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Abstract: The removal of zinc ions from water was investigated using two types of ordered meso-
porous silica (SBA-15 and SBA-16). Both materials were functionalized with APTES (3-aminopropyltri
ethoxy-silane) and EDTA (ethylenediaminetetraacetic acid) through post grafting methods. The modi-
fied adsorbents were characterized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), X-ray diffraction (XRD), nitrogen (N3) adsorption—desorption analysis, Fourier
transform infrared spectroscopy (FT-IR), and thermogravimetric analysis. The ordered structure of
the adsorbents was conserved after modification. SBA-16 was found to be more efficient than SBA-15
owing to its structural characteristics. Different experimental conditions were examined (pH, contact
time, and initial zinc concentration). The kinetic adsorption data followed the pseudo-second-order
model indicating favorable adsorption conditions. The intra-particle diffusion model plot represented
a two-stage adsorption process. The maximum adsorption capacities were calculated by the Langmuir
model. The adsorbent can be regenerated and reused several times without a significant decline in
adsorption efficiency.
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1. Introduction

In the past few decades, water contamination has been considered a major problem
worldwide. Effluents containing heavy metals such as copper, lead, zinc, and cadmium
have been discharged without any treatment into the environment from several indus-
tries, such as from steel production, electroplating, and tanneries [1]. The discharged
heavy-metal-contaminated wastewater is considered a serious threat to both human health
and the ecosystem. Heavy metals are non-biodegradable and may be carcinogenic, thus
their presence in water in high amounts could result in critical health issues to living
organisms [2—4]. Zinc is largely spread in nature and is an essential trace metal for both
humans and aquatic organisms [5]. However, if the zinc dosage exceeds a certain quantity,
it becomes harmful to organisms [6] as it could interact with biological macromolecules,
resulting in a change in their activity and poisoning [7]. Currently, various methods are
available for heavy metal removal from water, including membrane filtration, coagulation,
precipitation, ion-exchange, and adsorption [8]. The latter is very effective in eliminating
heavy metals and is an attractive technique because it does not require complex and ex-
pensive installations [9,10]. The adsorption mechanism is defined by the physicochemical
properties of the adsorbent and heavy metals and operating conditions (i.e., temperature,
adsorbent amount, pH value, adsorption time, and initial concentration of metal ions) [11].
The efficiency of several low-cost adsorbents has been studied, including clay, chitosan,
fly ash, zeolites, and activated carbon [12]. Moreover, adsorption is the best method to
use when the metal ions’ concentrations are below 100 mg L~! [13]. The adsorption ca-
pacity is dependent on the pore size of adsorbents along with the active sites found on
their surface [14] and, in recent years, many researchers have focused on developing new
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adsorbents that meet these criteria. The drawbacks of adsorbents derived from natural
materials are their low mechanic resistance to abrasive forces and weak interactions with
metal ions [15,16]. One of the advantages of the adsorption process is the ability to modify
adsorbents. The carbon surface charges can be enhanced by surface functional groups (such
as carboxyl, phenyl, and lactone groups) in order to improve the heavy metal uptake [17].
Surface modification often reduces its surface area and, in turn, increases the content of
surface functional groups. Consequently, more metal ions can be adsorbed [18]. The dis-
advantages of carbon adsorbents are as follows: their high hydrophobicity and the rapid
aggregation in aqueous solution owing to large Van der Waals forces, which decreases
the adsorption capacity [11]. Chitosan, which is a natural adsorptive polymer, is another
adsorbent used, because it has an affinity toward pollutants in wastewaters owing to the
presence of amino and hydroxyl groups. However, it suffers from low mechanical strength
and poor stability [19]. Mineral adsorbents such as zeolite, silica, and clay are considered
good candidates for water purification with low operating costs. Clay has an extraordinary
cation exchange capacity (CEC), cation exchange selectivity, surface hydrophilicity, high
swelling /expanding capacity, and surface electronegativity [20]. However, their removal
efficiency decreases after several sorption cycles. They are also affected by experimental
conditions such as pH, irradiation time, adsorbent concentration, wastewater temperature,
and the initial dosage of pollutants [21]. In order to overcome these disadvantages, various
studies focused on the use of mesoporous silica as adsorbents [22,23], such as MCM-41 [24],
SBA-15 [25], and SBA-16 [26]. The ordered structure of such mesoporous silica together with
their tailored pore size made them suitable applications for the elimination of pollutants
from water [27]. In addition, SBA-16 possesses a three-dimensional structure including
cubic Im3m space group with a large pore diameter; dual porosity framework; and large
surface area, i.e., a micro porous and mesoporous framework. Such properties make these
materials dominant for adsorption [28]. Nevertheless, the surface of these materials has
only silanol groups, so it is essential to modify them so that specific binding sites are added.
Such chemical modification is achieved by functionalization with different groups, such as
-NH; [29]. In addition, mesoporous materials’ modification with chelating was studied as
well, because chelating agents increase the metal adsorption capacity. Salicylic acid [30]
and cyanex 272 [31] are examples of some of the agents used. The chelating agent ethylene
diamine tetraacetic acid (EDTA) is very effective and widely known for heavy metals’
complexion. Moreover, the structure formed between chelating agents and metal ions is
stable and they reserve their metal binding properties after chemical regeneration [14].

Herein, SBA-16 and SBA-15 were synthesized, fully characterized, and modified with
APTES (3-aminopropyltriethoxy-silane) and then with EDTA. The adsorption capacity
for Zn?* removal was then investigated. Moreover, the effect of various parameters on
adsorption were studied, including pH, contact time, and zinc concentration. The kinetics of
adsorption were also reported using pseudo-first, pseudo-second-order, and intra-diffusion
models. The equilibrium isotherms of the experimental data were well fitted by Langmuir
isotherm. The regeneration and reuse of the modified adsorbents were performed as well.
It is worth mentioning that this manuscript aims to compare the structural impact of both
adsorbents on zinc removal, which has not been studied before, other than the effectiveness
of these materials as heavy metal adsorbents.

2. Materials and Methods
2.1. Chemicals

For the template of SBA-16 and SBA-15, Pluronic F127 (EO106PO70EO106) and
Pluronic P123 (EO20PO70EQO20) triblock copolymers, respectively, were used. Tetraethy-
lorthosilicate (TEOS 98%) was used as the source of silica. For modification, 3-aminopropyl
trimethoxysilane (APTES 99%) and ethylenediaminetetraaceticacid disodium salt (EDTA-
Nay) were utilized. Hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH), toluene,
zinc nitrate, and sodium bicarbonate (NaHCO3) were also used in this study. All of the
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reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) and utilized as received
without any further purification. Ultrapure water was used throughout.

2.2. Adsorbents Synthesis and Modification

Mesoporous SBA-16 and SBA-15 were synthesized as described elsewhere in the litera-
ture [32,33]. Adsorbents” modifications were performed through a two-step post synthesis
process [34], as illustrated in Figure 1. After APTES and EDTA modification, the adsorbents
were denoted as SBA-16-NH, /SBA-15-NH,; and SBA-16-EDTA /SBA-15-EDTA, respectively.

1 g of each silica was added to 10 mL toluene
solution containing 1 mL APTES and stirred at
RT for 10 min. The mixture was then heated at

100 °C for 24 h. \
/O
NN
OH OH oH OH +  HN /S'\O/
—0

SBA-15-NH, and SBA-16-NH, were
added to 100 mL of 0.IM EDTA
aqueous solution and stirred for 24 h at

RT o] O Na*
OH ,—{
— N O
| /\/\ (@) N—/_
o S NH, + >_/ 0
HO O Na*
filter, wash with water and dry

@) Na*

SBA-15/16-NH,-EDTA

Figure 1. Modification of SBA-16 and SBA-15 with APTES and EDTA.

2.3. Adsorbents Characterization

For determining the textural properties, a Micromeritics TRISTAR sorptiometer (Mi-
cromeritics Instrument Corp., Norcross, GA, USA) was used and nitrogen adsorption—
desorption isotherms were obtained at —196 °C. The as-synthesized samples were out
gassed at 350 °C under vacuum for at least 5 h before measurement and overnight at 150 °C
for the modified samples. Low angle X-ray diffraction (XRD) patterns were obtained with
an Empyrean X-ray diffractometer (Malvern Panalytical Ltd., Royston, UK) with Cu K«
(A = 1.54 A) radiation and a 0.008° min ! rate of scanning between 0.65° and 5° 26. SBA-16
and SBA-15 morphologies were determined by scanning electron microscopy (SEM, JEOL
7001 FEG, Tokyo, Japan) and transmission electron microscopy (TEM, JEOL 2100 UHR at
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200 kV, Tokyo, Japan). Thermogravimetric analysis (TG) was conducted using SDT Q600
TA Instrument from 25 to 900 °C in air using SDT Q600 TA Instruments (New Castle, DE,
USA). The functional groups were identified in the range of 4000400 cm~! by Fourier
transform infrared spectroscopy (FT-IR-6300 JASCO, Oklahoma City, OK, USA) through
mixing the samples with KBr and pressing them into pellets. The amount of immobilized
carboxyl groups after EDTA modification was measured by back titration [35].

2.4. Batch Adsorption Experiments

The zinc nitrate salt was dissolved in ultrapure water and solutions with different
zinc ion concentrations (between 10 and 500 ppm) were prepared. For batch adsorption
studies, 20 mg of SBA-16-EDTA or SBA-15-EDTA was added to 20 mL of metal solution
of concentration C and the flask was stirred at room temperature (RT) at 300 rpm for
180 min. At the end of each step, the zinc concentration was determined using an atomic
adsorption spectrophotometer (AAS, Perkin Elmer AA200, Waltham, MA, USA). The
removal efficiency was calculated by Equation (1) [36]:

_ Co—Ct

R
Co

x 100 D
where Cy and C; are the heavy metal initial concentration and at concentration at time
t, respectively. The adsorption capacity (mg g~ !) of the adsorbent at equilibrium was
calculated by Equation (2) [36]:

_(Co-CV
T oom

()

where C, is the concentration at equilibrium, (V) is the volume in L of metal solution, and
m is the mass in g of the adsorbent.

The adsorption isotherms were established by varying the initial metal ion concentra-
tions between 10 mg L~! and 500 mg L. The solutions were stirred for 180 min at RT and
then filtered and the remaining metal ions were measured by AAS in order to calculate C,
and g.. The pH effect was studied by varying the solution pH between 2 and 8 using 0.1 M
HCl or 0.1 M NaOH. Adsorbents’ regeneration was performed with 1 M HCl solution.

e

3. Results and Discussion
3.1. Adsorbents’ Characterization

The surface morphologies of the adsorbents were obtained by SEM (Figure 2). SBA-16
appeared as fine cube particles while SBA-15 had rod-shaped particles. The crystallographic
structure of both materials was investigated by TEM. SBA-16 images before and after EDTA
modification (Figure 3A,C) showed arrays of highly ordered uniform cages demonstrating
the 3D cubic structure of SBA-16 that remained unaffected after functionalization. As for
SBA-15, Figure 3B,D revealed the highly ordered 2D hexagonal structure (honeycomb
structure), which also remained intact after modification.

XRD patterns are shown in Figure 4. The peaks in SBA-16 diffractograms corre-
sponding to the (110), (211), and (220) planes, which are indexed at 26 = 0.8, 1.1, and
1.8, respectively, are characteristics of the cubic body-centered structure (Im3m) [37]. The
three diffraction peaks in the SBA-15 pattern, indexed at (100), (110), and (200) planes, are
characteristic of the two-dimensional hexagonal symmetry (P6mm) [38]. The three obvious
characteristic peaks for SBA-15 are at 20 = 0.9, 1.7, and 2.2, referring to the (100), (110), and
(200) planes, respectively. After EDTA modification, there was a slight pattern shift due to
the decrease in pore size, but the symmetrical structure was conserved. For SBA-16-EDTA,
the (110) plane shifted to a lower diffraction angle (110) compared with unmodified meso-
porous silica SBA-16. Such a shift is due to the decrease in lattice parameters a due to pore
filling with amino and EDTA functional groups.
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Figure 3. TEM images of SBA-16 (above) and SBA-15 (below) before (A,C) and after (B,D) EDTA
modification.
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Figure 4. XRD patterns of SBA-16 and SBA-15 before and after modification.

Figure 5 illustrates the nitrogen adsorption—desorption isotherms, and the textural
properties and pore size are included in Table 1. According to the IUPAC classification,
classical type IV isotherms were made of both materials. SBA-15 exhibited an H1 hysteresis
loop, affirming the presence of well-defined and cylindrical mesopores. On the other hand,
SBA-16 exhibited an H2 hysteresis loop, which is characteristic of a cage-like mesoporous
structure with narrower entrances than the cage itself [39]. For SBA-15, the capillary
condensation occurred at a higher relative pressure than for SBA-16, showing that the
mesopores of SBA-15 are larger than those of SBA-16. After modification with functional
groups, the size of the mesopores along with the surface area and the mesoporous volume
decreased for all of the samples. The large decrease in the surface area after modification is
mainly the result of the micropores’ blockage by amino propyl groups after modification.
As for the shape of the mesopores, no important change was observed after modification
and the structure remained intact, which was also proved by XRD and TEM.

Table 1. Textural properties of SBA-16 and SBA-15 before and after modification.

Sample (rilzaEgTj) Por(emsri)ze b h‘//[slsgif;ff Micr(oc}:r(l)srt; Y;))lume
(em® g=1)
SBA-16 954.8 4.43 0.485 0.122
SBA-16-NH; 567.8 4.14 0.223 0
SBA-16-EDTA 330.5 3.98 0.189 0
SBA-15 860.3 6.81 0.782 0.104
SBA-15-NH; 4222 6.01 0.587 0
SBA-15-EDTA 229.03 4.76 0.336 0

2 Spgr is the BET surface area evaluated in the range of relative pressures p/p, of 0.05-0.2. b Pore diameter
calculated using the BJH method. € Total pore volumes were calculated by converting the amount adsorbed at

p/po ~0.99.

Thermogravimetric analyses under air were also conducted for the samples before
and after modification (Figure 6). The weight loss that occurred below 200 °C is due to the
desorption of water. Before modification, the weight losses between 200 and 900 °C are
attributed to the silicate networks” dehydroxylation. For the modified samples, significant
weight losses were observed between 200 and 900 °C. Aminopropyl groups were thermally
degraded between 100 and 550 °C and the decomposition of EDTA occurred in the same
temperature range as well.
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Figure 5. N, adsorption—desorption isotherms and pore size distribution of SBA-16 and SBA-15
before and after modification.
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Figure 6. Thermogravimetric curves for SBA-16 and SBA-15 before and after modification.

The infrared spectrum of calcined SBA-15 and SBA-16 (Figure 7) shows typical bands
of silanol groups at 3500-3750 cm ! [40]. After modification with aminopropyl groups, the
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intensity of these bands decreased, while the bands characteristic of aminopropyl groups
appeared. These new bands are attributed to the symmetric and asymmetric stretching
of CHj groups (vas (CHp) =2933 em ™1, vg (CHy) = 2876 cm™1), as well as NH, vibration
(Vas = 3372 cm ™1, vg = 3300 cm 1) [41]. The band at 1594 cm ! corresponds to NH; bending.
The anchoring of EDTA on amino groups resulted in the disappearance of NH; stretching
vibration bands at 3372 and 3300 cm~!. Moreover, the C-O asymmetrical carboxylate
stretching vibration was observed at 1675 cm~!. The band at 1744 cm™~! was attributed to
the stretching vibration of the carboxylic group [42].

|_
R
o
0
o
—SBA-16 ——5BA-16 EDTA
400 900 1400 1900 2400 2900 3400 3900
Wavenumber (cm-?)
=
P_
——SBA-15  ———SBA-15 EDTA
T T T T T T T
400 900 1400 1900 2400 2900 3400 3900

Wavenumber (cm™)

Figure 7. FTIR spectra for SBA-16 and SBA-15 before and after modification.

Figure 8 represents the FTIR spectrum of zinc-loaded SBA-16-EDTA. After zinc adsorp-
tion, the band at 1594 cm~! that corresponds to -NH; bending decreased, indicating the
adsorption of zinc ions on -NH; groups that did not react with EDTA. Moreover, the bands
at 1675 cm~! and 1744 cm ™!, which correspond to the asymmetrical stretching vibration
of the carboxylate C-O and at -CO stretching vibration of carboxylic group, respectively,
decreased after zinc adsorption owing to the chelation of zinc ions by EDTA. These results
prove the adsorption of zinc ions on SBA-16-EDTA and further prove the heterogeneity of
the modified mesoporous silica surface.
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Figure 8. FTIR spectra for SBA-16-EDTA after zinc adsorption.

3.2. Zinc Adsorption Experiments
3.2.1. Effect of Contact Time and pH

For both SBA-16 and SBA-15, equilibrium was reached quickly (within the first 30 min)
and the amount of Zn?* adsorbed was much higher for SBA-16 (Figure 9). The obtained
results may be due to the difference in structure between SBA-15 and SBA-16. The latter
cage-like structure favors the diffusion of zinc ions.

100 - - - 100
'3 =
g 3
Q QO 60 A
[}
£ 50 e
7] 3 40 - SBA-16-EDTA
© g —@— SBA-15-EDTA
3 —e— SBA-16EDTA (S
= € 20 -
8 —e— SBA-15-EDTA 2
0 T Ll T T Ll 0 ! ! !
0 30 60 90 120 150 180 0 2 4 6 8
Time (min) pH

Figure 9. Effect of contact time and pH on Zn?* on EDTA-modified SBA-16 and SBA-15 (at RT and
[Zn%*]; = 30 ppm).

The pH of the solution directly affects zinc ion adsorption because it controls its
speciation as well as the adsorbent surface charge. The removal of Zn?* ions on both
adsorbents increased as pH increased from 2 to 7 (Figure 9). As the pH increased from 2 to
4, the adsorption efficiency increased from 35% to 78%. At pH 5, the adsorption further
increased to 96.6% and reached 99% at pH 6 and 7. Above pH 7, the adsorption capacity
slightly decreased (97%). For pH values higher than 3, EDTA molecules have a carboxylate
form, thus increasing zinc complexation. Above pH 7, zinc starts to precipitate and form
complexes with OH™ (Zn(OH)y).

3.2.2. Adsorption Kinetics

The two kinetic models, pseudo first-order and pseudo-second order, used to calculate
the kinetic parameters are expressed in Equations (3) and (4), respectively [43]:

In (ge — gqt) =Inge — kqt 3)

t 1 t
== 4
QG keq? e @
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where g; and g, are the quantity of metal ions adsorbed (mg g’l) at time t (min) and at
equilibrium, respectively. k; (min~1) and k, (g mg’1 min~!) are the pseudo-first- and
pseudo-second-order rate constants.

The theoretical ge values obtained from the pseudo-second-order kinetic model were
very close to the experimental ones (Table 2). The obtained results indicated that zinc ion
adsorption on both adsorbents followed the pseudo-second-order kinetic model (Figure 10).
This model is based on sorption equilibrium capacity and presumes that the sorption
capacity is proportional to the number of active sites occupied on the sorbent [44]. This
suggests that the adsorption rate mainly depends on the active adsorption site content
on the adsorbent surface, and the rate-limiting step is chemisorption involving valence
forces through sharing or exchange of electrons between specific sites on adsorbent and
metal ions [45]. The chemical interaction between EDTA and metal ions is correlated and
in accordance with the kinetic results obtained.

Table 2. Comparison of the first- and the second-order kinetic models for Zn>* adsorption.

First-Order Kinetic Model Second-Order Kinetic Model
e P (mg g~1) k1 7! 2 g0 kea 2
.1 1 R _1 . q R
(min—1) (mg g1 (mgg—1) (g mg min—1)
SBA-16-EDTA 0.031 5.7 0.826 30.3 0.014 0.999
SBA-15-EDTA 0.102 15.83 0.992 24.7 0.008 0.998
8
.
l r
6 - ..
5 - s
g4 °
3
..
2 e
& ®SBA-16EDTA  ®SBA-15-EDTA
14 " J
oz."‘
0 ad ; ‘ .
0 50 100 150 200
Time (min)
35
30 4 @vreeerent P e @ eernererene Y
.o
25 - e P
K P O—
Eﬁ’, 20 | s
£
3 15 1
10
5 | © SBA-16-EDTA SBA-15-EDTA
0 . . . ‘ ; . .
0 2 4 6 8 10 12 14 16

tD.S

Figure 10. Pseudo-second-order model kinetic model (above) and intra-particle diffusion model
(below) for Zn?* adsorption (pH = 6 at RT).

To determine if the intra-particle diffusion is a rate-limiting step in the zinc adsorption
on both adsorbents (SBA-15 and SBA-16), the intra-particle diffusion model proposed by
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Weber and Morris [46] was used to analyze the kinetic results. This model is expressed
as follows:
ge = Kit'/? + C 5)

where kiq is the rate constant of intra-particle diffusion (mg g~! min~!/2) and C is the
intercept (mg g~!). High C values propose that external diffusion has a greater role than
the rate-limiting step, because the C value is related to the boundary layer thickness [47].
A plot of the zinc amount adsorbed (gt) versus t*° should be linear, and if the line passes
through the origin, then intra-particle diffusion is the only rate-controlling step [48]. The
obtained results are illustrated in Figure 9 and the parameters are displayed in Table 3. The
plots present two linear parts indicating that two steps have occurred. The first sharp part
corresponds to the external surface adsorption, while the second part represents the gradual
adsorption step, such that the intra-particle diffusion is rate-limiting [49]. As the plot g;
versus t"° was not a straight line passing through the origin, the process of adsorption is
not controlled only by the intra-particle diffusion where film diffusion might have an effect
on the kinetics.

Table 3. Parameters of the intra-particle diffusion model.

k; k;

1 1 2 d2 2 2
(mg g~ 'min-12) (mgg~1) R (mg g~ 1min—12) (mg g™ R
SBA-16-EDTA 3.5 12.2 0.981 0.114 28.4 0.991
SBA-15-EDTA 4.8 - 0.994 0.196 215 0.925

3.2.3. Adsorption Isotherms
The adsorption behavior for both adsorbents was analyzed by Langmuir and Freundlich
isotherm models in order to model the amount of solute adsorbed per unit of adsorbent, g,
as a function of equilibrium concentration in the bulk solution, C,, at a constant temperature.
The Langmuir and Freundlich, models, are expressed in Equations (6) and (7), respectively:
C, 1 N C.

9. - KLqmax Dinax

(6)

1
logg, = logKy + HlogCe (7)

where C, and qmax denote the metal concentration (mg L~1) at the equilibrium state
and the adsorption capacity (mg g~ !), respectively. The value of 7 is the inverse of the
heterogeneity factor of the adsorption process. Meanwhile, K and Ky are the Langmuir
(L mg’l) and Freundlich (mg g’l) constants related to the mean free energy of adsorption,
respectively [50,51].

The adsorption isotherms of the experimental data are shown in Figure 11 and the
parameters of these two models are shown in Table 4. From the linear regression correlation
coefficient R?, it can be deduced that the equilibrium data could be well described by the
Freundlish isotherm, so the adsorption is reversible in a heterogeneous system that is not
limited to the formation of monolayers [52]. The values of n were all between 1 and 10,
indicating that the adsorption performance of zinc ions on both adsorbents was favorable
under the studied conditions [53], so both adsorbents can be considered efficient for zinc
metal ion removal, with the preference for SBA-16. Moreover, the Freundlich expression
is an exponential equation and, therefore, assumes that, as the metal ions’ concentration
increases, their concentration on the adsorbent surface also increases, indicating a non-ideal
adsorption, not limited to monolayer formation.
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Figure 11. Langmuir and Freundlich adsorption isotherms for Zn%* adsorption on EDTA-modified
SBA-16 and SBA-15.

Table 4. Langmuir and Freundlich models for Zn?* adsorption on SBA-16 and SBA-15.

Langmuir Model Freundlich Model
9P max KL R? n K R2
(mgg1) (Lmg1) (mgg1)
SBA-16 184.1 0.1 0.964 3.32 25.12 0.974
SBA-15 107 0.03 0.682 1.28 4 0.985

Contrary to the Langmuir isotherm model, which is commonly used for monolayer
adsorption, where most of the adsorption sites have equal affinities toward the asorbate,
the Freundlich isotherm model is used to describe a heterogeneous chemisorption process
in which the surface is not energetically uniform [54]. Isotherms of this form have been
observed for a wide range of heterogeneous surfaces, including activated carbon, silica,
clays, metals, and polymers. In the case of SBA-16-EDTA and SBA-15-EDTA, the obtained
results showed that the data fitted Freundlich, as previously mentioned, and this is mainly
because of the heterogeneous surface of both adsorbents, taking into consideration the
presence of some unfunctionalized silanol groups, amino groups along the EDTA fixed
on the majority of sites. Such heterogeneity will directly govern the adsorption process
on both adsorbents and, as a result, the obtained isotherm as well. It can be concluded
that Freundlich fits well over the entire concentration range; however, there is an obvious
deviation at higher concentrations. So, in general, the Freundlich isotherm will be a more
accurate approximation at lower concentrations [55]. Moreover, the Freundlich expression



Toxics 2023, 11, 205

13 of 16

is an exponential equation and, therefore, assumes that, as the metal ions’ concentration
increases, their concentration on the adsorbent surface also increases, indicating a non-ideal
adsorption, not limited to monolayer formation [56]. Concerning the chemisorption process,
the presence of functional groups can be used as evidence in proposing the adsorption
mechanism. The Zn-chemisorption mechanism onto EDTA-modified SBA-16 and SBA-
15 can be proposed as follows: Zn?* ions bind to carboxylate groups of EDTA via ionic
forces with carboxylic oxygen atoms. These oxygen atoms exhibit a negative charge in their
structure as a result of the dissociation of carboxylic groups. The negatively charged oxygen
atom in carboxylate anions will coordinate with zinc cations, resulting in the formation of
metal-carboxylate complexes (COO-Zn) on the adsorbents’ surface [57,58].

4. Adsorbents’ Regeneration

Batch desorption experiments and the desorption efficiencies were compared for both
adsorbents. In two beakers, each containing 40 mL of 1 M HCI and 20 mg of SBA-15-EDTA
or SBA-16-EDTA at RT, the mixtures were stirred at 300 rpm for 2 h. Then, the mixtures
were filtered and dried in order to be used again. Five regeneration cycles were performed.
Figure 12 shows that, after the fifth regeneration cycle, both adsorbents conserved about
85% of their removal efficiency.

100

W SBA-16-EDTA  m SBA-15-EDTA

90
80
70
60
50
40
30
20
10

0

1st cycle 2nd cycle 3rd cycle 4th cycle 5th cycle

Removal effeciency %

Figure 12. Regeneration and reuse of SBA-16-EDTA and SBA-15-EDTA.

5. Conclusions

In this study, two adsorbents were prepared by EDTA immobilization on SBA-15
and SBA-16 mesoporous silica. The ordered mesostructures of the obtained hybrid or-
ganic/inorganic materials were well preserved after modification. The modified adsorbents
were characterized by scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD), nitrogen (N,) adsorption—desorption analysis,
Fourier transform infrared spectroscopy (FT-IR), and thermogravimetric analysis. The
effects of contact time and pH on zinc adsorption on both materials were studied. The
adsorption process was fast, indicating the high affinity of adsorbents to chelating zinc
ions. The modified SBA-16 showed higher efficiency for eliminating Zn?* compared with
SBA-15 owing to its favorable structure characteristics (pore structure). The kinetic data
well fitted the pseudo-second-order model, where the rate adsorption process depends on
the exchange kinetics between the ligand and zinc ions. The effect of intra-particle diffusion
was also investigated. Equilibrium data were also fitted by Freundlich isotherm. Both
adsorbents can be regenerated using HCl solution and reused for up to five cycles.

Author Contributions: Z.E. performed the experiments; Z.E., L B.-G. and Y.P. analyzed the data; Z.E.
wrote the manuscript; Y.P. managed the study and the unit research in Poitiers. All authors have read
and agreed to the published version of the manuscript.



Toxics 2023, 11, 205 14 of 16

Funding: This research was funded by Poitiers University grant number 1.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Authors ensure that this manuscript is ethically sound and meet
industry-recognized standards that are reflected in MDPI policies.

Acknowledgments: The authors are thankful to the (IC2MP) ‘Institut de Chimie des Milieux et
Matériaux de Poitiers-UMR 7285’, Poitiers University, PRES for the financial support of this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Asberry, H.B.; Kuo, C.; Gung, C.; Conte, E.D.; Suen, S. Characterization of water bamboo husk biosorbents and their application
in heavy metals ion trapping. Microchem. J. 2014, 113, 59-63. [CrossRef]

2. Zou, Y.; Wang, X,; Khan, A.; Wang, P; Liu, Y.; Alsaedi, A.; Hayat, T.; Wang, X. Environmental remediation and application of
nanoscale zerovalent iron and its composites for the removal of heavy metal ions: A review. Environ. Sci. Technol. 2016, 50,
7290-7304. [CrossRef] [PubMed]

3. Verlicchi, P; Grillini, V. Surface water and groundwater quality in South Africa and mozambique—Analysis of the Most critical
pollutants for drinking purposes and challenges in water treatment selection. Water 2020, 12, 305. [CrossRef]

4.  Taseidifar, M.; Makavipour, F,; Pashley, R M.; Rahman, A.FM.M. Removal of heavy metal ions from water using ion flotation.
Environ. Technol. Innov. 2017, 8, 182-190. [CrossRef]

5. Garcia-Nifio, W.R.; Pedraza-Chaverri, J. Protective effect of curcumin against heavy metals-induced liver damage. Food Chem.
Toxicol. 2014, 69, 182-201. [CrossRef]

6. Wang, WN,; Liang, H.; Wang, A. Effect of pH and Zn%* on subcultured muscle cells from Macrobrachium nipponense. Methods
Cell Sci. 2000, 22, 277-284. [CrossRef]

7. Wadige, CPM.M,; Taylor, A.M.; Maher, W.A; Krikowa, F. Bioavailability and toxicity of zinc from contaminated freshwater
sediments: Linking exposure-dose-response relationships of the freshwater bivalve Hyridella australis to zinc-spiked sediments.
Agquat. Toxicol. 2017, 156, 179-190. [CrossRef]

8. Yang, X,; Wan, Y.; Zheng, Y.; He, F; Yu, Z,; Huang, J.; Wang, H.; Ok, Y.S,; Jiang, Y.; Gao, B. Surface functional groups of
carbon-based adsorbents and their roles in the removal of heavy metals from aqueous solutions: A critical review. Chem. Eng. ].
2019, 366, 608-621. [CrossRef]

9. Bazrafshan, E.; Mohammadi, L.; Moghaddam, A.A.; Mahvi, A.H. Heavy metals removal from aqueous environments by
electrocoagulation process—A systematic review. J. Environ. Health Sci. Eng. 2015, 13, 74. [CrossRef]

10.  Zhou, G;; Luo, J.; Liu, C.; Chu, L,; Crittenden, J. Efficient heavy metal removal from industrial melting effluent using fixed-bed
process based on porous hydrogel adsorbents. Water Res. 2018, 131, 246-254. [CrossRef]

11. Qasem, N.A.; Mohammed, R.H.; Lawal, D.U. Removal of heavy metal ions from wastewater: A comprehensive and critical
review. Npj Clean Water 2021, 4, 36. [CrossRef]

12.  Aguado, ].; Arsuaga, J.; Arencibia, A.; Lindo, M. Gas_cn, V Aqueous heavy metals removal by adsorption on amine-functionalized
mesoporous silica. |. Hazard. Mater. 2009, 163, 213-221. [CrossRef]

13. Babel, S.; Kurniawan, T.A. Low-cost adsorbents for heavy metals uptake from contaminated water: A review. . Hazard. Mater.
2003, 97, 219-243. [CrossRef] [PubMed]

14. Repo, E.; Kurniawan, T.A.; Warchol, ] K,; Sillanpad, M.E. Removal of Co(II) and Ni(II) ions from contaminated water using silica
gel functionalized with EDTA and/or DTPA as chelating agents. J. Hazard. Mater. 2009, 171, 1071-1080. [CrossRef] [PubMed]

15.  Onundi, Y.B.; Mamum, A.A.; Al-Khatib, M.F.; Ahmed, Y.M. Adsorption of copper, nickel and lead ions from synthetic semicon-
ductor industrial wastewater by palm shell activated carbon. Int. |. Environ. Sci. Technol. 2010, 7, 751-758. [CrossRef]

16. Swarnalatha, K.; Ayoob, S. Adsorption Studies on Coir Pith for Heavy Metal Removal. Int. |. Sustain. Eng. 2016, 9, 259-265.
[CrossRef]

17. Demiral, I.; Samdan, C.; Demiral, H. Enrichment of the surface functional groups of activated carbon by modification. Method
Surf. Interfaces 2021, 22, 100873.

18. Marciniak, M.; Goscianska, J.; Frankowski, M.; Pietrzak, R. Optimal synthesis of oxidized mesoporous carbons for the adsorption
of heavy metal ions. J. Mol. Lig. 2019, 276, 630—-637. [CrossRef]

19. Upadhyay, U.; Sreedhar, I; Singh, S.A.; Patel, C.M.; Anitha, K.L. Recent advances in heavy metal removal by chitosan based
adsorbents. Carbohydr. Polym. 2021, 251, 117000. [CrossRef]

20. Zhang, T.; Wang, W.; Zhao, Y.; Bai, H.; Wen, T.; Kang, S.; Song, G.; Song, S.; Komarneni, S. Removal of heavy metals and dyes by
clay-based adsorbents: From natural clays to 1D and 2D nano-composites. Chem. Eng. 2020, 420, 127574. [CrossRef]

21.  Zhou, W.; Deng, ].; Qin, Z.; Huang, R.; Wang, Y.; Tong, S. Construction of MoS, nanoarrays and MoO3 nanobelts: Two efficient

adsorbents for removal of Pb(II), Au(Ill) and Methylene Blue. J. Environ. Sci. 2022, 111, 38-50. [CrossRef] [PubMed]


http://doi.org/10.1016/j.microc.2013.11.011
http://doi.org/10.1021/acs.est.6b01897
http://www.ncbi.nlm.nih.gov/pubmed/27331413
http://doi.org/10.3390/w12010305
http://doi.org/10.1016/j.eti.2017.07.002
http://doi.org/10.1016/j.fct.2014.04.016
http://doi.org/10.1023/A:1017962429862
http://doi.org/10.1016/j.aquatox.2014.08.012
http://doi.org/10.1016/j.cej.2019.02.119
http://doi.org/10.1186/s40201-015-0233-8
http://doi.org/10.1016/j.watres.2017.12.067
http://doi.org/10.1038/s41545-021-00127-0
http://doi.org/10.1016/j.jhazmat.2008.06.080
http://doi.org/10.1016/S0304-3894(02)00263-7
http://www.ncbi.nlm.nih.gov/pubmed/12573840
http://doi.org/10.1016/j.jhazmat.2009.06.111
http://www.ncbi.nlm.nih.gov/pubmed/19632777
http://doi.org/10.1007/BF03326184
http://doi.org/10.1080/19397038.2016.1152323
http://doi.org/10.1016/j.molliq.2018.12.042
http://doi.org/10.1016/j.carbpol.2020.117000
http://doi.org/10.1016/j.cej.2020.127574
http://doi.org/10.1016/j.jes.2021.02.031
http://www.ncbi.nlm.nih.gov/pubmed/34949366

Toxics 2023, 11, 205 15 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

Barik, B.; Kumar, A.; Nayak, P.S.; Achary, L.S.K.; Rout, L.; Dash, P. Ionic liquid assisted mesoporous silica-graphene oxide
nanocomposite synthesis and its application for removal of heavy metal ions from water. Mater. Chem. Phys. 2020, 239, 122028.
[CrossRef]

Qiu, B.; Xie, L.; Zeng, J.; Liu, T,; Yan, M.; Zhou, S; Liang, Q.; Tang, J.; Liang, K.; Kong, B. Interfacially super-assembled asymmetric
and H202 sensitive multilayer-sandwich magnetic mesoporous silica nanomotors for detecting and removing heavy metal ions.
Adv. Funct. Mater. 2021, 31, 2010694. [CrossRef]

Mannaa, M.A.; Altass, HM.; Salama, R.S. MCM-41 grafted with citric acid: The role of carboxylic groups in enhancing the
synthesis of xanthenes and removal of heavy metal ions. Environ. Nanotechnol. Monit. Manag. 2021, 15, 100410. [CrossRef]
Betiha, M.A.; Moustafa, Y.M.; El-Shahat, M.F,; Rafik, E. Polyvinylpyrrolidone-Aminopropyl-SBA-15 schiff Base hybrid for efficient
removal of divalent heavy metal cations from wastewater. J. Hazard. Mater. 2020, 397, 122675. [CrossRef] [PubMed]

Gupta, R.; Gupta, S.K.; Pathak, D.D. Selective adsorption of toxic heavy metal ions using guanine-functionalized mesoporous
silica [SBA-16-g] from aqueous solution. Microporous Mesoporous Mater. 2019, 288, 109577. [CrossRef]

Kaewprachum, W.; Wongsakulphasatch, S.; Kiatkittipong, W.; Striolo, A.; Cheng, C.K.; Assabumrungrat, S. SDS modified
mesoporous silica MCM-41 for the adsorption of Cu®*, Cd?**, Zn?* from aqueous systems. J. Environ. Chem. Eng. 2020, 8, 102920.
[CrossRef]

Hussain, A.A.; Nazir, S.; Irshad, R.; Tahir, K.; Raza, M.; Khan, Z.U.H.; Khan, A.U. Synthesis of functionalized mesoporous Ni-SBA-
16 decorated with MgO nanoparticles for Cr (VI) adsorption and an effective catalyst for hydrodechlorination of chlorobenzene.
Mater. Res. Bull. 2021, 133, 111059. [CrossRef]

Zolfaghari, G.; Zanganeh Asadabadi, A. Synthesis of nanoporous silica SBA-16 and its modification with NH; ligands and metal
for removal of chromium in industry and environment. J. Environ. Sci. Technol. 2021. [CrossRef]

An, F; Gao, B.; Dai, X.; Wang, M.; Wang, X. Efficient removal of heavy metal ions from aqueous solution using salicylic acid type
chelate adsorbent. J. Hazard. Mater. 2011, 192, 956-962. [CrossRef]

Northceott, K.; Kokusen, H.; Komatsu, Y.; Stevens, G. Synthesis and Surface Modification of Mesoporous Silicate SBA-15 for the
Adsorption of Metal Ions. Sep. Sci. Technol. 2006, 41, 1829-1840. [CrossRef]

Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B.; Stucky, G. Nonionic triblock and star diblock copolymer and oligomeric surfactant
syntheses of highly ordered, hydrothermally stable, mesoporous silica structures. J. Am. Chem. Soc. 1998, 120, 6024-6036.
[CrossRef]

Grudzien, R.M.; Grabicka, B.E.; Jaroniec, M. Adsorption studies of thermal stability of SBA-16 mesoporous silicas. Appl. Surf. Sci.
2007, 253, 5660-5665. [CrossRef]

Ezzeddine, Z.; Batonneau-Gener, I.; Pouilloux, Y.; Hamad, H.; Saad, Z.; Kazpard, V. Divalent Heavy Metals Adsorption onto
Different Types of EDTA-Modified Mesoporous Materials: Effectiveness and Complexation Rate. Microporous Mesoporous Mater.
2015, 212, 125-136. [CrossRef]

Ghodbane, I.; Nouri, L.; Hamdaoui, O.; Chiha, M. Kinetic and equilibrium study for the sorption of cadmium(II) ions from
aqueous phase by eucalyptus bark. |. Hazard. Mater. 2008, 152, 148-158. [CrossRef] [PubMed]

Nikiforova, T.E.; Kozlov, V.A ; Telegin, EY. Chemisorption of copper ions in aqueous acidic solutions by modified chitosan. Mater.
Sci. Eng. B 2021, 263, 114778. [CrossRef]

Gupta, R.; Layek, S.; Pathak, D.D. Synthesis and characterization of guanine-functionalized mesoporous silica [SBA-16-G]:
A metal-free and recyclable solid base catalyst for synthesis of pyran-annulated heterocyclic compounds. Res. Chem. Intermed.
2018, 45, 1619-1637. [CrossRef]

Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G.H.; Chmelka, B.F.; Stucky, G.D. Triblock Copolymer Syntheses of
Mesoporous Silica with Periodic 50 to 300 Angstrom Pores. Science 1998, 279, 548-555. [CrossRef]

Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, ].P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S. Physisorption of gases,
with special reference to the evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure Appl. Chem.
2015, 87, 1051-1069. [CrossRef]

Gallas, J.P.; Goupil, ].M.; Vimont, A.; Lavalley, ].C.; Gil, B.; Gilson, ]J.P.; Miserque, O. Quantification of water and silanol species on
various silicas by coupling IR spectroscopy and in-situ thermogravimetry. Langmuir 2009, 25, 5825-5834. [CrossRef]

Maria, A.; Zhao, X.; Phys, J. Functionalization of SBA-15 with APTES and Characterization of Functionalized Materials. |. Phys.
Chem. B. 2003, 107, 12650-12657. [CrossRef]

Yu, J.; Tong, M.; Sun, X; Li, B. Enhanced and selective adsorption of Pb%* and Cu?* by EDTAD-modified biomass of baker’s yeast.
Bioresour. Technol. 2008, 99, 2588-2593. [CrossRef] [PubMed]

Febrianto, ].; Kosasih, A.N.; Sunarso, J.; Ju, Y.H.; Indraswati, N.; Ismadji, S. Equilibrium and kinetic studies in adsorption of heavy
metals using biosorbent: A summary of recent studies. J. Hazard. Mater. 2009, 162, 616-645. [CrossRef] [PubMed]

Ho, Y.S.; McKay, G. Pseudo-second order model for sorption processes. Process Biocherm. 1999, 34, 451-465. [CrossRef]
Ezzeddine, Z.; Batonneau-Gener, I.; Pouilloux, Y.; Hamad, H.; Saad, Z. The applicability of as synthesized mesoporous carbon
CMK-3 as a heavy metals adsorbent: Application to real water samples. Energy Sources Part A Recovery Util. Environ. Eff. 2021, 43,
1675-1690. [CrossRef]

Weber, J.; Morris, J. Kinetics of Adsorption on Carbon from Solution. J. Sanit. Eng. Div. 1963, 89, 31-60. [CrossRef]

Lin, J.; Zhan, Y,; Zhu, Z. Adsorption characteristics of copper (II) ions from aqueous solution onto humic acid immobilized
surfactant-modified zeolite. Colloids Surf. A Physicochem. Eng. Asp. 2011, 384, 9-16. [CrossRef]


http://doi.org/10.1016/j.matchemphys.2019.122028
http://doi.org/10.1002/adfm.202010694
http://doi.org/10.1016/j.enmm.2020.100410
http://doi.org/10.1016/j.jhazmat.2020.122675
http://www.ncbi.nlm.nih.gov/pubmed/32438241
http://doi.org/10.1016/j.micromeso.2019.109577
http://doi.org/10.1016/j.jece.2019.102920
http://doi.org/10.1016/j.materresbull.2020.111059
http://doi.org/10.22034/JEST.2021.34947.4202
http://doi.org/10.1016/j.jhazmat.2011.05.050
http://doi.org/10.1080/01496390600725760
http://doi.org/10.1021/ja974025i
http://doi.org/10.1016/j.apsusc.2006.12.033
http://doi.org/10.1016/j.micromeso.2015.03.013
http://doi.org/10.1016/j.jhazmat.2007.06.079
http://www.ncbi.nlm.nih.gov/pubmed/17689182
http://doi.org/10.1016/j.mseb.2020.114778
http://doi.org/10.1007/s11164-018-3693-5
http://doi.org/10.1126/science.279.5350.548
http://doi.org/10.1515/pac-2014-1117
http://doi.org/10.1021/la802688w
http://doi.org/10.1021/jp035877+
http://doi.org/10.1016/j.biortech.2007.04.038
http://www.ncbi.nlm.nih.gov/pubmed/17570661
http://doi.org/10.1016/j.jhazmat.2008.06.042
http://www.ncbi.nlm.nih.gov/pubmed/18656309
http://doi.org/10.1016/S0032-9592(98)00112-5
http://doi.org/10.1080/15567036.2019.1663301
http://doi.org/10.1061/JSEDAI.0000430
http://doi.org/10.1016/j.colsurfa.2011.02.044

Toxics 2023, 11, 205 16 of 16

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

Ji, E; Li, C,; Tang, B.; Xu, ].; Lu, G.; Liu, P. Preparationof cellulose acetate/zeolite composite fiber and its adsorption behavior for
heavymetal ions in aqueous solution. Chem. Eng. J. 2012, 209, 325-333. [CrossRef]

Annadurai, G.; Krishnan, M. Batch equilibrium adsorption of reactive dye on to natural biopolymer. Iran. Polym. J. 1997, 16,
169-172.

Freundlich, H. Uber die adsorption in losungen. Z. Phys. Chem. 1906, 57, 387-470. [CrossRef]

Langmuir, I. The adsorption of gases on plane surface of glass, mica and platinum. J. Am. Chem. Soc. 1918, 40, 1361-1368.
[CrossRef]

Vimonses, V.; Lei, S.; Jin, B.; Chow, C.W.K,; Saint, C. Kinetic study and equilibrium isotherm analysis of Congo Red adsorption by
clay materials. Chem. Eng. ]. 2009, 148, 354-364. [CrossRef]

Hameed, B.H. Equilibrium and kinetic studies of methyl violet sorption by agricultural waste. ]. Hazard. Mater. 2008, 154, 204-212.
[CrossRef] [PubMed]

Agboola, O.D.; Benson, N.U. Physisorption and chemisorption mechanisms influencing micro (nano) plastics-organic chemical
contaminants interactions: A review. Front. Environ. Sci. 2021, 9, 167. [CrossRef]

Umpleby II, R.J.; Baxter, S.C.; Bode, M.; Berch, J.K,, Jr.; Shah, R.N.; Shimizu, K.D. Application of the Freundlich adsorption
isotherm in the characterization of molecularly imprinted polymers. Anal. Chim. Acta 2001, 435, 35—42. [CrossRef]

Ezzeddine, Z.; Abdallah, L.; Hamad, H. Heavy Metals Adsorption on Cyanex-272 Modified Activated Carbon: Efficacy and
Selectivity. Univers. J. CarbonRes. 2023, 1, 22-37.

Zhu, S.; Khan, M.A.; Kameda, T.; Xu, H.; Wang, F; Xia, M.; Yoshioka, T. New insights into the capture performance and
mechanism of hazardous metals Cr3+ and Cd2+ onto an effective layered double hydroxide based material. ]. Hazard. Mater.
2022, 426, 128062. [CrossRef]

Zhu, S.; Chen, Y;; Khan, M.A ; Xu, H.; Wang, F.; Xia, M. In-depth study of heavy metal removal by an etidronic acid-functionalized
layered double hydroxide. ACS Appl. Mater. Interfaces 2022, 14, 7450-7463. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.cej.2012.08.014
http://doi.org/10.1515/zpch-1907-5723
http://doi.org/10.1021/ja02242a004
http://doi.org/10.1016/j.cej.2008.09.009
http://doi.org/10.1016/j.jhazmat.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18023971
http://doi.org/10.3389/fenvs.2021.678574
http://doi.org/10.1016/S0003-2670(00)01211-3
http://doi.org/10.1016/j.jhazmat.2021.128062
http://doi.org/10.1021/acsami.1c22035

	Introduction 
	Materials and Methods 
	Chemicals 
	Adsorbents Synthesis and Modification 
	Adsorbents Characterization 
	Batch Adsorption Experiments 

	Results and Discussion 
	Adsorbents’ Characterization 
	Zinc Adsorption Experiments 
	Effect of Contact Time and pH 
	Adsorption Kinetics 
	Adsorption Isotherms 


	Adsorbents’ Regeneration 
	Conclusions 
	References

