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Ab s t r a c t
The focus of the study is on the optimization of variables influencing the removal of Cd(II) ions using 
colloidal particles based on 2-(5-bromo-2-pyridylazo)-5-diethylamino phenol (Br-PADAP) function-
alized on Mesoporous Santa Barbara Amorphous-15 (SBA-15). The Br-PADAP-functionalized SBA-
15 mesoporous silica was synthesized and utilized as an adsorbent for removal of cadmium ions. 
By means of thermogravimetric analysis, transmission electron microscope, Brunauer, Emmett, and 
Teller, and CHNS analysis, the structural and physicochemical properties of the SBA-15 and its com-
plex with Br-PADAP were characterized. The effects of different variables such as pH, amount of 
sorbent, temperature, and contact time on the adsorption of Cd(II) ions were examined. The highest 
adsorption capacity of the adsorbent was found to be considerable (5,000.0 mg g–1) by using the func-
tionalized material. The reusability of the resulted composite is found for more than six cycles. The 
negative value of ΔG along with the positive value of ΔH shows that the cadmium adsorption on 
Br-PADAP/SBA-15 is a spontaneous and endothermic process.
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1. Introduction

Environmental pollution is a major issue in recent 
 technological development. Heavy metal ion pollution 
demonstrates a serious threat to human health and  ecological 
systems. Heavy metals such as cadmium ion are hazardous 
pollutants that affect the physical and chemical properties 
of water and natural resources [1]. Moreover, cadmium 
is included on the US Environmental Protection Agency’s 
(EPA) list of priority pollutions [2]. It may exist in water as 
a hydrated ion, and as inorganic complexes such as carbon-
ates [3]. It can be introduced in water from weathering and 
erosion of soils, atmospheric deposition, cadmium–nickel 
batteries, leakage from landfalls, stabilizers for PVC, contam-
inated sites, the dispersive use of sludge, refined petroleum 
products, fertilizers in agriculture, and alloys that are the 

result of industrial activities. It is nonbiodegradable and trav-
els through the food chain. Cadmium is very toxic to animals. 
The harmful effects of cadmium reported include a number 
of acute and chronic disorders, such as lung problems, renal 
damage, emphysema, testicular atrophy, cancer, and hyper-
tension in humans [4,5]. The average daily intake for humans 
is estimated as 0.15 μg from air and 1 μg from water [6]. In 
humans, nausea and vomiting have been recorded at levels 
of 15 mg L–1 with no adverse effects at 0.05 mg L–1. Severe 
toxic, but nonfatal, symptoms are reported at concentrations 
of 10–326 mg L–1 of cadmium [7,8]. Accordingly, expansion 
of new approaches that simplify the removal of Cd ions from 
wastewaters is of great important. There are various tradi-
tional techniques for the treatment of heavy metal pollution, 
including chemical precipitation, flocculation/coagulation, 
membrane separation (ultrafiltration, reverse osmosis), 
adsorption [9], biosorption [10], catalytic oxidation, and 
ozonation [11].
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Adsorption is widely used in the removal of heavy met-
als from wastewater by various sorbent compounds, such as 
polymers [12], zeolites [13], clay minerals [14], oxides [15], 
graphene oxide [16], biosorbents [17], amorphous silica [18], 
Fe3O4 [19–21], and Al2O3 [22]. Nevertheless, some materials 
suffer from inherent problems [23], such as low removal 
capacity, low selectivity, long equilibrium time, and mechan-
ical and thermal instability. Recently, mesoporous materials 
have been paid much attention owing to their scientific 
importance and great potentials in practical applications such 
as catalysis [24–26], adsorbents [27], sensors [28], and host 
materials [29]. Furthermore, comparison with the other silica 
materials, SBA-15 displays the highest hydrothermal stabil-
ity [30,31] that is appropriate for any use in aqueous media. 
SBA-15 functionalized with different function groups have 
been largely used as adsorbent owing to their high selectivity 
for ions adsorption [32]. Groups such as carboxylic acid [33], 
iminoacetate [34], sulfonic acid [35], amino-carboxyl [36], 
dithizone [37], and amine and thio [38] were immobilized 
onto different substrates to remove cadmium.

In the study, for the first time, a colloidal solution based 
on Br-PADAP functionalized SBA-15 nanoparticles was 
prepared for removal of cadmium ions from wastewater 
samples using atomic absorption spectrophotometer. The 
structure of nanoparticles was characterized via different 
techniques such as transmission electron microscope (TEM), 
Brunauer, Emmett, and Teller (BET), and thermogravimet-
ric analysis (TGA). Then, the influence of different variables 
such as pH, initial Cd(II) ion concentration, contact time, 
and amount of adsorbent on the removal of Cd(II) ion has 
been investigated. The adsorption rates were evaluated by 
fitting the experimental data to conventional kinetic mod-
els such as first- and second-order as well as intraparticle 
diffusion models.

2. Experimental

2.1. Reagent and instruments 

All materials and solvents were purchased from Merck 
except Plaronic P-123 that purchased from Sigma Aldrich. 
The analytical grade of nitrate salts of elements (all from 
Merck) was of the highest purity available and used without 
any further purification. pH meter model Metrohm 744 was 
used for pH measurements pH. Kokusan centrifuge model 
H-11n was used for separation of the nanocomposite. For 
analysis of cadmium ions, a Thermo M series (Model: M5) 
flame atomic absorption spectrometer (FAAS) was used. 
TEM by HF2000, Hitachi high-technologies Europe GmbH, 
Krefeld model was used to measuring porous size. Surface 
area was determined by BET technique (Quanta chrome, 
Chem BET 300 TPR/TPD). CHNS analysis (Costech ECS4010, 
Italy) and TGA (Bahr thermo analyze) were used to proving 
Br-PADAP stabilization on the surface of SBA-15. For TGA 
analysis, all samples were heated from 25°C to 800°C at a rate 
of 20°C min–1 in a nitrogen atmosphere.

2.2. Synthesis of SBA-15 mesoporous silica

To prepare SBA-15, we followed the methodology used 
in Ref. [39].

2.3. Synthesis of nanocomposites

0.4 g of SBA-15 mesoporous silica was added to 10 mL 
solution including 0.8 mg SDS and 0.5 mL solution of 0.01 M 
Br-PADAP. The pH of the solution was adjusted to 2.0 using 
1 M HCl solution [40]. The solution was placed within an oil 
bath at 65˚C for 24 h. After that, the modified SBA-15 was fil-
tered off and then it was washed with double distilled water. 
Then, it was dried at room temperature. After these steps, the 
Br-PADAP was physically adsorbed onto the surface of SBA-
15. UV-vis spectrophotometer was used to provide any proof 
for Br-PADAP immobilization on SBA-15 nanosorbent. As 
a result, the absorbance of Br-PADAP in solution decreases 
after stabilization on SBA-15 nanosorbent.

2.4. General procedure

0.03 g of the prepared nanocomposite was added to 
the 100 mL of cadmium solution (100 mg L–1) and then 
2 mL of ammonia/ammonium chloride buffer solution 
(1.0 × 10–3 mol L–1, pH 9.0) was added in it. Then, the  solution 
was mixed in a shaker for 90 min that provides cadmium 
adsorption of the nanocomposite. Subsequently, the solution 
was centrifuged at 5,000 rpm for 15 min following by mea-
suring the solution absorbance by FAAS at λ = 228.8 nm.

2.5. Adsorption mechanism

Obviously, the electrostatic interactions between 
Br-PADAP and Cd(II) ions are disgusting under acidic con-
dition, in which on one side, H+ ions are in competition with 
Cd(II) ions for closing on the adsorbent surfaces, and on the 
other hand, those ions cause protonation of ligand that repels 
cadmium ions because of their positive charge. The results 
reveal that N and O atoms in PADAP involve in the adsorp-
tion process by chemical coordination with Cd(II) ions. 
Therefore, it is suggested that the adsorption process occurs 
via chemisorption.

Fig. 1. A schematic of SDS–PADAP immobilization onto SBA-15 
mesoporous silica surface.

Fig. 2. Scheme of the successive stage of Br-PADAP toward 
adsorption of cadmium ions.
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3. Result and discussion

3.1. Physicochemical properties of SBA-15 and Br-PADAP/SBA-15

Synthesized SBA-15 and Br-PADAP/SBA-15 were charac-
terized by TEM, BET, TGA, and CHNS analyses. Figs. 3(a) 
and (b) are provided to show side and top views of SBA-15. 
As shown in Fig. 3(a), all pores are uniformly parallel com-
pared with each other. According to Fig. 3(b), it can be found 
that the SBA-15 pore size is less than 10 nm having uniformly 
hexagonal structure.

BET analysis for SBA-15 was performed before and after 
coating with Br-PADAP ligand. According to the results, 1 g 
of SBA-15 and Br-PADAP/SBA-15 shows about 329.961 and 
287.854 m2 surfaces, respectively. In fact, this grate enhance-
ment in the surface area of modified SBA-15 causes more 
sites for adsorption of Cd(II) ions.

To finding the thermal stability of modified SBA-15 and 
the presence of the organic group, TGA analysis was used 
(Fig. 4). The weight loss <5% at around 160˚C and between 
160˚C and 500˚C (20.0%) are due to the desorbed water and 
Br-PADAP ligand on the modified SBA-15, respectively. At 
T > 500˚C, a small slop of weight loss is observed continu-
ally, which could be related to the combustion of remaining 
organic material.

Elemental analysis CHNS was used to identify the types 
of elements in Br-PADAP/SBA-15 and it can be used to deter-
mine the ratio of elements in the sample material.

As shown in Table 1, the presence of nitrogen and carbon 
in CHNS analysis of nanocomposite, confirms the presence 
of Br-PADAP ligand on the surface of SBA-15.

3.2. Optimization of adsorption conditions

To get a high Cd ions removal percent, the impact of 
various parameters, such as pH, amount of sorbent, contact 
time, and the temperature, was optimized. In all optimiza-
tion steps, the concentration of Cd(II) ions was adjusted at 
100 mg L−1.

3.2.1. Effect of pH on adsorption

Fig. 5 shows the effect of pH of the solution on the 
removal of Cd(II) ions. We found that the Cd(II) ions 
removal by the adsorbent rises with the increase in the pH 
and reaches to a maximum at pH 9. The negligible adsorp-
tion at low pH values may be accredited to the higher con-
centration as well as extraordinary mobility of the H+ that 
is favorably adsorbed rather than the Cd(II) ions. At high 
pH values, the existence of H+ ions is lower. On the other 
hand, high pH value provides the higher number of ligands 
with negatives charges; therefore, one can expect better 
adsorption of Cd(II) ions.

3.2.2. The result of contact time and temperature

Fig. 6 shows the effect of contact time and temperature 
on the adsorption of Cd(II) ions by Br-PADAP/SBA-15. In 
this regard, the initial cadmium concentration of 100 mg L–1, 
pH of 9, and Br-PADAP/SBA-15 dose of 5.0 mg in 100 mL 
were used. The mixture was agitated in a mechanical shaker 
for different periods (5–120 min) and different temperatures 
(25°C, 35°C, and 45°C). The obtained results are summarized 
in Fig. 6.

These results point to the fast adsorption of Cd(II) ions 
at first (until 40 min) and the equilibrium was achieved after 
90 min. Taking into account these results, a contact time 

Fig. 4. Thermogravimetric analysis (TGA) curve of Br-PADAP/
SBA-15 with a heating rate of 10˚C min–1.

Fig. 3. TEM image of SBA-15 in side view (a) and top view (b).

Table 1
Elemental analysis of Br-PADAP/SBA-15

Reten. time (min) Response Weight (g) Weight (%) Element name Carbon response ratio

1.217 2,413.23 0.024 4.80 Nitrogen 0.299
2.153 8,074.25 0.083 16.06 Carbon 1.000
7.972 4,927.00 0.049 9.80 Hydrogen 0.610
17.913 0.05 0.000 0.00 Sulphur 0.000
Sample weight: 0.500 (g) 0.156 30.66
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of 90 min was chosen for further experiments. It was also 
observed that the removal efficiency rises by the increase 
in the solution temperature that points to the endothermic 
property of adsorption process.

3.2.3. Effect of sorbent dosage

The optimum amount of the sorbent (SBA-15 and 
Br-PADAP/SBA-15) for maximum take-up was determined 
by increasing the amount of sorbent added into 100 mL 
of 100 mg L−1 cadmium ions. Results are provided in 
Fig. 7. It can be seen from the Fig. 7, the removal of Cd(II) 
increases by increasing the adsorbent dose in the range 
from 3 to 30 mg, and finally, the quantitative extraction of 
cadmium ions (percent of extraction ≥96%) was achieved 
using 30 mg of sorbent. Further increase in the dose had 
a negligible effect on the sorption; this increase is because 
at the higher dose of composite further binding sites are 
accessible owing to the enlarged surface area. Hence, sub-
sequent removal experiments were done with 30 mg of 
nanostructure adsorbent for removing of cadmium ions. In 

addition, SBA-15 did not result in good efficiency when is 
used separately.

3.3. Effect of electrolyte

Existing irritating species can cause the overlapping and 
inaccurate removal of cadmium ions. To assay, the effect of 
interfering ions on the Cd ions adsorption, the NaCl, and 
Na2SO4 salts was introduced to the Cd (II) solution. As the 
concentration of Na2SO4 and NaCl changes from 0.01 to 
1.0 M, the Cd (II) removal decreases from 98% to 95% and 
from 97% to 93%, respectively, using 100 mL of 100 mg L−1 
Cd(II) solution at pH 9, temperature 25°C, and contacting 
time of 90 min. The adsorption of sodium ions on the adsor-
bent surface (due to the negative charge on the adsorbent 
surface at high pH values) has affected the formation of the 
cadmium–ligand complex. On the other hand, due to the 
presence of chloride ions in the solution and the possible 
formation of the CdCl4

2– complex, the complex formation of 
Cd (II) ions with the ligand has been decreased.

3.4. Selective adsorption

For the selective adsorption experiment, a mixed solu-
tion contained Cd(II), Zn(II), Cu(II), Pb(II), Ni(II), Mn(II), 
and Co(II) (Cinitial = 100 mg L–1, 100 mL) and the pH value of 
the solution kept 9.0 ± 0.1. The adsorption process on the 
Br-PADAP/SBA-15 (30 mg) was conducted for 90 min. Fig. 8 
shows the selective sorption of divalent heavy metal ions 
(Cd, Zn, Cu, Pb, Ni, Mn, and Co) onto Br-PADAP/SBA-15. 
For Cd(II) ions, about 96% removal efficiency is observed. 
Both Co(II) and Zn(II) ions show more than 4% removal 
efficiency while Cu, Pb, Ni, and Mn ions exhibit only slight 
adsorption.

Obviously, Cd(II) ions can be preferentially removed 
from the mixed metal ions aqueous solution. Because of the 
difference in stability constant, chelation ability, the selec-
tive adsorption on the Br-PADAP/SBA-15 might happen in 
a competitive environment. Maybe this is why Cd(II) was 
adsorbed preferably.

Fig. 5. Effect of pH on the removal of Cd(II) ions.

Fig. 6. Effect of contact time and temperature on the removal 
efficiency with Br-PADAP/SBA-15 (the initial concentration, pH, 
and the volume of solution and the amount of adsorbent were 
100 mg L–1, 9.0, 100 mL, and 30 mg, respectively).

Fig. 7. Effect of different doses of SBA-15 and Br-PADAP/SBA-15 
for removal of Cd(II) ions.
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3.5. Desorption studies

To distinguishing the reuse capability of the adsorbent 
after Cd(II) adsorption, its surface was stripped using HNO3. 
To optimization of the amount of the acid that is needed 
toward quantifiable stripping of the burdened Cd(II), some 
experiments were done with changing concentrations of 
HNO3 in the range 0.01–1 M, where effectual desorption 
could be attained using 0.2 M HNO3. Composite loaded with 
Cd(II) was placed in the 0.2 M HNO3 and stirred at 100 rpm 
for 20 min and the final Cd(II) concentration was determined. 
After each cycle, the used adsorbent was washed well with 
distilled water and used in the succeeding cycle. The desorbed 
amount was calculated from subtraction of the final Cd(II) 
concentration in the stripping medium from the value of Cd 
ions loaded on the nanocomposite. After consecutive leach-
ing, the sample can reuse six times using 30 mg of the com-
posite and 100 mg L−1 of Cd(II) solution in the total volume 
of 100 mL. 98.0% of the Cd(II) was removed in the first cycle. 
Adsorbed Cd(II) could be stripped in 20 min by the introduc-
ing of H+ that contested with Cd(II) ions for binding sites. The 
utilized nanocomposite was treated with 0.2 M HNO3 which 
caused to 96.7% stripping of Cd(II). In the second cycle, the 
material removed 96% of Cd(II) that could be desorbed up to 
94.8%. In the third cycle, 91% adsorption and 89.5% desorp-
tion were found. A considerable decrease in the removal can 
be found in the fourth cycle signifying the profit efficiency of 
the adsorbent. It was found that the adsorbent can eliminate 
68% Cd(II) and desorption of 61.3% in the sixth cycle.

3.6. Adsorption isotherm study

In order to gain a better understanding of sorption mech-
anisms and evaluate the sorption performance, achieved data 
for cadmium ions adsorption onto Br-PADAP/SBA-15 were 
analyzed by means of the Langmuir and Freundlich isotherm 
models.

3.6.1. The Langmuir isotherm model

Langmuir theory is based on the hypothesis that the 
application of adsorbate happens on a homogeneous surface 

by monolayer adsorption and adsorption energy is per-
sistent in this model. The theory is shown by the subsequent 
equation:

q
q k C
k Ce

m L e

L e

=
+1

 (1)

where qe is the amount of cadmium adsorbed (mg g–1) at equi-
librium, Ce is the equilibrium cadmium quantity (mg L–1), 
and kL (L mg–1) and qm (mg g–1) are the Langmuir constants. 
Table 2 shows the predicted isotherm constants (kL and qm) 
and the corresponding R2 values. Four dissimilar linearized 
Langmuir isotherms can be gotten.

Type 1 Langmuir isotherm (Fig. 9) is found as the finest 
fitting linearized Langmuir expression (R2≈1). Therefore, 
the results were taken from Langmuir equation type 1. 
Correlation coefficients are near to 1 which means that exper-
imental data fitted in this model well.

Crucial characteristics of the Langmuir type adsorption 
could be defined by a term “RL” as dimension-less constant 
separation factor (see Table 2). The RL value could be defined 
as follow:

R
k CL
L

=
+

1
1 0

 (2)

where C0 is the initial concentration of cadmium solution 
(mg L–1), kL is the Langmuir constant (L mg–1), and the param-
eter RL designates the shape of the isotherm consequently. 
The magnitude of the exponent RL springs an indication of 
the favorability of adsorption. According to the data achieved 
for RL in Table 2, those values represent favorable adsorption 
conditions.

3.6.2. Freundlich isotherm model

The Freundlich isotherm model equation deals with 
physicochemical adsorption on the heterogeneous surface 
at sites with different energy of adsorption and with non-
identical adsorption sites, which are not always available. 
Mathematically, it is characterized by Eq. (3) as follows:

q k Ce F e
n= 1/  (3)

where KF is the Freundlich constant and n is the heteroge-
neity factor. The KF value is attributed to the adsorption 

Fig. 8. Metal ions removal on the Br-PADAP/SBA-15 from a 
mixed solution of metal ions (Cinitial = 100 mg L–1, pH = 9.0, and 
tadsorption = 90 min).

Table 2
Calculated Langmuir isotherm parameters by different linear 
method

Langmuir adsorption 
isotherm

Type 1 Type 2 Type 3 Type 4

qm 5,000.0 3,333.3 4,036.3 5,288.0
KL 0.1333 0.4286 0.3374 0.1185
R2 0.9967 0.7584 0.5151 0.6444
RL 0.0698 0.0228 0.0289 0.0778
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capacity, while 1/n value is related to the adsorption inten-
sity. The linear form could represent the Freundlich model 
as follow:

ln qe = ln kF + 1/n ln Ce (4)

Therefore, KF and 1/n could be distinguished from the 
linear plot of ln qe against ln Ce. The KF and n values are 
listed in Table 3. The R2 value is below 0.95 signifying that 
the data of adsorption is not close-fitting to this model. The 
value of correlation coefficient is lower than the other three 
isotherms values. Despite correlation coefficient of 0.9051 in 
Freundlich isotherm (see Fig. 10) is not great, however, it 
represents the poorer fit of experimental data than the other 
isotherms.

The fitting of the data, obtained from the sorption of 
Cd(II) ions on Br-PADAP/SBA-15, to the two isotherm mod-
els showed that the linearity of the Langmuir isotherm type 1 
model (r2 = 0.9967) was higher than that of the other isotherm 
models (Table 3). It shows that the sorption of Cd(II) ions on 
Br-PADAP/SBA-15 was one layered and took place in specific 
spots of homogeneous N and O atoms on the sorption sur-
face of the Br-PADAP.

3.7. Adsorption kinetics study 

The rapid adsorption attributes to plenty of N and O 
atoms within Br-PADAP and sponge-like porous structure 
of SBA-15 adsorbent that increase adsorption sites for Cd(II) 
adsorption. The pseudo-first-order and pseudo-second- 
order models were analyzed to designate the adsorption 
kinetics of this study.

3.7.1. Pseudo-first-order

An easy kinetic analysis of adsorption is provided by a 
pseudo-first-order equation that describes the kinetics of the 
adsorption process as follow:

dq
dt
t = −k q qe t1( )  (5)

Fig. 9. Removal of Cd(II) ions with: Br-PADAP/SBA-15 (the initial concentration, pH value, and solution volume and adsorbent 
 quantity were 100 mg L–1, 9, 100 mL, and 0.03 g, respectively), Langmuir isotherm models.

Table 3
Calculated isotherm parameters of two models by linear method

Langmuir isotherm model Freundlich isotherm model
qm kL RL R2 KF n R2

5,000.0 0.1333 0.0698 0.9967 1,435.8 4.219 0.9051

Fig. 10. Removal of Cd(II) ions with: Br-PADAP/SBA-15 
(the initial concentration, pH value, and solution volume and 
adsorbent quantity were 100 mg L–1, 9, 100 mL, and 0.03 g, 
respectively), Freundlich isotherm.
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where k1 is the rate constant of pseudo-first-order adsorp-
tion (min–1), and qe and qt are the amount of Cd adsorbed 
on Br-PADAP/SBA-15 (mg g–1) at equilibrium and at time t, 
respectively. Following confident integration by using the 
initial conditions qt = 0 at t = 0 and qt = qt at t = t, Eq. (6) is 
changed as below:

ln (qe–qt) = ln qe–k1t (6)

Linear plot feature of ln (qe–qt) against t (see Fig. 11(a)) for 
adsorption of Cd(II) ions on Br-PADAP/SBA-15 was achieved 
and the k1 and qe values calculated from slope and intercept of 
this line were summarized in Table 4.

3.7.2. Pseudo-second-order

The pseudo-second-order rate expression is based on the 
adsorption equilibrium capacity and can be expressed with 
Eq. (7) and presented linearly by the Eq. (8):

dqt
dt

k q qe t= −2
2( )  (7)

t
d k q q

t
t e e

= +
1 1

2
2  (8)

In Eq. (7), k2 is the rate constant of pseudo-second- 
order adsorption (g mg–1 min), qe and qt are the amount of Cd 
adsorbed on Br-PADAP/SBA-15 (mg g–1) at equilibrium and 
at time t, correspondingly. Linear plot feature of t/qt against 
t (see Fig. 11(b)) for adsorption of Cd(II) on Br-PADAP/SBA-
15 was achieved and the k2 and qe values calculated from the 
slope and line intercept were summarized in Table 4. The 

adsorption kinetics is more aligned with the pseudo-sec-
ond-order model due to the higher correlation coefficient (R2) 
than the pseudo-first-order model.

3.8. Gibbs free energy, enthalpy, and entropy

The Gibbs free energy changes (ΔG°) were determined 
using the following Eq. (9):

–ΔG° = RT ln K (9)

where R is the gas global constant, T is the absolute tem-
perature, and K is the partition ratio. The values of the equi-
librium constant (K) and Gibbs free energy change (ΔG°) 
are shown in Table 5. The negative value of ΔG° confirms 
that the adsorption of Cd(II) ions onto Br-PADAP/SBA-15 
is spontaneous and thermodynamically favorable. By 
increase in temperature, the ΔG° value decreases, causing 
in lower adsorption capacity. Standard enthalpy (ΔH°) and 
entropy (ΔS°) were determined from the Van’t Hoff Eq. (10) 
as follows:

lnK S
R

H
RT

=
∆ °

−
∆ °  (10)

ΔH° and ΔS° were calculated from the slope and inter-
cept of the plot of ln K against 1/T, as shown in Fig. 12. 

The values of ΔH° and ΔS° are listed in Table 5. The 
positive value of ΔH° points to the endothermic nature of 
adsorption.

Table 4
Constants for the kinetic sorption data using two models

qe, exp  
(mg g–1)

Pseudo-first-order Pseudo-second-order
K1  
(min–1)

qe, Cal  
(mg g–1)

R2 K2  
(g mg–1 min)

qe, Cal  
(mg g–1)

R2

5,000.0 0.0337 878.8 0.9895 0.00006 2,000.0 0.9972

Fig. 11. Removal of Cd(II) with: Br-PADAP/SBA-15 (the initial concentration, pH, volume of solution and amount of adsorbent were 
100 mg L–1, 9, 100 mL, and 0.03 g, respectively), (a) Pseudo-first-order, (b) Pseudo-second-order.

Table 5
Thermodynamic parameters (ΔH°, ΔG°, ΔS°) for the adsorption 
of Cd(II) ions on Br-PADAP/SBA-15

Temperature  
(°C)

K ΔG°  
(kJ mol–1)

ΔH°  
(kJ mol–1)

ΔS°  
(J mol–1 K)

R2

25 115.01 –11.762 6.614 61.634 0.9991

35 125.34 –12.377
45 136.05 –12.995
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3.9. Comparison with other studies

Although a direct comparison between two different 
adsorbents is difficult due to the different experimental con-
ditions, qm (mg g–1), an isotherm parameter or sorption capac-
ity, has been commonly used to evaluate and comparison of 
adsorption capability. A high qm is desirable for an excellent 
adsorbent. Table 6 lists the Cd(II) adsorption capacities on 
Br-PADAP/SBA-15 and some commonly used adsorbents 
such as graphene, chitosan, sepiolite, silica materials, PS-GO 
gel, and graphene oxide nanosheets. According to Langmuir 
isotherm equation, the calculated maximum uptake capac-
ities (qm) of Cd(II) on Br-PADAP/SBA-15 is 5,000.0 mg g–1; 
that is much higher than those on the reported adsorbents. 
Additionally, if we take into account, the particular charac-
teristics of the SBA-15 support (excellent textural properties, 
high hydrophilicity, and their surface silanol groups that can 
be easily functionalized by using various organic species), 
we can conclude that modified SBA-15 mesoporous silica 
is an interesting candidate for applications in heavy metal 
removal from wastewater.

3.10. Removing of Cd(II) ions from water and wastewater samples

Firstly, according to Table 7, some real water and waste-
water samples (100 mL) were prepared and filtered using a 
0.45-mm pore size membrane filter before any analysis to 

remove any suspended particles. In addition, the real con-
centration of Cd(II) ions in wastewater samples, after filtra-
tion was determined by FAAS. As shown in Table 7, high 
removal percent is achieved for each real sample, suggesting 
the proposed method could be applied successfully for the 
removing of Cd(II) ions in water and wastewater samples.

4. Conclusion

An effective adsorbent for removal of cadmium ions 
has been prepared by immobilization of Br-PADAP on 
the surface of the SBA-15 mesoporous silica. The modified 
SBA-15 mesoporous silica adsorbent has unique advan-
tages over commonly used sorbents because of its low cost, 
high adsorptivity, and reusability. Cadmium ions were 
completely removed at pH 9 after stirring for 90 min. The 
functionalized SBA-15 presented developed adsorption 
selectivity for Cd(II) ions compared with other metal ions 
existing in the mixture solution. These consequences pro-
pose the probability of using this adsorbent in the selective 
recovery of the Cd(II) ions from a mixed metal ions solu-
tion. The Br-PADAP/SBA-15 can be reused up to six cycles 
making this approach very economical. The equilibrium 
sorption capacity of 5,000.0 mg g−1 as determined from the 

Fig. 12. Removal of Cd(II) ions with: Br-PADAP/SBA-15 (the 
initial concentration, pH, and volume of solution and amount of 
adsorbent were 100 mg L–1, 9, 100 mL, and 0.03 g, respectively), 
Van’t Hoff Regression.

Table 6
Comparison of the maximum uptake of Cd(II) ions on various adsorbents.

Adsorbent qm (mg g–1) Co (mg L–1) pH Temperature (K) Ref.

Amino functionalized graphene 27.95 5 6–7 298 [41]
Modified kaolinite 36.47 400 5 293 [42]
Mercator functionalized sepiolite 34.84 – – 298 [43]
Ethylenediamine/SBA-15 100.04 2 4.5 298 [44]
2-mercaptopyrimidine/SBA-15 111.28 1,124 6 298 [23]
PS-GO gel 136.98 10 6 313 [45]
Amino functionalized silica 190.5 50 6 298 [46]
Guar-graft-poly-silica composite 2,000.0 500 9 303 [47]
Graphene oxide nanosheets 106.3 20 6 303 [48]
Br-PADAP/SBA-15 5,000.0 100 9 298 This work

Table 7
Removal of Cd(II) ions from water and wastewater samples

Water and  
wastewater samples

concentration  
of Cd(II) (mg L–1)

Removal  
(%)

Sea watera 1.20 ± 0.04 97 ± 1.5
River waterb 0.30 ± 0.01 98 ± 1.2
wastewater of power stationc 21.40 ± 0.40 96 ± 0.9
wastewater of hospitald 6.00 ± 0.09 96 ± 1.3
wastewater of slaughterhousee 2.10 ± 0.07 97 ± 1.6
wastewater of MDF factoryf 17.50 ± 0.30 95 ± 0.8

aCaspian seawater, Iran.
bSiahrood River, Qaemshahr, Iran.
cElectrical Power Station, Neka, Mazandaran, Iran.
dBu-Ali sina Hospital, Sari, Iran.
eCattle Slaughterhouse, Sari, Iran.
fArian Chemistry Company, Sari, Iran.
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Langmuir isotherm is very high compared with the previ-
ously reported adsorbents. The Br-PADAP/SBA-15 exhibits 
an outstanding ability to remove cadmium from aqueous 
solutions. The adsorption data fit better with Langmuir 
adsorption isotherm representing surface homogeneity 
as well as monolayer adsorption. The kinetic study of the 
adsorption of Cd(II) ion onto Br-PADAP/SBA-15 was per-
formed and it was found that the second-order kinetic 
model fits better with the data. The study concludes that 
the Br-PADAP/SBA-15 could be employed as a low-cost 
adsorbent, as an alternative to commercial adsorbents for 
the removal of metal ions in practical applications. The mes-
oporous Br-PADAP/SBA-15 may be promising candidate 
toward removal of heavy metals.
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