CARNAHAN "APPLIED
C CCC NUMERICAL METHODS" P 290 CCCCC

FUNCTION SIMUL(N,A,X,EPS,INDIC,NRC)
DIMENSION IPOW(50),JCOL(50),JORD(50),Y(50),A(NKC,NRC),X(N)
Nü=4
MAX=N
IF(INDIC.GE.O) MAX=N+1 
IF(N.LE.50) GO TO 5 
WRITE(NO,200)
SIMUL=0.0 

200 F0RMAT(5X,'N TOO BIG')
RETURN 

5 DETER=1.
Dû 18 K=1,N
KH1=K-1
P1VOT=0.
DO 11 1=1,N
DO 11 J=1,N
IF(K.EQ.l) GO TO 9
DO 8 ISCAN=1,KM1
DO 3 JSCAN=1,KM1
IFCI.EQ.IROWdSCAN)) GO TO 11
IF(J.EQ.JCOL(JSCAK)) GO TO 11

8 CONTINUE
9 IF(A3S(A(I,J)).LE.ABS(PIV0T)) GO TO 11 

PIVOT=A(I,J)
IROW(K)=I 
JCOL(X)=J 

11 CONTINUE
IF(A3S(PIV0T).GT.EPS) GO TO 13 
SIMUL=0.
RETURN

13 IROWK=IROW(K)
JCOLK=JCOL(K)
DETER=DETER*PIVOT 
00 14 J=1,MÂX

14 A(IROWK,J)=A(IROWK,J) /PIVOT 
A(IROWK,JCOLK)=1./PIVOT
DO 18 1=1,N 
AIJCK=A(I,JCOLK)
IF(I.EQ.IROWK) GO TO 18 
A(I,JCOLK)=-AIJCK/PIVOT 
DÛ 17 J=1,MAX

17 IF(J.NE.JCULX) A(I,J)=A(I,J)-AIJCK*A(IROWK,J)
18 CONTINUE

DO 20 1=1,N 
IROWI=IROW(I)
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JCOLI=JCOL(I)
JùRO(IRüWî)=JCOLI

20 IF(INDIC.GE.O) X(JCOLI)=A(IROWI,MAX) 
IÜTCH=0 
NM1=N-1 
DO 22 1=1,NMl 
IP1=I+1 
DO 22 J=IP1,N
IF(JORD(J).GE.JOKD(I)) GO TO 22 
JTEHP=JORD(J)
JORO(J)=JORD(I)
JURD(I)=JTEMP
INTCH=INTCH+1

22 CONTINUE
IF(INTCH/2*2.NE.INTCH) DETER=-DETER 
If(INDIC.LE.O) GO TO 26 
SIMUL=DETER 
RETURN

26 DO 28 J=1,N 
DO 27 1=1,N 
IROWI=IROW(i)
JCOLI=JCOL(I)

27 Y(JCOLI)=A(IROWI,J)
DO 29 1=1,N

28 A(I,J)=Y(I)
DO 30 1=1,N 
DO 29 J=1,N 
T70WJ=IR0N(J)
JC0LJ=JC0L(J)

29 Y(IROWJ)=A(I,JCOLJ)
DO 30 J=1,N

30 A(I,J)=Y(J)
SXMUL=DSTER
RETURN
END
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C
(% * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C ***** SUBROUTINE CALCN IS THE AUGUMENT MATRIX
C ***** provided by THE USER *****

SUBROUTINE CALCN(DXQLD,A,NRC)
DIMENSION XOLD<20),DXOLD(NRC),A(NRC,NRC)
COMMON/LISTl/Al,81,01,El,A2,B2,D2,E2
COMMON/LIST2/Cl,C2
R=3.317
no 1 1=1,5
XÛLD(I)=DXOLD(I)
DO 1 J=l,6 
A(I,J)=0.0 

1 CONTINUE
C COMPUTE NON-ZERO ELEMENT OF A

A(l,l)=1.0
A(1,4)=-(A1+B1*2.*X0LD(4)+3.*D1*X0LD(4)**2+4.*E1 
1 *X0LD(4)**3)
A(l,6)=-XQLD(i)+(Al*X0LD(4)*Bl*X0LD(4)**2+Dl*X0LD(4)**3 
1 +E1*X0LD(4)**4)
A(2,2)=A(1,1)
A(2,5)=-(A2+2.*B2*X0LD(5)+3.*D2*X0LD(5)**2+4.*S2 
1 *X0LD(5)**3)
A(2,6)=-X0LD(2)+(A2*X0LD(5)+62*X0LD(5)**2+D2 

1 *X0LD(5)**3+E2*X0LD(5)**4)
A(3,3)=-X0LD(4)
A(3,4)=-X0LD(3)
A(3,6)=C1-X0LD(4)*X0LD(3)
A(3,6)=-A(3,6)
A(4,3)=X0LD(5)
A(4,5)=-(1.0-XOLD(3))
A(4,0)=C2-X0LD(5)*(1.-X0LD(3))
A(4,6)=-A(4,6)
A(5,l)=1.0
A(5,2)=-l.
A(5,6)=XGLD(1)-X0LD(2)
A(5,6)=-A(5,6)
RETURN
END


