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ABSTRACT

Mesoporous MCM-41 has been modified by incipient wetness impregnation with silver
atoms as a new sorbent for iodide. The Ag-modified mesoporous MCM-41 (Ag-MCM-41)
was characterized using X-ray diffraction, surface area, pore volume and pore size analyzer,
and scanning electron microscopy/energy dispersive spectroscopy techniques, and its sorp-
tion behavior for iodide was studied. The effects of pH, contact time, temperature, initial
concentration of iodide, and competing anions such as chloride and fluoride were investi-
gated by batch method. The sorption capacity was very high in the pH range of 1.0-3.0.
The kinetic analysis revealed that the overall sorption process was fitted with the pseudo-
second-order kinetic model. The experimental sorption isotherm is also successfully
described by Langmuir and Freundlich models. The maximum sorption capacity of iodide
onto Ag-MCM-41 was found to be 238.1 mg g
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1. Introduction

The presence of iodide (I') in source waters can
result in the formation of iodinated disinfection by-
products upon exposure to natural organic matter and
disinfectant, which are often more toxic than their
chlorinated analogues [1-5].

On the other hand, "I is a particularly long-lived
isotope (half-life of 1.57 x 107 years) that must be cap-
tured and reliably stored while it decays, whereas the
I is short-lived isotope (half-life of 8.02 d) but
requires immediate capture because it directly affects
human metabolic processes [6]. As a result of defects
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in fuel elements, radioactive iodine (radioiodine) gets
into the primary circuit coolant during the operating
period in nuclear power plants. Radioiodine may be
present in ionic forms in the primary circuit solution,
I, 107, and I0® as well as in the form of molecular
iodine, I, [7].

Numerous materials, including silver-impregnated
sorbents (e.g. zeolite and alumina), activated carbons,
activated carbon fibers, and anion-exchange resins,
have been evaluated for use in removal of iodide from
the aqueous phase [8,9]. Organic resins have been
applied to remove anionic species from radioactive
wastewaters. However, they are not recommended for
practical application as sorbent because of their
radiolytic decomposition. As an alternative inorganic
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anion-exchange material, have been
proposed [10].

The mesoporous silicate molecular sieves, due to
their high surface area, have found good use as cata-
lyst [11,12] and efficient adsorbent [13-15]. Incorpora-
tion of organic and inorganic modifiers into the
framework of mesoporous molecular sieves makes
them more efficient catalyst for selective oxidation and
as potential sorbent for selective separations.

The mesoporous silicate MCM-41 and its modified
forms have been used because of large specific surface
area, large pore volume and cylindrical pores, with a
uniform pore distribution as new adsorbents in recent
years [16,17]. On the other hand, modification of these
adsorbents by inorganic modifiers unlike organic mod-
ifiers is a rapid, simple, and inexpensive method.

In this paper, mesoporous MCM-41 has been mod-
ified by incipient wetness impregnation with silver
atoms as new sorbent for iodide. The effects of pH,
contact time, temperature, initial concentration of
iodide, and competing anions such as chloride and
fluoride have been investigated by batch method.

hydrotalcites

2. Experimental
2.1. Reagents

In our experiments, all the reagents were analytical
grade and used without further purification. All the
reagents used were purchased from Merck (Darmstadt,
Germany), except cethyltrimethylammonium bromide
(CTAB) which was supplied by Aldrich (Milwaukee,
WI, USA).

2.2. Preparation of silver-modified mesoporous MCM-41

Mesoporous MCM-41 was prepared according to
our published papers previously [18]. After the
preparation of mesoporous MCM-41, monolayer
AgNO3;-MCM-41 was prepared by incipient wetness
impregnating MCM-41 with an appropriate amount of
aqueous solution of silver nitrate (AgNO3). The weight
ratio of silver nitrate to the MCM-41 was 0.60, based
on estimate for monolayer spreading of AgNOs. First,
a 1.2 mol L™ solution of AgNO; was prepared. A
volume of solution equal to the total pore volume of
sample was introduced and mixed with the MCM-41
so that a weight ratio of 0.60 was achieved. Then, the
sample was heated for 12 h at 105°C in air to remove
the water [19].

Finally, the AgNO3;-MCM-41 sample was modified
by treatment with a 10 mol L™ solution of hydrazine
hydrate (solid to solution ratio was 0.05 g mL™"). The
process was performed at room temperature for 1 h.
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The sorbent was separated from the mother liquor by
filtration, washed with water, and dried in air for 24 h
at 100°C. The prepared sample was labeled as
Ag-MCM-41.

2.3. Sorbent characterization

Characterization of the prepared Ag-MCM-41 was
performed by powder X-ray diffraction (XRD), surface
area, pore volume and pore size analyzer, and
scanning electron microscopy/energy dispersive spec-
troscopy (SEM/EDS) techniques. A Philips X'pert pow-
der diffractometer system with Cu-Ka (4 = 1.541 A)
radiation was used for X-ray studies. XRD analysis
was performed from 1.5° to 100° (26) at a scan rate of
0.02° (20) s™'. A Quantachrome NOVA 2200e instru-
ment was used for the determination of the physical
properties such as surface area, pore volume, and pore
size. A Philips XL-30 SEM associated with EDS was
also used for surface morphology studies and chemical
components analysis of the prepared sample. Point of
zero charge was determined by pH drift method
[20,21]. A 0.01 mol L™ KNO5 was used as inert electro-
lyte. The pH of test solutions were adjusted in range
between 2 and 10 using 0.01 mol L™' HNOs; and
0.01 mol L™" KOH. A 0.2 g of the Ag-MCM-41 adsor-
bents were added to 50 mL of test solutions into
stopped glass tubes and equilibrated for 24 h. The final
pH (pHp was measured after 24 h and plotted against
the initial pH (pH;). The pH where the curve intersects
the line pH; = pH¢ was taken as the pHp,.. pH was
measured by Schott CG841 pH-meter (Germany),
which was calibrated before every measure.

2.4. Sorption studies

The sorption studies of the iodide on the Ag-MCM-
41 sorbent were carried out using a batch method [22].
In this procedure, 25 mg of sorbent was dispersed in
25 mL solution with different concentrations of the
iodide ion (88-352 mg L™"). The mixture was shaken at
150 rpm for 0.5-48 h using a water shaker bath at tem-
peratures of 25-65°C. Then the Ag-MCM-41 was
removed by filtration, and the iodide concentration of
the filtrate was measured by inductively coupled
plasma atomic emission spectroscopy. The percent
removal (R, %), the adsorption amount (g, mg g ),
and the distribution coefficient (kg, mL gfl) were calcu-
lated using Egs. (1-3), respectively.
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where C; and C;, are the initial and residual con-
centrations (mg L") of iodide, V is the total volume of
iodide solution (mL), and m is the mass of the sorbent
used (g).

2.4.1. Effect of the solution pH

The effect of the solution pH on the adsorption
behavior was determined at a constant temperature of
25°C for 48 h. In batch experiments, 25 mg of the
Ag-MCM-41 adsorbent was equilibrated with 25 mL
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Fig. 1. XRD pattern of the prepared Ag-MCM-41 sample

before (a) and after (b) iodide sorption.
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of the solution containing 1.2 x 107> mol L™" of iodide
ions at various pH values. The pH was adjusted with
0.01 mol L™ HNO; and 0.01 mol L™ KOH in the pH
range of 1.0-8.0.

2.4.2. Effect of contact time

In a typical kinetic test, 25 mg of the Ag-MCM-41
adsorbent was added to 25 mL of 1.2 x 107 mol L™
iodide solution at pH 2.0. The suspension was agitated
for different periods of time (from 30 min to 48 h)
using a water bath shaker.

2.4.2.1. Kinetic modeling. In order to investigate the
controlling mechanism of adsorption processes such
as mass transfer and chemical reaction, the pseudo-
first-order and pseudo-second-order equations are
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Fig. 2. Nitrogen sorption/desorption isotherms of the
MCM-41 and Ag-MCM-41 samples.
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Table 1
Physical properties of the MCM-41 and Ag-MCM-41

3099

Sample Pore volume (mL g~ ") BET surface area (m?® g ) Pore diameter (nm)
MCM-41 0.46 771.4 2.34
Ag-MCM-41 0.47 697.2 2.88

applied to model the kinetics of iodide adsorption
onto Ag-MCM-41. The pseudo-first-order kinetics and
the pseudo-second-order kinetics are expressed by
Egs. (4) and (5), respectively [22].

k
log (g — 1) = logge — 5ozt @

t_1 Lt
g kage®  ge

()

where g. and g, are the adsorbed metal in mg g ' on
the adsorbent at equilibrium and time f, respectively,
ki is the constant of first-order adsorption in min},
and k, is the rate constant of second-order adsorption

in g mg ™' min".

2.4.3. Effect of temperature

The adsorption of iodide ions on the Ag-MCM-41
adsorbent as a function of temperature was investigated.
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Fig. 3. SEM images and EDX area analysis of the Ag-MCM-41 before (a) and after (b) iodide sorption.

Table 2

Adsorption measurement of iodide on the MCM-41and Ag-MCM-41

Sample Ci (mg L™ Cs (mg L) pH Contact time (h) Percent removal (%)
MCM-41 135 135 6.2 5 0
Ag-MCM-41 135 105.9 6.2 5 21.6
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Fig. 4. Effect of pH on iodide sorption onto Ag-MCM-41.
Conditions: initial concentration of iodide: 1.2 x 10 >mol L,
agitation time: 48 h, and temperature: 25°C.

In batch experiments, 25 mg of the Ag-MCM-41 adsor-
bent was equilibrated with 25 mL of the solution contain-
ing 1.2 x 107> mol L™'of iodide ions at temperatures of
25, 35, 45,55, and 65°C at pH 2.0.

2.4.3.1. Thermodynamic parameters. For evaluating ther-
modynamic criteria, the Gibbs free energy (AG") was
calculated by the following equation [22]:

_AS AR

Ink
=" 7 RT

(6)

where the values of AH®° (change in enthalpy in
J mol™) and AS°® (change in entropy in J mol™' K™
are obtained from slope and intercept of Inkq versus
1/T plots. T is the temperature in K, and R is the uni-
versal gas constant (8.314 ] mol™' K™).

The AG® is the change in Gibbs free energy in
J mol ™, calculated according to the following equation
[22]:

AG® = AH® — TAS° (7)

2.4.4. Adsorption isotherm

In order to determine the relationship between the
amount of iodide ions adsorbed on the adsorbent sur-
face and the concentration of remaining metal ions in
the aqueous phase, the adsorption isotherm studies
were performed. Among various binding models, the
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Fig. 5. Sorption kinetics of iodide onto Ag-MCM-41 (a),
pseudo-first-order and pseudo-second-order linear plot
((b) and (c)). Conditions: initial concentration of iodide:
1.2 x 1072 mol L7}, initial pH: value 2.0, and temperature:
25°C.
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Table 3
Kinetic adsorption parameters obtained using pseudo-first-order and pseudo-second-order models
Pseudo-first-order Pseudo-second-order
ki (min™") ge (mg g™ R? ky (g mg™' min™") e (mg g™ R?
0.001 91.6 0.978 0.00009 125.0 0.954
& 2.4.5. Effect of competing anions
y = 5477 8x + 23.947 ' The effe(j_t of ﬂugrlde e.md chloride anions on the
R, 8 R? = 0 8545 iodide sorption was investigated at a constant concen-
£ tration of iodide. In batch experiments, 25 mg of the
7 - Ag-MCM-41 adsorbent was equilibrated with 25 mL
of the solution containing 1.2 x 107> mol L™" of iodide
6 4 ions with various concentrations of the fluoride and
chloride anions (1 x 107", 5 x 1072, 1 x 107, 5 x 10>,
5 ] 1x107°,5%x107% and 1 x 10 mol L ™).
1 3. Results and discussion
3 . . . . , Fig. 1(a) and (b) are the XRD patterns of the pre-
0.0029 0.003 0.0031  0.0032 00033 0.0034 pared Ag-MCM-41 before and after iodide sorption,
T respectively. The position of the main diffraction

Fig. 6. Plots of Inky vs. 1/T for iodide sorption on
Ag-MCM-41. Conditions: initial concentration of iodide:
1.2 x 102 mol L}, initial pH value: 2.0, agitation time: 48 h.

Langmuir and Freundlich isotherms have been fre-
quently employed to describe the experimental data of
adsorption isotherms. The Langmuir and Freundlich
adsorption isotherms are mathematically expressed as
Egs. (8) and (9), respectively [22].

1 1 1

_1 ®)
qe Jmax kl EImaxCe
Lng. = Lnks + mLnCe, 9

where g. (mg g ') is the amount of analyte bound to
the adsorbent, C. (mg L™") is the equilibrium concen-
tration of the adsorbate in solution, gmax is the maxi-
mum adsorption capacity (mg g~ '), and K, K;, and m
are constants for a given adsorbate and adsorbent at a
particular temperature.

Table 4

peaks of the Ag-MCM-41 such as 111, 200, 220, and
311 corresponds well to these of silver nanoparticles
[23], which is consistent with the presence of
silver nanoparticles onto mesoporous MCM-41. The
low-angle XRD pattern of the prepared Ag-MCM-41
sample also shows a strong diffraction at 20 smaller
than 3° along with two small peaks that confirm the
presence of mesoporous MCM-41 in the prepared
sample [24,25]. The positions of the diffraction peaks
of the Ag-MCM-41 after iodide adsorption, for exam-
ple, 23.8°, 25.4°, 39.3°, and 46.3°, matched well with
standard JCPDS card No. (00-001-0502) for Agl, which
conforms the formation of silver iodide onto mesopor-
ous MCM .41 after iodide adsorption.

The nitrogen adsorption/desorption isotherms and
pore size distribution curves of the MCM-41 and
Ag-MCM-41 are shown in Fig. 2(a) and (b), respec-
tively. The nitrogen adsorption/desorption isotherms
show a typical profile of type IV due to the presence
of mesopores in both samples [24,25]. Table 1 shows
the BET-specific surface area, total pore volume and
pore size changed from 771.4 m* g™', 0.46 mL g ', and

Thermodynamic parameters of iodine adsorption on Ag-MCM-41

AG (K] mol™)

AH" (k] mol ™) AS (7" mol ' K 298

308 318 328 338 R?

45.54 0.199 -13.79

-15.78

-17.77 —19.76 -21.75 0.854
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Fig. 7. Sorption isotherms of Ag-MCM-41 for iodide
sorption (a), linearized Langmuir and Freundlich plot ((b)
and (c)). Conditions: initial pH value 2.0, agitation time
48 h and temperature 65°C.

2.34 nm for MCM-41 to 697.2 m* g ', 0.47 mL g, and
2.88 nm for Ag-MCM-41, respectively. The results
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Table 5
Langmuir and Freundlich isotherm model fitting parameters
for iodine

Models Fitting parameters
Langmuir R? K; (L mgfl) Jmax (Mg gfl)
0.985 0.627 238.1
Freundlich R? K¢ (mg g_l mg " L") m
0.881 157.1 0.088

suggested that some of the pores (especially microp-
ores) of MCM-41 were probably blocked by the load-
ing of silver nanoparticles.

Fig. 3(a) and (b) shows SEM images and EDS
spectrum patterns of the Ag-MCM-41 before and
after iodide sorption, respectively. The EDS spectrum
patterns show the strong silicon peak from the meso-
porous silicate MCM-41 support. The silver peak is
also observed which offers the evidence that silver
nanoparticles are loaded on the surface of MCM-41.
The weak iodine peak shows that the silver-modified
MCM-41 adsorbed iodide ions from aqueous
solution.

In preliminary experiments, it was observed that
MCM-41 did not have any affinity toward iodide
ion (even at long contact times (1-5 h), while
Ag-MCM-41 adsorbed iodide ions. The results of
preliminary experiments are presented in Table 2.
Therefore, the studies were continued on the
Ag-MCM-41 sample.

One of the most important factors in sorption
studies is the effect of acidity. The iodide uptake was
studied at various pH values (1.0-8.0) on the pre-
pared Ag-MCM-41. Results of the experiments are
shown in Fig. 4. Iodide sorption on the Ag-MCM-41
was low in pH greater than 4.0, which show a signif-
icant competition of OH™ ions with iodide ions for
the same binding site of sorbent. As SEM results
indicated, silver initially exists as metallic silver on
the Ag-MCM-41 surface [26]. Therefore, it appears
that metallic silver is oxidized to silver ions before
iodide precipitation occurred. The metallic silver is
oxidized in aqueous solutions according to the
following reaction [26]:

Os(aq) + 4H ' (aq) + 4Ag"(s)
— 4Ag*(aq) +2H,0(1) AGy = —182.2kJ mol

The pHp,. value determined of the Ag-MCM-41 was
4.0, and for the pH values lower than pHp,., the sor-
bent presents a positive surface charge. This behavior
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Table 6
Comparison of iodine adsorption by Ag-MCM-41 in this study with other adsorbents from literatures

Initial iodide Iodide sorption Adsorbent

conc. dose Contact Temp.
Adsorbent (mg L™ % mg g! (gL™ time (h) pH (O Ref.
Duolite A-116 510 50 - 5 3 - 25 [29]
Mg-Al-(NO3;) LHD® 342 59 - 20 4 92 25 [28]
CaALG-AgCl - - 139.7 5 48 - 25 [30]

composite”
AgAC*® (1.05 wt% of Ag) 1-200 - 18.2-19.5 1 168 5 - [26]
Ag-MCM-41 88-352 95— 166.7—- 0.5 48 2 65 This
34 238.1 work

“Layered double hydroxide.
PCalcium alginate-silver chloride composite.
‘Silver-impregnated granular activated carbon.

explain the higher sorption amount of the Ag-MCM-41
in pH lower than 4.0. In order to continue the sorption
studies, the initial pH was fixed at 2.0.

Fig. 5(a) shows the effect of contact time on the
iodide sorption onto Ag-MCM-41. Fig. 5(b) and (c) also
shows linear plots of pseudo-first-order and pseudo-
second-order models, respectively. The kinetic parame-
ters are listed in Table 3. It shows that the correlation
coefficient (R?) of the pseudo-second-order model is
0.954, less than that of the pseudo-first-order model
(0.978). Thus, the latter model is more suitable to
predict the kinetics of iodide sorption onto Ag-MCM-41
in the current study. Also the confirmation of pseudo-
first-order kinetics indicates that the iodide concentra-
tion is involved in the rate-determining step of the
sorption process.

The effect of temperature on the sorption of iodide
ions onto Ag-MCM-41 is shown by the linear plot of
Inkgq vs. 1/T in Fig. 6, and the relative parameters and
correlation coefficients calculated from Egs. 6 and 7 are
listed in Table 4. The positive values of AH and the
increasing value of kg with increasing temperature
indicate that the sorption of iodide ions onto the
Ag-MCM-41 is an endothermic process, and thus,
faster adsorption properties, at higher temperature,
were obtained. The positive value of AS indicates
feasible sorption. It is noticeable that the AG values
decrease with increasing temperature, indicating
higher spontaneity at higher temperatures. It was
found that free energy change for physisorption is gen-
erally between —20 and 0 k] mol ', the physisorption
together with chemisorption within —20 to —80 kJ mol "/,
and pure chemisorption in the range from —80 to
—400 kJ mol ™! [27]. The calculated AG (-21.8 kJ mol !
at 338 k) suggests that the sorption processes of iodide
on the Ag-MCM-41 could be considered as physisorp-
tion together with chemisorption process.

Fig. 7(a) shows the experimental, Langmuir and
Freundlich model isotherms. Fig. 7(b) and (c) also
shows linear Langmuir and Freundlich plots. The
Langmuir isotherm model fitted the experiment data
better than Freundlich isotherm model. The Langmuir
model is used for homogeneous surfaces with identi-
cal binding sites. The values of the fitting parameters
and correlation coefficient are shown in Table 5. As
seen, the calculated maximum sorption capacity (§max)
was 238.1 mg g .

A comparison of Ag-MCM-41 sorbent performance
for iodide removal from aqueous solutions with differ-
ent sorbents reported in the literatures [26,28-30] is
given in Table 6. Comparison of gm.x values showed
that the iodide sorption capacity of the Ag-MCM-41
prepared in our work was higher than that in the
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Fig. 8. Effect of the presence of chloride and fluoride on
iodide sorption.
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previously reported values. The high adsorption affin-
ity of the Ag-MCM-41 is probably due to high affinity
of silver loaded onto MCM-41 and also high surface
area of Ag-MCM-41 sorbent than other sorbents.

The effect of the coexisting anions of chloride (Cl")
and fluoride (F") on iodide sorption onto Ag-MCM-41
was evaluated (Fig. 8). The results showed that the
sorption capacity (q) of iodide was decreased to 25
and 40 mg g ' in the presence of chloride and
fluoride, respectively. Considering that iodide concen-
trations in the contaminated waste streams of interest
are at the pg L' level, the large capacity of the
Ag-MCM-41 means that small amounts of this sorbent
are required to sequester iodide in nuclear waste
leachates for long times while limiting the release of
iodide by the solubility control of the Agl solid [31].

4. Conclusion

This work is focused to study the synthesis of a
new sorbent (Ag-MCM-41) by the impregnation of
mesoporous MCM-41 with silver atoms and its sorp-
tion behavior of iodide. The characterization results
showed that silver nanoparticles is loaded on the mes-
oporous MCM-41, after carefully isolated from the
mentioned preparation system. The sorption results
indicates that under optimum conditions, the maxi-
mum sorption values (238.1 mg g™ ') comply that the
Ag-MCM-41 is an effective adsorbent for iodide.
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