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Abstract
Chelating and ion-exchange N-functionalized mesoporous silicas (SBA-15) as selective adsorbents for removal of
heavy metals were synthesized using template method. Fourier transform infrared spectroscopy, TEM analysis, N2

adsorption/desorption isotherms and titration analysis confirmed successful functionalisation of the tri-sodium
salt of N-(triethoxysilylpropyl)ethylenediaminetriacetic acid (EDTA), protonated primary amine (NH3

+Cl-) and its
combinations onto the mesoporous silica (SBA-EDTA/NH2). The obtained materials featured beneficial properties
of mesoporous silica SBA-15 with its high surface area and were successfully �ctionalized with N-containing
groups. The synthesized series of silicas were investigated for removal of Cr(III), Mn(III), Pb(II), Cd(II) and Cu(II)
from model water solutions. The adsorption of target ions increased with the increase pH and its concentration in
solution. The adsorption equilibrium data were well fitted to Langmuir isotherm model and maximum monolayer
adsorption capacities for cations Pb(II), Cd(II), Cr(III) and Mn(II) were 185.6 mg g-1, 111.2 mg g-1, 57.7 mg g-1 and
49.4 mg g-1, respectively. The chelating interaction was considered as the main adsorption mechanism for metal
ions (Cr(III), Mn(II), Pb(II), Cd(II), and Cu(II)). The adsorption capacities of SBA-EDTA and SBA-EDTA/NH2 samples
toward studied metal ions were consistent with the Lewis ‘hard and soft acids and bases’ theory. The metal
removal e�ciency of adsorbents was near 96-92 % during three regeneration cycles. All these results indicated
that the produced N-functionalized silica were promising for applications in environmental and analytical
separation fields.

1. Introduction
The rapid industrialization, consumer lifestyles, accumulation of Life-of-End products, development of
electroplating, metallurgy sludge, newspapers printing, synthetic dyeing and electronics processing industries, the
damage caused by heavy metal pollution to the environment water medium is becoming more and more
problematic moments [[1], [2]]. Pollution occurs both at the level of industrial production and at the Life-of-End
products:

Chromium (Cr) – mining, industrial coolants, production of chromium salts, tanned leather, cement, metal
�nishing, leather tanning, electroplating, paints, and also the metal �nishing discharge;

Lead (Pb) – lead-acid batteries, printing paints and colorant pigments, electronics waste, smelting operations,
coal–�red thermal power plants, ceramics;

Copper (Cu) – mining, electrical wiring, galvanic process, smelting operations;

Cadmium (Cd) – zinc smelting, used batteries and accumulators, electronic waste, paints, fuel combustion
[[3], [4]].

Also, the heavy metal ions in environmental samples are restricted by some main problems for human healthy.
They come to the reservoirs from the environment – from rocks, soil erosion, precipitation, ashes of forest �res,
etc. [[5]]. Depending on the geochemical conditions, there are wide �uctuations in their content. As the pH of the
water drops, the solubility of the metals increases and the metal particles become more mobile. Therefore, metal
ions are more toxic in soft and acidic natural waters. Metals can settle in bottom sediments, where they are stored
for many years. Streams from drainage mines are often very acidic, contain high concentrations of dissolved
metals and are almost unsuitable for living organisms. They are harmful to the environment because they contain
heavy metal ions, which are not subject to biodegradation. Unlike some organic contaminants, such as
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organochlorine or organophosphorus pesticides, metal ions cannot degrade into less harmful components under
natural conditions [[6]].

In general, ionic forms of metals are more toxic because they can form toxic compounds with other ions. Once in
the reservoir, they are included in the cycle of substances and undergo various transformations. Inorganic
compounds are rapidly bound to the water buffer system and converted to sparingly soluble hydroxides,
carbonates, sul�des, and phosphates, and form organometallic complexes that are adsorbed by bottom
sediments. In addition, heavy metals are dangerous because, as a rule, they bioaccumulated, i.e. accumulate
chemicals in the biological organism (also, human body) over time, which is signi�cantly higher than its typical
content compared to the concentration of the chemical in the environment. Compounds accumulate in living
things every time they enter the body and are stored longer than they are decomposed (metabolized) or excreted
from the body [[7], [8]]. Toxicity of heavy metals can lead to damage to the central nervous system, as well as
damage to the blood, lungs, kidneys, liver and other vital organs [[9], [10]].

The heavy metals ions can be extracted from water by different methods. The trace level of concentration of metal
ions in environmental aqueous medium is a major problem in the instrumental detection of heavy metal ions by
various methods, including atomic absorption spectrometry, inductively coupled plasma atomic emission
spectroscopy and mass spectrometry [[11]]. Adsorption–pre-concentration systems based on precipitation [[12]],
liquid–liquid extraction [[13]], cloud point extraction [[14]], membrane filtration [[15]] are used to solve this problem.
However, most of the used sample preparation methods have certain disadvantages, such as incomplete ion
extraction, expensive, energy consumption, high amount of sludge and low selectivity [[16]]. Separation and pre-
concentration of trace metal ions by solid phase extraction are also widely used for that purpose [[17]]. In these
techniques, suitable, selection of adsorbent is crucial to ensure quantitative retention of the toxic compounds and,
in some cases, selective adsorption. Silica and activated carbons are widely used to remove toxic substances
from wastewater. In these methods, the appropriate choice of adsorbent is crucial to ensure the quantitative
removal of toxic compounds and, in some cases, selective adsorption. Organo–inorganic materials and activated
carbon are widely used adsorbents to remove toxic substances from wastewater. Recent reviews showed that
organic–inorganic mesoporous materials possessed great potential to be excellent absorbents for the heavy
metal ions [[18], [19]]. Bonding the target selective functional groups to the silica surface by ‘one-pot’ condensation
or grafting post-synthesis approach has been used to create speci�c active sites in the mesopores channels of
these materials. Because the amine group is capable of interacting with cationic, anionic and/or neutral pollutants
from aquatic environments [[20], [21], [22]], a lot of attention was paid to this class of sorbents. Among these
functional groups, amine modification with more active centre being introduced could effectively enhance the
adsorption capacity [[23], [24]]. Wei et al. showed greatly improved adsorption performance towards Cu(II) ions
due to the higher amount of N-containing functional groups on the surface of the adsorbent [[25]]. Adsorbents with
functional groups of primary and secondary amines exhibit both complexing properties with respect to transition
metal ions and ion-exchange properties with respect to their anionic complexes [[26], 21]. An increase in the
number of binding sites in functional groups due to an increase in the number of nitrogen atoms could lead to an
increase in the stability constants of surface complexes with heavy metal cations, a decrease in or elimination of
the stepwise complexation, and an increase in the adsorption capacity of the adsorbent. The high adsorption
removal e�ciency of heavy metal ions was observed using polyamine-[[27]] or melamine-based dendrimer amines
[[28]] functionalized mesoporous silica. An increase in the stability constants can be accompanied by an increase
in the difference between these constants for different metal ions, that is, an increase in the separation selectivity
when using a pH gradient [24]. In addition to the aforementioned, also chelate groups have attracted considerable
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attention, especially in the �eld of separation of various toxic metals in mixture [[29]]. Ethylenediaminetetraacetic
acid (EDTA) is favourable N,O-containing agent for modified adsorbents with chelating and ion-exchange
properties for many different metal ions, for example, Pb(II) [[30]]. The review of literature presented in this paper
demonstrates good potential of N-containing ligand-functionalized silica based materials for the selective
extraction and separation of heavy metal ions in cationic forms from aqueous solution by adsorption. In �elds of
solid supports, SBA-15 material has the unique parallel cylindrical pores hexagonal ordered and high speci�c
surface areas that suggesting a high adsorption capacity of adsorbent and effective mass transfer for fast
adsorption equilibrium. The novel idea of our work is the use of template method for the synthesis of SBA-15-
based adsorbents with uniform distribution of functional groups. The combining several N-containing functional
groups with various mechanism of interact can also change the connecting sites in order to enhance the removal
of metal ions in a wider pH range.

In the present work, we used the SBA-based adsorbent approach to make a compiled and comparative study of
different N-containing groups (N-(triethoxysilylpropyl)ethylenediaminetriacetic acid (EDTA), primary amine
(NH3

+Cl-) and its combinations. In order to improve the selective adsorption by proposed materials, a different
functionalizing technology was employed, offering a potentially powerful method for selective adsorption of
series bivalent (Mn(II), Pb(II), Cd(II), Cu(II)) and polycharged (Cr(III)) heavy metal ions from water solutions as
target species. The mesoporous silica was used as an effective adsorbent for extraction of heavy metal ions with
subsequent determination by the atomic absorption spectrometry (AAS). The removal of heavy metals on
modi�ed mesoporous silica samples was investigated by batch adsorption experiment including investigation of
pH in�uence, adsorption isotherms and mechanisms, etc.

2. Material And Methods
2.1. Chemicals.

Sodium metasilicate (Na2SiO3×9H2O, SS), aminopropyltriethoxysilane (APTES, 98%), 3-aminopropylsilanetriol
(Gelest, 22-25% in water), trisodium salt of N-(triethoxysilylpropyl) ethylenediaminetriacetic acid (EDTA, 40% in
water) were obtained from Sigma-Aldrich USA, tetraetoxysilane (TEOS, 99%) – from Fluorochem. All inorganic
reagents were of analytical grade (Cu(NO3)2∙5H2O, Fe(NO3)3∙9H2O, Cd(NO3)2∙4H2O, Cr(NO3)3∙9H2O, K2CrO4,

Mn(NO3)2∙6H2O, KMnO4 and Pb(NO3)2). The working solutions were prepared with deionized water (18.2 MW∙cm-

1).

2.2. Synthesis of adsorbents.

Synthesis of SBA-EDTA. The material was prepared following reference [[31]] with several modi�cations. Brie�y,
Pluronic P123 (2 g) was dissolved in 30.0 mL of 2 M HCl and 10.8 mL of distillated water was added during 3.5 h
under rapid stirring at 40 °C. Next step, 4.4 mL (0.02 mmol) of TEOS was added dropwise under stirring to the
reaction mixture at 40 °C. After half an hour, about 10 mL of TMS-EDTA solution in methanol (1:1) was added to
synthesis gel and stirred for 24 hours at 80°C under hydrothermal conditions. The precipitate was separated by
�ltration and washed by ethanol/HCl mixture several (3-4) times during 24 hours. In this stage, functional groups
of SBA-EDTA sample were converting to H-form. Finally, SBA-EDTA sample was decanted and washed with
deionized water until neutral pH, and thereafter dried under vacuum at 80 °С.
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Synthesis of SBA-NH2. The 3.2 g of P123 were dissolved in 32 mL of deionized water on constant stirring at room
temperature. Then, 29.4 mL of concentrated hydrochloric acid were added to the clear solution. 0.36 mL APTES
were added by drops to the solution of surfactant. After 5 min without interrupting the stirring, 6.8 g SS dissolved
in 32 mL of water were added to the transparent mixture on continuous stirring at room temperature. After
precipitation, the sample was stirred for 2 hours at 40 °C. Hydrotermal treatment was carried out (20 hours at 80
°C). After drying, the sample was re�uxed in ethanol (30 cm3 per 1 gram) 4 times for 3 hours. Dried 0.5 hour at RT,
0.5 hour at 50 °C, 3 hours at 100 °C.  

Synthesis of SBA-EDTA/NH2. 4 g P123 were dissolved in 40 mL of deionized water on constant stirring at room
temperature. Then, 32 mL of concentrated hydrochloric acid were added to the transparent solution. Then 1.85 mL
(0.002 mol) EDTA and 1.18 mL (0.002 mol) APTS at room temperature were added by drops without stop stirring.
The clear solution of 4 g SS in 40 mL of deionized water was added to the mixture on continuous stirring at room
temperature. Other steps of the treatment were the same to the abovementioned technique.

2.3. Characterization.

Fourier transform infrared spectra (FTIR) of all samples were recorded using the KBr pellet technique (1:20). The
FTIR spectrophotometer (Nicolet NEXUS 470) was used in the range 400-4000 cm-1. Transmission electron
microscope (TEM, SELMI PES-125K) was used to prove the structure and morphology of the mesoporous
samples. Textural properties of the mesoporous matrices were determined from the N2 adsorption/desorption
isotherms recorded at 77 K with a Kelvin-1042 apparatus (Costech Instruments, USA). Speci�c surface area (SBET)
and pore diameter of the samples was determined by the BET [[32]] and the BJH [[33]] methods, respectively.

Concentrations of functional groups on the mesoporous silica surfaces were determined by pH-metric titration
(И-160М). A batch of the sample with protolytic active groups (~0.05 g) was poured with 25 mL of 0.1 M NaNO3,
incubated for 24 hours, and titrated with 0.1 M NaOH solution.

Atomic absorption spectrometer equipped with fast sequential mode (iCE 3500, Thermo Scienti�c, USA) was used
for analytes concentrations determination. The diffuse re�ectance spectra were recorded using Thermo Scienti�c
Evolution 600 Spectrophotometer designed to hold solid samples for transmittance measurements.

2.4. Metal Uptake Experiments.

A 50 mg sample of functionalized silica was shaken with 25 mL of 0.02 M of aqueous solution of the appropriate
metal ions (Mn(II), Cr(III), Cd(II), Pb(II) and Cu(II)) solution using 50 mL glasses. Initial pH of the suspension to the
equilibrium value for these experiments were adjusted by HCl or NaOH and controlled with a pH meter. The
suspensions were mechanically shacked overnight. Then, the suspensions were centrifuged for 10 min at 1500
rpm. The supernatant was analyzed for the amount of metal ions by AAS. Each study was performed at least in a
triplicate.

Adsorption isotherms were investigated for estimation of the maximum adsorption capacities of the obtained
adsorbents. Adsorption experiments were carried out by adding 0.05 g samples into 25 mL of various
concentrations of each metal solution (50, 100, 200, 300 and 400 mg/L) at room temperature. The suspensions
were mechanically mixed overnight at controlled pH, optimal for each metal. Then, the suspensions were
centrifuged (10 min) and the liquid phase was analyzed by AAS.



Page 6/18

Determination of the metal ion concentration was carried out by allowing the insoluble complex to settle down
and appropriate volume of the supernatant was withdrawn sing a micropipette then diluted to the linear range of
the calibration curve for each metal.

2.5. Desorption study.

The adsorbents were regenerated in 15.0 mL centrifuge tubes with 5.0 mL of different leaching solutions (HNO3,
EDTA) at room temperature for 0.5-3 hours. The effects of concentration and volume of the optimal leaching
solution on desorption efficiency were also investigated.

3. Results And Discussion
3.1. Adsorbents synthesis strategy.

For producing N-containing functional mesoporous silicas, we could choose three different cases, (1) chelating
agent with tertiary N and carboxylic groups (SBA-EDTA), (2) low ion-exchange agent with protonated aminopropyl
groups (SBA-NH2), or (3) amphoteric poly-functional agent with combination of chelating and low ion-exchange
groups (SBA-EDTA/NH2). Different surface groups of synthesised silica are schematically shown in Figure 1.

The mesostructure ordering and symmetry was confirmed by the TEM data (Fig. 2). The 2D-P6mm hexagonal
symmetry with a diameter of about 7.0 nm could clearly be observed in all samples.

 

The chemical functionality of a series of obtained mesoporous samples was controled by FTIR spectroscopy (Fig.
3a). Using a titration experiment by acid-base interactions, the amount of functional groups in the samples was
quantified (Fig. 3b).

 

The characteristic vibration bands of SBA-15 (ns(OH), 3440 cm-1; nas(Si–O–Si) at 1080 cm-1 and d(Si–O–Si) at

798 cm-1, d(Si–OH), 961 cm-1) are displayed in the all FTIR spectra. Also, the symmetric and asymmetric �exible
alkyl groups vibrations with different intensity (νas(C-H) = 2925 cm-1 and νs(C-H) = 2855 cm-1) was witnessed. The

band at 1723 cm-1 (corresponding to n(C=O) of COOH groups) of EDTA functionality of SBA-EDTA sample are
displayed (Fig. 2b). For SBA-EDTA/NH2 an absorption band characteristic for the bending vibrations of protonated

primary aminoalkyl groups δs(NH3
+) at 1582 cm-1 [[34]] was identi�ed, while the band corresponding to δas(NH2)

was masked by the absorption band of water δ(H2O) at 1625-1630 cm-1. The very broad ns(OH) peak of hydrogen

bonded Si-OH around 3400 cm-1 masked the low band of n(N–H) at 3245 cm-1 of functionalized samples. From
these results, it can be concluded that organic moieties are indeed bound to the SBA-15 matrix. The speci�c
surface area, total pore volume and pore size of the samples from N2 adsorption/desorption isotherms were
estimated using BET equation and BJH method; and values are summarized in Table 1.
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Table 1. Textural and quantitative parameters of functionalized mesoporous samples derived from N2

adsorption/desorption isotherms and potentiometric titration data, respectively.

Sample N2 isotherms Potentiometric titration

SBET (m2∙g-1) Vtotal (cm3∙g-1) d (nm) CL (mmol∙g-1)

SBA-EDTA 745 1.44 6.2-7.4 0.95

SBA-NH2 700 0.99 6.6 0.11

SBA-EDTA/NH2 710 1.03 6.6 0.10/0.32

Notes: SBET – Surface area calculated by method BET, Vtotal – volume of adsorbed N2 at p/po=0.93, d – diameter
pores calculated by BJH, CL – concentration of ligands.

 

The specific surface areas of only NH2-groups or EDTA factionalized SBA-15, and its mixture factionalized

mesoporous silica were 700, 745 and 710 m2∙g-1, respectively. Thus, the multicomponent nature of the reaction
mixture does not affect the texture parameters of the functionalized sample. The pore diameter was around 6.6-
7.4 nm, which was in agreement with the TEM analysis (Fig. 2).

Quantitative determination of the protolithic-active functional groups was measured by pH-metric titration (Fig.
3b). The most gradual change is the curve of the pH-metric titration was observed for SBA-EDTA, explained by the
presence of zwitter-ionic interactions on the surface of the silica [[35]] and high concentration of the functional
groups (Table 1). When the N-containing groups were bounded on the silica dioxide surface, their pK decreased,
and this effect was enhanced in the case of amphoteric zwitter-ion groups, which also affected the smoothness of
pH change during titration of such materials. In addition, acid-base interactions of N-containing groups and
residual silanol groups contributed to a smooth change in the pH range 4-9 [[36]].

3.2. In�uence of initial pH on adsorption of metal ions.

The adsorption capacity of the adsorbent in relation to the uptake of heavy metals is dependence by many
factors, including the properties of the metal ions themselves, such as the atomic radius and oxidation state,
concentration in aqueous solution and experimental conditions. The pH of the aqueous solution is probably the
most important parameter in�uencing the adsorption process, especially for samples functionalized with
protolytically active groups.  

 

Therefore, the sorbents functionalized with N-containing groups usually show the dependence of their complexing
properties on pH [[37]]. Figure 4 shows the effect of pH on the adsorption of metal ions by representative
mesoporous silicas.

The N-containing silicas did not adsorb any of the metals studied when the pH of solutions was less than 2 (Table
2). The maximum removal of Cr(III), Cu(II) ions on SBA-EDTA/NH2 increased to pH 4.3 while for Mn(II) and Pb(II), it
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was maximized at 6.0 (Fig. 4). The least stable complexes on the surface of adsorbents were formed by Mn(II) -
that adsorbed at pH 3-6, while Cu(II) and other metals were desorbed at pH 2.5-4.0. As the pH of the medium
increased when studying the sorption of Cu(II) ions, the adsorbents were stained blue. The most intense color was
observed for the SBA-NH2 sample. The effect of Cu(II) in the surface silica was studied by UV-Visible spectroscopy
of diffuse re�ectance (Fig. 5).

 

The diffuse re�ectance spectra were observed maximum at 640 nm (15620 cm-1). This is characteristic of metal-
to-ligand charge transfers in Cu(II) complexes [[38]]. The dependence of the analytical signal on the Cu(II) ions in
silica surface was increased in the range pH 2.5-4.5. Under acidic conditions the N-atoms are protonated and do
not participate in coordination of Cu(II) ions (Fig. 5). At increasing pH the formation of N,O-chelating ring can be
excluded. At pH close to neutral, the sedimentation of Cu(II) ions is observed, as evidenced by the disappearance
of the absorption band in the spectrum. From the above diffuse re�ectance spectra, we can summarize that when
SBA-EDTA/NH2 is loaded with Cu(II) ions, ion adsorption could involve interactions between metal complexes and
deprotonated silanol groups or organic motives. The EDTA– and aminogroups of SBA-EDTA/NH2 sample could
interact with Cu(II) ions via chelating effect like silica with NH2-groups [35].

The order of sorption of transition metals on each sorbent is generally consistent with the stability constants of
complexes of transition metals with the surface ligands, EDTA- and NH2-groups [[39]]. The complexing properties
of the mono-functionalized adsorbent, since the functional groups within the cycle will be represented by only one
type of groups. However, when silica is modi�ed with EDTA and amino groups, the oxygen atoms will also be
present in the cycle, which, given their location, will probably affect the increase in the sorption capacity and the
selectivity of the sorbent with respect to Cd(II) and Cr(III), since in this case these transition metals will be retained
due to heteroligand chelates of functional groups.

3.3. Adsorption isotherm and complexion of metal ions.

The adsorption isotherms were applied to characterize the interaction of several the most reprehensive heavy
metal ions with the obtained adsorbent, by expressing the relation between the amount of target ions uptake and
remaining metal ion concentration in water solution at equilibrium state. Isotherm adsorption measurements were
carried out by the static method (Fig. 6). 

The adsorption isotherms show a sharp initial slope, indicating that both materials acted as highly e�cient
adsorbents at low metal concentrations (Fig. 6). It was obvious that bi-functionalization (SBA-EDTA/NH2 sample)
was enhancing the adsorption a�nity of adsorbent. According to the isotherms of SBA-EDTA sample, the
adsorption capacities were about 185.6 mg∙g−1 for Pb(II), 111.2 mg g−1 for Cd(II), 57.7 mg∙g−1 for Cr(III) and 49.4
mg∙g−1 for Mn(II). These data demonstrated that the adsorption capacity of obtained materials increased with
increasing equilibrium concentration of the metal ions in solution, progressively saturating the adsorbent.
Maximum values of the adsorption capacity obtained from the adsorption isotherms for each metal ions agreed
with the concentration of functional groups (Table 1). At least four functional groups with donor properties are
spatially arranged in such a way that they can usually form 1: 1 complexes. Therefore, the formation of
monodentate or hydroxyl complexes of metal ions with functional groups on surface SBA-15 is more favorable
than bidentate. One can assume that the bi-functional adsorbent (SBA-EDTA/NH2) forms chelated metal-complex
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with six-coordinating metal sit, involving two imino-groups nitrogen atoms, three carboxylic oxygen atoms of
EDTA and one nitrogen of a NH2-group. At the same time, the monofunctionalized EDTA-SBA material containing
the EDTA ligand forms �ve coordinate metal complex through two nitrogen atoms of imino group and three
carboxylic oxygen atoms produced by deprotonation.

The adsorption capacities were higher for Pb(II), and Cd(II), the affinity of the adsorbent SBA-EDTA/NH2 following
the common order Pb(II) > Cd(II) > Cr(III) > Mn(II). This result is in agreement with the report [[40]]. According to the
‘hard and soft (Lewis) acids and bases’ (HASB) theory [[41]], the Cr(III) ion with high charge and small radius is a
kind of hard acid, which may bond a hard base strongly. The divalent metal ions, which are on the borderline
(intermediate) should have different a�nities for O and N donor atoms of the EDTA functional group as hard
ligand. Also, NH2-functional group is considered as hard ligand, which was known to have good protonation
ability. Polarization will play an important role in the interaction between metal ions and the ligands when they are
in the same valence. The larger the metal ion radius is, the greater the polarization will be. So, the adsorption
capacities of SBA-EDTA and SBA-EDTA/NH2 samples toward studied metal ions are consistent with the HASB
theory.

For comparison, the capacities obtained by Faghihian et al. [38] for adsorption of lead(II) and cadmium(II) cations
using expanded aminefunctionalized MCM-41 were 169.49 mg×g-1 and 64.93 mg×g-1, respectively. Shahbazi et al.
[28] have obtained 94,8 mg×g-1 for lead(II) with melamine-based NH2 dendrimer modi�ed SBA-15 matrix. The

guanidine functionalized adsorbent demonstrated maximum adsorption capacity, 289.9 mg g−1 for Pb(II), 259.9
mg g−1 for Hg(II) and 228.8 mg g−1 for Cd(II) from aqueous medium [27]. Our series of adsorbent has thus shown
the one of the highest adsorption capacities for heavy metal ions among the related materials.

To obtain an optimized adsorption system for the extraction of metal ions, it is important to establish the most
description for the adsorption equilibrium isotherms. Different isotherm equations were used to describe the
equilibrium adsorption characteristic. Various isotherm equations were used to describe the equilibrium
characteristics of adsorption. It is well known that Langmuir, Freundlich and Dubinin–Radusckevich models can
be used to describe adsorption isotherm [[42], [43], [44]]. Langmuir model assumes that the adsorption of analytes
occurs in a monolayer by chemosorption, uniform and limited coverage on the surface of the adsorbent, and the
adsorption energy decreases and when removed from the surface. In contrast to the Langmuir adsorption model,
Freundlich adsorption model describes the inhomogeneous adsorption behavior of the analyte, in which the
adsorption coating of the surface can signi�cantly exceed the monolayer. The adsorption of metal ions was �t to
Langmuir, Freundlich, and Dubinin–Radushkevich isotherms using equations representing each model (Fig. 7).

 

The observed dependences were consistent and predictable among each of the adsorption models for SBA-
EDTA/NH2 and SBA-EDTA samples (Table 2).

 

Table 2. Fitting parameters obtained by processing linearized adsorption isotherms of different mesoporous
samples.
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Ions qexp,
(mg g-1)

Langmuir isotherm
model

Freundlich
isotherm model

Dubinin–Radusckevich
isotherm model

     
qm, 

(mg g-1)
KL,

 (L µg-1)
R KF

* n R qm,
(mg g-1)

E, 
(kJ mol-1)

R2

SBA-EDTA/NH2
Cd(II) 59.1 60.98 0.10 0.9988 35.76 10.99 0.9968 57.56 9.2 0.8979
Pb(II) 103.5 107.53 0.07 0.9997 34.54 4.97 0.9337 94.51 16.0 0.8118
Mn(II) 36.1 37.74 0.10 0.9981 14.16 5.51 0.9707 32.06 8.0 0.6812
Cr(III) 40.2 43.86 0.03 0.9827 10.72 4.24 0.9522 35.01 8.1 0.8488

SBA-EDTA
Cd(II) 111.2 112.36 0.11 0.9975 17.93 2.67 0.7045 91.82 10.5 0.9596
Pb(II) 185.6 188.68 0.24 0.9997 54.43 3.56 0.6903 156.62 10.0 0.9277
Mn(II) 49.4 50.00 0.13 0.9977 8.37 2.78 0.7082 41.78 7.1 0.9596
Cr(III) 57.7 60.98 0.09 0.9976 7.51 2.24 0.7980 45.06 9.2 0.9184

Note. *KF  (mg1-1/n L1/n×g-1).

It can be seen from Table 2 shows that all three models justi�ably coincide with the experimental data. The
adsorption data were precisely described by the Langmuir isotherm model and the maximum single-layer
adsorption capacity for cationic forms of metals was calculated. The Langmuir model gives better correlation
coe�cients (R2 > 0.99) and much closer saturated capacity to the experimental value (Table 2), suggesting that
monolayer and uniform sorption mode is more appropriate to explain the sorption of metal ions in SBA-EDTA and
SBA-EDTA/NH2 samples. And both the large value of KL from Langmuir model and the n value of between 1 and
10 from Freundlich model clearly imply strong bonding of metal ions to the SBA-EDTA/NH2 adsorbents. The
adsorption equilibrium data for SBA-EDTA were well fitted to Langmuir isotherm model and Dubinin–
Radusckevich model with R2 > 0.91. In addition, mean free energies (E) of 8.0-16.0 kJ mol-1 were obtained from
the Dubinin–Radusckevich model. It is known that the numerical value of E in the range of 1–8 and 9–16 kJ mol-1

predicts physical and chemical sorption, respectively. That is, the value of E obtained for the adsorbents studied in
this work clearly indicates that the adsorption of metal ions in SBA-EDTA/NH2 and SBA-EDTA samples is chemical
adsorption, i.e. chemisorption. These data are consistent with the results obtained for SBA-16 materials with
similar functional groups [27].

Indeed, the chemical nature of the interaction is in fact well consistent with the monolayer and uniform adsorption
of the target analytes by the Langmuir model, as well as our assumptions that metal ions are removed by
complexation with the EDTA or aminopropyl group on the mesoporous adsorbent surface.

3.4. Regeneration ability of adsorbents.

The recycling and regeneration of adsorbents is a key aspect for future practical application. The reusability of
thus obtained mesoporous adsorbents was tested using 1 M HNO3 as eluent (5 mL) with 30 min contact time. The
metal removal e�ciency by N–containing silicas were near 96-92 % during three regeneration cycles. The
signi�cant decrease in adsorption capacity (recovery 80 %) was observed after three consecutive cycles of acid
treatment. Relatively complicate desorption of metal ions from the surface of adsorbents originating from strong
bonding to functional groups with formation of inner sphere of complexes cause di�culty to remove metal ions
from the surface by changing the pH.
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Conclusions
This work developed a highly practically valuable adsorption process based on the novel mesoporous materials
with N-containing functional groups. They were synthesized for the removal of heavy metals from actual water
medium. The materials retained their structural features, i.e. the highly ordered structure and high surface area
(700-745 m2 g-1) with the functional ligand content reaching from 0.1 to 0.95 mmol g-1. The study outcomes also
demonstrated that SBA-EDTA/NH2 had enough potential toward capture of transition metal ions including Cr(III)
from aqueous medium. Investigation of isotherms study revealed that the adsorption Cr(III) onto SBA-EDTA/NH2

was dominated by monolayer adsorption with high adsorption capacity under neutral pH condition (pH 6). The
adsorption isotherms were better fitted to the Langmuir model, indicating the formation of metal ions monolayer
covering on the surface of mesoporous adsorbents. The metal removal e�ciency by obtained N–containing
mesoporous silicas were near 96-92 % during three regeneration cycles. Thus grafting of various N-containing
groups onto silica provides a good strategy for removal of the heavy metal ions including toxic chromium (III) and
manganese (II) ions from aqueous solutions.
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Figure 1

Surface layer and label of N-containing functional mesoporous silica.

Figure 2

TEM images of the SBA-NH2 (a), SBA-EDTA/NH2 (b) and SBA-EDTA (c) samples.

Figure 3

FTIR spectra (a) and titration curves (b) of the various silica samples.
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Figure 4

Recovery of metal ions on SBA-EDTA/NH2 samples as a function of pH (Experimental conditions: CM= 2,5 10-5
mol L-1, V=20 mL, m= 0.05 g, t = overnight).

Figure 5

Diffuse re�ectance spectra of SBA-EDTA/NH2 samples after adsorption of Cu(II) ions with different pH.



Page 17/18

Figure 6

Sorption isotherms on SBA-EDTA (a) and SBA-EDTA/NH2 (b) of metal ions: Cd(II) (pH = 5.8), 2 – Cr(III) (pH = 4.5),
3 - Mn(II) (pH = 5.5) and Pb(II) (pH = 6.0). (Experimental conditions: m = 0.05 g, V = 25 mL).
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Figure 7

Langmuir (a, e), Freundlish (b, e) and Dubinin–Radusckevich (c, f) linearized form of adsorption of metal ions onto
SBA-EDTA/NH2 (a, b, c) and SBA-EDTA (d, e, f) samples.


