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Abstract—Monodispersed porous silica microspheres (SM) were synthesized and further functionalized with amine
moieties using triethylenetetramine (TETA) in order to obtain a novel adsorbent for Cd(II) elimination from aqueous
media. The morphology, texture and structure of samples were characterized with the aid of Fourier transform infra-
red spectroscopy (FTIR), X-Ray diffraction (XRD), scanning and transmission electron microscopy (SEM, TEM),
energy dispersive spectroscopy (EDS), and N, adsorption-desorption. The adsorption efficiency was investigated based
on the effect of operational parameters including pH of the solution, the dose of adsorbent, adsorption time, initial
concentration of Cd(Il) ions and temperature. The equilibrium, kinetics and thermodynamics of Cd(II) adsorption
were also studied. The maximum adsorption capacity of amine functionalized silica microspheres (AMSM) for Cd(II)
was 35.6mg g '. Cd(I) adsorption onto AMSM had highest consistency with Sips and Langmuir isotherms, while
adsorption kinetics was best fitted with pseudo-second order model. Thermodynamics of adsorption revealed that
Cd(II) adsorption on AMSM was spontaneous, feasible and exothermic with physical interactions and pore diffusion
being the dominant mechanisms in the adsorption process. Results confirmed that AMSM adsorbent has the potential
to be a suitable candidate for Cd(II) removal from aqueous solutions.
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INTRODUCTION

Cadmium is classified as a highly carcinogen heavy metal with
harmful impacts on human health and living organisms [1]. It is
commonly discharged into water sources from metallurgical alloy-
ing, ceramics, pigment industries, alkali batteries, and plastics waste-
waters [2]. The weak response of cells and comparatively long half-
life of 10 to 30 years for Cd(II) ions in living organs indicates that
it is highly non-biodegradable and toxic. Cd(II) exposure causes renal
disorder, osteoporosis, neurological malfunction, cancers, genetic
toxicity, endocrine damage and fertility problems for human being
[3,4]. Therefore, it is highly important to develop procedures for
the treatment of cadmium-contaminated industrial wastewater
before being discharged into the environment.

Adsorption technique is one of the most promising separation
methods commonly applied for the removal of pollutants includ-
ing heavy metals, dyes and many organic contaminants from aque-
ous solution [5]. Adsorption is preferred over other conventional
purification techniques due to simplicity, low expenditure, high effi-
ciency and possible regeneration of adsorbents [6,7]. A variety of
natural organic and mineral adsorbents, such as red mud [8], rice
husk [9], biochar [10], tannin [11] and activated carbon [12], were
applied to eliminate cadmium ions.

Luo et al. [13] reported an adsorption capacity of 41.6mg g '
for cadmium removal using MnO, functionalized MWCNTS [13].
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Sari and Tuzen [14] investigated the Cd(II) removal from aqueous
solution and waste water by raw kaolinite and manganese oxide
(MnO,)-modified kaolinite (MnO-Kaol). The result showed that
the adsorption capacity of raw and modified kaolinite was 14.11
and 3647 mg g respectively [14]. Liang et al. [15] investigated the
removal of cadmium on alumina decorated MWCNTS and found
an adsorption capacity of 27.21 mg g [15]. Ruthiraan et al. [1] using
functioned multiwall carbon nanotubes and magnetic biochar for
Cd removal from aqueous solution found an adsorption capacity
of 833mg g and 62.5mg g, respectively [1]. Xue et al. [16]. syn-
thesis graphene oxide nanosheets for the removal of Cd(II) ions
from acidic aqueous solutions. They found that the calculated maxi-
mum adsorption capacity value for Cd(IT) was 44.64 mg g ' at pH
4.00 [16]. Yu et al. [17] prepared poly(maleic acid)-grafted cross-
linked chitosan microspheres for Cd(II) adsorption. They reported
that the maximum adsorption capacity was 39.2mg g ' [17].
Mesoporous silica is considered a superior adsorbent for heavy
metal removal, fulfilling most of the desired criteria of an outstand-
ing adsorbent with superior specific surface area, narrow pore-size
distributions and controlled pore sizes [18]. In addition, the affin-
ity and selectivity towards target heavy metals in these structures
can easily be improved by introducing suitable functional groups
to the surface, which creates new available adsorption sites [19]. In
research performed by Lin and coworkers [20], mesoporous silica
was successfully functionalized with thiol groups and its perfor-
mance for heavy metal removal was investigated. Liu et al. [21]
reported the synthesis of thiol and amine treated mesoporous sil-
ica and indicated that amine treated samples had exceptionally higher
adsorption efficacy toward copper ions. Najafi and coworkers [22]
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also demonstrated the improved performance of silica nano hol-
low spheres and silica gel for the removal of some heavy metals after
amine functionalization.

In this study we prepared mesoporous silica microspheres (SM)
and amine functionalized silica microspheres (AMSM) using a versa-
tile method and investigated the structural, textural and morpho-
logical characteristics of the sample. The AMSM sample was then
applied for the adsorption of Cd(II) ions. The effects of operational
parameters on adsorption efficiency, equilibrium, kinetic and ther-
modynamic aspects of Cd(II) adsorption were investigated.

EXPERIMENTAL

1. Reagents

Dodecylamine, tetraethyleorthosilicate (TEOS), Triethylenetetra-
mine (TETA), Ethanol (99%), all in analytical grade, were purchased
from Merck and used without further purification. Distilled water
was used as the solvent.

2. Synthesis of Silica Microspheres (SM)

In the preparation of SM samples, dodecylamine and TEOS were
used as the templating agent and the silica source, respectively. A
solution of ethanol (160 mL) and distilled water (100 mL) was pre-
pared into which 1.44 g of dodecylamine was dissolved followed
by dropwise addition of 10 mL TEOS. After 4 h, the precipitate was
filtered, thoroughly washed with water and ethanol and then dried
at 80°C for 6 h. Finally, the templates were removed from the sam-
ples by calcination at 600 °C for 4 h [23].

3. Preparation of Amine Functionalized Silica Microspheres
(AMSM)

The AMSM samples were prepared by TETA, as the organic
amine. 2.82 g of amine precursor was dissolved in 20 mL of ethanol
and stirred for 0.5h, then 0.2 g of monodispersed porous silica,
pre-treated at 80 °C in a vacuum condition, were added. After 30
min, the sample was dried at 70 °C for 16 h and another 1h at 80°C
for the complete evaporation of ethanol [24].

4. Characterization Techniques

FT-IR spectra of SM and AMSM samples were taken on a Bruker-
Tensor 27 IR spectroscope at 400 to 4,000 cm ™" and resolution of
2cm™". Low angle XRD patterns of samples were collected using
Panalytical Xpert Pro equipment within the 26 range of 0.5° to 8".
Morphology of SM and AMSM samples was monitored using
MIRA3 TESCAN field emission scanning electron microscopy oper-
ating at a voltage of 5 KV with an EDS analyzer (SAMx company,
France) used for elemental analysis. TEM graphs were taken using
80KV Zeiss-EM10C transmission electron microscopy. The N, ad-
sorption/desorption isotherms for the samples were measured on
a BELSORP Mini (II), instrument. The textural properties of sam-
ples including specific surface area, pore volume and pore diame-
ter distribution were calculated using the Brunauer-Emmett-Teller
and Barrett-Joyner-Halenda (BJH) algorithms. Cd(II) concentration
was measured using a Perkin Elmer atomic emission spectrometer.

5. Adsorption Experiments

The adsorption performance of AMSM adsorbent for Cd(II) ion
removal was evaluated through batch adsorption experiments with
variation of operational parameters including effluent pH, initial
concentration of Cd(II) ions, the amount of the adsorbent, con-
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tact time and temperature. 1,000 mg L™ stock solution of Cd(II)
ions was prepared by dissolving the desired amount of Cd((NO;),-
4H,0; the required concentrations of Cd(II) were further prepared
by diluting the stock solution. Cadmium concentrations were ana-
lyzed with a VISTA-PRO (Varian, Australia) CCD simultaneous
inductively coupled plasma optical emission spectroscopy (ICP-OES)
system with a detection limit of 4.0x10° mgL™" for cadmium. Each
sample was measured in triplicate, and the average results are re-
ported.

The effect of pH on Cd(II) removal efficiency was evaluated by
mixing 40 mg of adsorbent with 15 mL solution of Cd(II) (50 mg
L") with different pH values adjusted at 2,34 and 5. To evaluate
the effects of adsorption time (30-210 min with 30 min time inter-
vals), adsorbent dosage (5-60 mg), initial Cd(II) concentration (5-
100 mg L") and temperature (298, 308 and 318 K), 40 mg of AMSM
adsorbent was added to a series of 15 mL Cd(II) solutions prepared
for each parameter, shaken at 250 rpm for 180 min. The adsorbents
were then simply filtered and the remaining concentration of Cd(II)
ions in the solution was calculated by ICP. Triplicate runs of each
experiment were performed and the mean values were reported.
The removal efficiency and adsorption capacity of AMSM adsor-
bent were calculated as follows:

CO_Ce

Adsorption Efficiency (%)= %100 @
0
V(C,-C,
ool ®
m

In which g, is equilibrium adsorption capacity of AMSM toward
Cd(T) (mg g ™), C, and C, are the initial and equilibrium concentra-
tion of Cd(II) ions in the solution (mg L™), respectively; V is the vol-
ume of Cd(II) ions solution (L) and m is the weight of adsorbent (g).

RESULTS AND DISCUSSION
1. Characterization of SM and AMSM

1-1. FTIR Spectroscopy
The FTIR spectra of SM and AMSM samples are illustrated in
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Fig. 1. FTIR spectra of SM and AMSM samples.
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Fig. 1. It is evident that both SM and AMSM samples exhibit a
rather broad FTIR absorption peak at around 3,200-3,800 cm " wave-
number attributed to the O-H stretching modes of silanol groups
in the inorganic framework of silica and also to the capillary pore
water or surface absorbed water. It can be seen that the introduc-
tion of amine groups on SM resulted in an intensity reduction and
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a slight wavenumber shift in this region, which certifies that a strong
interaction occurred between the surface hydroxyl and amine
groups. In addition, the peaks at 2,923, 2,854 cm™" can be assigned
to C-H stretching modes in the hydrocarbon chain of dodecyl-
amine. The peaks at 465 and 803 cm ™" are ascribed to the bending
and symmetric stretching vibrations of siloxane (Si-O-Si) groups,
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Fig. 2. FESEM images and EDS spectra of ((a), (c), (¢)) SM and ((b), (d), (f)) AMSM particles.
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respectively, while the peak at 1,085 cm™ is assigned to the asym-
metric stretching vibrations of Si-O-Si [25]. The band at 1,632 cm™
in SM sample is due to the O-H bonds of the chemisorbed water.
Generation of a new peak at 1,562 cm™’, assigned to the bending
vibration of N-H bonds, and wavenumber shift from 1,632 to 1,638
cm ' in AMSM sample confirms the existence of amino groups
on AMSM [24,26].
1-2. Morphology and Elemental Analysis

The morphology and elemental analysis of the prepared sam-
ples were characterized by FESEM and EDS spectroscopy. Fig. 2
presents the FESEM images along with the EDS spectra of SM
and AMSM samples. It is clearly seen that uniform silica spheroids
are formed with diameters of approximately a micrometer. The SM
sample has a uniform surface morphology, while the introduction
of amine groups on the surface generated surface roughness in
AMSM sample, which is evident from Fig. 2(b). In addition, the
EDS spectra of the samples confirm the introduction of amine
groups on SM. Presence of N and C elements in the EDS spectra
of AMSM sample signifies this assertion.
1-3. Size and Textural Characteristics

The particle size, texture and morphology of SiO, particles in
SM samples was observed with the aid of TEM analysis (Fig. 3). It
is clearly seen that solid microspheres with smooth external sur-
faces were formed. Particle-size measurement revealed a high uni-
form size population approximately in the range of 900 nm to 1 um,
indicating that the samples have a narrow diameter distribution.
1-4. XRD Analysis

Fig. 4 indicates the small angle XRD patterns of AMSM sample,
which exhibits a distinguishable peak at approximately 26 of 0.769°,
attributed to the (100) crystallographic orientation of SiO, micro-
spheres [26]. The calculated d spacing of (100) orientation was 1.77
nm with the Panalytical X’pert software measurement procedure.
1-5. N, Adsorption-desorption Analysis

The nitrogen adsorption/desorption isotherms of SM and AMSM
are illustrated in Fig. 5. As can be seen, the pure SM has a type-IV
isotherm with Hj hysteresis loop, observed primarily over relative
pressures range of 0.7 to 1.0, characteristic of mesoporous materi-
als with narrow slit-like pore structure [27,28]. On the other hand,
the AMSM sample reveals Type-I isotherm corresponding to mi-
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Fig. 4. XRD pattern of AMSM sample.

Table 1. Specific textural characteristics of SM and AMSM obtained

from BET and BJH models
S Pore diameter Pore volume
Sample > 3 -1
(m"g™) (nm) (em’g™)
SM 593.23 1.21 0.154
AMSM 66.987 1.21 0.0761

croporous materials, revealing the alteration in pore structure of
bare SM after functionalization with amine groups [29]. The spe-
cific textural characteristics of the samples obtained from BET and
BJH models are summarized in Table 1. The values of specific sur-
face area (Syzr) encountered a reduction from 59323 m’ g for SM
to 66987m’ g for AMSM. In addition, functionalization with
amine groups reduced the pore volume, although the average pore
diameter did not change. These results show that the pore chan-
nel may be gradually occupied by the guest material (amine func-
tional groups). Similar results were reported by Mureseanu et al.,
in which the pore volume and surface area of SBA-15 encountered

50 nm

Fig. 3. TEM images of SM sample.
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Fig. 5. N, adsorption-desorption isotherms and BJH plots of (a) SM
and (b) AMSM samples.

a dramatic reduction with aminopropyl functionalization [30].

The amount of amine functional groups on AMSM sample
which were generated by TETA treatment can be evaluated based
on the results from elemental analysis and value of Sg;. The amount
of amine groups (mmol) per gram of adsorbent (L,), the surface
density (d) and average intermolecular distance (/) can be calcu-
lated using the following equations [31]:

wt% of N
L= 1
° 100 xatomic mass of N x1000 ®)
L
d=N,— @
Sger

l:GJos 5)

where N, is Avogadros number. Given the atomic mass of N=14 g
mol ', AMSM contained 5.76 mmol of amine groups per gram of
adsorbent, the surface density of d=5.17 groups per nm” of adsor-
bent surface and intermolecular distance of /=0.43 nm, which con-
firmed that high degree of amine groups were efficiently attached
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Fig. 6. Effect of pH on adsorption efficiency of AMSM toward Cd(II).

on the surface and pore of the silica microspheres [32].
2. Adsorption of Cd(II) Ions
2-1. Optimization of Operational Parameter
2-1-1. Solution pH

The pH of the contaminant solution is considered as one of the
most crucial and effective factors in the adsorption of heavy met-
als because it can both influence the surface charge properties of
the adsorbent and the aqueous distribution of metal ions. There-
fore, adsorption of Cd(II) ions on the surface of AMSM was stud-
ied in the pH range of 2.0 to 5.0 with an adsorbent dosage of
40 mg and initial Cd(IT) ion concentration of 50 mg L™ at 298 K.
It can be seen in Fig. 6 that the adsorption efficiency encountered
a sharp increase from about 45% to 79% when pH was increased
from 2 to 5, respectively. It is known that the nitrogen atoms in the
structure of amine functional groups are the main adsorption sites
on AMSM sample for the removal of heavy metal ions, including
Cd(Il) due to the presence of lone pair of electrons in nitrogen
atoms with the capability of forming metal complexes [33]. How-
ever, the pH dependency of amine functional groups covering the
surface of SM, which in turn influences the removal efficiency of
AMSM for Cd(II), should be taken into account. At lower pH val-
ues, the surface of AMSM adsorbent has a positive charge, and there-
fore lower pH values are not favored for high efficiency adsorption
of Cd(II). In addition, the presence of excess H' ions in the solution
competing with the positive Cd(II) ions is the result of low ad-
sorption efficacy in low pH values (pH=2) [34]. As pH is raised,
the number of negatively charged adsorption sites, generated by
the deprotonation of amine functional groups on AMSM,, increases.
Therefore, the high electrostatic attraction between these negatively
charged surface of the adsorbent and positively charged Cd(II) ions
enhances the adsorption efficiency [35]. Consequently, an initial
pH value of 5.0 is considered suitable for the effective removal of
Cd(II) ions by the AMSM adsorbent.
2-1-2. Adsorption Time

The required time for an adsorbent to be in contact with the
pollutant and become totally saturated is crucial; therefore, it is
imperative to study the effect of contact time on the adsorption per-

Korean J. Chem. Eng.(Vol. 36, No. 1)
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Fig. 7. Adsorption efficiency of AMSM for Cd(II) removal as a func-
tion of contact time.

formance of the adsorbent for the separation of Cd(II) ions. The
effect of adsorption time on the efficiency of Cd(Il) is depicted in
Fig. 7. The highest separation efficiency was achieved within the
initial 30 min and remained almost constant until reaching equi-
librium. This is because at the beginning, all the active sites (surface
functional groups) were free for adsorbing ions and their concen-
tration decreased gradually as adsorption proceeded with time. The
fast uptake rates of Cd(II) ions with AMSM adsorbent represent
the high amino loading on the surface of the AMSM because of
the coordination between the nitrogen atoms in the amino groups
and Cd(II) metal ions, in which lone pair electrons and unoccu-
pied orbits are provided by the nitrogen atoms in the amino groups
and the heavy metal ions, respectively [25]. However, to ensure that
complete equilibrium is attained throughout the experiments, 150
min shaking period was considered as the optimum agitation period.
2-1-3. Adsorbent Dosage

The variation of adsorption efficiency with the amount of AMSM

90+
n
80+ e

70

50

Adsorption Efficiency (%)
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Fig. 8. Effect of adsorbent dosage on adsorption efficiency of AMSM.

January, 2019

110
100
TE—a__
804

70

Adsorption Efficiency (%)

T T y T T T v T T T
0 20 40 60 80 100

Initial Cd concentration (mg LY

Fig. 9. Adsorption efficiency of AMSM in terms of Cd(II) initial con-
centration.

adsorbent is illustrated in Fig. 8. The adsorption efficiency of AMSM
encountered a dramatic rise as the adsorbent dosage was increased
from 5 to almost 30 mg, followed by comparably smaller variations
toward higher adsorption efficiencies with the dosage changed
from 30 to 60 mg. The initial significant enhancement in adsorp-
tion efficiency can be due to the high accessibility of larger num-
ber of adsorption sites in the initial moments of the adsorption
which were progressively occupied with Cd(II) ions. However, the
possible aggregation of adsorption sites and an increase in diffu-
sion path length may be the reason for the lower rate increase of
adsorption efficiency at higher doses of AMSM. Based on the ex-
periment on the effect of adsorbent dosage, an optimum content
of 40 mg was chosen for further investigations.
2-1-4. Initial Cd(II) Concentration

The adsorption efficiency of AMSM as a function of initial Cd(II)
concentration was evaluated from 5 to 100 mg L™, pH value of 5
and contact time of 150 min. As can be seen in Fig. 9, cadmium
removal efficiency decreased from 97.01% to 70.06% by increas-
ing initial cadmium concentration from 5 to 100 mg L™". At low
initial concentrations, Cd(II) ions could easily bind to the free ad-
sorption sites on the surface of AMSM; however, as the initial con-
centration of metal ions was increased, the number of Cd(II) ions
in the solution also increased for the same number of adsorption
sites, and therefore the mass transfer driving force and consequently
the adsorption efficiency was reduced [36,37].
2-2. Adsorption Isotherms

Important information on adsorption mechanism, surface prop-
erties of the adsorbent and adsorbent-adsorbate interactions is pro-
vided by the parameters obtained from different isotherm models.
Four isotherm models were tested in the present study: Langmuir,
Freundlich, Sips and Temkin models, which are defined as follows:
2-2-1. Langmuir Isotherm

The Langmuir isotherm [38] is one the most widely used mod-
els applied for the adsorption of pollutants on surfaces. The follow-
ing equation is the non-linear mathematical representation of the
Langmuir isotherm:
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maxKLCe

VR ©
where q, is the adsorption capacity of the adsorbent (mg g '), C, is
the equilibrium concentration of Cd(II) ions in the solution (mg
L"), Qua is the maximum adsorption capacity of the adsorbent
(mg g "), and K| is the Langmuir isotherm constant (L mg ). The
affinity of the adsorbent toward the adsorbate can be predicted using
the essential feature of Langmuir adsorption isotherm parameter
(Ky) with the aid of a dimensionless constant called separation fac-
tor (R)):

1
T 1+K,C,

R, @)
The value of R; indicates the nature of adsorption to be irreversible
(R;=0), linear (R;=1) unfavorable (R;>1), or favorable (0<R;<1)
[39].
2-2-2. Freundlich Isotherm

The Freundlich isotherm [40] is an empirical equation applied
to describe the adsorption of pollutants on a heterogeneous sur-
face with a non-uniform distribution of heat of sorption over the
surface, generally represented by the following equation:

1/n;

9= KFCe (8)

where K; (mg g™') (L mg’l)“ ") and 1/n are Freundlich isotherm
constants related to the adsorption capacity and heterogeneity fac-
tor (or adsorption energy), respectively.
2-2-3. Sips Isotherm

The Sips adsorption isotherm [41] is a combination of Freundlich
and Langmuir isotherms commonly applied to take into account
the effects of indirect adsorbent/adsorbate interactions on adsorp-
tion and variation of heat of adsorption with coverage. The Sips iso-
therm is written as:

_ qx(KsCe)l/”)
1+(K,C,)"™"
where Kj is the Sips isotherm constant (L mg ") and g, is the max-
imum adsorption capacity (mg g ').
2-2-4. Temkin Isotherm
The Temkin isotherm [42] assumes a uniform distribution of
binding energies in adsorption sites for which heat of adsorption

reduces with surface coverage, represented by the following equa-
tion:

qe:BT Ln(KTCe) (10)

where K; is the Temkin isotherm constant (Lg "), T (K) is the ab-
solute temperature, R the universal gas constant, 8.314 ] mol 'K '

©)

Table 2. Isotherm model parameters for adsorption of Cd(II) on AMSM
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Fig. 10. Langmuir, Freundlich, Sips and Temkin adsorption iso-
therms for Cd(IT) removal on AMSM.

and B;=RT/b is a constant related to the heat of sorption (J mol ™).

In equilibrium modeling, the precision of the non-linear fitting
of the experimental data with isotherm models is analyzed using a
non-linear Chi-square () test [43]:

2 LGy ep= Qe ca)’
¥ :Z e, ex] e, cal (11)
i=1 qe, exp

Fig. 10 illustrates the non-linear plots of Langmuir, Freundlich,
Sips and Temkin adsorption isotherms fitted to the data of Cd(II)
removal on AMSM adsorbent for solution pH, amounts of adsor-
bent and adsorption adjusted at 5.0, 0.375 gL', and 150 min, respec-
tively. Isotherm parameters accompanied by the accuracy of each
model are represented in Table 2. Based on the values of correlation
coefficient (R?) obtained from the four applied models, the Lang-
muir and Sips adsorption models had higher consistency in de-
scribing the adsorption of Cd(II) ions on AMSM. In this case the
comparison of y* values would be beneficial; according to the
obtained y* values, it is evident that Sips isotherm model with lower
7 (0.247) was the best model to fit Cd(IT) adsorption on AMSM.
The value of maximum adsorption capacity in this model was cal-
culated as 35.6 mg g .

As mentioned, the Temkin adsorption isotherm is commonly
applied to account for the possible interactions of adsorbent and
adsorbate interactions and the variation of heat of adsorption; the
value of B obtained from this model can provide information on
the physical or chemical nature of adsorption process. In this regard,

Langmuir Freundlich Sips Temkin
K, (Lmg") 0.145 Ky (Lmg™") 5.942 q (mggh) 35.606 Ky (L mg™) 3.80
Qorax (Mg g7 31.98 1/ny 0.452 K, (L mg") 0.110 B, 4.829
R, 0.873 ny 2212 1/n, 0.872 R’ 0.883
R? 0.994 R’ 0.965 R’ 0.996 Ve 7.443
Ve 0.364 7 1.447 7 0.247
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2-3. Adsorption Kinetics
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The obtained values for Cd(II) adsorption on
AMSM (B;=4.829) demonstrates that physical interactions were Pseudo second-order:
iz% t (13)
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The mechanism of Cd(II) adsorption and the rate controlling ,
steps were assessed using different linearized kinetic models includ- h=kyq (14)
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Fig. 11. (a) Pseudo first-order, (b) pseudo second-order and (c) intraparticle diffusion kinetic models for adsorption of Cd(IT) on AMSM.

Table 3. Adsorption kinetic rate constants for Cd(II) adsorption on AMSM

Kinetic model Pseudo first-order Pseudo second-order Intraparticle diffusion
Qo exp (Mg ") Qe.ca (mgg ") 2312 Qe.ca (mgg ") 19.794 k;, (gmg 'min "% 3.551
k, (min") 0.278 k, (gmg 'min”") 0.0794 C 1.25e-15
20.287 R’ 0.637 h (mgg 'min") 31.10 R} 1
R’ 0.995 k;, (gmg 'min ") 0.0836
G, 19.124
R} 0.987
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where q, is the adsorption capacity at time t (mg g '), h is the ini-
tial adsorption rate (mg g~ min "), k;, k, and k; are the rate con-
stants of the pseudo first-order, pseudo second-order and intra-
particle diffusion models, respectively, and c is the intraparticle dif-
fusion intercept which gives an idea about the thickness of the
boundary layer. The fitted lines and the corresponding kinetic par-
ameters of Cd(II) adsorption on AMSM are shown in Fig. 11 and
Table 3, respectively. According to the obtained results, the pseudo-
second order equation best fitted the experimental data with higher
correlation coefficient (R*) compared to pseudo-first order equation.
To determine the rate controlling step, the intraparticle diffusion
model was also used to model the experimental data. According
to this model, the plot of q, versus t** should be linear if intraparti-
cle diftusion is involved in the adsorption process and if the corre-
sponding line passes through the origin then intraparticle diffusion
is the only rate controlling step [44]. According to Fig. 11(c), it is
clear that the plot is multilinear, which indicates that boundary layer
effect is also playing a part in the rate of Cd(II) adsorption.

Generally, the kinetics of adsorption is described via three con-
secutive steps, including external surface diffusion, intraparticle diffu-
sion, and internal diffusion, ie., the final equilibrium state; these
processes may simultaneously affect the rate of adsorption process.
In case of Cd(II) adsorption on AMSM, the relatively large value
of C, demonstrates that a large extent of adsorption was taking
place via exterior surface diffusion via amine functional groups on
the surface of mesoporous silica spheres. The comparison of rate
constant in this model can also simplify the interpretation of ad-
sorption from the kinetic point of view. The lower values of k; , indi-
cate that although the first initial exterior surface diffusion is responsi-
ble for most of the uptake value, the intraparticle diffusion of Cd(II)
ions in the highly porous structure of AMSM was the rate con-
trolling step. In fact, as the surface of AMSM becomes saturated
(saturation of amine functional groups), Cd(II) ions are forced to
diffuse through the internal pore to reach the final equilibrium stage,
which is comparatively slower than the initial exterior diffusion
process.
2-4. Adsorption Thermodynamics

Thermodynamics of adsorption provide great information about
the feasibility and spontaneity of the adsorption process. Standard
Gibbs free energy AG’ (k] mol "), standard enthalpy AH’ (kJ mol ')
and standard entropy AS’ (J mol ' K ") are calculated by:

q.
K == 16
=g (16)
AG’=-RTLnK, 17)
0 0
Lnk,=25 AR (18)

R RT
The effect of temperature on the adsorption efficiency of AMMS
for Cd(II) removal and the van't Hoff plot are depicted in Fig. 12.
The calculated values of K, AG’, AH® and AS’ are summarized in
Table 4. Increasing temperature leads to lower adsorption capacity
and lower values of LnK, which is attributed to the exothermic
nature of adsorption with adsorption being favored at lower oper-
ational temperatures. Negative values of AG” which reduced as the
temperature was increased indicated that the adsorption process

924 = (a)
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Fig. 12. (a) Effect of temperature and (b) Van't Hoff plot of Cd(II)
adsorption on AMSM.

Table 4. Thermodynamic parameters for adsorption of Cd(II) on

AMSM
Temperature Lok, AG’ AH’ AS’
(K) &mol™) (kJmol") (Jmol'K™)
298 1.462 -3.622
308 1.395 -3.572
-8.199 —14.81
318 1.308 —3.458
328 1.212 -3.305

was feasible and spontaneous. The value of AG” can be used as a
measure to determine whether physical or chemical interactions
were dominant in the adsorption, AG’ values of 0-20 k] mol " are
attributed to physisorption involving small energy requirements,
while values of 80-400 k] mol " are commonly associated with chem-
ical adsorption [45]. The obtained AG’ values evidently indicate
that the adsorption of Cd(II) on AMSM adsorbent was mainly
through physical interactions, possibly through complexation be-
tween amine functional groups and Cd(II) ions or pore diffusion.
AH’ and AS’ were obtained from the van't Hoff plot (LnK, against
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Fig. 13. Consecutive adsorption cycles of Cd(II) adsorption using
AMSM.

1/T); the negative values of AH’ correspond to exothermic adsorp-
tion of Cd(I) on AMSM, and the negative entropy value indicates
decreased randomness at the liquid-solid interface. It is already
known that entropy may decrease as a result of energy redistribu-
tion between the adsorbate and the adsorbent [46].
2-5. Regeneration

The regeneration capability and versatility of an adsorbent is
evaluated by performing sequential adsorption cycles. Fig. 13 depicts
the sequential adsorption-desorption cycles of Cd(Il) on AMSM.
It is obvious that the adsorption efficiency of Cd(II) encountered a
reduction from 92% to 75% after three consecutive cycles. This result
demonstrates that AMSM adsorbent is a cost-effective adsorbent
with an outstanding potential to be recovered and reused in a num-
ber of treatment cycles preserving high stability.

CONCLUSIONS

Mesoporous silica microspheres (SM) and amine-functionalized
silica microspheres (AMSM) were prepared using a simple chemi-
cal method, and the removal ability of AMSM toward Cd(II) ions
was further investigated. The products were characterized in terms
of chemical structure, morphology and textural properties using
Fourier transform infrared spectroscopy (FTIR), X-Ray diffraction
(XRD), scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM) and N, adsorption-desorption analysis.
Both samples were synthesized successfully; without any structural
impurities, with a highly porous morphology and comparatively
large specific surface area. The average diameter of silica micro-
spheres ranged from 900 nm to 1 um. The amine functionalized
silica microsphere (AMSM) sample was applied as an adsorbent
to remove Cd(II) ions from aqueous solution. The effects of oper-
ational parameters including pH, contact time, adsorbent dosage,
initial concentration of Cd(II) and temperature were evaluated using
batch equilibrium experiments. The optimum condition with the
highest adsorption capacity was at pH=>5, contact time of 150 min,
adsorbent dosage of 40 mg, initial Cd(II) concentration of 5mg L™
and temperature of 298 K. Based on Kinetic studies, the pseudo
second-order model provided the highest consistency with the exper-
imental data with intraparticle diffusion being the rate-limiting

January, 2019

step of adsorption. Thermodynamic investigations revealed that
Cd(II) ions were adsorbed on AMSM through physical interac-
tions. In addition, the Sips isotherm model had the best fit to the
equilibrium experimental data with maximum adsorption capacity
of 35.606 mg g . The obtained results demonstrated that AMSM
adsorbent with high adsorption efficiency and fast kinetics can be
a suitable adsorbent for the removal of Cd(II) ions from aqueous
solution.
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