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Adsorption Isotherms of Phenolic Compounds from Agueous
Solutions onto Activated Carbon Fibers

Ruey-Shin Juang,*' Feng-Chin Wu,* and Ru-Ling Tseng?

Department of Chemical Engineering, Yuan-Ze Institute of Technology, Nei-Li, Taoyuan 320, Taiwan, and
Department of Chemical and Environmental Engineering, Lien-Ho Junior College of Technology,
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Liquid-phase adsorption equilibria of eight phenolic compounds onto activated carbon fibers were measured
in the concentration range 40—500 g-m~2 at 303 K. High adsorption capacities were observed for the
chlorinated phenols compared to the methyl-substituted phenols. Several two- and three-parameter
isotherm equations were tested. Among the equations tried, the three-parameter equation of Jossens et
al. based on a heterogeneous surface adsorption theory was found to be the most satisfactory over the
entire range of concentration. The widely used two-parameter equations of Langmuir and Freundlich
were not applicable to the present adsorption systems.

Introduction

Phenolic compounds exist widely in the industrial ef-
fluents such as those from oil refineries and the coal tar,
plastics, leather, paint, pharmaceutical, and steel indus-
tries (Singh and Rawat, 1994). Since they are highly toxic
and are, in general, not amenable to biological degradation,
methods of treatment are continuously being modified and
developed. Possible methods include chemical oxidation,
coagulation, solvent extraction, liquid membrane perme-
ation, and adsorption.

Of all the methods, adsorption appears to offer the best
prospects for overall treatment, especially for the effluents
with moderate and low concentrations. Because granular
or powder activated carbon has a good capacity for adsorp-
tion of organic matter, it is the most widely used adsorbent
for this process (Caturla et al., 1988; Dvorak et al., 1993;
Streat et al., 1995). Although activated carbon has been
widely used for this purpose, it requires a container and
careful filling is generally necessary; replacement of the
adsorbent is by no means a simple procedure. Also, the
use of powder activated carbon for liquid solutions involves
subsequent filtration.

The activated carbon fiber employed in the present study
can obviate the above disadvantage (Cal et al., 1994;
Suzuki, 1994). It has been extensively used for the
adsorption of gaseous pollutants such as acetone, benzene,
water vapor, N, and CO,, hexane, chloroform, carbon
tetrachloride, dichloroethane, and ethanol, HCN, NH3;, NO,
NO,, and SO, and liquid pollutants such as fatty acids and
benzene derivatives, phenol, benzoic acid, tri- and tetra-
chloroethylene, inorganic and organic phosphates, Cr(VI),
Hg(ll), and iodine (Suzuki, 1994).

Although the pioneer work of phenol adsorption using
activated carbon fiber has been done since 1976 (Economy
and Lin, 1976), to our knowledge, few systematic studies
on the adsorption of phenolic compounds have been made.
In this paper, the adsorption equilibria of eight phenolic
compounds were measured over a wide range of concentra-
tion (40—500 g-m~3) onto activated carbon fiber at 303 K.
A comparison was made on the applicability of various two-
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Table 1. Physical Properties of the Activated Carbon
Fiber (Charsob CP-1300)

property value
material poly(acrylonitrile)
thickness 0.61 mm
weight 80 g-m~2
total micropore volume? 0.586 cm3-g~1
mean micropore volume?2 0.576 cm3-g~1
micropore radius? 1.67 nm
BET specific surface area? 1380 m2.g~1

a2 Measured in this work.

and three-parameter isotherm equations to find an equa-
tion which correlates the equilibrium data most satisfac-
torily.

Experimental Section

Reagents, Activated Carbon Fiber, and Solutions.
All phenolic compounds used in this study, including
phenol, 2-chlorophenol, 3-chlorophenol, 4-chlorophenol, 2,4-
dichlorophenol, o-cresol, m-cresol, and p-cresol, were from
Merck Co., as analytical grade. They were used without
further purification. The activated carbon fiber (Charsob
CP-1300) was supplied by Yih Hsin Chemical Co., Taipei,
Taiwan, and was used as received. It was manufactured
by carbonizing poly(acrylonitrile) at 200—300 °C in air and
activating at 800—1200 °C. The BET surface area, mi-
cropore volume, and mean micropore size of activated
carbon fiber measured from N adsorption using Micromer-
itics Model ASAP 2000, together with other physical
properties provided by the manufacturer, are listed in
Table 1. The aqueous solutions were prepared by diluting
phenolic compounds in deionized water to the required
concentrations (40—500 g-m~3). Deionized water employed
in this work was produced by a Millipore Milli-Q Water
System.

Procedure. In adsorption experiments, a fixed amount
of activated carbon fiber (0.1-0.2 g) and 100 cm? of an
aqueous solution were placed in a 250 cm3 glass-stoppered
flask and shaken at 130 rpm for 3 days using a thermo-
stated shaker bath (Firstek Model B603, Taiwan). Pre-
liminary experiments had shown the adsorption processes
studied to attain equilibrium only after 1 day. The initial
and equilibrium concentrations of phenolic compounds in
the aqueous solutions were analyzed using a UV/visible
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Figure 1. Equilibrium adsorption on activated carbon fiber: (&)
2-chlorophenol; (O) 3-chlorophenol; (O) 4-chlorophenol; (&) 2,4-
dichlorophenol.
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Figure 2. Equilibrium adsorption on activated carbon fiber: (<)
phenol; (O) p-cresol; (O) m-cresol; (a) o-cresol.

spectrophotometer (Hitachi Model U-2000) at appropriate
wavelengths. Each experiment was duplicated under
identical conditions.

Results and Discussion

Equilibrium Adsorption. Figures 1 and 2 show ad-
sorption isotherms, i.e., the relations between the amount
of phenolic compounds adsorbed per unit mass of activated
carbon fiber (qge) and their remaining concentrations in the
aqueous solutions (c;). The adsorption capacity, defined
as the amount at the plateau of the isotherm, has the
following order: 2,4-dichlorophenol > 4-chlorophenol >
3-chlorophenol > o-cresol > m-cresol > 2-chlorophenol >
p-cresol > phenol. In general, high capacities are obtained
for the chlorinated phenols. Streat et al. (1995) have also
found that 4-chlorophenol shows a higher adsorption than
that for phenol on all granular activated carbon, wood,
shell, rubber, and coal adsorbents. Also, a larger adsorp-
tion capacity of 4-chlorophenol on granular activated

carbon was reported by comparison with p-cresol (Radke
and Prausnitz, 1972).

It is generally accepted that the capacity for activated
carbon adsorption is higher when the adsorbate has a high
molar mass or a smaller solubility in water (Caturla et al.,
1988; Dvorak et al., 1993; Streat et al., 1995). However,
this is not the case here. Mattson et al. (1969) indicated
that the adsorption capacity of phenols on granular acti-
vated carbon is affected by hydrogen-bonding between
adsorbates and adsorbents. On the activated carbon fiber
surface, there are many conjugated =z bonds, which are
nonlocalized and highly active. After activation, a number
of oxygen-containing functional groups exist in the crystal
lattice of the surface, including electron acceptors (e.g.,
carbonyl and carboxyl) and electron donors (e.g., hydroxyl).
It is hence probable to form hydrogen bonds between the
electron-acceptor groups on the activated carbon fiber
surface and the hydrogen atoms on phenolic compounds
(Mattson et al., 1969). Judging from the electrophilic
nature of the studied phenols, the present results are
somewhat in agreement with this effect.

With regard to adsorption capacity, the present ordering
is somewhat opposite to many of those observed using other
adsorbents. For example, Caturla et al. (1988) found the
ordering to be phenol > 4-chlorophenol > 2,4-dichlorophe-
nol, as expected from the molecular volume of the adsor-
bate. A sequence of p-cresol > phenol > m-cresol > o-cresol
has also been reported for their adsorption on either fly
ash or Al(111)- and Fe(l11)-impregnated fly ash (Singh and
Rawat, 1994). Jossens et al. (1978) found the following
ordering: 2,4-dichlorophenol > phenol > 4-chlorophenol for
their adsorption on granular activated carbon. Further-
more, ltaya et al. (1984) observed that the ordering is
4-chlorophenol > phenol > p-cresol on Amberlite XAD-4
resin and the order changes to p-cresol > 4-chlorophenol
> phenol on XAD-7 resins.

Such discrepancies are probably due to the differences
in pore structure between activated carbon fiber and other
adsorbents. Also, the possible oxidative coupling of phe-
nolic compounds on carbon surfaces is a cause (Grant and
King, 1990). Activated carbon is essentially characterized
by a broad pore size distribution containing micro- (<2 nm),
meso- (2—50 nm), and macropores (>250 nm). It is
believed that the major adsorption sites on activated carbon
are located in micropores rather than in mesopores where
only weaker adsorption is observed (Yang et al., 1993). The
adsorption on activated carbon must proceed through a
sequence of diffusion steps from the bulk phase into the
mesopores and then to micropores. Thus, the adsorption
capacity would be lower for an adsorbate with a larger
molecular volume (Caturla et al., 1988). However, for
activated carbon fiber the micropores of depth less than
the radius of a fiber (about 6 um) are directly exposed on
the external surface (Sakoda et al., 1987; Yang et al., 1993).
It is thus deduced that the micropore size and its distribu-
tion play an important role in the activated carbon fiber
adsorption of phenols (Foster et al., 1992). Perhaps, the
effect of hydrophobic interaction between poly(acrylonitrile)
fibers and adsorbates cannot be ignored (Itaya et al., 1984).

In general, adsorption isotherms are important to de-
scribe how adsorbates will interact with activated carbon
fiber and are critical in optimizing the use of activated
carbon fiber as an adsorbent. In this regard, the correla-
tion of adsorption data using either a theoretical or
empirical equation is essential to practical adsorption
operation. Five two- and three-parameter isotherm equa-
tions are tried in the present study.
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Table 2. Parameters and Normalized Deviations in the Langmuir Equation

Langmuir I, eq 2

Langmuir Il, eq 4

solute Omom/mol-kg~t Ki/m3-mol~1 r AQ/% Qmom/mol-kg =1 Ky /m3-mol—1 r Ag/%
phenol 1.653 4.004 0.940 12.9 1.250 17.64 0.936 16.4
2-chlorophenol 1.860 14.52 0.946 18.6 1.482 140.5 0.922 20.6
3-chlorophenol 2.011 14.92 0.954 20.1 1.607 54.62 0.976 11.9
4-chlorophenol 2.046 16.73 0.956 16.4 1.644 50.54 0.956 11.8
2,4-dichlorophenol 2.136 33.92 0.946 16.3 1.807 204.4 0.933 9.63
p-cresol 1.841 11.69 0.967 13.3 1.623 27.64 0.980 7.75
m-cresol 1.888 11.79 0.936 23.2 1.628 89.67 0.927 16.9
o-cresol 1.939 11.93 0.946 17.7 1.637 106.0 0.935 11.0

Two-Parameter Isotherm Equations. (1) Langmuir
Equation. The most widely used two-parameter equation
is the Langmuir equation, which is represented as

0 = 0e/Omon = KL C/(1 + K Cp) 1

where 6 is the fractional coverage and gmen is the amount
adsorbed per unit mass of adsorbent corresponding to
complete coverage. K is the Langmuir constant. Rear-
ranging eq 1, we have

Ce/qe = (1/KLqmon) + (1IQm0n)Ce (2)

A plot of (ce/ge) Vs ce would give K. and gmon from the slope
and intercept. In order to compare the applicability of
various isotherm equations more definitely, a normalized
deviation, Aq, is calculated and defined as follows:

N

Ag = (IN) Y (0" = G707 @3)

where the superscripts “calc” and “expt” are the calculated
and experimental values, respectively; N is the number of
measurements.

The parameters of the Langmuir equation (designated
as Langmuir 1) obtained for all systems, together with the
normalized deviation, Aqg, are listed in Table 2. It is
evident that the value of Aq is considerably large (12.9—
23.2%), although the linear fit is fairly good (correlation
coefficient r > 0.936). The Langmuir equation | (eq 2) is
essentially good only in higher concentration ranges (not
shown). An alternative form of the Langmuir equation was
suggested for relatively lower concentrations (McKay,
1982).

1/qe = (1/qmon) + (1/KLqm0n)(1/Ce) (4)

This is called Langmuir equation Il. Similarly, the values
of K_ and gmoen are determined from the plot of (1/qe) vs
(1/ce). The parameters and Aq are also listed in Table 2.
In general, Aq are slightly reduced for most systems (7.75—
20.6%) compared to the Langmuir equation I. As expected,
the Langmuir equation Il fits better at lower liquid
concentrations (not shown).

(2) Freundlich Equation. The Freundlich equation is
an empirical one used to describe the isotherm data:

0, = Kec, " (5)
A linear form of this equation can be obtained as follows.

Ing, =InKg+ (1/n) Inc, (6)
A plot of In ge vs In c. would give n and Kg from the slope

and intercept. The results are listed in Table 3. It is found
that the fit is better, especially for o-cresol (Aq = 1.83%);

Table 3. Parameters and Normalized Deviations in the
Freundlich Equation

solute Kg/molnti-kg=1-m~3n n r Ag/%
phenol 1.166 3.644 0992 3.25
2-chlorophenol 1.672 4.495 0.992 3.63
3-chlorophenol 1.875 3.558 0.974 9.28
4-chlorophenol 1.999 3.666 0.978 6.08
2,4-dichlorophenol 2.186 6.374 0.980 2.85
p-cresol 1.570 3.868 0.970 10.5
m-cresol 1.600 4.385 0.980 5.93
o-cresol 1.678 6.283 0.996 1.83

however, the deviations between experimental and modeled
results at lower concentrations are still significant (not
shown).

The Freundlich equation, which is suitable for highly
heterogeneous surfaces, frequently gives good representa-
tion of adsorption data over a restricted range of concentra-
tions (e.g., the need of piecewise fitting) (Cal et al., 1994;
Fritz and Schlunder, 1981). It does not reduce to Henry’s
law at concentrations approaching zero. It is often seen
that when it is fit to data at high and moderate concentra-
tions, it provides a poor fit for adsorption data at low
concentrations (Jossens et al., 1978).

Since in all systems Langmuir and Freundlich equations
give a relatively poor fit over the entire range of concentra-
tions, the applicability of empirical equations containing
three adjustable parameters was examined. Each of these
can reduce to Henry's law at extremely low concentrations.

Three-Parameter Isotherm Equations. (1) Redlich—
Peterson Equation. The Redlich—Peterson equation
(Redlich and Peterson, 1959) contains three parameters,
aR, bR, and ﬁ

0 = agC/(1 + brc”) (7)

where S lies between 0 and 1. This equation gave a good
representation for phenol adsorption from dilute aqueous
solution on Amberlite XAD-8 (Farrier et al., 1979) and on
XAD-4 and XAD-7 resins (Itaya et al., 1984). In a slightly
different form, it was used also by Radke and Prausnitz
(1972). Rewriting eq 7, we obtain

c/d, = (Lag) + (brlag)cy’ 8)

For each system, the three parameters were obtained
using a least-squares fitting procedure to minimize the
deviation between calculated and experimental values. The
calculated parameters are listed in Table 4. /5 ranges from
0.779 to 0.910. The values of Aqg lie between 1.41 and
7.01%, which is a considerably better fit compared to the
two-parameter equations.

(2) Toth Equation. The Toth equation (Toth, 1971),
proposed for gas adsorption, has been applied for solute
adsorption from dilute aqueous solutions (Jossens et al.,
1978). It has three parameters: >, br, and M, in which is
a semi-empirical parameter characteristic of the adsorbent
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Table 4. Parameters and Normalized Deviations in the
Redlich—Peterson Equation

solute ar/m3-kg=! bgr/(m3-mol~1)f B r Ag/%
phenol 55.79 1.166 0.799 0.992 2.78
2-chlorophenol 112.9 1.672 0.865 0.989 7.01
3-chlorophenol 85.11 1.875 0.860 0.991 4.99
4-chlorophenol 115.2 1.999 0.843 0.990 3.53
2,4-dichlorophenol 1380 643.1 0.850 0.987 5.58
p-cresol 58.31 35.32 0.910 0.991 2.42
m-cresol 153.0 93.75 0.850 0.994 3.77
o-cresol 1133 673.2 0.860 0.992 1.41

Table 5. Parameters and Normalized Deviations in the
Toth Equation

solute g=/mol-kg=t br/(m3-mol-1)M M Aq/%
phenol 15.0 0.3416 0.1160 0.25
2-chlorophenol 16.7 0.2352 0.0919 2.70
3-chlorophenol 16.2 0.2819 0.1138 6.21
4-chlorophenol 3.34 0.1945 0.3837 9.60
2,4-dichlorophenol 4.34 0.1659 0.1659 2.14
p-cresol 2.86 0.2046 0.3446 5.1
m-cresol 3.87 0.2041 0.2253 5.52
o-cresol 9.26 0.1623 0.0886 0.94

only, irrespective of the temperature and the nature of the
adsorbate.

qe = qmce/(bT + CeM)llM (9)

where g~ is an adjustable parameter, indicating a maxi-
mum adsorption when ¢, — «. The constants br and M
are obtained as follows. First, Toth introduced a dimen-
sionless quantity W defined by

W=(dInc/dIng,) —1 (10)

where W can be determined from the experimental results.
The relation between W and c. is (Toth, 1971)

¥ = ac,” (11)

where a and b are constants. When we set a = 1/by and
b = M, integration of eq 10 gives the Toth equation, eq 9.
In this integration, Toth uses the boundary condition g, —
g° when ce — .

For the Langmuir equation, b = 1, and for the Freundlich
equation, b = 0. If Henry's law were to hold for all
concentrations, a would have to be zero. Furthermore, at
very low concentrations, bt > c.M, the adsorption equation
of eq 9 follows Henry’s law. In this work, these parameters
are determined as follows. Polynomial fitting of experi-
mental data of In ce vs In ge is first made and W is obtained
by differentiating according to eq 10. The values of a and
b, hence bt and M, are obtained from eq 11, and then g~ is
obtained from eq 9. Table 5 lists the results. Generally,
the Toth equation shows no improvement of the overall fit
compared to the Redlich—Peterson equation.

From Table 5 M is not constant and shows considerable
scatter among adsorbates ranging from 0.0886 (for o-cresol)
to 0.3837 (for 4-chlorophenol). This is opposite to the
original meaning (Toth, 1971) and the results of Itaya et
al. (1984). Also, the value of g~ calculated here are opposite
to experimental observations, which is probably due to the
unfixed M in the model calculation. Thus, there remains
a problem as to whether this equation is applicable or not.
An attempt was made to determine a constant M value
using a least-squares fitting procedure for all the systems.
The resulting isotherm equation gives a comparatively
poorer fit to the adsorption data. It is hence deduced that
the Toth equation is not suitable for describing adsorption
of phenolic compounds on activated carbon fiber, as also

indicated for phenol adsorption on Amberlite XAD-4 and
XAD-7 macroreticular resins (Itaya et al., 1984).

(3) Equation of Jossens et al. For a highly heteroge-
neous surface, the highest energy sites are filled first so
that the enthalpy of adsorption declines rapidly with
increased surface coverage. Assuming that an energy
distribution function of adsorption sites, f(E), obeys eq 12,

f(E) = A(E — Ep)* (12)

the following relation between the isosteric enthalpy of
adsorption, E, and the amount of adsorbate adsorbed per
unit mass of adsorbent is derived (Jossens et al., 1978).

E — E, = Dg,” (13)

where Ey is the maximum enthalpy of adsorption (at zero
coverage) and p is a constant related to the distribution of
energy sites on the surface by the equation o = (1 — p)/p,
0 <p <1, A= 1/pEP, and D = E¢/Ns® (Ns: number of
total adsorption sites). Then, the following isotherm equa-
tion is obtained.

¢, = (ae/H) exp(K,0a,”) (14)

where H corresponds to Henry's law constant and is related
to Eg as follows.

E, = —RT?(d In H/dT) (15)

where R is the universal gas constant. Kj; is a function of
temperature T only:

D = —RT?(dK,/dT) (16)

These equations have two desirable characteristics. At
low coverage, eq 14 reduces to Henry’s law, that is

geigg e = He, 17)

and at the highest coverage, an ultimate adsorption
amount g® can be obtained from eq 13, irrespective of
temperature.

q” = (E/D)™" (18)

Thus, p is characteristic of the adsorbent only, irrespec-
tive of both temperature and the nature of adsorbates. For
example, p = 0 corresponds to a uniform surface for which
all sites have the same energy. A good representation of
equilibrium data using this equation was reported for
adsorption of phenolic compounds from aqueous solutions
onto activated carbon (Jossens et al., 1978) and on Am-
berlite XAD-4 and XAD-7 macroreticular resins (Itaya et
al., 1984).

Rearranging eq 14, we have

In(c/g,) = —In H + K,q,° (19)

If p is known, the values of H and K; can be obtained either
from the plot of In(ce/ge) against ge or using a least-squares
fitting procedure. Here, an optimal value of p is taken to
be 0.9773 £ 0.0624 for all the systems using the trial and
error method. The parameters and Aq in the equation of
Jossens et al. are listed in Table 6. The value of Aq is
always less than 3.26%. As a whole, this equation gives
the best fit of adsorption data for most systems, although
Aq is slightly smaller for phenol and o-cresol using the Toth
equation. Figures 3 and 4 compare the measured data for
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Table 6. Parameters and Normalized Deviations in the
Equation of Jossens et al.

solute H/m3-kg=t Kj/(kg-mol-1)p p r Ag/%
phenol 39.06 2.846 0.9773 0.984 2.96
2-chlorophenol 455.6 3.409 0.9773 0.985 2.50
3-chlorophenol 209.2 2.637 0.9773 0.996 2.48
4-chlorophenol 214.3 2.486 0.9773 0.990 3.26
2,4-dichlorophenol 5892 3.800 0.9773 0.989 1.82
p-cresol 215.4 3.114 0.9773 0.986 3.06
m-cresol 395.1 3.431 0.9773 0.996 1.59
o-cresol 2232 4.287 0.9773 0.994 1.56
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Figure 3. Experimental and calculated results for 3-chlorophenol
adsorption on activated carbon fiber using three-parameter iso-
therm equations: (1) Redlich—Peterson; (2) Jossens; (3) Toth.

In c.

Figure 4. Experimental and calculated results for m-cresol
adsorption on activated carbon fiber using three-parameter iso-
therm equations: (1) Redlich—Peterson; (2) Jossens; (3) Toth.

3-chlorophenol and m-cresol to the fit following various
three-parameter equations. The Redlich—Peterson equa-
tion is rather valid in the higher concentration ranges and
the equation of Jossens et al. gives the best fit over the
entire ranges.

From the theory of Jossens et al., the value of H should
give some indication of the order of adsorption of different
solutes on a single adsorbent. However, this is not the case

here. From Table 6 H increases in the order phenol <
3-chlorophenol < 4-chlorophenol < p-cresol < m-cresol <
2-chlorophenol < o-cresol < 2,4-dichlorophenol. This is
probably due to the “constant” nature of the p value. In
the original work of Jossens et al. (1978), actually, the
values of p obtained for a given activated carbon were not
constant but ranged from 0.25 (for phenol) to 0.80 (for
4-chlorophenol). In addition, they found the following order
of H: 4-chlorophenol < phenol < 4-nitrophenol < 2,4-
dichlorophenol < 2-phenylphenol. Furthermore, the fol-
lowing order for H, phenol < p-cresol < 4-chlorophenol, was
reported for their adsorption on Amberlite XAD-4 and
XAD-7 resins (Itaya et al., 1984), which is opposite to the
findings of Jossens et al. as well as the solubility of the
adsorbates in water. Their explanation is that hydrophobic
interaction between the resins and adsorbates plays an
important role in the adsorption process.

Conclusions

Equilibrium studies for the adsorption of eight phenolic
compounds from aqueous solutions onto activated carbon
fiber have been carried out in the concentration range 40—
500 g-m~2 at 303 K. The following results are obtained.

(1) High adsorption capacities (about 2.0 mol-kg™') are
generally obtained for the chlorinated phenols compared
to the methyl-substituted ones (about 1.8 mol-kg=1).

(2) For two-parameter equations, the Langmuir equation
gives the poorest overall fit. The Freundlich equation
yields a somewhat better fit but still deviates considerably
from experimental data at lower liquid concentrations.

(3) For three-parameter isotherm equations, the normal-
ized percent deviation obtained using the Redlich—Peterson
equation (1.4—7.0%) is nearly the same as that obtained
using the Toth equation (0.3—9.6%). Of the equations
tried, the equation of Jossens et al. gives the most satisfac-
tory fit over the entire range of concentrations and yields
a normalized percent deviation less than 3.3%.
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