Turkish Journal of Chemistry Turk J Chem
(2017) 41: 514 — 524

© TUBITAK
TUBITAK Research Article doi:10.3906,/kim-1612-56

http://journals.tubitak.gov.tr/chem/

Adsorption isotherm modeling of carbendazim and flumetsulam onto
homoionic-montmorillonite clays: comparison of linear and nonlinear models

Yassine EL MAATAOUI!, Mohamadine EL. M’ RABET?, Abdelkrim MAAROUFI"*,
Hassan OUDDA?, Abdelmalek DAHCHOUR?
!Laboratory of Composite Materials, Polymers, and Environment, Faculty of Sciences, University of Mohammed V,
Rabat, Morocco
?Department of Fundamental and Applied Sciences, Hassan IT Agronomy and Veterinary Institute, Rabat, Morocco
3Department of Chemistry, Faculty of Sciences, University of Ibn Tofail, Kenitra, Morocco

Received: 20.12.2016 . Accepted/Published Online: 13.03.2017 . Final Version: 05.09.2017

Abstract: This study deals with the adsorption of two pesticides, carbendazim and flumetsulam, from aqueous solutions
onto four homoionic-montmorillonite clays (Ag™*, Zn?*, Cu?t, and H™). Equilibrium adsorption isotherm data were
analyzed using Freundlich, Dubinin—Radushkevich, and Temkin isotherms. Linear and nonlinear fitting methods were
compared to determine the best-fitting isotherms for the experimental data. Three error analysis methods were used to
evaluate the data for each method: the coefficient of determination (R?), sum of squared errors (SSE), and chi-square
test (x?). Equilibrium adsorption isotherms exhibited that the carbendazim adsorption mainly involved cation exchange
with homoionic-montmorillonite adsorbents. However, for flumetsulam, the main mechanisms were possibly the cation

*, Zn?*T, and Cu®" cations and the surface complexation reactions of the adsorption on homoionic-

bridging by Ag
montmorillonite (HT) adsorbent. The modeling results showed that the nonlinear Freundlich model could fit the data
better than the Dubinin-Radushkevich or Temkin models, with relatively higher R? and smaller SSE and x? values.

Thus, the nonlinear method is a better way to obtain the isotherm parameters.
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1. Introduction
Pesticides are considered as one of the main potential environmental hazards, as they are toxic to hu-

man beings, animals, and plants?

Moreover, pesticides are carcinogenic in nature and they are sometimes
nonbiodegradable?~® The increased population density is projected to increase the demand for food produc-
tion. Thus, we need to grow food on even less land, with less water and with increasing use of pesticides for
controlling pests® Therefore, high levels of these chemicals may be causing contamination in both irrigation
and drainage water. These compounds have been recently detected in sewage effluents, surface water, ground
water, and sometimes even in drinking water " 10

Carbendazim is a fungicide from the benzimidazole group used to control a broad range of diseases on
arable crops. Carbendazim is a weak base, with LogK,,, of 1.48 at pH 7 (20 °C), and a basic pK, of 4.211:12

It has been found to induce endocrine-disrupting effects'™'? Flumetsulam is a member of the sulfonanilide

family of herbicides that is used for postemergence control for undersown wheat and certain legume crops and
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pastures. It acts by inhibiting the enzyme acetolactate synthase, which is essential for amino acid synthesis in
plants 15 Flumetsulam is a weak acid, with LogK ,,, of 0.21 at pH 7 (20 °C) and pK, of 4.6, and it exists
in both neutral and anionic forms in most agronomic soils, with a higher proportion of the anionic form in soils
with higher pH'® In aqueous solutions, the two molecules can undergo protonation-deprotonation reactions
and form cation or anion species, which depends strongly on medium pH. Figure 1 shows the distribution and
molecular structure of different species for carbendazim and flumetsulam as calculated using MarvinSketch
software (Version 16.1.4, ChemAxon, http://www.chemaxon.com). When the solution pH is below the pK,1
constant (pK,1 = 4.2) of the equilibrium between form 1 and form 2, the carbendazim molecules mostly exist
as cations (form 1). On the contrary, the major form of carbendazim molecules when the solution pH is higher
than the pK .o constant (pK,2 = 9.6) of the equilibrium between form 2 and form 3 is the anionic form (form
3). Between the two pK, constants (pK,1 < pH < pKg2), the neutral form (form 2) is dominant. However,
flumetsulam molecules mainly exist in the neutral form (form 1) when the pH is below the pK, constant (pK,

= 8.8) of the equilibrium between forms 1 and 2. Otherwise, the anionic form (form 2) is dominant (pH > 8.8).
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Figure 1. Structure and different species forms of carbendazim and flumetsulam at different pH levels.

The environmental fate of pesticides and their biological activities are largely affected by adsorption
processes in soil!”'® Clay minerals have great potential to adsorb pollutants due to their layered structure,
high cation exchange capacity, and large specific surface area. Soil clay minerals and organic matter have been
shown to be the primary adsorbents for pesticides and other organic pollutants in soil as well as with the
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presence of exchangeable cations!?~2! Sorbent and sorbate equilibrium relationships are described by sorption
isotherms, which indicate the capacity of a sorbent for a sorbate. Linear transformed isotherm equations have
been widely used to confirm isotherm experimental data using coefficients of determination. Linear regression
is frequently used to determine the best-fitting isotherm. Recently, several error analysis methods, such as the
coefficient of determination (R?), the chi-square test (x?), and the sum of squared errors (SSE), have been
used to determine the best-fitting isotherm equation?2:23

In this research, the linear and nonlinear methods of three isotherm models, Freundlich, Dubinin—
Radushkevich, and Temkin, were compared for the experimental data of carbendazim and flumetsulam ad-
sorption on homoionic-montmorillonite clays. Three error analysis methods, R?, SSE, and 2, were used to
evaluate the data for each fitting method.

2. Results and discussion

Equilibrium adsorption isotherms of carbendazim and flumetsulam by homoionic-montmorillonite (M-H, M-
Ag, M-Zn, and M-Cu) samples are shown in Figure 2. As can be seen, isotherms for both molecules are C
types according to the Giles classification,?* indicating a good affinity of the adsorbent for the adsorbate. The
linearity shows that the number of sites for adsorption remains constant; as more solute is adsorbed, more sites

are created??
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Figure 2. Linear adsorption isotherms (experimental data) of carbendazim and flumetsulam.

Figure 3 presents the distribution charge of carbendazim and flumetsulam molecules as a function of the
pH values calculated using MarvinSketch software. The isoelectric point (IEP) is the pH at which the molecule
has a net charge equal to zero. At pH values below the IEP constant, the molecule has a net positive charge.
However, it has a net negative charge when the pH is above the IEP constant. The IEP values of carbendazim
and flumetsulam are respectively equal to 7.0 and 2.7.

Concerning the carbendazim, the M-H and M-Ag samples show higher affinity to carbendazim molecules
than M-Zn and M-Cu. Indeed, as given in Table 1, the order of the four adsorbents according to the distribution
coefficient (K4) values is M-H > M-Ag >> M-Zn > M-Cu. Thus, the effect of monovalent cations (H* and
Ag™) is different from the adsorption from divalent cations (Zn2?* and Cu?"). However, the carbendazim

molecule in aqueous solution is positively charged when pH < IEP (7.0) (isoelectric point of carbendazim).
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Figure 3. Isoelectric point of carbendazim and flumetsulam.

The adsorption of carbendazim on the negatively charged surface of montmorillonite mainly involves the cation
exchange with the interlayer exchange cations present in clay minerals2® The difference in adsorption capacity
seems to indicate that the divalent cations present more difficulties than the monovalent cations to be exchanged
by carbendazim in the cation exchange mechanism!%26 The exchangeability of interlayer cations follows the
order Ht > Agt >> Zn?T > Cu?t. However, for flumetsulam, the affinity of M-Ag, M-Zn, and M-Cu
samples to flumetsulam molecules is higher than that for the M-H sample. The order of these adsorbents for
the K4 values (Table 1) is M-Zn > M-Cu > M-Ag >> M-H. The adsorbents exchanged by Zn?*, Cu?*,
and Ag™ have similar adsorption capacities. In addition to the cation exchange and surface complexation
reactions, the Zn2*, Cu?*, and Ag™® cations are probably acting as bridge ions between flumetsulam species
and montmorillonite sites?”’ 3% In aqueous solution, the flumetsulam molecule exists in neutral and negative
forms. It becomes more and more negatively charged when pH > IEP (2.7) (isoelectric point of flumetsulam).
The presence of montmorillonite clays with the flumetsulam molecule may prevent adsorption because of the
charge repulsion between the negatively charged montmorillonite surface and the flumetsulam molecule3':32
Moreover, it can interact with the positive sites at the edge of the montmorillonite clays through surface
complexation reactions®334 This might be the main mechanism involved in the adsorption of flumetsulam on
M-H.

Table 1. Distribution coefficient of carbendazim and flumetsulam with homoionic clays.

Kq * M-H M-Ag M-Zn M-Cu
Carbendazim | 0.530 £ 0.013 | 0.308 £ 0.028 | 0.069 £ 0.004 | 0.046 + 0.006
Flumetsulam | 0.035 & 0.007 | 0.405 £ 0.035 | 0.455 £ 0.017 | 0.434 + 0.020

*Kq average value + standard deviation (n = 6).

2.1. Linear fitting of isotherm models

Table 2 shows the Freundlich, Dubinin—Radushkevich, and Temkin values of the corresponding isotherm pa-
rameters determined by linear isotherm fitting for each adsorbent with their R?, SSE, and x? values. As

can be seen, for carbendazim and flumetsulam, R? values for the Freundlich isotherm model are higher as
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compared to the Temkin and Dubinin-Radushkevich isotherm models. However, the R? values of the Dubinin—

Radushkevich isotherm model are the lowest. On the other hand, the SSE and x? values are the lowest for

the Freundlich isotherm as compared to the other models. This means that the Freundlich isotherm model

can generate a satisfactory fit to the experimental data, while the Temkin and Dubinin-Radushkevich models

cannot. Comparison by the best linear analysis fits of the isotherm gives the following order: Freundlich >
Temkin > Dubinin-Radushkevich.

Table 2. Linear isotherm fitting with Freundlich, Dubinin-Radushkevich, and Temkin models.

Carbendazim
M-H M-Ag M-Cu M-Zn
n 1.0129 0.9656 0.9130 1.0096
nF 0.9873 1.0356 1.0953 0.9905
, Kr (mg/g) 0.5355 0.2034 0.0354 0.0705
Freundlich RZ 0.9997 0.9946 0.9936 0.9981
SSE 0.0020 0.0349 0.0452 0.0124
2 5.0045 x 10-1 | 0.0087 0.0113 0.0031
Kaq (mol?/J2) | 3.9450 x 1078 | 1.1218 x 10~7 | 6.2916 x 10~7 | 3.9482 x 10~7
4 (mg/g) 2.8006 5.2105 79.8006 19.9705
. B (KJ/mol) | 3.5601 21112 0.8915 1.1253
Dubinin-Radushkevich |52 0.7525 0.8552 0.894% 0.8513
SSE 15777 0.9362 0.7441 0.0443
2 0.3044 0.2341 0.1860 0.2361
By 1.3276 1.3317 0.7703 0.8488
Ar (L/g) 17914 1.0173 0.2651 0.3623
_ by (KJ/mol) | 1.8724 1.8666 3.2273 2.9238
Temkin R2 0.8466 0.8757 0.8888 0.8520
SSE 2.0879 1.5088 0.4349 0.8034
2 0.5220 0.3772 0.1087 0.2021
Flumetsulam
M-H M-Ag M-Cu M-Zn
n 1.0891 0.9311 0.9683 0.9979
" 0.9182 1.0740 1.0327 1.0021
. Kr (mg/g) 0.0435 0.3748 0.4204 0.4543
Freundlich RZ 0.978% 0.9989 0.9994 0.99%9
SSE 0.1254 0.0074 0.0040 0.0071
2 0.0313 0.0019 9.9760 x 10~% | 0.0018
Kug (mol?/J?) | 4.1915 x 1077 | 7.5265 x 107° | 6.1951 x 10~° | 5.6198 x 10~°
0 (mg/g) 13.5801 3.9690 3.5253 3.4243
. B (KJ/mol) | 1.0922 2.5775 2.8400 2.9828
Dubinin-Radushkevich |52 0.6995 0.8015 0.7855 0.8009
SSE 1.7810 1.2882 1.3800 12727
X2 0.4453 0.3221 0.3450 0.3182
By 0.5614 1.4197 1.3765 1.3372
Ar (L/g) 0.278% 1.2519 1.3933 1.5165
. by (KJ/mol) | 4.4279 17510 1.8060 1.8590
Temkin RZ 0.8224 0.8576 0.8660 0.8599
SSE 0.4683 1.8812 17674 1.8525
v 0.1171 0.4703 0.4419 0.4631
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According to the Freundlich isotherm model, the comparison of the data of the four homoionic clays
reveals that the order of the best fits from higher R? and lower SSE and x? to lower R? and higher SSE and
x? is M-H > M-Zn > M-Ag > M-Cu for carbendazim and M-Cu > M-Zn > M-Ag > M-H for flumetsulam.

2.2. Nonlinear fitting of isotherm models

Table 3 shows different isotherm parameter values of the Freundlich, Dubinin-Radushkevich, and Temkin models

for each adsorbent with their R?, SSE, and x? values obtained with nonlinear isotherm fitting. As in the case

of linear isotherm fitting analysis, in nonlinear isotherm fitting treatment, the Freundlich isotherm model has
the highest R? and the lowest SSE and x? values as compared to other isotherm models.

In general, the R? values of the Dubinin-Radushkevich isotherm model are lower than those of the
Freundlich or Temkin isotherm models. The order of the best fits of the data of the four homoionic clays from

higher R2 and lower SSE and x? to lower R? and higher SSE and x? according to the Freundlich isotherm
model is M-H > M-Zn > M-Ag > M-Cu for carbendazim and M-Cu > M-Zn > M-Ag > M-H for flumetsulam.

2.3. Comparison between linear and nonlinear fitting

According to the Freundlich isotherm model for both molecules (Table 2 and 3), the R? values for nonlinear
fitting analysis are higher than the corresponding R? values obtained by linear fitting analysis. Moreover, the
corresponding SSE and 2 values are lower.

Concerning the Dubinin—Radushkevich isotherm model (Table 2 and 3), for carbendazim molecules, the
R? values for the linear fitting isotherm are higher than those obtained by nonlinear fitting analysis, except
that the value for M-H is lower. Meanwhile, the SSE and x? values for M-H and M-Ag are higher for nonlinear
fitting analysis than for linear fitting analysis. However, for flumetsulam molecules, the R? values are higher
than the corresponding R? values obtained by linear fitting analysis for all adsorbents, whereas the SSE and
x? values are higher for M-Ag, M-Cu, and M-Zn for nonlinear fitting analysis than the values for linear fitting
analysis and lower for M-H. On the other hand, the R?, SSE, and x2 values for nonlinear fitting analysis are
equal to the values obtained by linear fitting analysis for the Temkin isotherm model in all cases. These results
indicate that the Freundlich isotherm model is the best to fit the experimental data using nonlinear analysis
while the Dubinin—Radushkevich and Temkin isotherm models are the worst for both fitting methods. Linear
and nonlinear fitting of experimental data into the Dubinin—Radushkevich and Temkin isotherm models may
cause great fluctuation of R?, and the predicted parameters may induce deviation.

In conclusion, equilibrium adsorption isotherms of carbendazim molecules showed that the adsorption
capacities of the adsorbents exchanged with monovalent cations (H* and Ag™) are higher than those with
bivalent cations (Zn2?* and Cu?T). The adsorption of carbendazim mainly involves cation exchange with
homoionic-montmorillonite adsorbents. However, for flumetsulam, the adsorption capacities of homoionic-
montmorillonite adsorbents (M-Ag, M-Zn, and M-Cu) are higher than that of the M-H adsorbent. The Ag™,
Zn?*, and Cu?" cations are probably acting as bridge ions between flumetsulam species and montmorillonite
sites. The surface complexation reactions are possibly the main mechanism involved in the adsorption of
flumetsulam on M-H adsorbent. The results of regression analyses showed that the Freundlich model could fit
the data better than the Dubinin-Radushkevich or the Temkin model. Moreover, the Freundlich model fit the
experimental data best by nonlinear analysis. Therefore, the nonlinear isotherm model is more powerful and

viable in modeling the adsorption isotherm data.
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Table 3. Nonlinear isotherm fitting with Freundlich, Dubinin—Radushkevich and Temkin models.

Carbendazim

M-H M-Ag | M-Cu M-Zn
n 0.9894 0.9856 | 1.0206 0.9875
oy 1.0107 1.0146 | 0.9798 1.0127
_ Kr (mg/g) 0.5180 0.3028 | 0.0515 0.0657
Freundlich RZ 0.9999 0.9980 | 0.9962 0.9996
SSE 0.0012 0.0190 | 0.0150 0.0021

v 2.9014 x 10-* | 0.0048 | 0.0037 5.2012 x 10~ °

Koq (mol2/7%) | 0.0205 0.0082 | 5.7616 x 10~ | 8.6668 x 102
0 (mg/g) 1.0315 0.9645 | 0.5545 0.6492
. ~ [E (KJ/mol) | 0.0049 0.0078 | 0.0295 0.0240
Dubinin-Radushkevich g2 0.8370 0.8445 | 0.8267 0.8436
SSE 2.2188% 1.8878 [ 0.6775 0.8542
2 0.5547 0.4720 | 0.1694 0.2136
Br 1.3276 1.3318 | 0.7703 0.8488
Ar (L/g) 17914 1.0173 | 0.2651 0.3623
. br (KJ/mol) | 18725 1.8666 | 3.0272 2.9287
Temkin RZ 0.8466 0.8757 | 0.8888 0.8520
SSE 2.0879 1.5088 | 0.4349 0.8084
X2 0.5220 0.3772 | 0.1087 0.2021

Flumetsulam

M-H M-Ag | M-Cu M-Zn
n 0.9992 0.9216 | 0.9956 1.0142
0y 1.0008 1.0851 | 1.0044 0.9860
. Ky (mg/g) 0.0336 0.3658 | 0.4406 0.4675
Freundlich RZ 0.9983 0.9984 | 0.9998 0.9992
SSE 0.0046 0.0206 | 0.0022 0.0107
2 0.0011 0.0052 | 5.3720 x 107 | 0.0027
K,q (mol2/J%) | 4.1970 x 10~ * | 0.0157 | 0.0149 0.0150
0 (mg/g) 0.4600 0.9652 | 1.0173 1.0356
. ~ [E (KJ/mol) | 0.0345 0.0056 | 0.0058 0.0058
Dubinin-Radushkevich g2 0.8279 0.8631 | 0.8348 0.8238
SSE 0.4537 1.8082 | 2.1781 2.3304
2 0.1134 0.4521 | 0.5445 0.5826
B 0.5614 1.4197 | 1.3765 1.3372
Ar (L/g) 0.2788 1.2519 | 1.3933 1.5165
, by (KJ/mol) | 4.4280 17510 | 1.8060 1.8590
Temkin RZ 0.8224 0.8576 | 0.8660 0.8599
SSE 0.4683 1.8312 | 1.7674 1.8525
X2 0.1171 0.4703 | 0.4419 0.4631

3. Experimental
3.1. Clay preparation

Montmorillonite clay (K10 with a fraction of <2 pm) was obtained from Fluka Chemie AG (Switzerland).
Homoionic-montmorillonite clays were prepared using a published procedure3® A suitable amount of the mont-

morillonite clay was dispersed in solutions of Agt, Zn?*, Cu?*, and H* ions as chlorides. The samples were
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then washed several times with distilled water to remove excess electrolytes. Homoionic clays were dried at 60

°C and powdered in a mortar to obtain finer grains before the experiments.

3.2. Reagents and solutions

Certified standards of carbendazim and flumetsulam, purity greater than 97%, were supplied by Sigma-Aldrich.
Stock standard solutions were prepared in methanol at 1000 mg/L concentration. Working solutions of these
compounds were prepared by further diluting the stock solutions in deionized water. Calibration standards
were prepared at 5.0, 10.0, 20.0, 40.0, 60.0, and 100.0 mg/L concentrations by dilution with deionized water.
Methanol, silver chloride, zinc chloride, copper(II) chloride, and hydrochloric acid were purchased from Sigma-

Aldrich. All the reagents were of analytical grade.

3.3. Adsorption experiment

Equilibrium isotherms were determined by shaking a fixed mass (0.2 g) of homoionic clays (M-Ag, M-Zn, M-Cu,
and M-H) with 10 mL of carbendazim and flumetsulam solutions in a proper range of concentrations (5 to 100
mg/L) at 25 °C and without pH adjustment. As a function of solution concentrations, the initial pH (natural
pH) of different solutions varied from 6 to 7.5 (£0.1). These samples were placed in appropriate tubes. A series
of such tubes was then shaken for 24 h. The homoionic clays were separated by centrifugation for 30 min at
2000 rpm and filtered with 0.45- ym membrane filters. Solutions were then analyzed for the remaining adsorbate
concentration using a spectrophotometer at A4, of 286 nm and 260 nm for carbendazim and flumetsulam,

respectively.

The capacity of adsorption (q.) was calculated using the following equation:
4e=(Co—Ce) V/M, (1)

where the g, parameter is the capacity of adsorption at equilibrium (mg/g) and Co and C. are the initial and
equilibrium concentrations of adsorbate in solution (mg/L), respectively. V (L) is the solution volume and M

(g) is the homoionic-montmorillonite clay weight.

3.4. Equilibrium isotherm

A variety of models can be used to describe adsorption processes. Empirical adsorption isotherm equations
are excellent for describing experimental sorption data. The equation parameters of these equilibrium models
provide the sorption mechanisms, surface properties, and affinities of the sorbent. In the present study, three

isotherm models were tested using carbendazim and flumetsulam as adsorbate molecules.

3.4.1. Freundlich isotherm
The Freundlich isotherm has been largely used to describe solid-liquid sorption systems. It is based on multilayer

adsorption on heterogeneous surfaces3®3” The nonlinear Freundlich isotherm is commonly presented as:3®
QG:KFcé/n~ (2>

The linearized form of Eq. (2) is:
Ln (QG) :1/nLn (Ce) +Ln(KF)7 (3)
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where ¢, is the adsorbed amount of adsorbate per gram of sorbent (mg/g) and C. is the equilibrium concen-
tration of the adsorbate in the solution (mg/L). Ky and n are the Freundlich constants that represent the
adsorption capacity and adsorption strength, respectively. The magnitude of np = 1/n quantifies the favora-
bility of adsorption and the degree of heterogeneity of the surface3® In the linear form, it will have a straight
line with a slope of 1/n and an intercept of In(K g).

The nonlinear equation reduces to a linear adsorption isotherm when parameter 1/n = 136 The linear

adsorption isotherm equation becomes:
qe:KdCea (4)

where ¢, and C., as indicated previously, are the capacity of adsorption and the equilibrium concentration,
respectively. K is the distribution coefficient, which is defined as the ratio of the amount adsorbed and

remaining of the adsorbate in solution at equilibrium.

3.4.2. Dubinin—Radushkevich isotherm
The Dubinin—-Radushkevich isotherm is usually applied to adsorption data to determine the predominant

adsorption type (physical or chemical) with the mean free energy E (KJ/mol), which describes the energy

necessary for removing a molecule from its location in the sorption space to infinity: 404!

E =1/v/2kaq. ()

when E < 8 kJ/mol, the predominant mechanism is physical interaction, and it is a chemical ion-exchange
interaction if 8 kJ/mol < E < 16 kJ/mol.

The nonlinear form of this model is:
¢e= (qs) exp(—kage?). (6)
The linear form of Eq. (6) can be described as follows:
Ln (ge) = Ln (gs) —kaac?, (7)

where ¢, is the amount adsorbed at equilibrium (mg/g), qs is theoretical isotherm saturation capacity (mg/g),

and k,q is the Dubinin-Radushkevich isotherm constant (mol? /kJ). Values of q, and kg are calculated from

the slope and intercept of the plot Ln g, versus 2. e, the Polanyi potential, is calculated by Eq. (8):42

e=RTLn[1+1/C.]. (8)

R, T, and Ce represent the gas constant (8.314 J/mol K), absolute temperature (K), and adsorbate equilibrium

concentration (mg/L), respectively.

3.4.3. Temkin isotherm

The Temkin isotherm has generally been applied in the following form: 043
e= (RT/bT)LnATCe. (9)
The linearized form is:
ge= (RT/br)LnAr+(RT /bp)LnC., (10)
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Br= (RT/br), (11)

where R, T, and by represent the gas constant (8.314 J/mol K), absolute temperature (K), and Temkin isotherm

constant (KJ/mol), respectively. Ar is the Temkin isotherm equilibrium binding constant (L/g) and C. is the

equilibrium concentration (mg/L).

3.5. Error analysis

To evaluate the fit model of adsorption isotherms, the data are analyzed using error analysis functions. The

R2, SSE, and x? values were determined for linear and nonlinear isotherms:

R=3"(0-0)"/ (X (0= + Y (ae—a.) ). (12)
SSE=Y"(ge—q.)’, (13)

XQZZ (qe_QC)Z/QCy (14)

where q. is the equilibrium capacity obtained from the model (mg/g) and ¢, is experimental data of the

equilibrium capacity (mg/g).
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