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ABSTRACT: Five kinds of silica-gel adsorbents with functional groups of hydroxyl- or amino-terminated polyamines (SiO,-EA,
SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA), whose structures of functional groups were characterized according to the
results of elemental analysis, were chosen to investigate the adsorption kinetics and isotherms toward Ag(I) and Hg(1I). The results
of the kinetics adsorption showed that all of the adsorption processes followed a pseudo-second-order model, suggesting that the five
adsorbents can be applied in Ag(I) and Hg(II) removal from lower concentration solutions. Film diffusion might dominate in the
adsorption process of Ag(I) and Hg(II) onto the five adsorbents. The linear and nonlinear Langmuir, Freundlich, and
Redlich—Peterson models were employed to fit the isothermal adsorptions. The results revealed that all the above-mentioned
isotherm models can be used to predict the experimental data. The relationship between the structure of functional groups and the

adsorption mechanism is also discussed.

1. INTRODUCTION

With increasing industrialization, a large number of toxic
metals have entered the environment with the discharge of
industrial wastewater. Treatment of contaminated water drai-
nage is a critical environmental issue due to the potential for
heavy metals to enter drinking water resources. Furthermore,
even low levels of heavy metals can be concentrated to dangerous
levels through the natural process of bioaccumulation.

Silver in wastewater can be accumulated in organisms
(including humans) through the food chain and cause numerous
diseases and disorders. Moreover, as a raw material, silver was
widely used in industries due to its excellent malleability,
ductility, electrical and thermal conductivity, photosensitivity,
and antimicrobial properties. Therefore, removal and separation
of silver from wastewater discharged from industries is important
because of the toxicity of silver to living organisms."

Mercury-containing wastewater is generated from metallurgi-
cal, metal finishing, and chemical manufacturing industries.
Mercury can exist in aqueous solutions in various forms, but
the main species is Hg(II),” which can easily bind to organic and
inorganic matter in aqueous solution and pose a significant threat
to aquatic life and render natural water unsuitable for public
use.”* So, treatment of the resulting Hg(II)-laden water drainage
is also a critical environmental issue.

Various methods such as adsorption, solvent extraction, and
polymeric membranes have been proposed to remove heavy
metals from the environment.>® Each of these methods has
some merits and limitations in practice. Chelating adsorption has
proved to be one of the most promising methods among the
above-mentioned methods. Chelating adsorbents are generally
efficient in the removal and recovery of heavy metal ions because
of their physical and chemical stabilities.” As a low-cost inorganic
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polymer material, silica gel serves as a potentially useful candidate
for producing adsorbents due to its particular structure and
unique characteristics of no swelling, good mechanical stability,
and rapid kinetics.'® In addition, the unique large surface area,
well-defined pore size and pore shape, and well-modified surface
properties have generated considerable interest in the fabrication
of many novel silica-gel-based adsorbents.''~'*

Among the silica-gel-based chelating adsorbents, the nitrogen-
type chelating resins using nitrogen atoms as ligating atoms have
excellent adsorption properties for heavy-metal ions.">~ 7 Especially
the chelating adsorbents containing multi-amino-typed functional
groups are capable of coordinating to heavy metal ions to form
multidentate chelates owing to a great deal of amino groups existing
in the molecules, together with their fine hydrophilicity.”® >

Recently, we synthesized five novel adsorbents, SiO,-EA,
SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA, by sup-
porting polyamines such as ethanolamine (EA), diethanolamine
(DEA), ethylenediamine (EDA), diethylenetriamine (DETA),
and triethylenetetramine (TETA), respectively, on the surface of
silica gel through amido bonds.”* Moreover, we investigated the
adsorption of these adsorbents for Au(IIl) in aqueous solution.

In the present paper, the kinetics and isotherms of the five
adsorbents for Ag(I) and Hg(II) adsorption were investigated in
order to understand the relationship between the structure and
adsorption efficiency and to expand the application of these
adsorbents in removal of metals from wastewater. Furthermore,
the effects of terminal groups on the adsorption mechanisms were
also discussed by comparing the kinetics and isotherm parameters.
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2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Adsorbents SiO,-EA, SiO,-
DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA were prepared
according to the method described in our previous work.”* The
synthetic routes are illustrated in Scheme 1.

The elemental analysis data are listed in Table 1. The BET surface
area was found to be (192.65, 156.50, 147.37, 127.60, and 114.91)
m’/g, and the BJH desorption average pore diameter was (6.18,
6.20, 5.69, 542, and 5.16) nm for SiO,-EA, SiO,-DEA, SiO,-EDA,
SiO,-DETA, and SiO,-TETA, respectively. A solution of 0.002
mmol L™ " of Ag(I) was prepared using analytical grade AgNO;. A
0.002 mmol L™ solution of Hg(II) was prepared by dissolving a
desired amount of analytical grade Hg(NO;),-H,O in 0.6 %
HNO:;. The initial pH of the solution was adjusted to 4.0 according
to our previous work.*> All other solutions were diluted from these
stock solutions. The concentration before and after adsorption of
the metal ions was determined using a 932B-model atomic adsorp-
tion spectrophotometer (AAS, GBC, Australia), equipped with an
air—acetylene flame.

2.2. Adsorption Kinetics. A batchwise process was employed
in the adsorption of Ag(I) and Hg(II) on the five silica-gel
adsorbents from aqueous solution. The adsorption procedure can
be described as follows: a definite amount of the silica-gel adsorbents
was added into several 100 mL Erlenmeyer flasks, each containing
20 mL of a metal ion solution. The flasks were then shaken at 25 °C
for a predetermined time. After the prescribed contact time, the solid
adsorbents were filtered off, and the metal ion concentrations in the
solutions were determined via AAS.

Scheme 1. Synthetic Routes of Hydroxyl- and Amino-Ter-
minated Polyamine Grafted Silica Gel

i APTS _ . MA :
Silica-gel Toluene SiO;-APTS “mothanal™ Si0,-MA

lEA lDEA lEDA lDETA lTET A

SiO;-EA S$i02-DEA Si0,-EDA Si0-DETA  SiO,-TETA

APTS=Aminopropyltrimethoxysilane; MA=Metyl acrylate; EA=Ethanolamine
DEA=Diethanolamine; EDA=Ethylenediamine; DETA=Diethylenetriamine;
TETE=Triethlyenetetramine

2.3. Adsorption Isotherms. Complete adsorption equilibri-
um was obtained by soaking 40 mg of the dry silica-gel adsorbent
in a series of Erlenmeyer flasks containing 20 mL of a metal ion
solution for 20 h at 25 °C. The solid adsorbents were filtered off
and the metal ion concentrations in the solutions determined via
AAS. The amount of metal ions adsorbed at equilibrium g, which
represents the metal ion uptake, was calculated according to eq 1:

(G —QV
9= (1)
where g is the adsorption amount (mmol g~ "), Co and C are the
initial and final concentrations of metal ions in aqueous solution,
respectively (mmol L"), V is the volume (L), and W is the
weight of the adsorbent (g).

2.4. Primary Desorption. Primary desorption experiments
were carried out as follows: after adsorption, the metal ion loaded
adsorbents were separated and slightly washed with distilled
water to remove unadsorbed metal ions on the surface of the
adsorbents. Then, they were stirred with 20 mL of 5 % thiourea/
0.5 mol L™" HNO; for 20 h. Concentrations of metal ions in
aqueous solutions were analyzed as before. The desorption ratio
of the metal ion was then calculated as the ratio of the amount of
desorbed metal ion to the amount of initially adsorbed metal ion.

3. RESULTS AND DISCUSSION

3.1. Structure Analysis. The species and content of functional
groups of an adsorbent is an important factor affecting its
adsorption properties and adsorption mechanism. In previous
work, the physical properties of the five adsorbents were
characterized.” In this paper, the structures and content of the
functional groups of the five adsorbents were analyzed according
to elemental analysis data. Theoretically, in the coupling reaction
of y-aminopropyltrimethoxysilane (APTS) with silica gel, the
three methoxy groups of APTS can react with one, two, or three
silanol groups on the surface of the silica gel to obtain SiO,-APTS

Scheme 2. Possible Structures of Si0,-APTS

o.
)l“SiC_\Ht,NHg
o

m

OCH; OCH;

Ny
gl
SiC3HgNHA
0/
1}

Table 1. Elemental Analysis Data and Functionalization Degrees of Silica Gels

C N
samples (%) (%) C/N*
SiO,-APTS 10.21 2.79 4.27
Si0,-MA 13.71 2.38 6.72
SiO,-EA 13.50 342 4.61
SiO,-DEA 12.08 3.09 4.56
SiO,-EDA 13.33 4.75 3.28
SiO,-DETA 15.26 5.50 3.24
SiO,-TETA 16.36 5.81 3.28

functional groups content theoretical functional groups content

(mmol gfl)h (mmol g *)°

1.99

2.03

0.80 1.92
0.60 1.77
0.89 1.92
0.82 1.77
0.70 1.65

“C/N =mmol- g71 C/mmol g*1 N. " Functional group means NH,, CO,CHj;, EA, DEA, EDA, DETA, and TETA for SiO,-APTS, SiO,-MA, SiO,-EA,
SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA, respectively. “ Theoretical functional group content = theoretical values of millimoles of ligand per
gram of functionalized silica gel, which are calculated according to the —CO,CHj; content in SiO,-MA.
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Table 2. Bt Versus Time Linear Equations and Coeflicients

R2
coefficient of
metal ions  adsorbents linear equation determination, R*
Ag(I) Si0,-EA Bt = 0.51448¢ — 0.01321 0.9910
SiO,-DEA Bt = 0.37043t + 0.04262 0.9990
Si0,-EDA Bt =0.38162t + 0.11322 0.9888
SiO,-DETA Bt =0.30978¢ + 0.02031 0.9839
SiO,-TETA Bt = 0.28136t — 0.04405 0.9845
Hg(H) SiO,-EDA Bt = 0.67553t 4 0.15107 0.9957
SiO,-DETA Bt = 0.62470t — 0.01250 0.9232
SiO,-TETA Bt =0.73094t + 0.11886 0.9093
Scheme 3. Possible Structures of SiO,-MA
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Scheme 4. Possible Structures of SiO,-EDA, SiO,-DETA,
and SiO,-TETA
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with three kinds of structures, which is illustrated in Scheme 2.
According to the 4.27:1 molar ratio of C/N shown in Table 2, it
can be presumed that II was the dominant structure of SiO,-
APTS. Compared with the two possible structures of SiO,-MA in
Scheme 3, it was easy to find that the molar ratio 6.72:1 of C/N of
SiO,-MA (methyl acrylate) was nearer to the 8:1 of IV than to
the 12:1 of V, implying that IV was the dominant structure in
Si0,-MA. The molar ratio of —CO,CHj in SiO,-MA (2.03) to
—NH, in SiO,-APTS (1.99) being approximately 1.02 could
corroborate that IV was the dominant structure in SiO,-MA.
After the amidation reaction of SiO,-MA with the polyamines,
the structures of modified silica gel became complicated due to
multiple reactive sites in the molecular structure of the poly-
amines. According to the same method, the content of functional
groups of SiO»-EDA, SiO,-DETA, and SiO,-TETA could be
calculated to be (0.89, 0.82, and 0.70) mmol-g ™", respectively,
which are much lower than their corresponding theoretical
values of (1.92, 1.77, and 1.65) mmol°g_1. In other words, their
measured contents of functional groups were only 1/2.23, 1/
1.98, and 1/2.37, respectively, of their theoretical ones. Con-
sidering that the ester groups were confirmed by FTIR to be
converted completely,” it was reasonable to conclude that a lot
of cross-linking exists in the molecular structures of SiO,-EDA,
SiO,-DETA, and SiO,-TETA due to the reaction of one molecule
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Figure 1. Adsorption kinetics of Ag(I) and Hg(II) onto adsorbents M,
SiO,-EA; @, SiO,-DEA(); A, SiO,-EDA(); ¥, SiO,-DETA; and O,
SiO,-TETA. Adsorption conditions: weights of adsorbents were 80 and
100 mg for Ag(I) and Hg(II), respectively.

of polyamine with more than one ester group. The cross-linking
and chain functional groups in SiO,-EDA, SiO,-DETA, and
SiO,-TETA are illustrated as VI and VII in Scheme 4.

3.2. Adsorption Kinetics. Adsorption kinetics are one im-
portant characteristic that defines the efficiency of adsorption. In
the present study, the kinetics of Ag(I) and Hg(II) removal were
determined to understand the adsorption behaviors of adsor-
bents with functional groups of hydroxyl-terminated (SiO,-EA
and SiO,-DEA) and amino-terminated (SiO,-EDA, SiO,-
DETA, and SiO,-TETA) polyamines, respectively. The effect
of contact time at optimum pH and room temperatures (25 °C)
is shown in Figure 1. As the kinetic curves in Figure 1 showed,
SiO,-EA, SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA
exhibited different adsorption characteristics for Ag(I) and Hg-
(II). For Ag(I), the adsorption was rapid for the first 2 h and then
slowed considerably. It required about (8 to 9) h to reach
adsorption equilibrium. For Hg(II), the five adsorbents exhibited
faster adsorption than for Ag(I). They achieved equilibrium
within 6 h. It is noteworthy that Hg(II) adsorption onto SiO,-
EA and SiO,-DEA needed only 1 h to reach the equilibrium.
Hence, in the present study, we used a 20 h contact time for
further experiments in order to ensure complete adsorption.

Following Boyd et al.”® and Reichenberg,26 the adsorption
procedure of adsorbents for metal ions was considered to take
place through two mechanisms of film diffusion and particle
diffusion. Film diffusion was rate controlling when the absorbent
was exposed to a low metal ion concentration, and particle
diffusion might be rate controlling at a high metal ion concentra-
tion. The kinetic data in Figure 1 were analyzed using the
procedure given by Reichenberg® and Helfferich.>” The follow-
ing equations were used:

P —Djt*n® @)
- JTanan 1’%
or
6 &1 N
F = 1_?,,;1 ;exp[—n Bt] (3)

where F is the fractional attainment of equilibrium at time ¢ and is
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Figure 2. Bt vs time plots of Ag(I) and Hg(II) onto adsorbents. M,
Si0,-EA; @, SiO,-DEA; 4, SiO,-EDA; V¥, SiO,-DETA; and O, SiO-
TETA.

obtained by the expression:

=2 (4)
9.

where ¢, is the amount of metal ions taken up at time ¢ and g, is
the amount of metal ion adsorbed at equilibrium and
ﬂzDi

3

B:

= time constant (5)

where D; is the effective diffusion coeflicient of an ion in the
adsorbent phase; ry is the radius of the adsorbent particle,
assumed to be spherical; and n is an integer that defines the
infinite series solution.

Values of Bt were obtained from correspondmg values of F. Bt
values for each F are given by Reichenberg,*® and the results are
plotted in Figure 2.

The linearity of this plot is employed to distinguish between
external-transport- (film diffusion) and intraparticle-transport-
controlled rates of adsorption.”® A straight line passing through
the origin is indicative of adsorption processes governed by
particle-diffusion mechanisms; otherwise, they might be gov-
erned by film diffusion.”

As shown in Figure 2, the lines of the relationship between Bt
and t were linear for Ag(I) adsorption on all of the adsorbents
and approximately linear for Hg(II) adsorption (R* > 0.90). In all
cases studied, all lines of the relationships did not pass through
the origin, suggesting that film diffusion, rather than the particle
diffusion, is the rate-limiting adsorption process of SiO,-EA,
$i0,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA for Ag(I)
and Hg(II). That is, the five adsorbents can be used in solution
adsorption with low metal ion concentrations. The linear equa-
tions and coefficients of determination R” are given in Table 2.

Kinetic models can be helpful in understanding the mechan-
ism of metal adsorption and evaluate the performance of the
adsorbents for metal removal. Several kinetic models have been
developed to describe the kinetics of heavy metal removal.
Among them, the pseudo-first-order kinetic model of Barkat
et al.** and pseudo-second-order kinetic model of Ho et al.>" are
the most typical ones. In this study, the pseudo-first-order and
pseudo-second-order models were used to test the experimental
data and thus elucidate the adsorption kinetic process. The

pseudo-first-order model is expressed as

e =) _ (6)
qe

where k; is the pseudo-first-order rate constant (h™") of adsorp-
tion and g, and g; (mmol gfl) are the amounts of metal ion
adsorbed at equilibrium and time ¢ (h), respectively. The value of
In(q. — q;) was calculated from the experimental results and
plotted against t (h). The experimental and calculated g, values,
pseudo -first-order rate constants, and regression coeflicient
(R,?) values are presented in Table 3.
The pseudo-second-order model can be expressed as

t_ 1 .t )
q  kaq: g

where k, is the pseudo-second—order rate constant of adsorption
(gmmol ™" h™"). The slope and intercept of the linear plot ¢/g, vs
t yielded the values of g, and k,. The regression coefficient (R*)
and several parameters obtained from the pseudo-second-order
kinetic model are also shown in Table 3.

As can be seen from Figure 3 and Table 3, the pseudo-second-
order model fits the data very well and provided better coeffi-
cients of determination than the pseudo-first-order model for the
adsorption of Ag(I) and Hg(II) onto SiO,-EA, SiO,-DEA, SiO,-
EDA, SiO,-DETA, and SiO,-TETA, suggesting that the pseudo-
second-order model was more suitable for describing the adsorp-
tion kinetics of the two metal ions onto the five adsorbents.
Moreover, the calculated g, values from the pseudo-second-
order model were in good agreement with the experimental
values g.(exp).

The pseudo-second-order model assumes that two reactions
are occurring. The first one is fast and reaches equilibrium
quickly, and the second is a slower reaction that can continue
for long txme periods. The reactions can occur either in series or
in parallel.>* The fact that all of the adsorption processes fit the
pseudo-second-order model indicates that the five adsorbents
prepared in this paper can be applied in lower metal concentra-
tion solutions. This is in accordance with the results obtained by
the aforementioned Boyd and Reichenberg equations.

From Table 3, some conclusions can be drawn from the k,
values: (1) For the hydroxyl-terminated adsorbents SiO,-EA and
SiO,-DEA, their rate constants for Ag(I) were obviously higher
than those of their counterpart amino-terminated adsorbents
(the adsorption rates of Hg(II) onto SiO,-EA and SiO,-DEA
were too fast to be shown in Table 3). A possible reason for this is
that the metal-binding capability of adsorbents terminated by
amino groups is stronger than those terminated by hydroxyl
groups. So the initial binding of the metal ion on the surface of
amino-terminated adsorbents effectively blocks access to deeper
sites, which affects the adsorption rate to a certain extent and
prolongs the time to reach adsorption equilibrium. (2) For the
amino-terminated adsorbents SiO,-EDA, SiO,-DETA, and
SiO,-TETA, the order of adsorption rates for Ag(I) ions is
SiO,-EDA > SiO,-DETA > SiO,-TETA. This order is inversely
correlated with the nitrogen content of the adsorbents (section
2.1), meaning that the adsorption rate decreases with an increase
in the length of the polyamine. A similar conclusion can be gained
from the adsorption rates of Hg(II) onto SiO,-EDA and SiO,-
DETA being much higher than onto SiO,-TETA. This fact may
be interpreted as the adsorbent with a longer chain polyamine
having more cross-linking structures, which hinder the functional
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Table 3. Kinetic Parameters for the Adsorption of Ag(I) and Hg(II) onto SiO,-EA, $iO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-

TETA Adsorbents
pseudo-first-order kinetics pseudo-second-order kinetics
qe(exp) ky qe(cal) hy ky ge(cal) hy
metal ions  adsorbents  (mmol g ") (h™) (mmol g—*) (mmolg~'h™") (gmmol"h ") (mmol g~ ) (mmolg~"h™") Ry*
Ag(I) Si0,-EA 0.18 0.59 0.14 0.11 5.33 021 0.18 0.9976
Si0,-DEA 0.26 0.41 0.17 0.10 4.61 0.28 0.31 0.9959
Si0,-EDA 0.33 0.41 0.18 0.14 4.12 0.35 0.45 0.9995
SiO,-DETA 0.32 0.40 0.23 0.13 2.52 0.36 0.26 0.9978
SiO,-TETA 0.31 0.39 0.26 0.12 1.96 0.35 0.18 0.9932
Hg(1I) SiO,-EDA 0.92 0.76 0.54 0.698 2.26 0.99 1.90 0.9998
SiO,-DETA 0.67 0.46 0.33 0.301 2.34 0.73 1.0 0.9972
SiO,-TETA 0.82 1.06 0.71 0.863 143 0.93 0.94 0.9900
60 cross-linking degree of the functional groups on the surface of the

tg,(hg mmol™)
(o] B (42
o o (=]

N
o

.
o

Figure 3. Pseudo-second-order kinetic plots for the adsorption of Ag(I)
and Hg(II) onto adsorbents M, SiO,-EA; @, SiO,-DEA; A, SiO,-EDA;
¥, Si0,-DETA; and O, SiO,-TETA.

atoms coordinating with metal ions. On the other hand, the
decrease in BET surface area and BJH desorption average pore
diameter with an increase in the chain length of polyamine
(section 2.1) makes it difficult for metal ions to diffuse into the
inside of the adsorbents, which may be another reason leading to
the decrease in the adsorption rate.

The initial adsorption rate, h, has been widely used for the
evaluation of adsorption rates. On the basis of the pseudo-first-
order and pseudo-second-order models, the initial adsorption
rates (h;, mmol g~' h™" and hy, mmol g~' h™") of the five
adsorbents for the two metal ions are given in Table 3 according
to egs 8 and 9:*

hl = que (8)

)

Because the adsorption obeys pseudo-second-order kinetics,
the initial adsorption behavior of the metal ions onto the five
adsorbents can be investigated via comparison of the h, values.
As shown in Table 3, the initial adsorption rate, h,, of the three
amino-terminated adsorbents exhibited similar regularities to
those of their adsorption rates; that is, the order of h, is SiO,-
EDA > SiO,-DETA > SiO,-TETA. This fact indicated that the

hy = kg,

198

adsorbents affected not only the diffusion of metal ions into the
inside of adsorbents (adsorption rate) but also the initial
adsorption rate. From Table 3, it is easy to find the role the
terminal groups played in the adsorption process via comparison
of the h, values of Ag(I) adsorption onto SiO,-EA and SiO,-
EDA, which have the most similar structure of functional groups,
except the terminal groups. Obviously, for Ag(I) adsorption, the
h, value of SiO,-EDA was higher than that of SiO,-EA, implying
that the amino group has a stronger capability of capturing Ag(I)
ions than hydroxyl. For the adsorption of Ag(I) onto SiO,-EA
and SiO,-EDA, it should be noted that the rate constant of SiO,-
EA was higher than that of SiO,-EDA, but the initial adsorption
rate of the former was lower. A possible explanation for this is that
abundant amines distributed on the surface of SiO,-EDA cap-
tured Ag(I) quickly and formed complexes in the initial adsorp-
tion, which prevented other Ag(I) from diffusing into the inside
of the pores of the adsorbent, so the rate constant was lower.

A conclusion can be drawn from the analysis above that the
terminal group types and cross-linking structure of the functional
groups have a significant effect on the adsorption rate and initial
rate of metal ions onto the adsorbents.

3.3. Adsorption Isotherms. Adsorption data for a wide range
of adsorbate concentrations are most conveniently described by
adsorption isotherms. Linear regression is frequently used to
determine the best fitting isotherm. However, previously, re-
searchers have shown that, depending on the way isotherm
equations are linearized, the error distribution changes for either
the worse or the better.** Therefore, it is inappropriate to use a
linearization method for estimating equilibrium isotherm para-
meters. In the present study, a comparison of the linear method
and nonlinear method of three isotherms, Langmuir, Freundlich
and Redlich—Peterson, were employed to determine the adsorp-
tion isotherm parameters of Ag(I) and Hg(II) onto SiO,-EA,
$i0,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA. The ad-
sorption isotherms for Ag(I) and Hg(II) are presented in
Figure 4. For the nonlinear method, a trial and error procedure,
which is applicable to computer operation, was developed to
determine the isotherm parameters by maximizing the respective
coefficients of determination between the experimental data and
isotherms using the Origin software.

The Langmuir equation relates the coverage of molecules on a
solid surface to the concentration of a medium above the solid
surface at a fixed temperature. It represents one theoretical
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treatment and suggests that uptake occurs on a homogeneous
surface by monolayer sorption without interaction between
adsorbed molecules. This model can be written as follows:>*

o qtheI<LCe
1+ K .Ce

9e (10)
where g, is the adsorption capacity, mmol g '; C. is the
equilibrium concentration of metal ions, mmol LY Qthe 18
theoretical saturation adsorption capacity, mmol g~ '; and K is
the Langmuir constant that is related to the affinity of binding
sites, L mmol ~ . The linear expression of the Langmuir isotherm
iseq 11:
C. C. 1

— = + (11)

e B qthe qI_<L

Nonlinear regression and graphical methods by plotting C./q. vs
C. were used to evaluate the Langmuir parameters.

The Langmuir model parameters and fits of experimental data
to the above equations are given in Table 4.

g (mmol g™
o o -
(o>} [o+] o
B \
\ I ‘
g (mmol g)
(] o —_
> PSS >
T T T T T v T T
| | O
| | QO
o]
1 1 1 1

04l 04
Ag(l) 1 I Hg(lly
0.2 L L 1 L 1 s 1 02 1 . 1 s 1 ]
0.01 002 003 0.04 0.006 0.012 0.018
C (mmol L") C (mmol L)

Figure 4. Isotherms for the adsorption of Ag(I) and Hg(II) ions onto
adsorbents l, SiO,-EA; @, SiO,-DEA; A, SiO,-EDA; V¥, SiO,-DETA;
and O, SiO,-TETA.

From Table 4, it can be seen that the regression coefficients R?
of the linear and nonlinear Langmuir models are more than 0.93,
suggesting that both the linear and nonlinear Langmuir isotherm
models can be used to describe the adsorption of Ag(I) and
Hg(II) ions onto the adsorbents SiO,-EA, SiO,-DEA, SiO,-
EDA, SiO,-DETA, and SiO,-TETA under the present condi-
tions. According to R?, some conclusions can also be drawn that
from Table 4: (1) The nonlinear Langmuir model is suitable for
describing the isotherm adsorption of Ag(I) onto SiO,-EA, SiO,-
DEA, and SiO,-EDA, and the linear Langmuir form is suitable for
describing the isotherm adsorption of Ag(I) onto SiO,-DETA
and SiO,-TETA. (2) The linear Langmuir model is more suitable
than the nonlinear form for describing the isotherm adsorption
of Hg(II) onto the five adsorbents.

The fact that the adsorption of the Ag(I) and Hg(II) onto
SiO,-EA, SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA
fitted well the Langmuir model indicated that the adsorption of
the two metal ions on the five adsorbents takes place at the
functional groups/binding sites on the surface of the adsorbents
which can be regarded as monolayer adsorption.

The Freundlich isotherm, an empirical equation, is capable of
describing the adsorption of organic and inorganic compounds
on a wide variety of adsorbents. It proposes adsorption with a
heterogeneous energetic distribution of active sites, accompanied
by interactions between adsorbed molecules.*® The Freundlich
model is expressed as

ge = KeC'" (12)

where K is the binding energy constant reflecting the affinity of
the adsorbents to metal ions (mmol' ="/ L ¢~ 1) and n is the
Freundlich exponent related to adsorption intensity. The linear
expression of the Freundlich isotherm is eq 13:

In C,

Inge = In K¢ + (13)

The constants, Kz and n, in the Freundlich isotherm are
determined by linear regression, by plotting In g, vs In C,, as well
as by nonlinear regression. Table 5 shows the linear and nonlinear
Freundlich adsorption isotherm constants, K and #n, and the

Table 4. Isotherm Parameters of the Langmuir Model for the Adsorption of Ag(I) and Hg(II) ions Obtained by Using the Linear

Method and the Nonlinear Method

Langmuir
linear regression nonlinear regression
Jthe Ky, the Ky,
adsorbents metal ion (mmol g~ ") (L mmol ") R I (mmol g™ ") (L mmol ™) R’ Ve
SiO,-EA Ag 1.54 20.70 0.9979 0.0000983 1.52 21.16 0.9996 0.0000963
SiO,-DEA 1.73 19.37 0.9966 0.000159 1.69 20.13 0.9996 0.000150
SiO,-EDA 1.38 35.57 0.9790 0.00234 1.42 33.35 0.9898 0.00228
SiO,-DETA 1.29 161.00 0.9924 0.00720 1.25 186.80 0.9966 0.00593
SiO,-TETA 1.31 110.51 0.9873 0.00707 1.27 122.42 0.9431 0.00624
SiO,-EA Hg 1.18 51.38 0.9350 0.00848 1.24 47.48 0.9429 0.00857
SiO,-DEA 0.67 97.71 0.9965 0.000354 0.67 99.33 0.9964 0.000350
SiO,-EDA 1.24 167.88 0.9882 0.00503 1.25 166.44 0.9706 0.00485
SiO,-DETA 0.82 636.79 0.9983 0.00102 0.81 730.73 0.9629 0.000701
SiO,-TETA 1.67 98.16 0.9473 0.0242 1.60 110.73 0.9467 0.0238
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Table S. Isotherm Parameters of the Freundlich Model for the Adsorption of Ag(I) and Hg(II) Ions Obtained by Using the Linear

Method and the Nonlinear Method

Freundlich
linear regression nonlinear regression
Ky Ky
adsorbents metal ion (mmol'~ (/" L1/ g h) n R? e (mmol!~ (/™ L1/ gl n R* a
SiO,-EA Ag 722 1.31 0.9948 0.00139 6.39 1.46 0.9951 0.00139
SiO,-DEA 8.26 1.36 0.9942 0.00182 7.18 1.44 0.9939 0.00183
Si0,-EDA 5.29 1.73 0.9994 0.000119 542 1.71 0.9995 0.000120
SiO,-DETA 243 4.21 0.9686 0.00218 248 4.13 0.9690 0.00218
SiO,-TETA 295 323 0.9802 0.00207 3.01 3.18 0.9798 0.00206
SiO,-EA Hg 8.12 1.52 0.9622 0.00778 8.12 1.52 0.9518 0.00776
SiO,-DEA 3.68 1.89 0.9792 0.00209 3.17 2.02 0.9791 0.00207
SiO,-EDA 5.74 2.26 0.9677 0.0135 4.67 2.53 0.9706 0.0133
SiO,-DETA 1.39 6.72 0.9931 0.00144 1.39 6.72 0.9925 0.00144
SiO,-TETA 11.19 1.75 0.9980 0.0378 7.89 2.02 0.9966 0.0358
Table 6. Isotherm Parameters of the Redlich—Peterson Model for the Adsorption of Ag(I) and Hg(II) Ions
Redlich—Peterson
A B
adsorbent metal ion (Lg™" (L mmol~ (1~ /2)) g R Ve
SiO,-EA Ag 32.15 21.16 1.0 0.9996 0.0000952
SiO,-DEA 34.04 20.13 1.0 0.9996 0.000151
SiO,-EDA 606.42 115.25 0.44 0.9995 0.000468
SiO,-DETA 21766.98 8831.74 0.76 0.9688 0.00220
SiO,-TETA 8479.98 2846.33 0.69 0.9796 0.00612
SiO,-EA Hg 934.53 117.93 0.36 0.9517 0.00876
SiO,-DEA 66.51 99.33 1.0 0.9964 0.000365
SiO,-EDA 208.72 166.44 1.0 0.9706 0.00484
SiO,-DETA 5327.12 4030.05 0.86 0.9924 0.00158
SiO,-TETA 177.11 110.73 1.0 0.9167 0.00238

regression coefficients, R”. On the basis of the R* values, some
conclusions can be drawn from Table S: (1) Both linear and
nonlinear Freundlich forms can be used to describe the isothermal
adsorption of Ag(I) onto the five adsorbents because the R? values
of the two forms are very close to or more than 0.97. In general,
favorable adsorption tends to have a Freundlich constant n between
1 and 10. A larger value of »n implies stronger interaction between
the adsorbent and metal ion, while n equal to 10 indicates linear
adsorption leading to identical adsorption energies for all sites.>” It
can be seen that the n values in Table 6 are between 1 and 10,
suggesting that all of the adsorption processes for the two metal
ions onto the five adsorbents were favorable. It also can be found
from Table 6 that the n values of amino-terminated adsorbents
toward Ag(I) and Hg(II) were always higher than those of
hydroxyl-terminated ones (except SiO,-TETA toward Hg(II)),
indicating that the amino groups exhibited stronger interactions
than hydroxyl groups with the two kinds of metal ions.

The Redlich—Peterson equation is another empirical expres-
sion involving three parameters, A (L gfl), B(L mmol! ¢ /A)),
and g (0 < g < 1), which is capable of representing adsorption

1988

equilibrium over a wide concentration range.*® A and B are the
Redlich—Peterson isotherm constants, and g is the degree of
heterogeneity. When the coverage is very low, eq 14 becomes
linear and leads to Henry’s Law. For hi§h coverage, eq 14 can be
assimilated to the Freundlich equation, since the ratio A/B and
(1 — g) corresponds to the parameters K¢ and 1/n of the
Freundlich isotherm (eq 13). For g = 1, it can be assimilated to
the Langmuir equation,*® where A/B is numerically equal to the
monolayer capacity (Qp) and B is the adsorption equilibrium
constant.

AC,

T 1rBCE (14

Ge

The experimental data were fitted to the Redlich—Peterson
equation by applying nonlinear regression analysis. The calcu-
lated isotherm constants are given in Table 7, and showed that
the Redlich—Peterson model gave higher regression coefficients
(>0.95). From Tables 4, 5, and 6, it can be observed that the R*
value for the Redlich—Peterson isotherm was found to be more
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Table 7. The Desorption of Ag(I) and Hg(II) from Adsor-
bents SiO,-EA, SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-
TETA

Ag Hg
adsorbents (%) (%)
SiO,-EA 96.34 99.98
SiO,-DEA 93.61 100
SiO,-EDA 93.11 100
SiO,-DETA 94.35 100
SiO,-TETA 99.90 98.06

or less nearer to the best-fit Langmuir and Freundlich isotherm
equations. In addition, Tables 4 and 6 show that the regression
coefficients of the Redlich—Peterson and Langmuir isotherms
have the same values in some cases and seemed to be the best-
fitting models for the experimental results. Thus, the Langmuir
isotherm is a special case of the Redlich—Peterson isotherm
when the constant g is unity.

Comparing the R* values of the three above-mentioned
isotherm models, it is easy to find that the Langmuir, Freundlich,
and Redlich—Peterson isotherms can be used to describe the
experimental data of Ag(I) and Hg(II) adsorption onto SiO,-EA,
Si0,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA. This fact
shows that the five adsorbents have similar adsorption mechan-
isms to the two metal ions, and all of them are attributed to
monolayer adsorption and chemisorption.*!

In this study, the chi-square test was also used to evaluate the
fit of the isotherms to the experimental equilibrium data. The chi-
square test statistic is basically the sum of the squares of the
differences between the experimental data and data obtained in a
calculation using the models, with each squared difference
divided by the corresponding data obtained by calculating from
models. The equivalent mathematical statement is*>

2 (lep - qthe)2
=Y (15)
Jthe

where gy, is the equilibrium capacity obtained by calculating
from the model (mmol/g) and gey, is experimental data of the
equilibrium capacity (mmol/g). If data from the model are
similar to the experimental data, XZ will be a small number; if
they are different, 5 will be a large number.

The chi-square statistic, XZ, was obtained and is shown in
Tables 4, S, and 6. All of the values of xz are relatively small
(<0.1). In the chi-square analysis of Ag(I), the 5> of the nonlinear
Langmuir isotherms exhibited lower values than those of the
linear Langmuir model. The Redlich—Peterson isotherms ex-
hibited lower %” values than the Langmuir and the Frendlich
isotherms, which was considered to be a better fit compared to
Langmuir and the Frendlich. But regarding Hg(II), %> of the
Frendlich isotherms whose constants were obtained from the
linear forms and the nonlinear forms were almost identical.
Meanwhile, Frendlich isotherms have higher 5> values than the
Langmuir and the Redlich—Peterson isotherms. Therefore,
drawing conclusions from the chi-square statistic, the Red-
lich—Peterson isotherm was the best-fitting isotherm for Ag(I)
and the Frendlich isotherm for Hg(II).

3.4. Primary Desorption. According to our previous work,™ §
% thiourea in 0.5 mol L' HNO; was chosen as the eluent to be

used in the primary desorption experiment of the adsorbents, and
the results are shown in Table 7. It can be seen that Ag(I) and
Hg (1) loaded on the adsorbents could be easily eluted. Details
related to the regeneration and dynamic adsorption of the
adsorbents will be further investigated in a future article.

4. CONCLUSIONS

The present study focused on the adsorption of Ag(I) and
Hg(Il) onto silica gel with functional groups of hydroxyl- or
amino-terminated polyamine adsorbents SiO,-EA, SiO,-DEA,
SiO,-EDA, SiO,-DETA, and SiO,-TETA, and the following
conclusions were drawn:

(1) The adsorption kinetic processes study indicated that a
pseudo-second-order rate model provided an excellent
fitting for Ag(I) and Hg(II) adsorption onto adsorbents
Si0,-EA, SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-
TETA. Film diffusion might be dominant in the adsorp-
tion process of Ag(I) and Hg(II) onto the five adsorbents.
The species of terminal groups and cross-linking structure
of the functional groups have a significant effect on the
adsorption rate and initial rate of metal ions onto the
adsorbents.

(2) The linear and nonlinear Langmuir, Freundlich, and
Redlich—Peterson isotherm models can be used to fit
the experimental data and to predict the adsorption
equilibrium for Ag(I) and Hg(II) onto SiO,-EA, SiO,-
DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA. The
Redlich—Peterson isotherm was the best-fitting isotherm
for Ag(I) and the Frendlich isotherm for Hg(II). The
Redlich—Peterson model is a special case of the Langmuir
isotherm when the Redlich—Peterson isotherm constant
g is unity.

(3) Ag(I) and Hg(II) loaded on the adsorbents SiO,-EA,
SiO,-DEA, SiO,-EDA, SiO,-DETA, and SiO,-TETA can
be easily regenerated by a 5 % thiourea 0.1 mol L™
HNOj solution.
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