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a b s t r a c t
In this work, several variables that can affect the adsorption of Ni(II) using NH2-SBA-15 were studied 
in a batch adsorption system including; pH (1–6), contact time (0–150 min), initial concentration 
(20–120 mg L–1), NH2-SBA-15 dose (0.025–0.3 g) and temperature (293–333 K). The removal percent-
age increased with increasing the pH, the contact time, NH2-SBA-15 dose and temperature, while the 
increase of the initial concentrations for this metal ion reduced their percentage removal. It appeared 
that the Langmuir adsorption isotherm model had the best fit with R2 = 0.99, and the maximum 
capacity of monolayer adsorption increased from 64.52 to 90.1 mg g–1 as increasing in the tempera-
ture from 293 to 333 K, respectively. It was demonstrated that the kinetic studies were fitted well 
with the pseudo-second-order kinetic model (R2 = 0.99). The results of thermodynamic parameters 
showed that the process is endothermic chemisorption (ΔH° = 93.8734 kJ mol–1) with a very little 
degree of disorder (ΔS° = 0.38812 kJ mol–1 K–1) and whenever the temperature increased from 293 to 
333 K, the process became more spontaneous (ΔG° = –19.098 to –34.33 kJ mol–1 K–1).

Keywords:  Heavy metal; Ni(II) Removal; Adsorption; Batch adsorption; Wastewater treatment; 
Functionalization; Nanoporous SBA-15.

1. Introduction

Heavy metals are non-biodegradable, toxic and car-
cinogenic even at low concentrations, and they can be 
cumulative in living tissues, causing different diseases and 
disturbances [1]. As a result, environmental regulations and 
legislation for wastewater discharge have been issued by 
government agencies and international organizations, such 
as the Environmental Protection Agency and World Health 
Organization [2].

Due to their toxicity to higher life forms and mobility 
in natural water ecosystems, heavy metal ions in ground 
supplies and wastewater have been considered as major 
inorganic contaminants in the water pollution and environ-
ment; therefore, they must be removed before discharged [3].

Traditional treatment methods include; chemical oxi-
dation, reduction or chemical precipitation, ion exchange, 
filtration, electrochemical treatment, evaporation recovery 
and membrane technologies [4]. However, some of these 
methods can be extremely expensive or ineffective at very 
low concentrations (1–100 mg L–1). Another important dis-
advantage resulted from applying some of these processes 
is the generation of toxic chemical sludge. Therefore, the 
reduction of toxic heavy metals in an environment-friendly 
approach, such as adsorption, is not only highly efficient 
but also cost-effective [5]. It is also well known for its rel-
atively low effectiveness and that it doesn’t acquire high 
technical expertise, in addition to the fact that it offers prom-
ising removal efficiencies even with dilute solutions [6,7]. 
More recently, researchers developed adsorbents, which are 
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cheap, easily available and do not need special maintenance 
during operational conditions [8,9]. For example; Bhatti et 
al. [10] investigated the phosphate ions removal in aque-
ous medium mango stone biocomposite efficiency for the 
removal of phosphate ions (PO4

–3) from aqueous solution. 
Kausar et al. [11] evaluated the removal of strontium ion 
from aqueous solutions using peanut husk, an agricultural 
waste, as a new adsorbent. A wide variety of adsorbents, 
such as zeolites, activated carbon, clays, and agricultural 
residues have been used for the removal of heavy metal 
ions [12]. However, the essential problem in this field is to 
choose novel kinds of adsorbents that meet specific require-
ments, including geometry with an open pore structure and 
well-designed pore size [13]. Nanoporous materials, as a 
subset of nanostructured materials, have been the center of 
interest for many researchers throughout the world. They 
are divided into three types (depending on their pore sizes 
which range from 1 to 100 nm): microporous, mesoporous 
and macroporous materials [14]. Since its discovery in 1998 
by Zhao et al. [15,16] SBA-15 has attracted great interest as 
a potential adsorbent, catalyst support, drug delivery, and 
hydrogen storage. Amino-functionalized mesoporous silica 
has been used for different applications other than adsorp-
tion, including protein sequestration and release, enzyme 
immobilization, drug delivery, mainly due to its high stabil-
ity and relatively fairly simple synthesis [17]. In the present 
work, amino-functionalized mesoporous silica NH2-SBA-15 
is used as an effective adsorbent for the adsorption of Ni(II) 
heavy metal ions from simulated wastewater. So, the major 
aim of the present study was to determine the ability of 
amine-functionalized SBA-15 as an adsorbent to remove 
Ni(II) heavy metal ion from wastewater in a batch adsorp-
tion system.

2. Materials and methods

2.1. Chemicals

Pluronic “P123” tetraethyl orthosilicate (TEOS, 98%), 
hydrochloric acid (HCl), distilled water (H2O), toluene 
(C₆H₅–CH₃), (3-aminopropyl)triethoxysilane (APTES), (H2N 
(CH2)3Si (OC2H5)3, 99%), nickel (II) nitrate hexahydrate (Ni 
(NO3)2·6H2O, 99%) and Sodium hydroxide (NaOH, 99%). 
All chemicals were applied as acquired without additional 
purification.

2.2. Synthesis of SBA-15 and characterization

The synthesis of pure mesoporous SBA-15 and function-
alized NH2-SBA-15 as a nanoporous adsorbent for Ni(II) 
ion in batch adsorption system was achieved according to 
the traditional method [18,19]. The characterizations were 
carried out on the pure SBA-15 and NH2-SBA-15 in our 
previous study as well [20–22].

2.3. Preparation of metal solution

The stock solutions (1,000 mg L–1) of Ni(II) metal was pre-
pared by dissolving a predetermined amount of metal salt 
Ni (NO3)2.6H2O in distilled water. Then the required concen-
tration of the metal solution was prepared by dilution with 
distilled water. The concentrations of metals ions before and 

after removal were measured by using the atomic absorption 
spectrophotometer (SHIMADZU AA-7000, Japan).

2.4. Batch adsorption

The equilibrium experiments were done by agitating of 
known amounts of NH2-SBA-15 with 100 ml of metal solu-
tions in different concentrations of known pH (adjusted by 
using 0.1 N of HCl or NaOH) with 240 rpm at room tem-
perature. While kinetic experiments were performed at 
different temperatures by taking 1 L flask containing a 1 L 
metal solution of known pH and concentration, after adsor-
bent addition the mixture was stirred by a magnetic stirrer 
at 240 rpm. After a certain time, the adsorbent was separated 
by filtration using filter paper (Whatman 542, England) and 
then the samples were analyzed by atomic absorption spec-
trophotometer for metals analysis. The range of parameters 
that were studied as follows: pH 1–6, contact time 0–150 min, 
NH2-SBA-15 dose 0.025–0.3 g, the initial concentration of 
metal ions (20–120 mg L–1) and Temperature 20°C–60°C.

The uptake of heavy metal ion was calculated from the 
following equation:

q
V C C

We
e=

−( )0  (1)

where qe is equilibrium adsorption capacity of the adsorbent, 
C0 and Ce are initial and equilibrium concentration respec-
tively in (mg L–1), V is the volume of solution in (L) and W is 
the weight of the adsorbent in (g). The uptake of metal ions 
at any time was calculated from Eq. (2).

q
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Wt
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−( )0  (2)

where qt and Ct are the adsorption capacity in (mg g–1) and 
metal ion concentration in solution in (mg L–1) respectively 
at time t. The removal efficiency was calculated by the 
following equation:
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2.5. Adsorption isotherms models

2.5.1. Langmuir isotherm model

The adsorption model proposed by Langmuir is based 
on monolayer adsorption, where adsorption can exclusively 
take place at definite sites that are fixed in number, equiva-
lent, and identical.

The Langmuir equilibrium adsorption equation has the 
form [23].

q
q bC
bCe

e

e

=
+
max

1
 (4)

where qe is equilibrium adsorption capacity of the adsor-
bent in (mg g–1) qmax is the maximum adsorption capacity in 
(mg g–1), Ce is the equilibrium concentration in (mg L–1), and 
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b is the Langmuir constant in (L mg–1) which represents the 
degree of adsorption affinity of the adsorbate. The higher 
the value of b, the stronger is the affinity of the ion towards 
adsorbent. Eq. (4) can be used as a linear form as follows:

C
q q

C
bq

e

e
e= +

1 1

max max

 (5)

RL is a dimensionless constant which is known as separa-
tion factor or equilibrium parameter and represented as [24]

R
bCL = +
1

1 0

 (6)

This parameter shows the isotherm is favorable (RL < 1), 
unfavorable (RL > 1), irreversible (RL = 0), or linear (RL = 1) [25]

2.5.2. Freundlich isotherm model

Freundlich model is the first expression to describe mul-
tilayer adsorption. The Freundlich isotherm is an empirical 
equation employed to describe heterogeneous systems, it is 
expressed as:

q K C ne f e
n= >1 1/  (7)

The linearized Freundlich isotherm equation can be 
expressed as:

ln ln lnq K
n

Ce f e= +
1  (8)

where n and Kf are the constants of Freundlich related to 
intensity and capacity of adsorption, respectively. from 
the slope and intercept of the linear plot for experimental 
data lnqe vs. lnCe, the values of n and Kf can be calculated 
where (1/n) is the slope and lnKf is the intercept. The slope 
with a range between zero and unity and is an indication 
of heterogeneity of the surface and the intensity of adsorp-
tion, as the slope is very low (near zero). Whereas a slope 
near unity refers to a chemisorption process, where 1/n 
higher than unity implies cooperative adsorption [26].

2.5.3. Temkin isotherm model

This model assumes a uniform distribution of surface 
binding energy, and that for all the molecules, the adsorp-
tion heat decreases linearly upon an increase in the adsorbent 
surface coverage, this model is expressed as follows [27].

q
b

A Ce
T

T e=
RT ln  (9)

where AT is the binding constant of equilibrium (L g–1) 
identical to the extreme binding energy, bT is Temkin iso-
therm constant and is regarding to adsorption heat (J mol–1), 
R is the universal gas constant (8.314 J mol–1 K–1), and T is 
absolute temperature (K). Eq. (9) can be written in the linear 
form as follows:

q
b

A RT
b
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T

T
T

e= +
RT ln ln  (10)

AT and bT is the isotherm constants which can be 
evaluated from the plot of qe vs. lnCe.

2.6. Adsorption kinetics

2.6.1. Pseudo-first-order model

Pseudo-first-order kinetic equation can be written as 
follows [28].

dq
dt

k q qt
p e t= −( )1  (11)

where qt and qe are the amounts adsorbed (mg g–1) at time 
t and equilibrium, respectively. Integration and rearrange-
ment of Eq. (11) give:

ln lnq q q k te t e p−( ) = − 1  (12)

where kp1 is rate constant of the pseudo-first-order for adso-
rption (h−1) and from the slope of the linear plot of ln(qe − qt) 
vs. t which can be calculated.

2.6.2. Pseudo-second-order model

The pseudo-second-order kinetic equation is given as [29].

dq
dt

k q qt
p e t= −( )2

2
 (13)

The differential equation is usually integrated and 
transformed into its linear form:

t
q k q q

t
t p e e

= +
1 1

2
2  (14)

where kp2 is the pseudo-second-order rate constant for 
adsorption (g mg–1 min–1) and can be determined by plotting 
t/qt vs. t.

2.6.3. Intraparticle diffusion model

Transportation of the adsorbate from the bulk liquid to 
the adsorbent surface occurs in multiple stages. Those stages 
may affect the overall adsorption process including external 
mass transfer, intraparticle mass transfer, and pore surface 
adsorption. The intraparticle diffusion model is applied to 
investigate the possibility of the intraparticle mass transfer. 
This model is expressed as in the following equation [30].

q k t Ct = +id
0 5.  (15)

where kid is the rate constant for intraparticle diffusion 
(mg g–1 min–0.5), C is the intraparticle diffusion constant. If a 
straight line resulted from plotting qt vs. t0.5, then the over-
all process of adsorption is exclusively limited intraparticle 
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mass transfer. However, if more than one linear plot resulted 
from plotting the data, then more than one stage of the pre-
viously mentioned stages has a strong effect on the overall 
process of adsorption [31]. The values of C is an indication 
of boundary layer thickness, the smaller the intercept, the 
weaker the effect of the boundary layer [32].

2.7. Adsorption thermodynamics

The ability of adsorption can be greatly affected by tem-
perature. Temperature changes can cause changes in thermo-
dynamics and kinetic energy. Spontaneity and feasibility of 
the process can be obtained from thermodynamic data such 
as Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy 
(ΔS°) which are all temperature-dependent. The system’s 
kinetic energy is also influenced by temperature changes 
because molecules’ diffusion rate is a function of tempera-
ture. Generally, a faster adsorption rate can be achieved by 
elevating the temperatures [33].

The thermodynamic parameters were determined from 
the classical linear form of Van’t Hoff equation Eq. (16).

lnK H
RT

S
Rd = −

°
+

°∆ ∆  (16)

where ΔH° (change in enthalpy (J mol–1)) and ΔS° (change 
in entropy (J mol–1 K–1)) values obtained from the slope and 
intercept of lnKd vs. 1/T plots. T is the temperature in K, 
R is the universal gas constant (8.314 J mol–1 K–1) and Kd is 
the distribution coefficient which was determined from the 
following equation [34].

K
q
Cd
e

e

=  (17)

The Gibbs free energy is calculated according to the 
following equation:

∆G RT Kd° = − ln  (18)

where ΔG° is standard free energy change (J mol–1) [35].

3. Results and discussions

3.1. Batch adsorption

3.1.1. Effect of pH

The pH of the solution is one of the most remarkable 
parameters controlling the sorption process. The experi-
mental results reveal that Ni(II) ion adsorption using NH2-
SBA-15 was best at a pH range of 1–6. The obtained results 
are shown in Fig. 1. It can be noted that as the pH increased, 
the adsorption efficiency increased as well. These results 
can be explained in terms of the protonation of the amino 
groups, at lower pH values, leading to a positively charged 
surface. Repulsive forces between the positively charged 
Ni(II) ion and the positively charged surface reduce the 
overall adsorption efficiency. Moreover, as the pH of the 
solution increases (up to 5) the repulsion between the sur-
face and metals cations decreases due to the decreasing in 

amine group protonation, and subsequently, the increase in 
the extent of formation of a complex between metal ion and 
the amine groups led to increasing the removal efficiency 
of Ni(II) up to 99.27%. When the pH increased more than 5 
(at pH 6) a slight decrease in removal efficiency 98.7% was 
observed, this is due to the precipitation of the metal ions as 
its hydroxides would be formed. Therefore, neither precipi-
tation of the metal hydroxide nor protonation of the amine 
groups occurs at the best value of pH is 5 for Ni(II) removal 
from aqueous solution [36].

3.1.2. Effect of contact time

The relationship between contact time and the percent-
age removal of Ni(II) by NH2-SBA-15 at room temperature 
is shown in Fig. 2. the removal efficiency increases with 
time until equilibrium adsorption is established. In the first 
15 min, there is a rapid increase in the removal efficiency; 
this is due to the existence of a great number of unoccupied 
surface sites for adsorption at the start. It was also suggested 
that the high sorption rate with increasing time be due to 
the attraction of active functional groups (NH2) toward met-
als ions which led to the stronger surface binding. With the 
progress in contact time, the surface adsorption sites become 
exhausted and no significant increase in removal efficiency 
will occur, and then the equilibrium will be established. 
The highest removal efficiency was 99%, after 60 min [37].

3.1.3. Effect of initial concentration

The effects of initial Ni(II) concentration on adsorption 
behavior were investigated as shown in Fig. 3 This figure 
reveals the removal efficiency decreases as the initial heavy 
metal concentration increases. This can be simply attributed 
to the saturation of the limited number of adsorbents active 
sites up to a certain Ni(II) concentration. There is a slight 
drop in the percentage removal of Ni(II) at a higher initial 
concentration.

3.1.4. Effect of NH2-SBA-15 dose

The effect of NH2-SBA-15 dose was studied and the 
results are shown in Fig. 4. The results assure that as NH2-
SBA-15 dose increased, the removal efficiency of Ni(II) also 

Fig. 1. Effect of pH on the removal efficiency of Ni(II) ion 
(C0 = 100 mg L–1, contact time = 60 min, NH2-SBA-15 dosage = 0.1 g, 
and at room temperature).
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increased, up until 0.1 g of NH2-SBA-15, achieving the high-
est removal efficiency. The increase in removal efficiency is 
attributed to that the highest dosage of adsorbent in the solu-
tion means the available higher total surface area and more 
active sites for the metals ion binding, consequently decreas-
ing the number of ions remaining in the solution [38].

3.1.5. Effect of temperature

The effect of temperature on Ni(II) adsorption by NH2-
SBA-15 was studied at 293, 313, and 333 K with different 

initial concentrations 20–100 mg L–1. Fig. 5 clearly shows the 
significant effect of temperature on Ni(II) adsorption. At a 
constant initial Ni(II) concentration, as temperature increased 
from 293 to 333 K, the removal efficiency also increased. 
For instance, at 60 mg L–1 Ni(II) initial concentration, the 
removal efficiency increased from 85.7% to 99.3%. it can 
also be observed that as the initial concentration increased, 
the temperature effect on removal efficiency also intensified. 
The kinetic energy of metal ions in solution increases because 
of the increases in temperature and in which the number 
of metal ions reaching the adsorbent surface increased [34].

3.2. Adsorption isotherms

The adsorption isotherm was conducted at equilibrium 
conditions on the removal of Ni(II) ion from an aqueous 
solution to obtain a relationship between the quantity of 
Ni(II) ions adsorbed onto the SBA-15 and that retained in 
the aqueous solution. Experimental data obtained from the 
study were fitted to three different isotherm models.

The experimental data were fitted to three linearized iso-
therm models (Langmuir, Freundlich, and Temkin) at three 
temperatures (293, 313, and 333 K). For these models, the 
obtained parameters and the regression correlation coeffi-
cient (R2) are listed in Table 1. It is clear from Table 1 that 
the Langmuir isotherm model has the best fitting for the 
sorption of Ni(II) on NH2-SBA-15 at various temperatures 
(R2~0.99). Therefore, the adsorption process can be described 
by the formation of monolayer coverage of the adsorbate on 
the homogeneous adsorbent surface. The calculated maxi-
mum adsorption capacity (qmax) Eq. (5) of NH2-SBA-15 was 
found to be closer to the experimental value (89.5 mg g–1), 
also it increases from 64.52 to 90.1 mg g–1 as the tempera-
ture of the solution increased from 293 to 333 K. Higher tem-
perature enhances both chemisorptions (as it is a chemical 
reaction), and physisorption (as it facilitates the passing of 
Ni(II) from the external surface throughout the enlarged 
pores) [39]. The comparison of qmax result for Ni(II) removal 
byNH2-SBA-15 with some other studies is higher than from 
some examples, qmax = 81.812 mg g–1 and qmax = 22 mg g–1, as 
obtained by [40,41]. The equilibrium parameter or dimen-
sionless separation factor RL based on the Langmuir equa-
tion was used to predict the favorability of the adsorption 
system, Table 1. shows the RL values based on the Langmuir 

Fig. 2. Effect of contact time on the removal efficiency of Ni(II) 
ions (C0 = 100 mg L–1, pH = 5, NH2-SBA-15 dose = 1 g, and 
volume = 1 L).

Fig. 3. Effect of initial metal concentration on the removal 
efficiency of Ni(II) (pH = 5, time = 90 min, NH2-SBA-15 dose = 0.1, 
volume = 100 ml, and at room temperature).

Fig. 4. Effect of NH2-SBA-15 dose on Ni(II) removal, (C0 = 100 
mg L–1, pH = 5, time = 60 min, volume = 100 ml, and at room 
temperaure).

Fig. 5. Effect of temperature on Ni(II) percentage removal with 
different initial concentration (time = 90 min, NH2-SBA-15 
dose = 0.1 g, volume = 100 ml and pH = 5).
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isotherm model, in which all RL values are greater than 0 but 
less than 1 indicating that Langmuir isotherm is favorable.

3.3. Adsorption kinetics

To study adsorption kinetics; pseudo-first-order, pseudo- 
second-order, and intraparticle diffusion models are applied. 
Contact time from experimental results can be used to study 
the rate-limiting step in the adsorption mechanism in a given 
system.

3.3.1. Effect of temperature

At a constant initial Ni(II) concentration of 80 mg L–1, 
the effect of temperature change on adsorption kinetics 
was studied at 293, 313 and 333 K as shown in Fig. 6. It can 
be noticed that the adsorbed quantity of Ni(II) ions has 
increased as the temperature increased, which leads to the 
conclusion that the overall process is endothermic. Several 
amine groups hydrogen-bonded to the hydroxyl groups of 
silica surface causes the enhancement of Ni(II) ions uptake 
with increasing temperature and its availability for adsorp-
tion is decreasing. The highest capacity of adsorption was 
achieved by increasing temperature supply’s enough energy 
which breaks these bonds and releases the amine groups. 

Table 2 shows the parameters related to Pseudo-first-order 
and second-order kinetic models, along with the resulted 
correlation coefficients (R2). It can be observed that pseudo- 
second-order has better fitted the experimental data, based 
on correlation coefficients (R2) result and the proximity 
between the both experimental and predicted (qe), compared 
to those resulting from the first-order kinetic model [42].

3.3.2. Effect of initial concentration

Fig. 7 presents the effect of three different Ni(II) initial 
concentrations, 40, 60 and 80 mg L–1 on adsorption kinetics, 
was investigated at 333 K. The uptake rate was somewhat fast 
during the initial stage of adsorption. That could be reclined 
to the presence of readily available adsorption sites in addi-
tion to the initial high adsorption gradient. The uptake rate 
then slows down gradually until equilibrium is established.

From the linear fits of the pseudo-second-order model, 
it acquires the regression coefficients (R2) a good correlation 
for the three initial concentrations. Table 2 also shows that 
the pseudo-second-order constants decrease from 0.0539 
to 0.0238 g mg–1 min–1 when the initial nickel concentration 
increased from 40 to 80 mg L–1, respectively [43].

3.4. Prediction of Ni(II) adsorption kinetics

The values of qe resulted by applying both temperatures 
and initial concentrations in a predetermined range are 
shown in Fig. 8, the following relationships were obtained:

q Te = −0 9114 222 34. .  (19)

Table 1
Model parameters for Ni(II) adsorption on NH2-SBA-15

Isotherm model 293 K 313 K 333 K

Langmuir:
qmax (mg g–1) 64.52 76.92 90.1
b (L mg–1) 0.799 3.095 6.166
R2 0.9931 0.9983 0.9991
RL 0.0123 3.2 × 10–3 1.62 × 10–3

Freundlich:

Kf (mg1−n g−1 Ln) 34.046 49.264 62.33
1/n 0.1722 0.1698 0.2151
R2 0.9924 0.8749 0.8942
Temkin:

bt (J mol–1) 368.45 346.78 263.5
At (L g–1) 313.69 1430.8 620
R2 0.9834 0.9319 0.9842
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Fig. 6. Effect of temperature on the uptake of Ni(II) at 
NH2-SBA-15 versus time (C0 = 80 mg L–1, pH = 5, volume = 1 L, 
NH2-SBA-15 dose = 1 g).

Table 2
Effect of solution temperature and initial concentration on Ni(II) adsorption kinetics

Pseudo-first-order model Pseudo-second-order model

Temperature (K) C0 (mg L–1) qe,exp (mg g–1) R2 kp1 (min–1) qe,mod (mg g–1) R2 kp2 (g min–1 mg–1) qe,mod (mg g–1)

293 80 41.7227 0.5843 0.038 11.989 0.9989 0.0164 41.67
313 80 69.231 0.506 0.0545 12.16 0.9999 0.02 68.966
333 80 77.883 0.7467 0.0756 16.029 0.9999 0.0238 78.125
333 60 59.17 0.9715 0.0609 48.46 0.9999 0.029 59.524
333 40 39.9848 0.5843 0.038 11.989 0.9999 0.0539 40.16
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q Ce = +0 9491 2 32180. .  (20)

The relationships between pseudo-second-order con-
stants with temperature and initial concentration are shown 
in Fig. 9 and described by the following equations:

Kp
T

2
0 00930 0011= . .e  (21)

K Cp2 0
1 2024 3733= −. .  (22)

The relationships of Eqs. (19)–(22) manipulate in a model 
of pseudo-second-order to obtain predicted as a general 
model for the relationships between the adsorption uptake 
q (mg g–1) along with solution temperature (K) Eq. (23) and 
initial concentration (mg L–1) Eq. (24) at any time (min) that 
can be described as:

q
T t

T

T

T( ) =
−( )

+

0 0011 0 9114 222 34
1 0 0011 0 911

0 0093 2

0 0093

. . .
. .

.

.

e
e 44 222 34T t−( ).

 (23)
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C C t
CC0

4 3733 0 9491 2 3218
1 4 3733 0 9

0
1 202

0

2

0
1 202( )

−

−
=

+( )
+

. . .
. .

.

. 4491 2 32180C t+( ).
 (24)

Both general models were applied to the initial concen-
trations and three different temperatures and the outcomes 
are shown in Figs. 10 and 11, which show a good agreement 
between the experimental data and the data predicted from 
the general models for both situations.

3.5. Intraparticle diffusion model

The intraparticle diffusion model Eq. (15) was applied 
to the experimental data to show both the dominant mech-
anisms and the rate-controlling steps in Ni(II) adsorption 
process, as shown in Figs. 12 and 13. Both of the previously 
mentioned figures exhibit multi-linear plots represented by 
three stages, as specified by the dotted line, representing the 
rate change in the adsorbed nickel. The first stage represents 
a rapid increase in adsorption rate, this is due to the obtain-
ability of free adsorption sites at the exterior surface of 
NH2-SBA-15 and the concentration gradient of nickel ions. 
The external diffusion, which greatly affects the adsorption 
process, occurs. As illustrated in Figs. 12 and 13 the larger 
slope of these dotted lines in this region means a higher 
concentration gradient. After this stage and as time passed, 
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a quantity of nickel adsorbed decreased significantly, this 
is due to the saturation of the external sites of NH2-SBA-15 
and the decrease in a nickel concentration gradient. In this 
region, nickel ions will transport from bulk of solution to 
adsorbent external surface and then diffusion within pores 
will occur, this ultimately slows the adsorption process, 
compared to the first stage. Since the second portion of 
the plots in both figures did not have zero intercepts, so the 
intraparticle diffusion is not the only rate that controls the 
adsorption process. The values of kid that are acquired from 
this step are calculated from the slope of the second stage 
line and the results are shown in Table 3.

Table 3 shows that kid values increase from 2.8938 to 
3.4587 and 5.5128 mg g–1 min–0.5 with an increase in solution 
temperature from 293 to 313, and then 333 K respectively 
as a result of increasing the kinetic energy. The same effect 
was noticed in initial concentration, where the kid increased 

from 3.0616 to 4.1971 and 5.5128 mg g–1 min–0.5 as increasing 
in the initial concentration from 40 to 60 and then 80 mg L–1 
respectively, this is mainly due to an increase in driving 
force because of an increase the gradient of concentration. 
The horizontal dotted lines of Figs. 12 and 13 plots represent 
the third region in which very slower uptake of Ni(II) ions 
occurs; this is due to equilibrium adsorption [22].

3.6. Adsorption thermodynamics

The influence of temperature on Ni(II) ion adsorption 
using NH2-SBA-15 is represented by the linear Van’t Hoff 
plot (lnKd vs. 1/T) in Fig. 14. The slope and intercept of linear 
Van’t Hoff plot Eq. (16) are used to determine ΔH° and ΔS° 
and then ΔG° from Eq. (18). The thermodynamic parameters 
ΔH°, ΔS°, and ΔG° are listed in Table 4. The positive value 
of ΔH° (93.8734 kJ mol–1) indicates that the overall adsorp-
tion process is endothermic. This is appropriate with the 
increase in Ni(II) removal percentage temperature as shown 
in Fig. 5. Also, the ΔH° value is located within the range 
of 40–400 kJ mol–1, which is the chemisorption range. The 
degree of the spontaneity of the adsorption process is deter-
mined using the values of Gibbs free energy and the decrease 
in ΔG° values with temperature increase from 293 to 333 K 
indicates a more spontaneity of nickel adsorption at highest 
temperatures. The entropic with a positive value indicates 
that the system has a disorder degree which was acquired 
during the adsorption process [44].

3.7. Comparison of present results with previous ones

The comparison between the functionalized SBA-15 
with other adsorbents reported in the literature is shown 
in Table 5. This table is providing useful information about 
how efficient SBA-15-NH2 adsorbent can enhance the 
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Table 3
Intraparticle diffusion model parameters at different tempera-
tures and initial concentrations

Temperature (K) C0 (mg L–1) kid (mg g–1 min–0.5) R2

333 80 5.5128 0.9818
313 80 3.4587 0.9656
293 80 2.8938 0.9537
333 60 4.1971 0.9773
333 40 3.0616 0.9082

Table 4
Thermodynamic properties of Ni(II) adsorption on NH2-SBA-15

Temperature  
(K)

ΔH° 
(kJ mol–1)

ΔS° 
(kJ mol–1 K–1)

ΔG° 
(kJ mol–1)

333
93.8734 0.38812

–34.33
313 –29.509
293 –19.098
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Fig. 14. Van’t Hoff plot for Ni(II) adsorption on NH2-SBA-15 
(C0 = 80 mg L–1, pH = 5, volume = 100 ml, dose = 0.1 g, 
time = 90 min).
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adsorption capacity of Ni(II) from other adsorbents mate-
rials. Functionalized mesoporous silica matrixes have been 
utilized to remove Ni(II) heavy metal ions from aqueous 
solutions because of their high surface area, large pore vol-
ume, plenty of well- distributed active sites and ease of diffu-
sion for large reacting molecules through their nano channels.

4. Conclusions

This study shows that amine group grafted mesoporous 
silica (NH2-SBA-15) can be used as an efficient adsorbent 
for Ni(II) heavy metal ion removal from aqueous solution. 
The removal efficiency of Ni(II) increased with an increase 
in pH (up to 5), time of contact, NH2-SBA-15 dose and tem-
perature. An increase in Ni(II) concentration, on the other 
hand, resulted in reducing Ni(II) removal efficiency. The 
temperature has a noticeable effect on Ni(II) removal. The 
latter has increased as the temperature increases from 293 to 
333 K. The equilibrium data of Ni(II) adsorption at three dif-
ferent temperatures were well fitted by Langmuir isotherm 
model (R2 = 0.99) which confirms the formation of monolayer 
Ni(II) coverage on the homogenous NH2-SBA-15 surface. 
The kinetic adsorption data were well fitted by Pseudo-
second-order kinetic model (R2 = 0.99), and a general predic-
tive model was obtained which describes the relationships 
between the adsorption uptake q (mg g–1) along with solu-
tion temperature (K) and initial concentration (mg L–1) at any 
time. The intraparticle adsorption kinetic model predicted 
that intraparticle diffusion is not the only rate that controlled 
the adsorption process. The thermodynamic parameters 
(ΔH°, ΔS°, and ΔG°) indicate that the whole adsorption pro-
cess is of endothermic and spontaneous nature with a little 
degree of disorder in the adsorption system.
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