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The equilibria of adsorption of aspartame in an aqueous solution on a commercial resin and three
chemically modified Amberlite XAD-2 resins were measured at different temperatures within the range
(0 to 35) °C. The functional groups, introduced by nucleophilic substitution in the aromatic rings of the
divinylbenzene-styrene matrix, were bromine (-Br), bromoethyl (-CH2CH2Br), and chloromethyl (-CH2-
Cl). All of the isotherms showed a nonlinear and favorable shape with decreasing adsorption capacity as
the temperature increased. The chloromethylated resin, and, to a lesser degree, the bromoethylated resin,
increased the adsorption capacity for aspartame compared to Amberlite XAD-2. At 35 °C, the chloromethyl
resin showed up to a 280% higher saturation capacity than the commercial adsorbent. The experimental
equilibrium data were fitted to the Langmuir, Freundlich, Langmuir-Freundlich, Redlich-Peterson,
and Toth models. Toth and Langmuir-Freundlich isotherms provided very good fittings for all of the
resins over the temperature range studied, whereas the Langmuir and Redlich-Peterson equations were
less accurate, although the average errors were, in general, below 10% with respect to the measured
values.

Introduction
Aspartame (R-L-aspartyl-L-phenylalanine methyl ester)

is the methyl ester of a dipeptide composed of L-aspartic
acid and L-phenylalanine. Because it is up to 150-200
times sweeter than sucrose1 and because of its absence of
nutritional supply, aspartame is widely used in low-calorie
diets and products and by patients suffering from diseases
such as, for instance, diabetes. The production of aspartame
was originally achieved by chemical synthesis;2-5 however,
newer and more advantageous methods based on fermen-
tation6,7 and biotransformation with immobilized thermo-
lysin8,9 have been developed. Because of the applications
of aspartame in the food and pharmaceutical industry, a
high-purity product is required to fulfill the standard
specifications. For this purpose, adsorption operations are
routinely and successfully employed by these industries in
the downstream processing of a large variety of products
with different chemical properties and fields of applica-
tion.10,11

The inclusion of adsorption and chromatographic steps
within the flowsheet of a biotechnology process requires
the development of high-capacity and -selectivity adsor-
bents, allowing the operation to run at the mildest possible
conditions so that the stability of the target compound is
not compromised and the economic viability of the process
is achieved. Because of their adequate physical properties,
adsorption capacity, and relatively low cost, the polymeric
divinylbenzene-styrene (DVB-S) resins are employed by
the food and pharmaceutical industries for the purification
of amino acids and peptides,12 antibiotics such as thi-
enamicin,13 vitamin B12,14 prostaglandine,15 etc. Moreover,
the chemically modified adsorbents of this type have shown
to exhibit significant improvements in the capacity and
selectivity for some compounds such as cephalosporin C,16

amino acids, and peptides.17

Despite the fact that downstream processing in biotech-
nology commonly uses purification processes based on
adsorption, there is a lack of experimental data for many
adsorbate/adsorbent systems. This makes the design and
scale-up of downstream processing an empirical and time-
consuming task. The availability of equilibrium data and
reliable mathematical isotherm expressions describing
experimental systems, which can be included in robust
phenomenological models, would help to develop more
rational and systematic methods to design and scale-up the
adsorption processes.

In the present work, the chemical modification of Am-
berlite XAD-2 was performed with the aim of improving
its capacity for the adsorption of aspartame. Furthermore,
the adsorption equilibria of aspartame on the commercial
and three modified resins were measured at different
temperatures. In addition, the experimental data were
fitted to several nonlinear isotherm models used to describe
the adsorption equilibrium in the liquid phase.

Experimental Section

Adsorbate and Chemicals. Aspartame was purchased
from Sigma Chemical Co. (St. Louis, IL). Adsorption
experiments were carried out using a 0.1 M HCl/NaCl
buffer at pH 2.8 prepared with analytical-grade hydrochlo-
ric acid (Merck, Darmstadt, Germany) and sodium chloride
(Panreac Quı́mica, Barcelona, Spain). All of the adsorption
solutions were filtered through 0.80 µm of cellulose ester
membranes (AAWP 047 00, Millipore, Bedford, MA) prior
to use.

All of the chemicals used for the functionalization
methods of Amberlite XAD-2 were supplied by BDH
Chemicals (Poole, U.K.) with reagent-grade quality. Among
them, carbon tetrachloride, benzene, and chloroform were
desiccated with MgSO4 and filtered before they were used
as solvents in the functionalization reactions.
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Adsorbents. Amberlite XAD-2 was supplied by Rohm
and Haas España (Barcelona, Spain). The adsorbent beads
were treated with methanol in a Soxhlet extractor system
to remove the monomer trapped inside the pores during
the synthesis process. The resin was sieved and the fraction
of 0.25-0.50 mm collected for further treatment and use.
Then, the adsorbent was thoroughly washed, sequentially,
with 1 M NaOH, distilled water, 1 M HCl, distilled water,
dimethylformamide, methanol, and distilled water again.
Finally, it was dried at 100 °C under reduced pressure. The
pretreated commercial resin was used for the further
synthesis of the following functionalized adsorbents.

XAD-2-Br modified resin was prepared by bromination
of Amberlite XAD-2 with iron(III) chloride as the catalyst
in a batch stirred tank.18 The reaction medium was a
solution of bromine in carbon tetrachloride as the solvent.
The resin beads and the catalyst were suspended, for 24
h, in this solution in the absence of light in order to avoid
secondary reactions. The slurry was filtered and the resin
repeatedly washed with acetone until the bromine color
disappeared. Then, the resin was washed with dioxane/
water (2:1) and, finally, with acetone again. The beads were
dried at 100 °C under reduced pressure.

Bromoethylated Amberlite XAD-2, i.e., XAD-2-CH2CH2-
Br, was produced by nucleophilic reaction in a batch stirred
tank too.19 In this case, the reaction took place between
Amberlite XAD-2 and 1,2-dibromoethane in a dry benzene
solvent medium. The reaction was stirred for 2.5 h, and
then the slurry was filtered, washed, and dried as described
for the brominated resin above.

The chloromethylation of Amberlite XAD-2 was per-
formed as follows. The commercial resin was immersed in
chloroform at 25 °C for 1 h to allow the beads to swell.
Then, the slurry was cooled to 0 °C, and a cold solution of
anhydrous tin tetrachloride in chloromethyl methyl ester
was added, keeping the suspension agitated for 30 min.
After filtration and collection of the adsorbent, the beads
were sequentially washed with dioxane/3 M HCl of de-
creasing volume ratio, starting with 3:1 and ending with
pure dioxane. Then, the resin was rinsed with methanol
and dried at 100 °C under reduced pressure.20

Equilibrium Experiments. Experiments leading to the
determination of the adsorption equilibrium isotherms
were conducted in batch operation in 250-mL glass flasks
where the aspartame solutions were contacted with the
corresponding resin. The suspension was stirred with a
marine-type impeller fitted to an IKA RW-20 motor (Janke
& Kunkel, Staufen, Germany) at 200 rpm. The adsorption
vessel was immersed in a Heto DT1 CB-8-30e thermostatic
bath (Heto-Holten, Allerød, Denmark) to keep the temper-
ature at the selected value during the development of the
experiment.

Samples were withdrawn at regular intervals, and the
concentration of aspartame in the adsorption solution was
measured by high-performance liquid chromatography
(HPLC). This was repeated until a constant concentration
was achieved. The concentration of aspartame adsorbed on
the modified resin was estimated by mass balance accord-
ing to the following equation:

where q is the concentration of aspartame on the adsorbed
phase, expressed as the amount of aspartame per unit
amount of resin (dry basis), C0 and CE are respectively the
initial and equilibrium concentrations of aspartame in the
bulk liquid solution, V is the volume of the adsorption
solution, and m is the amount of adsorbent.

Analytical and Characterization Methods. Quanti-
fication of the aspartame concentration was carried out
by HPLC in a HP-1050 series chromatograph (Hewlett-
Packard, Avondale, PA) using a stainless steel column
(200 mm × 2.1 mm i.d.). The column was packed with
Amberlite XAD-2 with an average particle size of 37 µm.
The concentration of aspartame was monitored by the
ultraviolet detector at 254 nm and quantified using the
corresponding calibration curve.

The physical characterization of the adsorbents (Table
1) was performed in an ASAP 2000 equipment (Micromer-
itics Instruments Corp., Northcross, GA). The surface area
was determined by the Brunauer-Emmett-Teller adsorp-
tion isotherm and the pore volume by applying the adsorp-
tion/desorption Bopp-Jancso-Heinzinger method.

The atomic composition (C, H, Br, and Cl) of the resins
was carried out by elemental analysis, and the results are
shown in Table 1.

Experimental Uncertainties. The amounts of solutes
used for the preparation of the adsorption and buffer
solutions were weighed using an A&D analytical balance
(A&D Co., Ltd., Tokyo, Japan) with an accuracy of (0.0001
g and a repeatability of (0.0002 g. The volume of deionized
water for the buffer and adsorption solutions was measured
with an uncertainty of lower than 1% in all of the cases.
According to this, the uncertainty in the determination of
the aspartame concentration in the initial solution was
lower than (0.002 g/L. On the basis of the estimated
calibration error for the relationship between the aspar-
tame concentration and peak area, performed by HPLC
analysis, the values were reproducible to within (0.01 g/L.
From eq 1, the calculated values of q were estimated to
within (0.002 g/gRES. The temperature was controlled
during each experiment to within (0.1 °C.

Results and Discussion

Experimental Equilibrium Isotherms. The equilibria
of adsorption of aspartame on Amberlite XAD-2 and on the
three modified Amberlite XAD-2 resins (i.e., XAD-2-Br,
XAD-2-CH2CH2Br, and XAD-2-CH2Cl) were measured at
(0, 15, 25, and 35) °C (Table 2). From the plot of the
experimental isotherms (Figure 1), it was observed that
all of the equilibrium isotherms were nonlinear and favor-
able.

The functionalization process for XAD-2-CH2Cl and
XAD-2-CH2CH2Br increased the adsorption capacity for
aspartame with respect to the original Amberlite XAD-2
within the whole temperature range studied. The opposite
was observed for XAD-2-Br, whose saturation capacity was
considerably lower than that of the commercial adsorbent.
The improvement in the performance of the methyl chloride
resin, compared to Amberlite XAD-2, increased with tem-
perature from a 50% at 0 °C up to 280% at 35 °C. For the
ethyl bromide resin, despite the fact that a more moderate

q ) (C0 - CE)V/m (1)

Table 1. Physicochemical Properties of the Adsorbents

XAD-2 XAD-2-Br XAD-2-(CH2)2Br XAD-2-CH2Cl

porosity 0.45 0.45 0.46 0.45
pore volume

(cm3/g)
0.69 0.49 0.50 0.50

surface area
(m2/g)

312 168 168 143

density (g/cm3) 0.68 0.57 0.60 0.59
pore size (Å) 88 118 119 142
C (% wt) 91.3 63.5 67.4 85.2
H (% wt) 8.7 6.0 6.4 8.1
Br (% wt) 30.5 26.2
Cl (% wt) 6.7
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improvement was achieved, up to a 70% increment in
the adsorption capacity was measured in the isotherm at
25 °C.

Aspartame, besides its aromatic moiety, also contains
chemical groups conferring some polar features. Because
the methyl chloride and, to a less extent, the ethyl bromide

Table 2. Experimental Adsorption Isotherms for Each Resin at Different Temperatures

0 °C 15 °C 25 °C 35 °C

c, g/L q, g/gRES c, g/L q, g/gRES c, g/L q, g/gRES c, g/L q, g/gRES

XAD-2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.127 0.035 0.193 0.020 0.180 0.020 0.200 0.016
0.268 0.067 0.350 0.043 0.400 0.030 0.424 0.023
0.420 0.095 0.520 0.066 0.570 0.050 0.650 0.028
0.529 0.136 0.800 0.093 0.790 0.060 0.919 0.025
0.892 0.175 1.124 0.108 1.200 0.069 1.400 0.030
1.385 0.177 1.614 0.111 1.680 0.070 1.900 0.030

XAD-2-Br 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.140 0.032 0.194 0.016 0.200 0.010 0.200 0.007
0.354 0.042 0.400 0.025 0.444 0.016 0.455 0.013
0.580 0.049 0.645 0.030 0.680 0.020 0.690 0.016
0.812 0.054 0.895 0.034 0.930 0.021 0.950 0.017
1.264 0.058 1.353 0.038 1.430 0.022 1.440 0.017
1.750 0.061 1.868 0.038 1.903 0.024 1.940 0.017

XAD-2-(CH2)2Br 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.108 0.041 0.230 0.058 0.150 0.029 0.210 0.012
0.185 0.091 0.255 0.071 0.280 0.063 0.419 0.023
0.305 0.128 0.450 0.086 0.490 0.075 0.554 0.026
0.550 0.174 0.800 0.118 0.850 0.099 0.650 0.029
0.811 0.198 1.033 0.134 1.120 0.109 0.902 0.028
1.250 0.216 1.520 0.138 1.610 0.112 1.450 0.029

1.900 0.029
XAD-2-CH2Cl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.113 0.039 0.087 0.047 0.097 0.044 0.090 0.054
0.208 0.084 0.160 0.105 0.218 0.081 0.184 0.091
0.267 0.139 0.260 0.141 0.350 0.115 0.380 0.107
0.378 0.179 0.420 0.167 0.460 0.155 0.620 0.109
0.718 0.225 0.780 0.207 0.890 0.176 0.800 0.115
1.076 0.266 1.259 0.213 1.400 0.173 1.320 0.112

Figure 1. Adsorption isotherms of aspartame on Amberlite XAD-2 (A), XAD-2-Br (B), XAD-2-CH2CH2Br (C), and XAD-2-CH2Cl (D)
showing the experimental data (9, 0 °C; b, 15 °C; 2, 25 °C; [, 35 °C) and their corresponding predicted isotherms from the Toth model
(solid lines).
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modified resins are more polar than the original Amberlite
XAD-2, the adsorption capacity for aspartame on both
adsorbents was improved, even though the surface area
(Table 1) was reduced during the functionalization process.

However, despite the fact that XAD-2-Br also had polar
characteristics, the above behavior was not followed by this
resin. Here, the poorer adsorption capacity for aspartame
was probably due to some steric restriction associated with
the lack of an alkyl chain in the functional group. As a
result of this direct bond between the aromatic ring and
the bromine atom in the adsorbent, the aspartame molecule
cannot accommodate its polar and nonpolar moieties onto
the corresponding DVB-S aromatic matrix and polar
functional group of the XAD-2-Br resin.

Isotherm Models. Because of the marked nonlinear
behavior of all of the isotherms, at least a two-parameter
model must be used to fit the experimental equilibrium
data.

The Langmuir isotherm21 has been commonly used for
many different adsorbate/adsorbent systems for both liq-
uid- and gas-phase adsorption with satisfactory results.22,23

The equation has proved its consistency from both the
classical22 and statistical24 thermodynamics points of view.
It can be written as

where Qm is the maximum adsorption capacity, c is the
aspartame concentration in the liquid phase inside the
pores in equilibrium with q, and b is a model parameter

accounting, somehow, for the degree of affinity between the
adsorbate and adsorbent.

The second mathematical model used in the present
work was the Freundlich isotherm (eq 3). It is also a two-
parameter model widely employed not only in gas systems
but also in the liquid phase in order to describe the
equilibrium of adsorption of aqueous solutions of organic
molecules on activated carbon.25 The Freundlich equation
can be expressed as

where kf and â are temperature-dependent parameters for
each adsorption system.

The Freundlich isotherm was first conceived as an
empirical model, although it can be derived from the
assumption that the surface is composed of “patches”,
following an exponential decay energy distribution with a
Langmuir-type isotherm behavior on each “patch”. How-
ever, the equation does not account for Henry’s law
behavior at low surface coverage and for the saturation of
the adsorbed phase.

To overcome the last limitation, the Sips isotherm (eq
4), which is a modified Freundlich equation that included
the asymptotic saturation effect,26 has been used. However,
it still does not describe adequately the limiting Henry’s
law region at low concentration. The Sips isotherm is

Figure 2. Adsorption isotherms of aspartame at 25 °C on Amberlite XAD-2 (A), XAD-2-Br (B), XAD-2-CH2CH2Br (C), and XAD-2-CH2Cl
(D) showing the experimental data (9) and the best-fitting isotherms corresponding to the Langmuir (‚‚‚), Freundlich (- - - -), Langmuir
(-), Freundlich (- - -), Redlich-Peterson (- -), and Toth (s) models.

q )
Qmbc
1 + bc

(2)

q ) kf‚c
â (3)

q )
Qmbcn

1 + bcn
(4)
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Because of the resemblance of the above equation to the
Langmuir isotherm, the Sips model is also known as the
Langmuir-Freundlich isotherm.

Redlich and Peterson27 developed an empirical adsorp-
tion equilibrium equation (eq 5) with three parameters that
is capable of showing both the linear and saturation
behavior within the low and high ends of the isotherm,
respectively.

This model was first developed to fit the experimental
adsorption data in liquid-phase systems, and it has been
successfully employed in a large number of adsorption
systems,28 including new applications to molecularly im-
printed polymers.29

The Toth isotherm22,23 (eq 6) is another three-parameter
isotherm with shape and behavior similar to those of the
Redlich-Peterson model. The adsorption equilibrium pre-

dicted by the Toth isotherm has a higher slope at low
aspartame concentration, that is, before saturation is
reached.

Model Fitting. Each experimental equilibrium isotherm
was fitted to the five models described above. Nonlinear
regressions of the experimental data to the isotherm
models were carried out using the Marquardt algorithm.
As an example, Figure 2 shows the results corresponding
to the adsorption of aspartame at 25 °C in the four resins
studied. To evaluate the goodness of the fitting, the residual
deviations (eq 7), RD, between the experimental, qexp, and
the calculated, qmod, adsorbed aspartame concentrations
were estimated for all of the fittings as follows:

Figure 3. Bar plot of the average residual deviation, ARD, between the experimental data, qexp, and model predictions, qmod, and the
corresponding standard deviation for all of the models and temperatures in Amberlite XAD-2 (A), XAD-2-Br (B), XAD-2-CH2CH2Br (C),
and XAD-2-CH2Cl (D).

q )
Qmbc

1 + (bc)n
(5)

q )
Qmbc

[1 + (bc)n]1/n
(6)

RD (%) ) 100
qexp - qmod

qexp
(7)
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Figure 3 shows the plot of the average residual deviation
for each model fitting, ARD, calculated as shown in eq 8,

where j is the number of data measured in each isotherm.
Except for the Freundlich model at 0 °C in XAD-2-CH2-

Cl, all of the average fitting deviations (Figure 3) were
lower than 10%; however, the model predictions differed
by up to 80% with respect to the corresponding experimen-
tal estimated value for some specific data. So, the average
fitting uncertainties, although a valid evaluation parameter
for the goodness of the fitting, cannot be used as the only
selection criteria. To improve the discrimination among
different models, the distributions of the residuals were
calculated and the degrees of dispersion of the individual
uncertainties were included in Figure 3 as the standard
deviation of RD for each fitting performed.

The Freundlich model not only gave the poorest fit but
also the largest standard deviation at every temperature
in all of the resins studied. In addition, it had systematic
trends in the residual analysis (data not shown), showing
high negative residuals at low concentration levels and
high positive residuals in the high loading end of the
isotherm.

The other two-parameter model (i.e., the Langmuir
isotherm) gave better results than those yielded by the
Freundlich isotherm. However, although the average un-
certainty was, with a couple of exceptions, lower than 5%,
the standard deviation of the residuals was still relatively
high, with values above 20% at 0 °C, in the case of
Amberlite XAD-2 and XAD-2-CH2Cl modified resin. The
residual analysis for the Langmuir fitting produced a
random distribution, without considerable systematic trends,
so the Langmuir isotherm can be reasonably considered
to be a reliable model for many practical purposes and
applications that require one to predict the adsorption
equilibrium of aspartame on the DVB-S resins studied in
the present work.

As expected, the three-parameter models yielded, in
general, better results. However, the Redlich-Peterson
equation fitted the experimental data in a fashion similar
to that of the Langmuir isotherm. So, from a practical point
of view, the higher mathematical complexity of a three-
parameter model could not justify the choice of the Redlich-

Peterson equation because the simpler two-parameter
Langmuir isotherm described the experimental data with
similar deviation values. However, the inadequacy of the
Redlich-Peterson model in the present work comes from
the lack of physical consistency of the predicted curves. The
fitting to this model yielded curves with a negative slope
in the high-end concentration range of some isotherms (see,
for example, Figure 2A,D). This abnormal behavior, with-
out physical meaning, could be due to the wide confidence
interval associated with the estimation of the Redlich-
Peterson parameters, b and n (Tables 3-6).

The Langmuir-Freundlich and Toth isotherms showed
very accurate fittings with a narrow standard deviation of
the residuals (Figure 3) in all curves. Although the average
and local accuracy of both models were comparable for all
of the resins and temperatures, another model feature can
be noticed. In fact, the parameter Qm represents the
aspartame saturation capacity of the resin, and it was
observed that the Toth equation agreed, with higher
precision, with the measured saturation capacity (Table 2)
than the Langmuir-Freundlich model. This asymptotic
saturation limit, predicted by the Langmuir-Freundlich
isotherm, was usually higher than the corresponding
experimental value.

Conclusions

The adsorption equilibria of aspartame on a commercial
resin and on three chemically modified divinylbenzene-
styrene copolymer resins have been studied at different
temperatures. All of the experimental isotherms showed a
nonlinear and favorable shape, with decreasing capacity
as the temperature increased. The adsorption capacity for
aspartame of chloromethylated Amberlite XAD-2 was
enhanced up to a 280% with respect to the original
commercial resin, and that of the bromoethylated resin,
up to a 70%. On the other hand, bromination of the original
resin yielded a modified adsorbent with poorer adsorption
characteristics for aspartame.

The experimental data were fitted to different nonlinear
isotherm models. The Langmuir isotherm yielded, in
general, satisfactory fittings to the experimental data;
however, the errors associated with some measured values
were above 20%. Similar fittings were obtained with the
Redlich-Peterson equation, but this model seems to be
inadequate because it predicts a negative slope in the high-

Table 3. Comparison of Regression Analysis for Amberlite XAD-2 Showing the Characteristic Parameters of Each
Model, Where r2 Is the Correlation Coefficient and ( Is the Standard Deviation of the Estimated Parametersa

isotherm model parameter 0 °C 15 °C 25 °C 35 °C

Langmuir Qm/(g/gRES) 0.295 ( 0.048 0.202 ( 0.036 0.107 ( 0.014 0.033 ( 0.002
b/(L/g) 1.30 ( 0.42 0.90 ( 0.30 1.34 ( 0.40 5.11 ( 1.19
r2 0.962 0.968 0.967 0.977

Freundlich kf/(L/g)â 0.163 ( 0.011 0.092 ( 0.005 0.059 ( 0.003 0.027 ( 0.001
â 0.56 ( 0.10 0.61 ( 0.11 0.51 ( 0.09 0.23 ( 0.05
r2 0.927 0.935 0.937 0.958

Langmuir-Freundlich Qm/(g/gRES) 0.208 ( 0.028 0.123 ( 0.005 0.083 ( 0.013 0.031 ( 0.003
b/(L/g)n 4.60 ( 3.13 4.52 ( 1.06 3.19 ( 2.17 9.55 ( 9.35
n 1.67 ( 0.42 2.00 ( 0.18 1.51 ( 0.44 1.35 ( 0.56
r2 0.974 0.997 0.970 0.974

Redlich-Peterson Qm/(g/gRES) 0.354 ( 0.010 0.217 ( 0.006 0.142 ( 0.005 0.038 ( 0.012
b/(L/g) 0.73 ( 0.03 0.59 ( 0.02 0.65 ( 0.07 3.76 ( 2.80
n 21.8 ( 0.5 2.84 ( 0.45 2.20 ( 0.59 1.06 ( 0.18
r2 0.992 0.996 0.983 0.973

Toth Qm/(g/gRES) 0.176 ( 0.004 0.112 ( 0.003 0.070 ( 0.003 0.031 ( 0.003
b/(L/g) 1.40 ( 0.05 1.11 ( 0.04 1.22 ( 0.10 3.71 ( 1.58
n 21.85 ( 0.00 6.27 ( 1.97 5.44 ( 3.60 1.46 ( 0.82
r2 0.994 0.997 0.985 0.974

a Calculated according to ref 30.

ARD (%) )
1

j
∑
i)1

j

RDi (8)
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end concentration range of some isotherms. The Toth and
Langmuir-Freundlich equations provided the best fittings
in all of the cases, although the Toth model predicted with
higher accuracy the saturation capacity of the resin.

Although for most practical purposes these fittings can be
satisfactorily employed, the thermodynamic consistency of
these three-parameter models, unlike the Langmuir iso-
therm, cannot be assumed.

Table 4. Comparison of Regression Analysis for Amberlite XAD-2-Br Showing the Characteristic Parameters of Each
Model, Where r2 Is the Correlation Coefficient and ( Is the Standard Deviation of the Estimated Parametersa

isotherm model parameter 0 °C 15 °C 25 °C 35 °C

Langmuir Qm/(g/gRES) 0.066 ( 0.002 0.047 ( 0.001 0.028 ( 0.001 0.021 ( 0.002
b/(L/g) 5.79 ( 0.67 2.89 ( 0.23 3.00 ( 0.37 3.30 ( 0.87
r2 0.994 0.997 0.993 0.970

Freundlich kf/(L/g)â 0.055 ( 0.001 0.033 ( 0.001 0.020 ( 0.001 0.016 ( 0.001
â 0.25 ( 0.02 0.33 ( 0.05 0.32 ( 0.05 0.30 ( 0.08
r2 0.994 0.973 0.965 0.917

Langmuir-Freundlich Qm/(g/gRES) 0.083 ( 0.008 0.043 ( 0.002 0.025 ( 0.001 0.018 ( 0.001
b/(L/g)n 2.04 ( 0.58 4.11 ( 0.99 5.68 ( 1.69 15.0 ( 5.8
n 0.61 ( 0.08 1.19 ( 0.13 1.35 ( 0.17 1.98 ( 0.25
r2 0.999 0.998 0.996 0.994

Redlich-Peterson Qm/(g/gRES) 0.041 ( 0.007 0.056 ( 0.004 0.036 ( 0.004 0.033 ( 0.001
b/(L/g) 16.6 ( 6.9 1.95 ( 0.31 1.87 ( 0.43 1.21 ( 0.14
n 0.87 ( 0.03 1.13 ( 0.06 1.17 ( 0.10 1.50 ( 0.10
r2 0.998 0.998 0.995 0.996

Toth Qm/(g/gRES) 0.089 ( 0.013 0.042 ( 0.002 0.025 ( 0.001 0.017 ( 0.001
b/(L/g) 18.3 ( 10.0 2.45 ( 0.23 2.36 ( 0.25 1.96 ( 0.10
n 0.47 ( 0.11 1.34 ( 0.22 1.62 ( 0.32 3.46 ( 0.62
r2 0.999 0.998 0.996 0.998

a Calculated according to ref 30.

Table 5. Comparison of Regression Analysis for Amberlite XAD-2-(CH2)2Br Showing the Characteristic Parameters of
Each Model, Where r2 Is the Correlation Coefficient and ( Is the Standard Deviation of the Estimated Parametersa

isotherm model parameter 0 °C 15 °C 25 °C 35 °C

Langmuir Qm/(g/gRES) 0.303 ( 0.023 0.186 ( 0.010 0.149 ( 0.010 0.035 ( 0.003
b/(L/g) 2.23 ( 0.40 2.16 ( 0.30 2.17 ( 0.41 3.93 ( 1.36
r2 0.986 0.992 0.984 0.937

Freundlich kf/(L/g)â 0.209 ( 0.012 0.123 ( 0.004 0.099 ( 0.004 0.027 ( 0.002
â 0.49 ( 0.07 0.45 ( 0.06 0.44 ( 0.07 0.26 ( 0.09
r2 0.949 0.971 0.954 0.871

Langmuir-Freundlich Qm/(g/gRES) 0.234 ( 0.009 0.174 ( 0.024 0.126 ( 0.012 0.029 ( 0.001
b/(L/g)n 7.76 ( 2.10 2.74 ( 1.45 4.71 ( 2.65 46.7 ( 19.3
n 1.55 ( 0.13 1.10 ( 0.23 1.38 ( 0.30 2.75 ( 0.28
r2 0.997 0.990 0.986 0.995

Redlich-Peterson Qm/(g/gRES) 0.395 ( 0.027 0.214 ( 0.038 0.190 ( 0.029 0.059 ( 0.004
b/(L/g) 1.31 ( 0.23 1.65 ( 0.60 1.36 ( 0.47 1.19 ( 0.22
n 1.42 ( 0.22 1.12 ( 0.20 1.26 ( 0.26 1.62 ( 0.20
r2 0.992 0.990 0.985 0.983

Toth Qm/(g/gRES) 0.226 ( 0.014 0.169 ( 0.029 0.124 ( 0.015 0.029 ( 0.001
b/(L/g) 2.13 ( 0.15 2.07 ( 0.30 1.96 ( 0.29 1.97 ( 0.09
n 2.14 ( 0.58 1.22 ( 0.48 1.64 ( 0.72 6.22 ( 1.88
r2 0.994 0.990 0.985 0.996

a Calculated according to ref 30.

Table 6. Comparison of Regression Analysis for Amberlite XAD-2-CH2Cl Showing the Characteristic Parameters of Each
Model, Where r2 Is the Correlation Coefficient and ( Is the Standard Deviation of the Estimated Parametersa

isotherm model parameter 0 °C 15 °C 25 °C 35 °C

Langmuir Qm/(g/gRES) 0.444 ( 0.073 0.269 ( 0.017 0.230 ( 0.023 0.126 ( 0.005
b/(L/g) 1.45 ( 0.45 3.74 ( 0.67 3.05 ( 0.83 10.78 ( 2.21
r2 0.966 0.982 0.961 0.980

Freundlich kf/(L/g)â 0.268 ( 0.019 0.213 ( 0.014 0.169 ( 0.013 0.116 ( 0.007
â 0.61 ( 0.09 0.39 ( 0.07 0.40 ( 0.09 0.21 ( 0.06
r2 0.939 0.929 0.901 0.929

Langmuir-Freundlich Qm/(g/gRES) 0.277 ( 0.020 0.225 ( 0.009 0.190 ( 0.016 0.113 ( 0.001
b/(L/g)n 11.8 ( 7.3 13.1 ( 5.2 10.4 ( 7.4 126.7 ( 54.3
n 1.98 ( 0.36 1.55 ( 0.18 1.63 ( 0.38 2.05 ( 0.18
r2 0.987 0.994 0.975 0.998

Redlich-Peterson Qm/(g/gRES) 0.520 ( 0.035 0.369 ( 0.039 0.358 ( 0.016 0.178 ( 0.016
b/(L/g) 0.98 ( 0.21 2.02 ( 0.48 1.18 ( 0.15 4.97 ( 1.07
n 1.74 ( 0.84 1.31 ( 0.17 1.79 ( 0.26 1.20 ( 0.07
r2 0.970 0.989 0.989 0.992

Toth Qm/(g/gRES) 0.271 ( 0.038 0.221 ( 0.012 0.174 ( 0.005 0.112 ( 0.001
b/(L/g) 1.79 ( 0.22 3.07 ( 0.32 2.02 ( 0.12 5.68 ( 0.34
n 3.0 ( 2.4 1.98 ( 0.58 8.3 ( 6.6 2.81 ( 0.49
r2 0.974 0.991 0.990 0.998

a Calculated according to ref 30.
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