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ABSTRACT

A comparison between linear and non-linear regression methods to determine the optimum
isotherm was done by applying these models to the experimental equilibrium data of Hg(II)
sorption using new nanostructured sorbent ZnCl,-MCM-41. The best-fitting linear isotherm
was selected based on the highest R? value obtained. In the case of non-linear methods, dif-
ferent error functions were employed to determine the best-fitting model. Langmuir iso-
therm was found to be the best-fitting model in both linear and non-linear cases, which
implies a monolayer adsorption of Hg(Il) onto a homogeneous surface of ZnCl,-MCM-41.
Scanning electron microscopic images verified the spherical morphology of the sorbent
particles. The adsorption capacities of Hg(Il) onto CaCl,-MCM-41, CuCl,-MCM-41, and
MgCl,-MCM-41 were demonstrated to be less than those of ZnCl,-MCM-41. Lastly, Hg(II)
recovery of up to 75% was obtained by utilizing 0.1 M HNO; solution.

Keywords: Nanostructured sorbent; ZnCl,-MCM-41; Hg(Il) removal; Non-linear regression;

Isotherm; Adsorption capacity

1. Introduction

Water pollution by toxic heavy metals has become
a critical environmental issue over the past few dec-
ades. One of the most toxic heavy metals is mercury,
which exists in three chemical forms, namely elemen-
tal mercury, inorganic mercurous and mercuric forms
(Hg(I) and Hg(Il)), and organic alkyl mercury. In par-
ticular, mercury remarkably affects neurological and
renal activities, which necessitates the removal of
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mercury from wastewater before its discharge into the
environment. Adsorption, as a wastewater treatment
process, has been found to be an economically feasible
approach for Hg(I) ion removal [1]. Different sor-
bents, such as silica gel [2], chelating resins [3], metal
oxides [4], activated carbon [5], and MCM-41 [6] have
been used to sequester Hg(Il) from aqueous solutions.
MCM-41, the most widely used member of mesostruc-
tured silica, was first introduced in 1992, as a result of
the self-assembly of a structure directing agent and
the silica source [7]. A regular array of uniform pores,
controllable pore size, and the ability to functionalize
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the surface for particular separations are the main
features of MCM-41.

In this work, MCM-41 particles are synthesized
through the hydrothermal method, and then ZnCl,
particles are incorporated into its pores. This new
hybrid sorbent, known as ZnCl,-MCM-41 is then
applied for Hg(l) removal from aqueous solution.
More information about the synthesis and character-
ization of the nanostructure sorbent and also the effect
of operation parameters on mercury removal by
ZnCl,-MCM-41 is discussed in detail in our previous
work [8]. The purpose of this study is to discuss the
adsorption isotherms, especially the adsorption capac-
ity of sorbents, in depth. The linear least-squared
method and non-linear isotherm models are compared
(isotherms are listed in Table 1). In addition, Hg(D)
adsorption capacity of ZnCl,-MCM-41 sorbent is
evaluated and compared to some of the sorbents
reported previously. Furthermore, the effects of ionic
strength, sorbent dosage, and the incorporation of
other metal salts onto MCM-41 are investigated.
Finally, desorption studies are performed to assess the
recovery of Hg(ID).

2. Materials and methods
2.1. Synthesis of the adsorbent material

The complete synthesis processes of MCM-41 and
ZnCl,-MCM-41 are presented in our previous study
[8].

2.2. Preparation of metal solutions

A stock solution of Hg(Il) was prepared by dis-
solving 1.354 g of HgCl, in 11 of deionized water.
Other concentrations were prepared from stock solu-
tion by dilution, varying between 2 and 50 mg L',

and the pH of the working solutions was adjusted to
desired values with 0.1 M nitric acid or 0.1 M sodium
hydroxide. Fresh dilutions were used for each experi-
ment. All chemicals used were of analytical grade.

2.3. Adsorption experiments using batch study

Batch adsorption experiments were conducted by
placing 10 mg of hybrid ZnCl,-MCM-41 sorbent in a
series of Erlenmeyer flasks each containing 30 ml of
the metal containing solution at specific initial concen-
trations and pH values. The contents of the flasks
were then magnetically stirred for a specific time at
the rate of 300 rpm with controlled temperature dur-
ing the adsorption process. After filtering the samples
through Whatman No. 42 filter papers, the residual
concentration of Hg(I) in the solution was determined
by atomic absorption spectroscopy (atomic absorp-
tion/flame emission spectrophotometer Shimadzu
AA-670). The amount of Hg(II) adsorption per gram
of the ZnCl,-MCM-41 was calculated according to Eq.
(1:

P B L M

m

where g, is the adsorption capacity (mg g™ "), V is the
volume of the solution (L), m is the mass of the dry
sorbent (g), and Cy and C, are the initial and equilib-
rium metal concentrations, respectively (mg L™).

2.4. Adsorption isotherms

Isotherms are relationships between equilibrium
adsorption amounts and equilibrium concentrations,
which are obtained by examining batch reactions at
constant temperature. The adsorption capacity of a

Table 1

Isotherm models and their linear forms

Isotherm Nonlinear form Linear form Plot

Langmuir ge = ?Jj{gc % = Kqum + qimCe % vs. C.

Freundlich ge = KeCY/" Inge=1InKe +11In C, In g vs. In C,
Temkin ge = 8 In(KrCe) ge =% InKr + 8L InC, ge vs. In C,

Sips Ge = f:ﬁgg:, In (Zﬁ - 1) =-InKs —1InC, ln(%‘ - 1) vs. In C.
R-P Je = Lli;liwcéf In (K‘;"CCQ — 1> =Inagp + fInC, ln(% — l) vs. InC,
Toth g = (%) = InCe — 1in(Kro + CY) -

Khan ge = (1@5,?&) In (ﬂ) =InC. +1In (H;’% -
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sorbent is determined by isotherm equation and is a
good criterion to compare the metal removal efficiency
of different sorbents. The Langmuir and Freundlich
are the most common isotherm models used to
describe adsorption equilibrium data. In fact, no theo-
retical adsorption isotherm exists to describe adsorp-
tion in liquid phase. Hence, gas adsorption isotherm
models are used to describe liquid-phase adsorption
data [9]. Additionally, different sorption isotherm
models—namely Temkin, Sips, Redlich-Peterson
(R-P), Toth, and Khan—have been applied to the
experimental data obtained from batch equilibrium
tests. Linear regression methods are frequently used
to determine the best-fitting isotherm equation. Linear
least squares method is the most commonly used
method for linearly transformed isotherm equations to
confirm the experimental data by employing coeffi-
cients of determinations. The coefficient of determina-
tion (R? for linear regression models is the most
commonly used parameter to investigate the correla-
tion between the experimental data and the predicted
isotherm value. However, transformation of non-linear
isotherm equations to linear forms alters their error
structure and may also vary the error variance, and
violate the assumption of normality in standard least
squares [10]; therefore, the non-linear regression
method is found to be the best in selecting the opti-
mum isotherm [11,12]. In this method, in order to find
a set of isotherm kinetic parameters, the error distribu-
tion between the experimental data and the predicted
isotherm is minimized (maximized in case of coeffi-
cient of determination). Consequently, a trial-and-error
procedure is developed to determine the kinetic
parameters using an optimization routine in the solver
add-in of Microsoft’s spreadsheet, Excel. Seven error
functions were employed in this study to evaluate the
goodness-of-fit of the equations to the experimental
data. These error functions are: the coefficient of deter-
mination (Rz), nonlinear chi-square test (Xz), residual
root mean square error (RMSE), average relative error
(ARE), standard deviation of relative error (Sgg), Mar-
quardt’s percent standard deviation (MPSD), and the
sum of the squares of the errors (ERRSQ) [13]. After
computing these error functions for each isotherm, the
sum of normalized errors (SNE) is calculated for each
case, and finally the smallest SNE indicates the opti-
mal isotherm. The calculation for the “sum of the nor-
malized errors” is as follows:

(1) Select one isotherm and one error function
(for example, ERRSQ error function) and get
the solver add-in output to determine the iso-
therm parameters in a way that minimizes
the applied error function (in this case,
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ERRSQ). (If the applied error function is the
coefficient of determination, the solver add-in
must be adjusted on maximizing).

(2) The values of other error functions are
determined based on isotherm parameters
obtained from step (1).

(3) The above steps are performed exactly for all

other error functions.

(4) The maximum output of each error function is
selected from among all sets. In order to calcu-
late the normalized error, the value of other
sets should be divided by the maximum
value. This should be done for all error func-
tions.

() The summation of all of these normalized
errors for each parameter set is calculated.

The error function equations are presented in Table 2.

2.5. Desorption studies

0.1 g of ZnCl,-MCM-41 sorbent samples that was
used for the removal of 2, 5, 10, 20, and 50 mg L7 of
30 ml Hg(Il) solutions were filtered using Whatman
No. 42 filter papers. Subsequently, the Hg(Il)-loaded
ZnCl,-MCM-41 samples were transferred into conical
flasks containing 200 ml of the 0.1 M HNO; solution.
The flasks were covered immediately, and then soni-
cated for 60 min at 60°C. The amount of Hg(l)
remaining in the solutions was determined by atomic
absorption spectrophotometer.

3. Results and discussion

It is necessary to state that the effect of operating
conditions, such as pH, temperature, contact time, ini-
tial metal concentration, and foreign ions on Hg(II)
sorption and also, the kinetic parameters were studied
comprehensively in our previous papers [8,15].

The isotherm models were fitted to the experimen-
tal data in order to obtain more information about the
process, including maximum theoretical uptake capac-
ity, dominant mechanisms of the adsorption process,
data on physisorption and chemisorption, and deter-
mination of monolayer or multilayer adsorption.

3.1. Linear regression method

The linear regression of experimental data is the
simplest way to determine isotherm constants for two-
parameter isotherms. The Langmuir, Freundlich, and
Temkin models are two-parameter adsorption models,
which could easily be transformed to linear forms,
and their constants can be calculated without any trial
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Table 2
List of error functions [14]
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Error function Abbreviation Definition/expression
The coefficient of determination R? R > (Gemeas — qcvwlc)z
- 2 2
Z (Qe,meas - Qe.calc) + Z (Qe,meas - qe,calc)
2
n
9e, — Jecal
Nonlinear chi-square test s = M
i—1 (e meas
n
Residual root mean square error RMSE RMSE — \/ﬁZ(%meas _ qeﬁcalc)z
i=1
n
Average relative error ARE ARE = @ Z femeas — fecale
n i—1 e meas
n 2
S _ 21:1 [(EIcﬁmcas - qc.calc> - ARE]
Standard deviation of relative errors SRrE RE n—1
MPSD = 100 1 i (qe,meas - bk,calc) 2
Marquardt’s percent standard deviation MPSD n—piz e meas
n
Sum squares errors ERRSQ ERRSQ = Z (qe,meas _ qmalc)z

i=1

and error. The Sips and R-P isotherm models are
three-parameter models, both of which require a trial-
and-error step for linearization. Toth’s and Khan’s iso-
therm equations include three adjustable parameters
and cannot be fitted to the experimental data by linear
regression. Among these models, the Langmuir iso-
therm has more than one linear form: four common
and different linearized forms of the Langmuir model
are listed in Table 3. The Langmuir-1 isotherm model
is more common than other forms. The four different
linearized forms of the Langmuir isotherm were ana-
lyzed to investigate the effect of transformation from
non-linear to linear form. Isotherm model parameters
and the coefficients of determination for various
adsorption isotherms are presented in Table 4. Higher
values for the coefficient of determination indicate a
stronger correlation between the experimental data
and the isotherm model. In the case of the R-P and
Sips isotherms, the constants Krp and g, were
obtained by maximizing the R*> value using a trial-
and-error step in the solver add-in function of Microsoft

Excel, Microsoft Corporation. Fig. 1 shows the plot of
isotherms predicted by the linear regression method.
As can be seen in Table 4, all linearized Langmuir
equations have high R? values (higher than 0.997),
while the Langmuir-1 isotherm model has the highest

Table 3
Various linear forms of the Langmuir isotherm equation
Isotherm Linear form Plot
ir- C—_1 1 Ce
Langmuir-1 = R + i Ce Vs Ce
ir- 1__1 1,1 1 1
Langmuir-2 =K Tan 2 V5 Ce
: 18 e
Langmuir-3 Je = —g ¢ T qm Je VS. &
Langmuir-4 g—i = —Krge + Kigm g—z VS. e

R? value. Moreover, the R? values attained for all
Langmuir models were higher than those of the Fre-
undlich, Temkin, and R-P isotherms, indicating that
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Table 4

Isotherm parameters for various two parameters
adsorption isotherms for the adsorption of Hg(II) onto
ZnCl,-MCM-41 at 25°C and pH 10

Isotherm models Parameters Value
Langmuir-1 Im (mg g™h) 204.1
Ky (L mg ™) 0.084
R? 0.9995
Langmuir-2 gm (Mg g_l) 178.7
Ki (Lmg™") 0.097
R? 0.9986
Langmuir-3 Im (mg g ™) 200.7
Ky (L mg ™" 0.086
R? 0.9976
Langmuir-4 Im (mg g™ 201.1
Ki (L mg™) 0.085
R? 0.9976
Freundlich Kg 14.975
1/n 0.8062
R? 0.9810
Temkin b (J mol™) 89.92
Kt 2.39
R? 0.9009
Sips Im (mg g™ 203.2
Kg 0.0845
n 1.00
R? 0.9999
R-P Kgrp 17.7
agp 0.1215
B 0.8721
R? 0.9975

the Langmuir equation offers better prediction of Hg
(I sorption by ZnCl,-MCM-41 than the other three
models. Nevertheless, the R® value for the Sips iso-
therm was higher than that of the Langmuir model,
suggesting that the linear form of the Sips isotherm
fits better to the experimental data. Consequently, the
nature of the adsorption of Hg(I) ions onto ZnCl,-
MCM-41 is more compatible with the assumptions of
the Sips isotherm.

It should be noted that when the parameter n in
the Sips model is equal to 1.0, this model is essentially
equivalent to the Langmuir isotherm. In fact, the Sips
model was the first effort to extend the Langmuir
model to adsorption on an energetically heterogeneous
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Fig. 1. Experimental data and the predicted Langmuir, Fre-
undlich, Temkin, R-P, and Sips isotherms by linear regres-
sion method.

solid based on the assumption of quasi-Gaussian
energy distribution, where the ¢ (¢ = 1/n) factor shows
the surface heterogeneity (¢ =1 means a completely
homogeneous surface and ¢ < 1 shows the heterogene-
ity of the surface) [16]. At small amounts of ¢ (close to
zero), the Sips model is the same as the Freundlich
isotherm. Consequently, high R* values of the Sips
and Langmuir models (which have similar fundamen-
tals at ¢ = 1) indicate monolayer adsorption of Hg(II)
species onto the homogeneous surface of the
ZnCl,-MCM-41 sorbent.

An important point in Table 4 is the difference
among the values obtained for the four linear forms of
the Langmuir isotherm, especially the major difference
between Langmuir-2 and the other three forms. This
point provides evidence that different linearization
methods can change the error distribution structure of
a model. The difference in the obtained values for R*
and g. proves the change in the error structure of
models after linearization, which makes the selection
of the best-fitted isotherm difficult. Consequently, it is
suggested that the highest coefficient of determination
(R?) does not necessarily imply the best fit, but instead
shows the model whose error distribution is closest to
the “true error distribution” [17].

3.2. Non-linear regression method

All the non-linear model parameters were evalu-
ated by non-linear regression analysis using the solver
add-in from Microsoft’s spreadsheet, Excel. Lineariza-
tion of non-linear experimental data sometimes
changes the error distribution structure of the iso-
therms. As a result, some researchers have proposed
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the non-linear method as a better way to obtain the
isotherm parameters [11,12,18-21]. The comparison of
isotherms by non-linear regression is more reliable
than the linear regression method because the experi-
mental equilibrium data and the isotherms are in a
fixed x and y axis and no transformation error takes
place during regression. Here, each one of the R?, /7,
RMSE, Sgg, MPSD, and ERRSQ error functions were
selected as an optimal function, and other error
functions were computed based on the selected error
function.

3.2.1. The Langmuir isotherm

The Langmuir isotherm constants and error val-
ues determined by non-linear regression based on
different error functions are presented in Table 5.
The gm and K values calculated based on differ-
ent error functions are very close to each other,
indicating that the Langmuir isotherm accurately
predicts the equilibrium behavior of Hg(Il) sorption
by ZnCl,-MCM-41. Moreover, the predicted values
for gm and K; are approximately similar in type 1,
type 3, and type 4 of the linear forms of the
Langmuir isotherm. The R® value obtained in the
non-linear method was higher than that of all the
linear forms, which suggests that the non-linear
method estimates the Langmuir parameters better
than the linear regression. Consequently, the SNE
value for the RMSE error function was lower than
that of the other error functions, showing that the
deviation of calculated parameters based on this
error function was less than that of the other error
functions.

Table 5

3.2.2. The Freundlich isotherm

The Freundlich expression is an empirical equation
based on sorption on a heterogeneous surface, sug-
gesting that binding sites are not equivalent. Table 6
shows the Freundlich isotherm parameters based on
different error functions. The predicted values based
on R?, le and ERRSQ were very close to each other,
whereas for Sgg and MPSD these values were dif-
ferent. The minimum SNE value was obtained for the
){2 set, which shows the optimum values for
Kg=16.0418 and 1/n =0.74375. The individual con-
stants, K and 1/n, are significantly different from
those obtained by the linear error analysis approach;
moreover, the R® value of the non-linear approach
was greater than that of the linear method, which
emphasizes the change in the error structure after lin-
earization. Finally, the data obtained by non-linear
regression based on the y* error function illustrated
that the Freundlich model fitted the experimental data
well.

3.2.3. The Temkin isotherm

The Temkin isotherm corresponds to adsorption
on strongly heterogeneous equilibrium surfaces.
Table 7 shows the non-linearly fitted equilibrium data
and error deviations of Hg(I) sorption onto ZnCl,-
MCM-41, based on the Temkin isotherm. Values of the
R?, RMSE, and ERRSQ sets are similar, while the val-
ues associated with the 5%, Sgg, and MPSD sets are dif-
ferent. The y* set values have the lowest SNE value of
the error sets. The model parameters Kt and b, which
were predicted by the R?, RMSE, and ERRSQ sets,
were very close to the values obtained by the linear

The Langmuir isotherm parameters and error deviation data related to the adsorption of Hg(II) onto ZnCl,-MCM-41

obtained by non-linear regression method

Reference error function

Error function R? e RMSE SrE MPSD ERRSQ
m 202.061 202.503 202.061 202.562 201.197 202.061
Ky 0.08491 0.08456 0.08491 0.08417 0.08543 0.08491
R 0.99998 0.99998 0.99998 0.99997 0.99998 0.99998
e 0.00540 0.00525 0.00540 0.00676 0.00600 0.00540
RMSE 0.20481 0.20869 0.20481 0.26966 0.22559 0.20481
Sre 0.85528 0.83615 0.85516 0.73479 0.87286 0.85523
MPSD 1.17516 1.20925 1.17521 1.38301 1.16347 1.17519
ERRSQ 0.12584 0.13065 0.12584 0.21815 0.15267 0.12584
SNE 4.96475 4.98173 4.96464 5.841809 5.265245 4.96471
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The Freundlich isotherm parameters and error deviation data related to the adsorption of Hg(Il) onto ZnCl,-MCM-41

obtained by non-linear regression method

Reference error function

Error function R? Ve RMSE Ske MPSD ERRSQ
Kp 18.0324 16.0418 18.0030 13.7873 14.7700 18.0030
1/n 0.68950 0.74375 0.69001 0.78865 0.80268 0.69000
R? 0.99523 0.99204 0.99523 0.98368 0.97307 0.99523
7~ 2.45510 1.43619 2.42910 2.82639 2.49399 2.42895
RMSE 3.34060 432126 3.34031 6.23446 8.02589 3.34031
SrEe 20.6064 12.8618 20.4314 9.09249 13.3475 20.4306
MPSD 34.0190 18.7271 33.7938 16.3448 13.0505 33.7926
ERRSQ 33.4783 56.0199 33.4731 116.606 193.245 33.4731
SNE 4.45811 3.50789 4.433731 4.29031 4.89149 4.43360
Table 7

The Temkin isotherm parameters and error deviation data related to the adsorption of Hg(I) onto ZnCl,-MCM-41,

obtained by non-linear regression method

Reference error function

Error function R? Ve RMSE SrE MPSD ERRSQ
Kr 2.45524 3.67081 2.39254 5.08069 4.77289 2.39256
b 89.8117 129.550 89.8114 201.421 190.920 89.8115
R? 0.91094 0.83756 0.91004 0.69272 0.70635 0.91004
Pa 48.9745 21.1231 51.3257 35.2175 32.7214 51.3250
RMSE 15.1937 21.3793 15.1666 34.0356 32.7664 15.1666
SgE 89.9404 42.4279 90.1825 28.0783 28.6556 90.1822
MPSD 157.486 57.7230 164.360 39.2780 38.7682 164.358
ERRSQ 692.541 1,371.23 690.078 3,475.27 3,220.91 690.078
SNE 455508 3.17628 4.64418 3.99768 3.85684 4.64415

regression method. However, the values for the opti-
mum parameter set y° were significantly different
from the linearized values. The linear form of the R
value was greater than the optimum non-linear form
()(2 set), but it should be noted that a high coefficient
of determination does not necessarily indicate a better
fit. For instance, the R? value of the ERRSQ set is
higher than that of the y* set, but sum of the normal-
ized error of the y* set was lower than that of the
ERRSQ set, indicating that the y* set presented the
optimum parameters for the Temkin isotherm. Finally,
the significant differences among the values obtained
from different error function sets and the great differ-
ence between the values of the optimum set of the
non-linear method (the y* set) and the linear form of
the Temkin isotherm show the inability of this equilib-
rium model to predict the behavior of Hg(Il) sorption
onto ZnCl,-MCM-41.

3.2.4. The Sips isotherm

Sips proposed an equation that combines the
Freundlich and Langmuir isotherms [16]. Sips constant
parameters and error deviations by non-linear regres-
sion are listed in Table 8. According to this table:

(1) The SNE of the y* set was lower than that of
other sets.

(2) The R? values for all sets were sufficiently
high.

(3) The y* set parameters were close to the linear
method values.

(4) The Sgg set parameters have the most devia-
tion from optimum amounts.

The constant parameter (1) was very close to 1, which
indicates that the Sips isotherm follows the Langmuir
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Table 8

18701

The Sips isotherm parameters and error deviation data related to the adsorption of Hg(II) onto ZnCl,-MCM-41, obtained

by non-linear regression method

Reference error function

Error function R? Ve RMSE SkE MPSD ERRSQ
Gm 197.768 202.867 197.738 213.231 209.382 197.768
Ks 0.08626 0.08442 0.08627 0.07974 0.08162 0.08626
1/n 1.01182 0.99922 1.01190 0.98001 0.98824 1.01182
R? 0.99999 0.99999 0.99999 0.99988 0.99994 0.99999
Ia 0.00843 0.00523 0.00847 0.01750 0.00801 0.00843
RMSE 0.17036 0.21411 0.17036 0.53162 0.36031 0.17036
SrE 1.08793 0.82889 1.09116 0.52951 0.76549 1.08761
MPSD 2.57953 1.42943 2.58867 1.37007 1.07528 2.57946
ERRSQ 0.08707 0.13753 0.08707 0.84787 0.38947 0.08707
SNE 3.89837 3.17564 3.90714 5.01441 3.71169 3.89805
assumptions, and the surface of the sorbent error structure. The results also show that the non-

(ZnCl,-MCM-41) is homogeneous.

3.2.5. The Redlich—Peterson isotherm

The Redlich-Peterson isotherm parameters and
error deviations from the non-linear regression
method are presented in Table 9. According to the
results, the highest R* value was attained for the R?,
74, RMSE, and ERRSQ sets, while the lowest SNE
value was obtained for the Xz set. The Sgg set parame-
ters have the most deviation from the optimum
values, and a significant difference exists between
linear and non-linear estimated values. It is clear that
linearization has a major impact on the R-P isotherm

Table 9

linear regression method is much more reliable than
the linear method.

3.2.6. The Toth isotherm

Another three-parameter empirical equation is the
Toth isotherm model, which is able to describe both
homogenous and heterogeneous adsorption systems
[14]. The Toth isotherm constants, namely g, Kto, and
i, as well as the values related to the error functions,
are tabulated in Table 10. The lowest SNE value was
obtained for the y* set of parameters. The maximum
adsorption capacities (4,,) of the other sets are signifi-
cantly different from what was obtained for the y* set.

The R-P isotherm parameters and error deviation data related to the adsorption of Hg(Il) by ZnCl,-MCM-41 obtained by

non-linear regression method

Reference error function

Error function R? Pa RMSE Sk MPSD ERRSQ
Kgp 16.7647 17.0306 16.7661 17.2341 17.3463 16.7655
ARp 0.07040 0.08034 0.07046 0.09759 0.09549 0.07043
B 1.05514 1.01585 1.05491 0.95123 0.96187 1.05499
R? 0.99999 0.99999 0.99999 0.99988 0.99995 0.99999
Pa 0.00691 0.00497 0.00689 0.01777 0.00829 0.00691
RMSE 0.13932 0.17521 0.13932 0.52257 0.32980 0.13932
SgE 1.00130 0.81654 0.99972 0.67732 0.89283 1.00034
MPSD 2.40620 1.66120 2.40170 1.75033 1.29125 2.40350
ERRSQ 0.05823 0.09209 0.05823 0.81926 0.32630 0.05823
SNE 4.72261 4.01363 4.71648 6.19760 4.74922 4.71961
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The constant u shows the state of heterogeneity /homo-
geneity of the sorption process: u =1, which describes
a completely homogeneous system and any deviations
from the value 1 are attributed to a heterogeneous
sorption system. For all error sets, the amount of 1 was
very close to unity, especially for the y* set, which
reconfirms the homogeneity of Hg(II) sorption onto
ZnCl,-MCM-41. In fact, similar to the Sips isotherm, if
u =1 (a homogeneous system), then the Toth isotherm
transforms into the Langmuir isotherm model.

3.2.7. The Khan isotherm

The Khan isotherm is a three-parameter model for
which the parameters cannot be estimated through lin-
ear regression. As a result, a non-linear regression
method is required in order to fit this isotherm and
subsequently find the parameters. The constant y
shows the heterogeneity of the sorption system. Like
other isotherms, this isotherm converts to the Lang-
muir isotherm model when y is equal to 1. The Khan
isotherm constants and error values, which are deter-
mined by non-linear regression based on different
error functions, are presented in Table 11. According
to the SNE values, the y* set parameters are the opti-
mum values to describe Hg(II) sorption onto ZnCl,-
MCM-41. For the optimum set, y is close to unity,
which proves the homogeneity of the Hg(Il) sorption
system. The highest deviation from the optimum
parameters was obtained for the MPSD set. The R?
values in all sets were very high (more than 0.9999),
while isotherm constants were largely different,

Table 10
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indicating the unreliability of the coefficient of deter-
mination for data fitting.

3.3. The best isotherm

In Section 3.2, various isotherms were fitted to the
experimental data of Hg(l) sorption onto ZnCl—
MCM-41 using non-linear regression methods. The
optimum set of error values (determined based on the
lowest SNE value) is listed in Table 12 for each iso-
therm, in order to specify the one with the best fit for
experimental data. Interestingly, the optimum set of
errors for the Langmuir model was RMSE, while for
other isotherms was . The primary criterion to find
the best-fitting isotherm was SNE, meaning that the
lower the SNE value, the better the model fits experi-
mental data. The Khan isotherm has the optimum
value of errors in most cases (highlighted in Table 12),
but the lowest SNE value was obtained for the Lang-
muir isotherm model. Except for the Freundlich and
Temkin isotherms, the SNE values of other isotherms
were very close to each other. As mentioned in the
previous sections, the heterogeneity parameters of the
Sips  (n=1.000781), R-P  (£#=1.01585), Toth
(u=1.01772), and Khan (y = 1.09585) isotherms were
very close to unity, the point at which these isotherms
convert to the Langmuir model. Therefore, it is not
surprising that the Langmuir model has the best fit of
the data, as it can include other isotherms’ results.
Hence, it is concluded that the adsorption of Hg(II)
onto ZnCl,-MCM-41 is a monolayer homogeneous
sorption process, and the maximum adsorption

The Toth isotherm parameters and error deviation data related to the adsorption of Hg(II) onto ZnCl,-MCM-41 obtained

by non-linear regression method

Reference error function

Error function R? Pa RMSE Sk MPSD ERRSQ
Gm 189.386 198.791 189.401 205.974 216.286 189.549
Kro 13.4358 12.1854 13.4358 11.3554 10.8213 1.07011
u 1.07126 1.01772 1.07123 0.97705 0.94464 1.05499
R? 0.99999 0.99999 0.99999 0.99987 0.99995 0.99999
Pa 0.00699 0.00506 0.00701 0.01555 0.00848 0.00687
RMSE 0.14384 0.18163 0.14384 0.55771 0.34161 0.14392
SkE 1.00682 0.82571 1.00765 0.73640 0.88068 0.99734
MPSD 2.40239 1.63886 2.40440 1.74892 1.26278 2.37309
ERRSQ 0.06207 0.09897 0.06208 0.93311 0.35009 0.06207
SNE 3.77228 3.25818 3.77463 5.45807 3.93219 3.74319
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The Khan isotherm parameters and error deviation data related to the adsorption of Hg(Il) onto ZnCl,-MCM-41 obtained

by non-linear regression method

Reference error function

Error function R? Ve RMSE SkE MPSD ERRSQ
Gm 282.592 231.356 278.846 260.723 173.079 280.502
by 0.05962 0.07359 0.06046 0.06512 0.09973 0.06009
Y 1.26227 1.09585 1.25012 1.19797 0.90213 1.25550
R? 0.99999 0.99999 0.99999 0.99998 0.99996 0.99999
Ve 0.00599 0.00467 0.00583 0.00578 0.00764 0.00590
RMSE 0.12724 0.15766 0.12724 0.22040 0.29183 0.12740
SrE 0.92822 0.78031 0.91635 0.78014 0.90559 0.92164
MPSD 2.25091 1.69233 2.21208 1.83705 1.36401 2.22936
ERRSQ 0.04857 0.07457 0.04882 0.14572 0.25550 0.04857
SNE 4.41014 4.03586 4.36127 4.74517 5.58157 4.38271
Table 12
The optimum error deviation sets obtained from different isotherms by non-linear regression

Isotherm
Error function Langmuir Freundlich Temkin Sips R-P Toth Khan
R? 0.99998 0.99204 0.83756 0.99999 0.99999 0.99999 0.99999
Ia 0.00540 1.43619 21.1231 0.00523 0.00497 0.00506 0.00467
RMSE 0.20481 4.32126 21.3793 0.21411 0.17521 0.18163 0.15766
SrE 0.85516 12.8618 42.4279 0.82889 0.81654 0.82571 0.78031
MPSD 1.17521 18.7271 57.7230 1.42943 1.66120 1.63886 1.69233
ERRSQ 0.12584 56.0199 1371.23 0.13753 0.09209 0.09897 0.07457
SNE 1.05043 1.93059 5.83756 1.05466 1.05652 1.05666 1.05535
capacity (monolayer capacity sorption), gm, is in the current work, demonstrating that lgram of

202.061 mg g~

3.4. Adsorption capacity

Along with sorbent cost and reusability, adsorption
capacity is one of the main comparison factors for
sorption capability. Under similar conditions, the
highest adsorption capacity characterizes the best sor-
bent for a particular process. The adsorption capacity
is calculated based on Eq. (1). Thus, g. is strongly
dependent on the Cy, V, and m variables. Hence, com-
parisons of sorbents” ability to adsorb Hg(II) based on
ge must be done under similar conditions. The capaci-
ties of different sorbents for the sorption of Hg(Il), as
reported in some of the latest studies, are listed in
Table 13.

As can be observed, Hg(Il) initial concentration
ranges and V/m ratios are not the same for different
studies. The highest value of V/m ratio was employed

ZnCl,-MCM-41 sorbent treats a larger volume of Hg
(I) solution than 1 gram of all other sorbents. The
V/m ratio of sorbents listed in Table 13 varies from
0.0045 to 3.0. According to Eq. (1), a greater V/m ratio
leads to a greater g.. Conversely, a lower V/m ratio
translates into higher sorbent mass (m) used for the
treatment of a specific volume of Hg(Il) solution. This
greater mass leads to more accessible sorption sites
and a larger surface area, which finally leads to a
greater driving force and higher adsorption. In addi-
tion, the initial metal concentration range has a signifi-
cant role in the determination of g.. Increasing the
initial concentration enhances the mass transfer driv-
ing force (concentration gradient), and thus increases
ge. Compared to the literature, the lowest initial Hg(II)
concentration was used in our study. Another
important point is the number of accessible active sites
on the surface of the adsorbent. Hence, the compar-
ison of sorbents based on maximum adsorption
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Table 13

Hg(II) adsorption capacities of various sorbents

Adsorbent Corange (mgL™) L(@Lg™ ge (Mg g™  qm(mgg ") Refs.
Hybrid mesoporous aluminosilicate = 2-14 0.010/0.01/ =1.0 14 21 [22]
Dithiocarbamate-MCM-41 100-300 0.010/0.05=0.2 - 40 [23]
3-Aminopropyl-MCM-41 ~4-400 0.5 120 125 [24]
Amino-MCM-41 100-800 0.005/0.01 =0.50 400 140 [2]
2-Mercaptothiazoline-MCM-41 1.7-2,870 0.030/0.2=0.15 120 141 [25]
Thiol-functionalized-MCM-41 100400 0.05/0.11 = 0.0045 155 164 [26]
1-Allyl-3-propylthiourea-MCM-41 36-3,600 0.010/0.05=0.2 - 300 [27]
Mercaptopropyl-MCM-41 104,011 0.020/0.02=1.0 4,011 750 [28]
ZnCl,-MCM-41 2-50 0.030/0.01 = 3.0 150 202 (This work)

capacity can be considered if all of the accessible
active sites of the sorbent are occupied by Hg(Il) spe-
cies. Finally, the results show that ZnCl,-MCM-41 has
a notably high monolayer adsorption capacity for Hg
(I) removal from aqueous solutions compared to
other works in the literature.

3.5. SEM analysis

SEM micrographs for MCM-41 and ZnCl,-MCM-
41 are shown in Fig. 2. Scanning electron microscopy
(SEM) (KYKY-EM3200 Digital Scanning Electron
Microscope) was used to determine the particle mor-
phology and the particle size distribution of the syn-
thesized material. The particle size of both samples
varied between 80 and 200 nm, with average sizes of
150 + 20 nm (MCM-41) and 160 + 20 nm (ZnCl,-MCM-
41). It was clearly visible that most particles were
almost perfectly spherical, although some agglomer-
ates were observed. No clear ZnCl, aggregates were
observed, indicating that ZnCl, was penetrated into
the pores of MCM-41. Thus, the effective dispersion of

e, WY
vain.

25KV 15.0KX 1um KYKY-EM3200

Fig. 2. SEM images of (A) MCM-41 and (B) ZnCl,-MCM-41.

ZnCl, onto the spherical MCM-41 material with very
high surface area was achieved.

3.6. Effect of sorbent dosage

The effect of sorbent dosage on the amount of mer-
cury adsorbed at equilibrium is shown in Fig. 3. The
sorption of mercury by ZnCl,-MCM-41 was studied
by changing the quantity of sorbent in the test solu-
tion, while maintaining other operating conditions
constant. The amount of Hg(Il) adsorbed at equilib-
rium decreased from 8.76 to 1.19 mg g~ ' when sorbent
dosage was increased from 0.005 to 0.05 g in 30 mL of
the solution. The increase in sorbent dosage at con-
stant concentration of Hg(Il) and solution volume
increases the number of unsaturated sorption sites. At
higher doses of ZnCl,-MCM-41, there is a superficial
sorption of metal ions onto the surface of the adsor-
bent, which lowers the metal concentration in the
solution. Therefore, the decrease in the amount of
sorbed mercury with increasing sorbent dosage is due
to the split in the flux, or the concentration gradient

25KV 150 KX 1um KYKY-EM3200
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Fig. 3. Effect of adsorbent dosage on the adsorption of Hg
(I) onto ZnCl,-MCM-41 (conditions: pH 10, Cy=2mg
L', T = 20°C, stirring speed = 300 rpm).

between mercury concentrations in the solution and
on the sorbent surface. Additionally, this decrease
may be attributed to overlapping or aggregation of
sorption sites, resulting in the decrease in total avail-
able sorbent surface area for metal ions and an
increase in diffusion path length [9,29]. Alternatively,
an increase in the ZnCl,-MCM-41 dosage increased
the percentage of metal removal from aqueous solu-
tion from 73 to 99%. This is mainly attributed to the
increase in sorbent surface area and the availability of
more sorption sites resulting from the increased
dosage of the sorbent [29].

3.7. Influence of ionic strength

Generally, natural waters and wastewaters have
different ion concentrations, depending on the water
source. The presence of ions at different concentra-
tions may affect the adsorption efficiency of the adsor-
bents. In this study, the effect of ionic strength on Hg

13
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Fig. 4. Effect of ionic strength on the extraction of Hg(Il)
ions by ZnCl,-MCM-41 (conditions: pH 10, Cy =5 mg L7,
T =20°C, stirring speed = 300 rpm).
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(II) ion adsorption was investigated by adding NaNO;
ions (Fig. 4). The influence of ionic strength on the
sorption of Hg(l) by ZnCl,-MCM-41 was studied
with a constant initial concentration of 5mg L™, sor-
bent mass of 0.01 g, solution volume of 25 mL, pH
value of 10, and temperature of 20°C. The ionic
strength of the mercury solution was altered by differ-
ent doses of NaNOj; (0.01-0.1 M). As expected, the
amount of Hg(Il) adsorbed decreased as the ionic
strength increased, due to the involvement of electro-
static attraction between the adsorbent and adsorbate.
An increase in ionic strength resulted in a slight
decrease in extraction efficiency. The amount sorbed
at equilibrium decreased from 12.6 to 9 mg g ' as the
salt concentration increased from 0.01 to 0.1 M, and
reached an approximately constant value at concentra-
tions above 0.1 M. This behavior could be attributed
to the competition between Hg(Il) ions and Na®*
cations for the available sorption sites [30].

3.8. Adsorption by other metal salts

In order to compare ZnCl,-MCM-41's adsorption
selectivity and capacity for Hg(Il) ions, other metal
salts, including MgCl,, CuCl,, and CaCl,, were used
for treating the surface of MCM-41. For this purpose,
the method of solvent dispersion in toluene was uti-
lized; this is the same method that was used for add-
ing ZnCl, on the surface of MCM-41. A ratio of
4 mmol metal salt to 1 g MCM-41 was selected, similar
to our previous study [8]. The physicochemical
properties of calcined MgCl,-MCM-41, CaCl,-MCM-
41, and CuCl,-MCM-41 are listed in Table 14. Fig. 5
shows the adsorption isotherms for MgCl,-MCM-41,
CaCl,-MCM-41, CuCl,-MCM-41, and ZnCl,-MCM-41,
which were obtained by stirring (300 rpm) 30 ml of
Hg(II) solution at initial concentrations of 2, 5, 10, 20,
and 50 mg L™" at 20°C and a pH of 6 for 2 h in pres-
ence of 0.01 g of sorbent. The Langmuir and Fre-
undlich isotherm parameters of these samples are
listed in Table 15. According to the R* values, the
Langmuir isotherm showed a better fit to the experi-
mental data compared to the Freundlich model for
MgCl,-MCM-41, CuCl,-MCM-41, and ZnCl,-MCM-41
sorbents. Hence, the surface of these sorbents was
inferred to be homogeneous, and the adsorption of Hg
(I) species was determined to be monolayer. How-
ever, the R? value of the Freundlich isotherm was
greater than that of the Langmuir isotherm for
CaCl,-MCM-41, which implies that the surface of
CaCl,-MCM-41 was heterogeneous and the adsorption
of Hg(Il) species was not monolayer. The results show
that ZnCl,-MCM-41 has a greater Hg(Il) adsorption
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Table 14
Physicochemical properties of MgCl,-MCM-41, CuCl,-MCM-41, and CaCl,-MCM-41
Samples Sper (m* g ™) Vp (em® g™ dgjr (nm) davg (nm)
MgCl,-MCM-41 650 0.39 2.29 2.33
CuCl,-MCM-41 584 0.43 2.33 2.57
CaCl,-MCM-41 620 0.48 2.51 2.88
(A) (B) (C)
50 5 06
10 ] () . @ . (a) e
| s i v 04
= gg g ; o E‘:: &
— Langmuir 21 & Q02 4e*
e — Freundlich 1
0 T T T T 0 T 0 1
0 10 20 30 40 1 0 1 2 3 4 0 10 20 30 40
80 5 1 o) .
b b
60 1(b) —® @g & . * o g'g
& 40 g — SO
Langmuir =2 o < 04 o’
20 - p—
— Freundlich 1 02 {*
0 T T 0 T L T T 0 T T T T
0 10 20 30 40 -1 0 1 2 3 4 0 10 20 30 40
60 5 0.8
o s { R 0s ] © b
40 4 °3 e o 7 ]
& g, a® ~ 04 i
20 1 — Langmuir I P 02 lo®"
— Freundich & ' r
D T Ll T 0 T T T T 0 T T T L}
0 10 20 30 40 2 0 1 2 3 4 0 10 20 30 40
120 @ 5 ~ 0.25 O
- 58 4 {(d) e 02 {(d
. o ] g3{ .* S015{ e
& =2 .. R
30 — Langmuir 1 1® 0.05 |
— Freundlich '
0 T T 0 T 0
Q. .9 .10 45 20 .2 ool o i £ 0,510 15 2 2
Cs InC, Ce

Fig. 5. Adsorption isotherms for: (A) linearized Freundlich, (B) linearized Langmuir, (C) for (a) MgCl,-MCM-41, (b)
CaCl,-MCM-41, (c¢) CuCl,-MCM-41, and (d) ZnCl,-MCM-41.

capacity than MgCl,-MCM-41, CuCl,-MCM-41, and mechanisms, and to clarify the feasibility of recovering
CaCl,-MCM-41. sorbent and metal ions [31]. The recovery amounts for
ZnCl,-MCM-41 at different initial concentrations of
Hg(II) ions are listed in Table 16. Based on the results,
at all initial Hg(II) concentrations, removal percentages

The desorption of Hg(II) species from ZnCl- of Hg(I) species were more than 75%. These results
MCM-41 using 0.1 M HNOj; solution was studied in indicate that the removal of Hg(Il) from water by
order to provide a better perception of the adsorption ZnCl,-MCM-41 mainly took place through affinity

3.9. Desorption studies
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The Freundlich and Langmuir isotherms parameters for Hg(II) sorption onto MgCl,-MCM-41, CuCl,-MCM-41, CaCl,—

MCM-41, and ZnCl,-MCM-41

Freundlich isotherm parameters

Langmuir isotherm parameters

Adsorbent Kg 1/n R? Im (mg g ") b (L mg ") R?

MgCl,-MCM-41 7.26 0.5013 0.9791 49.89 0.1236 0.9812
CaCl,-MCM-41 6.13 0.6956 0.9907 86.21 0.0684 0.9893
CuCl,-MCM-41 5.70 0.6403 0.9744 60.61 0.0919 0.9991
ZnCl,-MCM-41 9.30 0.7798 0.9831 156.25 0.0630 0.9937

Table 16
Desorption of Hg(I) from ZnCl,-MCM-41 at different Hg
(I) initial concentrations

Initial Hg(I) concentration (mg L™")  Hg(ID) recovery (%)

2 85
5 83
10 81
20 78
50 76

adsorption. In addition, these results strongly suggest
that ZnCl,-MCM-41 is a suitable and reusable sorbent
for Hg(I) removal from aqueous solutions.

4. Conclusion

This study successfully exhibited the adsorption of
Hg(Il) species by the novel and inorganic sorbent
ZnCl,-MCM-41. The equilibrium data were analyzed
by the Langmuir, Freundlich, Temkin, R-P, Sips, Toth,
and Khan isotherms, using linear and non-linear
regression methods. In the linear method, the highest
value for the coefficient of determination (R?) specified
the best-fitting isotherm, which was obtained by the
Langmuir-1 model. On the other hand, for the non-
linear method, the best-fitting model was evaluated
using seven different error functions. The examination
of all these error estimation methods showed that the
Langmuir model provides the best fit for the experi-
mental equilibrium data (i.e. the highest R? value and
the lowest values for y>, RMSE, ARE, Sgg, MPSD, and
ERRSQ). These results indicated that it is not appro-
priate to use the coefficient of determination of the lin-
ear regression method to compare the isotherm
models. In addition, it was observed that the non-lin-
ear method is a better way to obtain the isotherm
parameters. The monolayer adsorption capacity of
ZnCl,-MCM-41 based on the Langmuir isotherm was
found to be 202.06 mg g ' at 20°C. The SEM images

confirmed that MCM-41 and ZnCl,-MCM-41 particles
have a spherical shape. Moreover, it was found that
increasing the sorbent dosage (while other operating
conditions are held constant) leads to an increase in
Hg(II) removal efficiency and a decrease in adsorption
capacity. In order to compare the Hg(Il) adsorption
onto MCM-41, three other metal salts, including
MgCl,, CaCl,, and CuCl,, were used to modify MCM-
41 in a process similar to that used for ZnCl,. Adsorp-
tion results show that ZnCl,-MCM-41 has the greatest
adsorption capacity among all the studied sorbents.
Finally, through the use of 0.1 M HNO; solution as
desorbent, a minimum 75% recovery of Hg(ll) and
regeneration of ZnCl,-MCM-41 sorbent was achieved.

Nomenclature

e — equilibrium sorption amount (mg g™ ")

Ce — equilibrium concentration (mg LY

Gm — maximum adsorption capacity (mg g~ ")

Ky, — Langmuir constant (L mg™")

Kg — Freundlich constant (an indication of the
adsorption capacity) (mg'~ /" L'/" g™1)

n — constant (an indication of favorability of
the sorbent)

R — universal gas constant (J mol ' K™)

T — temperature (K)

B — Temkin isotherm constant related to heat
of sorption (J mol™)

Kt — Temkin isotherm equilibrium binding
constant (L g™")

Ks — Sips constant related to energy of
adsorption (L' mg™'/")

Kgp — Redlich-Peterson isotherm constant (L g_l)

agp — Redlich-Peterson isotherm constant
(¥ mg™)

s — Redlich-Peterson exponent which lies
between 0 and 1

Kro — Toth model constant (mg" L")

u — Toth model exponent which lies between 0
and 1

bk — Khan model constants (L mg ")
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¥ — Khan model exponent which lies between
Oand 1

Co — initial metal concentrations (mg L™")

Vv — volume of the solution (L)

M — dry mass of the employed sorbent (g)
Je,calc — calculated adsorbate concentration at
equilibrium (mg g™")

Je,meas — measured adsorbate concentration at
equilibrium (mg g™")

Je cale — average of calculated adsorbate
concentration at equilibrium (mg g ™)

p — number of parameter

n (in Table 2)

— number of data points
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