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Experimental and Modeling Studies on the Extraction of Glutaric Acid by
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The reactive extraction equilibria for aqueous solutions of glutaric acid, with trioctylamine (TOA) in various
diluents, including isoamyl alcohol, octan-1-ol, nonan-1-ol, decan-1-ol, methyl ethyl ketone (MEK), diisobutyl
ketone (DIBK), hexan-2-one, toluene, kerosene, and n-hexane, were determined at various TOA concentra-
tions. Experimental results of batch extraction experiments are calculated and reported as distribution
coefficients (Kp), loading factors (Z), and extraction efficiency (E). All measurements were carried out at
25 °C. Kerosene was found to be the most effective diluent with the highest value of Kp (7.88). The
complexation constants K;; and K,; were calculated for each diluent. The results of the liquid—liquid
equilibrium measurements were correlated by a linear solvation energy relationship (LSER) model which
takes into account physical interactions and modified Freundlich and Langmuir equations. Experimental
results of the glutaric acid extraction are compared to model results.

1. Introduction

Glutaric acid (pentanedioic acid) is a dicarboxylic acid with
five carbon atoms, occurring in plant and animal tissues. Glutaric
acid is found in the blood and urine. o-Ketoglutaric acid, a
derivative of glutaric acid which has a ketone group on the
carbon atom next to the acid group, is produced from the amino
group of an amino acid (glutamate) and is found as an
intermediate in the Krebs cycle in the body. In the industrial
field, ketoglutaric acid exhibits typical carboxyl group chemistry
useful in a variety of industrial applications. It is a white
crystalline solid having the lowest melting point among dicar-
boxylic acids (98 °C). It is very soluble in water, and the solution
is a medium strong acid. Glutaric acid is used in the production
of polyester, polyols, polyamides, ester plasticizers, and corro-
sion inhibitors. It is used in the synthesis of pharmaceuticals,
surfactants, and metal finishing compounds. a-Ketoglutaric acid
is used in dietary supplements to improve protein synthesis.
Therefore, it is essential to purify glutaric acid from aqueous
solution.

Solvent extraction is an efficient technology for separation
and concentration of solutes from leachates, fermentation broths,
industrial wastes, and other industrial streams. Long-chain,
aliphatic tertiary amines, e.g., Alamine 336 and phosphorus-
bonded oxygen-containing extractants, dissolved in suitable
organic solvents are effective extractants for carboxylic acids.'

The specific chemical interactions between extractant and acid
molecules to form a complex in the extractant phase allow more
acids to be extracted from the aqueous phase. Recently,
extractive recovery of carboxylic acids by amine systems from
aqueous solutions, such as fermentation broth and wastewater,
including lower than 10 % (by weight) acid concentrations, has
received increasing attention.” Reactive extraction is an impor-
tant separation technique for the recovery of carboxylic acids.
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Many works have been studied the separation of carbocyclic
acids from aqueous solution by reactive extraction.>'*

This study examines the LSER, modified Freundlich, and
modified Langmuir models on the equilibria of glutaric acid
reactive extraction. In this sense, the reactive extraction of
glutaric acid from aqueous solutions by TOA in ten different
diluents was studied. The above-mentioned models were fit to
the results of the batch equilibrium extraction experiments. A
survey of the literature showed that there are no available data
about this extraction system.

2. Theory

The intent of carboxylic acids is to form dimers in the organic
phase because of their intermolecular hydrogen bonding.> All
results were interpreted as the recovery of glutaric acid using
TOA. The formation of a complex via the interfacial reaction
can be represented as

qHA,, + pSoy = (HA,*S)),, (1)

In eq 1, HA is the undissociated acid molecule; S is the amine
molecule; and p and ¢ are the stoichiometric coefficients.

As the glutaric acid—TOA complex is formed, it is rapidly
extracted into the organic phase. The equilibrium complexation
constant is defined as

_ [HA),*(S) Lo
 [HAY, - (ST,

org

@)

K, is expected to depend on the properties of the acid and the
solvation efficiency of the diluent used. ¢ and p are the
stoichiometric coefficients of acid and amine, respectively.

The distribution coefficient is defined as the ratio of the
concentration of organic acid in the organic phase to organic
acid in the aqueous phase. The experimentally accessible
distribution coefficient (Kp) is given as
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In eq 3, Cua is the total concentration of the acid in the
organic phase; Cya oral 1S the total concentration of acid in the
aqueous phase; and Cyj is the undissociated acid in the aqueous
phase. The overbar refers to the organic phase for all equations.

The apparent equilibrium constant K for the acid dissociation
reaction can be written in terms of species concentrations for
dilute solutions

Ky =

3

. B Cyi* Cye
HA < H + A, K,=—7— 4
Cua
From eqs 3 and 4
K. = CHAII.SI’ _ KqP : CﬂA ’ CIS’ 5
Do Cya+ Cy. Cyp + Kyt Cyp/Cyys )

The loading of the extractant, Z, is defined as the total
concentration of acid in the organic phase, divided by the total
concentration of amine in the organic phase. The expression
for Z is

C
z= [S]i}riliial (6)

org

where Cyy, is the concentration of undissociated glutaric acid
in the organic phase and [S]5i is the initial amine concentration
in the organic phase.

[Slorg can be expressed as

[Slorg =[Sl — PCita (7)
Extraction efficiency is defined by the following equation
K+ 100
E= 1+—KD ®)

3. Materials and Method

3.1. Chemicals. Trioctylamine (TOA) (M = 353.67
g+mol™"), glutaric acid, and the diluents were purchased from
the Merck Company. All chemicals were used without further
purification. Purities of all solvents are over 98 %.

3.2. Analysis Methods. A solution with an initial concentra-
tion of 0.606 mol+L~! (8 % by weight) of aqueous glutaric acid
was prepared. The initial organic phases were prepared by the
dissolution of TOA in the diluents to produce solutions at six
concentrations (0.255 mol+L ™!, 0.466 mol+L~"', 0.734 mol-L ',
0.975 mol-L7!, 1.292 mol-L ™!, and 1.591 mol-L™"). In general,
an amine extractant must always be used in the form of a
solution in organic diluents due to its high viscous and corrosive
properties. Distribution experiments were carried out as follows:
(i) Equal volumes of an aqueous glutaric acid solution and an
organic solution of TOA were stirred for 2 h in glass flasks
immersed in a Nuve ST402 termostatted water Bath shaker with
digital thermometer at (25 £ 0.1) °C. (ii) After equilibration,
both phases were separated by centrifugation in 7 min and 1200
rpm. (iii) The concentration of the acid in the aqueous phase
was determined by titration with 0.1 mol-L~! sodium hydroxide
(relative uncertainty: 1 %) in phenolphthalein indicator. Acid
analysis was checked against a material balance. In most cases,
the deviation between the amount of acid analyzed and the
amount of acid known from preparing the solutions by mass
did not exceed 1 %. The pH value of the aqueous phase was

Table 1. Results of Reactive Extraction of Glutaric Acid by TOA in
Various Diluents”

C, Cua E
diluent ~ mol-L™" mol-L™" pHy Kpmoe Kb 4 %
isoamyl 0.255 0414 596 2458 2.161 1.296 60.135

alcohol
0.466 0416 5.12 2.695 2.199 0.714 60.465
0.734 0474 453 2954 3.597 0.516 68.821
0.975 0.482 3.82 3.238 3.907 0.395 70.031
1.292 0488 3.16 3.550 4.160 0.302 70.910
1.591 0496 2.78 4.056 4.555 0.249 72.120
octan-1-ol 0.255 0.323 499 1.049 1.144 1.012 46.941
0.466 0.343 425 1.326 1.311 0.590 49.909
0.734 0.370 3.65 1.675 1.572 0.403 53.758
0.975 0.398 298 2.116 1919 0.326 57.826
1.292 0424 213 2.673 2.333 0.262 61.564
1.591 0459 196 3.376 3.123 0.230 66.622
nonan-1-ol 0.255 0.340 478 1.189 1.278 1.064 49.360
0.466 0.367 4.01 1471 1.539 0.630 53.318
0.734 0.399 3.12 1.820 1.930 0.434 57.936
0.975 0422 2.66 2252 2305 0.346 61.344
1.292 0444 214 2786 2.755 0.275 64.533
1.591 0462 1.75 3.447 3210 0.232 67.062
decan-1-ol 0.255 0.356  4.66 1.434 1424 1.113 51.669
0.466 0.377 423 1.720 1.657 0.648 54.857
0.734 0.406 3.56 2.062 2.041 0.443 59.035
0.975 0428 2.86 2473 2418 0.351 62.224
1.292 0.449 221 2966 2.864 0.278 65.193
1.591 0468 1.89 3.557 3419 0.235 68.052

kerosene 0.255 0.434 3.26 2.539 1.700 63.104
0.466 0.458  2.96 - 3.102 0.982 66.512
0.734 0482 2.24 - 3.907 0.657 70.031
0.975 0499 1.77 - 4.673 0.511 72.450
1.292 0513 1.09 - 5.556 0.397 74.539
1.591 0.537 0.84 - 7.888 0.337 78.057
n-hexane 0.255 0358 4.12 - 1.446 1401 51.998
0.466 0.387 3.83 - 1.777 0.831 56.287
0.734 0414  3.56 - 2.161 0.564 60.135
0.975 0.443  2.82 - 2.720 0.454 64.313
1.292 0.468  2.06 - 3.395 0.362 67.942
1.591 0.495  1.65 - 4.478 0.311 71.900
MEK 0.255 0.340 3.89 - 1.285 1.333 49.470
0.466 0.365 3.42 - 1.515 0.783 52.988
0.734 0.390 3.06 - 1.816 0.532 56.726
0.975 0.407 271 - 2.053 0.417 59.145
1.292 0.485 223 - 4.030 0.375 70.471
1.591 0532 1.83 - 7.246 0.334 77.288
DIBK 0.255 0.243  3.52 - 0.673 0.953 35.396
0.466 0.259  3.02 - 0.750 0.557 37.705
0.734 0313 248 - 1.072 0.426 45511
0.975 0376  2.04 - 1.640 0.385 54.637
1.292 0412 138 - 2.124 0.318 59.805
1.591 0472 0.76 - 3.545 0.296 68.602
hexan-2-one  0.255 0.237  3.02 - 0.642 0.927 34.406
0.466 0.271  2.85 - 0.813 0.583 39.464
0.734 0.307 223 - 1.030 0.418 44.632
0.975 0371 1.94 - 1.588 0.381 53.978
1.292 0.442 136 - 2703 0.342 64.203
1.591 0.477  0.86 - 3.733 0.300 69.371
toluene 0.255 0.358 5.56 - 1.446 1.121 51.998
0.466 0.393  4.89 - 1.846 0.674 57.056
0.734 0415 4.19 - 2.174 0.452 60.245
0.975 0.448  3.52 - 2.845 0.367 65.083
1.292 0468 2.87 - 3.395 0.289 67.942
1.591 0.499  2.02 - 4.713 0.251 72.560

“(C, is the concentration of TOA in the organic phase; Cua is the
concentration of glutaric acid in the organic phase; Kpmode 1S the
distribution coefficient calculated by the LSER model; Kp is the dis-
tiribution coefficient, Z is the loading factor; and E is the extraction
efficiency.

determined with a pH meter (Hanna pH 211 Microprocessor
pH meter) with deviation of £ 0.01.

4. Results and Discussion

4.1. Equilibrium Results. 4.1.1. Complex Formation and
Distribution Coefficients. Table 1 presents a survey of the
experimental liquid—liquid phase equilibrium investigations for
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Figure 1. Plot of distribution coefficients, Kp, against the concentration of
TOA (C;). @, DIBK; W, Nonanol; A, Kerosen; *, Toluene; 4, Isoamyl
alcohol.

the distribution of glutaric acid. The amine (TOA) concentrations
in the initial organic solution were prepared in the range of 0.255
mol+L™", 0.466 mol-L~", 0.734 mol-L"', 0.975 mol-L"", 1.292
mol-L™!, and 1.591 mol-L™! by using isoamyl alcohol, octan-
1-ol, nonan-1-ol, decan-1-ol, methyl ethyl ketone (MEK),
diisobutyl ketone (DIBK), hexan-2-one, toluene, kerosene, and
n-hexane. The glutaric acid concentration in the initial aqueous
phase was 0.606 mol-L~!. The experimental results are given
in Table 1. Figure 1 demonstrates the influence of TOA in the
organic phase on the distribution ratio of glutaric acid. It was
observed from the experiments that the ratio of the glutaric acid
concentration in the organic phase varied between (0.237 and

Concentration of TOA (Cs) (mol.L?)

Figure 2. Plot of loading factors, Z, against the concentration of TOA (Cy).
@, DIBK; B, Nonanol; A, Kerosen; *, Toluene; 4, Isoamyl alcohol.

0.537) mol+L~". The distribution coefficient of glutaric acid in
that range is between about (7.888 and 0.642) mol-L™! in the
ten diluents. Preliminary experiments showed that 1.591
mol-L™! of TOA gave maximum distribution coefficients.
Synergistic effects of TOA + solvents give lower Kp above
this concentration.

Extraction of carboxylic acids with tertiary amine + solvent
systems can be explained by the formation of acid:amine
complexes, which are affected by the diluents in different ways.
Solvation of the complex by the diluent is a critical factor in
the extraction of acid. The interactions between the complex
and diluent can be divided into general solvation and specific

Table 2. Values of the Equilibrium Complexation (K;; and K;;) Constants of Glutaric Acid for Various Diluents + TOA“

Cs Ky K>y K K>y
diluent mol-L~! L~ '~mol™! L2-mol 2 diluent L '~mol™! L~2-mol 2
isoamyl alcohol 0.255 6.764 35.292 kerosene 9.932 58.015
0.466 3.774 19.927 6.653 45.038
0.734 3918 29.726 5.320 43.086
0.975 3.204 25.953 4791 44.853
1.292 2.576 21.940 4.300 46.534
1.591 2.289 20.988 4.956 72.693
octan-1-ol 0.255 3.581 12.674 n-hexane 5.656 22.834
0.466 2.250 8.587 3.812 17.473
0.734 1.712 7.268 2.943 15.357
0.975 1.574 7.584 2.789 17.124
1.292 1.444 7.945 2.627 19.059
1.591 1.570 10.682 2.814 25.444
nonan-1-ol 0.255 4.002 15.050 MEK 5.028 18.962
0.466 2.641 11.068 3.250 13.491
0.734 2.102 10.165 2473 11.496
0.975 1.890 10.314 2.104 10.605
1.292 1.706 10.573 3.119 25.901
1.591 1.613 11.210 4.553 61.963
decan-1-ol 0.255 4.455 17.823 DIBK 2.634 7.274
0.466 2.844 12.472 1.609 4.648
0.734 2.223 11.161 1.460 4.993
0.975 1.983 11.189 1.681 7.324
1.292 1.773 11.309 1.644 8.479
1.591 1.718 12.535 2.227 16.706
toluene 0.255 4.525 18.267 heptan-2-one 2.513 6.812
0.466 3.168 14.884 1.745 5.224
0.734 2.368 12.406 1.402 4.699
0.975 2.334 14.812 1.628 6.958
1.292 2.102 15.247 2.092 12.786
1.591 2.369 22.340 2.345 18.321

@ C, is the concentration of TOA in the organic phase. K, is the complexation constant for 1 acid + 1 amine. K,; is the complexation constant for 2

acids + 1 amine.
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Figure 3. Plot of extraction efficiencies, E, against the concentration of

TOA (Cy). ®, DIBK; B, Nonanol; A, Kerosen; *, Toluene; ¢, Isoamyl
alcohol.

Table 3. Solvatohromic Parameters, Hydrogen-Bond Donor
Acidities, 7* and d, and Hydrogen-Bond Acceptor Basicities, a. and
P, for Alcohols Used in This Study

solvents b o g o
isoamyl alcohol 0.40 0 0.84 0.84
octan-1-ol 0.40 0 0.81 0.77
nonan-1-ol 0.40 0 0.81 0.75
decan-1-ol 0.40 0 0.81 0.72

Table 4. LSER, Modified Freundlich, and Langmuir Equation
Parameters of Glutaric Acid Extraction by TOA

LSER In D° s d a b R?
0.630 —56.775 0 31.081 —4.520 0.940
Freundlich Kr n R?
isoamyl alcohol 173-10* 0.107 0.96
ocantan-1-ol 264+10° 0.171 0.99
nonan-1-ol 168-10° 0.198 0.95
decan-1-ol 414-10° 0.154 0.98
Langmuir K Qo R?
isoamyl alcohol —209 —0.0093 0.99
ocantan-1-ol —823 —0.0024 0.88
nonan-1-ol —643 —0.0030 0.97
decan-1-ol —588 —0.0033 0.95

interactions of the diluent with the complex. Polar diluents have
been shown to be more convenient diluents than inert ones
(nonpolar), due to higher distributions.

The values of the overall extraction constants, K;; and K>,
for each solvent are given in Table 2. The resulting acid + amine
complexes were supposed to be stabilized due to the hydrogen
bonding with the modifiers.'> The values K|, and K5, for the
three most effective diluents at 1.591 mol-L~! of TOA increase
in the following trend: TOA + kerosene (4.956 and 72.693) >
TOA + MEK (4.553 and 61.963) > TOA + n-hexane (2.814,
and 25.444), respectively, where K;; and K>, have been given
in parentheses. The large difference among complexation
constant values for the extraction of glutaric acid by TOA +
different diluents indicates that solvation of the complex in
different diluents is a critical factor in acid extraction.

4.1.2. Loading Factors and Extraction Efficiency. Table 1
shows the effect of TOA concentration on loading. In Figure
2, the loading curve is a plot of the loading factor (Z) vs amine
concentration. In this work, the loading factor of all solvent
mixtures increases with decreasing concentration of trioctyl
amine (TOA).
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Figure 4. Plot of modified Langmuir equation on glutaric acid extraction
by TOA: @, Decanol; B, Octanol; A, Nonanol; 4, Isoamyl alcohol.

Overloading, loading greater than unity, indicates that com-
plexes with more than one acid per amine have been formed.
Overloading was observed especially in the amine concentration
of 0.255 mol-L™! for all diluents except DIBK and hexan-2-
one in this study.

The pH of the aqueous phase is an important parameter for
the reactive extraction of organic acids. Yang et al. reported
that lower pH values result in good separation of organic acids
by long chain tertiary amines.'® The most effective extraction
is carried out when the pH value is below the pK, of the acid.
The pK, values of glutaric acid are pKa; = 4.31 and pKa, =
5.41. In this study, the pH values of the aqueous phase changed
in the range of 0.76 to 5.96 when TOA was used.

It will be seen from Table 1 and Figure 3 that a considerable
amount of glutaric is removed by trioctylamine from aqueous
solutions. The amount of removed acid strongly depends on
the concentration of trioctyl amine and diluting solvents. The
maximum removal of glutaric acid is 78.057 % with kerosene
at a 1.591 mol-L™" initial concentration of TOA. The acid
concentration of the organic phase at equilibrium Cy, increased
from 0.059 mol-L™' to 0.225 mol-L~! with an increasing
amount of trioctylamine from 0.096 mol-L™! to 0.673 mol L™
with kerosene. For the other diluents, the removal of glutaric
acid changes between 66.622 % and 77.288 % at a 1.591
mol-L~" initial concentration of trioctylamine.

4.2. Model Results. 4.2.1. LSER Model Equation. The
linear solvation energy relationship (LSER) was initially
developed by Kamlet and co-workers.'” They demonstrated that
many types of chemical properties (designated as XYZ), such
as aqueous solubility, octanol—water partition coefficient,'®
HPLC capacity factors using a number of mobile and stationary
phases,'® and toxicity to a variety of species,”® depended on
solute—solvent interactions. The model can be expressed by an
equation containing three simple and conceptually explicit types
of terms

XYZ (property) = cavity term + dipolar term +
hydrogen-bonding terms (9)
In the LSER model, chemical properties (as XYZ) are related
to molecular structure through the energy required to surround
a solute with solvent molecules and the energy gained or lost
through formation of electrostatic and hydrogen bonds between
the chemical and the medium to stabilize this solvent molecule
cavity and keep the compound inside it. Chemical properties
dependent on this solute—solvent interaction are the result of
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Figure 5. Plot of modified Freundlich equation on glutaric acid extraction by TOA. @, Decanol; B, Octanol; A, Nonanol; ¢, Isoamyl alcohol.

the contribution from the component groups that form the
molecule. The energy terms for component groups then make
up the four energy terms for the molecule used in the predictive
equation

In K = In K}, + s(u* + vdd) + buf + ava
(10)

The dipolar—polarizability term, 7%, represents the exoergic
effects of solute—solvent dipole—dipole and dipole-
induced—dipole interaction, and 7* is a measure of the
molecule’s ability to stabilize a neighboring charge or dipole
through nonspecific dielectric interaction. The hydrogen-bonding
terms S and o represent the exoergic effects of hydrogen
bonding involving the solvent as a hydrogen bond donor acid
(HBD) and the solute as a hydrogen bond acceptor base 3
(HBA) and the solute as hydrogen bond donor acid o and the
solvent as hydrogen bond acceptor base, s, a, and b are
regression coefficients, and v is the volume fraction of solvent
in the organic phase. The distribution coefficient values can be
regressed with the solvatochromic parameters of the solvents
from Table 3'7' according to eq 10, and results were presented
in Table 4. After all the distribution coefficients for each of the
alcohols were obtained, they were regressed using computer
program SPSS v14.0*? and LSER parameters as follows

In K, = (0.630) + (—56.775) * (vt — 000) +
31.081(vB) + (—4.520)(ve) (11)

For the suitability of the data, the root-mean-square deviation
(rmsd) values are calculated from the difference between the
experimental data and the predictions of the LSER model,
according to the following equation

— 1 N odel
rmsd N;(KD Kmodel) (12)
where Kp is the experimental distribution coefficient and K3°d!
is the calculated distribution coefficient. N is the number of
experimental data. The rmsd value of the LSER model is
determined to be 0.84.

The rmsd value shows that all predicted distribution coef-
ficients agree well with each other and also the agreements
between predictions and measurements is acceptable, consider-
ing experimental uncertainty.

4.2.2. Modified Langmuir and Freundlich Equations. The
extraction of liquid molecules or solutes in a solution by reactive
extractants and interactions of interfacial area is an important
phenomenon in physical chemistry, surface science, and indus-
try. The plotting of isotherms is important to obtain an equation
which represents the results and which could be used for design
purposes. These isotherms depend on the specific surface area
of the extractant mixture, the nature of the extractant, and the
acidity of the medium. The Langmuir equation has been
modified for an extractant surface containing a finite number
of identical complex sites. The model assumes uniform energies
of extraction for interaction in both phases. When an extraction
process is carried out at a constant temperature, the amount
extracted, O, can be quantitatively described by the Langmuir
equation. Poposka et al.* have studied the modified Langmuir
equation on reactive extraction.

Our modified Langmuir equation is represented by the
following equation

(CuualOron) = (Ki1Qp) + (CyalQy) (13)

In eq 13, Oroa is the amount of extractant (amine (g)); K is
the inverse of the Langmuir constant (K1); and Qy is the constant
obtained from linear regression.

A plot of Cua/O7oa Vs Cia gives a straight line showing the
applicability of the Langmiur isotherm. The values of Qy and
K, at different concentrations have been determined from the
slope and intercept of the plot.>* The modified Langmuir
parameters are very useful in predicting extraction capacities
and for incorporating a mass transfer relationship. To verify
the Langmuir adsorption isotherm, using a mass based acid
concentration (Cya/Qroa) is plotted against the acid concentra-
tion Cya at equilibrium conditions in Figure 4. The values of
K; and Q, are calculated graphically. The values of the
Langmuir parameters are given in Table 4.

The Freundlich equation is used for heterogeneous surface
of extractant energies in which the energy term in the Langmuir
equation varies as a function of the surface coverage strictly
due to variation in the heat of extraction. The modified
Freundlich equation is in the form below

Oroa = Kg* (C_HA)]/” (14)

A logarithmic plot linearizes the equation enabling the
exponent n and the constant Kp to be determined.”
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log Orox = log K. + (1/n) log Cyy (15)

To verify the validity of the modified Freundlich equation,
log Qroa is plotted against log Cy, in Figure 5. The linear plot
of log Qroa Vs log Gy indicates the applicability of the modified
Freundlich equation. The values of Freundlich parameters are
given in Table 4. The results show that all the experimental
data for the alcohols obey the modified equations well.

5. Conclusion

The reactive extraction of glutaric acid by using TOA
dissolved in ten diluents was investigated. Distribution coef-
ficients, loading factors, and extraction efficiencies for this
extraction system were obtained. Complexation constants were
calculated for K;; (1 acid + 1 amine) and Kj; (2 acids + 1
amine). The LSER model was applied to obtain distribution
coefficients for all diluents. The LSER model values showed a
good regression to the experimental data with an R square value
of 0.940. Modified Freundlich and Langmuir equations have
been fitted to the equilibrium data. All data for alcohols obey
these modified equations.
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