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Abstract
In this study, silica nanospheres (S) and trizma base-modified silica nanospheres (ST2, ST4, ST6, and ST8) were synthesized 
for the removal of arsenic from aqueous medium with high efficiency. Characterization of the prepared solid adsorbents was 
performed with different techniques such as thermogravimetric analysis, scanning electron microscopy, X-ray diffraction 
patterns, transmission electron microscopy, selected area electron diffraction, fast Fourier transform, nitrogen adsorption, 
point of zero charge  (pHPZC), and Fourier transform infrared. Adsorption of  As+5 was investigated under different applica-
tion conditions such as adsorbent dosage, pH, shaking time, temperature, and initial  As+5 concentration. Maximum adsorp-
tion capacity reached 64.5 mg g−1 at pH 6, 0.9 g L−1 as adsorbent dosage, after 60 min of shaking time, and at 25 °C as the 
optimum adsorption conditions. Adsorption data of  As+5 by the prepared nanoadsorbents are best fitted with Langmuir, 
Temkin, and Dubinin–Radushkevich models. Kinetic studies revealed that the adsorption followed pseudo-second-order 
and Elovich kinetic models. Thermodynamic studies prove that the adsorption process is endothermic, spontaneous, and 
chemisorption in nature. The most effective desorption was achieved by nitric acid with 99% desorption efficiency. The 
prepared silica nanospheres solid adsorbents showed a good reusability with 91% adsorption efficiency after four cycles of 
adsorption and desorption.
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1 Introduction

Water pollution with different heavy metal cations such 
as  As+5,  Hg+2,  Cu+2,  Cr+6,  Cd+2, and  Pb+2 is still a major 
environmental pollution problem affecting all living organ-
isms. The dangerous toxicity nature of those heavy metal 
cations is due to its non-biodegradability and accumula-
tion in polluted water [1].  As+5 is considered as one of the 
most known toxic pollutants to the environment.  As+5 is 
widespread in air, water, and soil with different forms and at 

different concentrations. It has been found in drinking water 
and food [2]. The introduction of  As+5 into the environment 
is due to combustion of coal [3], metallurgy, agriculture, 
mining, electronic, and pharmaceutical industries.  As+5 may 
be present in either organic or inorganic forms [4]. Arsenite 
and arsenate are the inorganic forms for aqueous  As+5 and 
 As+3, respectively. Organic forms for  As+5 are dimethyl arse-
nic acid and monomethyl arsenic acid as methylated forms, 
while aromatic compounds are roxarsone and p-arsanilic 
acid [5].

According to the World Health Organization (WHO) 
and US Environmental Protection Agency (US-EPA), the 
maximum allowed  As+5 concentration in drinking water 
is 10 μg L−1[6]. Drinking water polluted with  As+5 for a 
long term leads to neurological disorders, hypertension, 
liver, lung, kidney, bladder cancer, and diabetes [7]. Sev-
eral methods have been investigated for the removal of 
 As+5 from water including physicochemical and biological 
processes. Ion exchange [8], precipitation [9], adsorption 
[10–12], coagulation [13], and oxidation [14] were used 
as physicochemical methods for the removal of  As+5. The 
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phytoremediation technique is an example of the biological 
treatment process [15]. Adsorption technique is still the most 
efficient method in water treatment based on its higher effi-
ciency, low coast, and the easy of solid adsorbent recovery 
[16]. Solid adsorbents useful in the removal of pollutants 
must be characterized by higher surface area, higher poros-
ity, modifiable, lower swelling, chemically and thermally 
stable, water-insoluble, and recoverable. Silicon structure 
such as silica gel, mesoporous silica (MCM-41), silica nano-
spheres, and their modified forms is one of the most impor-
tant solid adsorbents and still used in the field of pollutants 
adsorption and water treatment. Silica nanospheres were 
used in many application fields such as wound healing [17], 
drug delivery [18], catalysis [19], corrosion inhibition [20], 
analytical application [21], and adsorption [22].

The present work discusses the synthesis of highly 
porous silica nanospheres using sol–gel method and func-
tionalization with different percentages of 2-amino-2-
(hydroxymethyl) propane-1,3-diol (trizma base). Trizma 
base was selected for silica nanospheres modification 
because it is characterized by highly water soluble, higher 
boiling point, and four polar active groups that enhance the 
adsorption of metal cations. The produced solid adsorbents 
were characterized by different physiochemical techniques. 
Batch (static) adsorption of  As+5 was studied under differ-
ent adsorption conditions considering the effect of adsor-
bent dosage, pH of adsorption solution, shaking time, ini-
tial adsorbate concentration, and adsorption temperature. 
Kinetic and thermodynamic parameters for the adsorption 
of  As+5 are important to understand the nature and mecha-
nism of the adsorption process.  As+5 desorption and solid 
adsorbents reusability were considered after four cycles of 
the adsorption process.

2  Materials and Methods

2.1  Materials

Cetyltrimethylammonium bromide (CTAB) and 2-amino-
2-(hydroxymethyl) propane-1,3-diol (trizma base) were 
purchased from Sigma-Aldrich Co., St. Louis, MO, USA. 
Tetraethoxysilane (TEOS) and sodium arsenate heptahydrate 
 (Na2HAsO4·7H2O) were purchased from Alfa Aesar Co., 
while ammonia solution, ethanol, chloroform, hydrochlo-
ric acid, nitric acid, and sodium hydroxide were purchased 
from El-Nasr for Pharmaceutical and Chemical Industry 
Co., Egypt. All the chemicals were used without further 
purification.

2.2  Synthesis of Silica Nanospheres

The sol–gel method was used in the preparation of highly 
porous silica nanospheres by applying Najafi et  al.’s 
method [23]. CTAB (0.05125 g) was added into 65 mL 
mixed solution of ammonia (1 mL) and distilled water 
(64 mL) into a 250-mL beaker with a continuous magnetic 
stirrer. 1.0 g of TEOS was added dropwise to the above 
mixture, and the resulted white slurry was kept at 30 °C 
for 2 h. The reaction mixture was centrifuged and washed 
several times with a mixed solvent of water and ethanol 
(25% v/v) to remove any impurities. The resulted solid 
material was dried at 80 °C for 2 h followed by calcina-
tion at 550 °C for 3 h to remove the residual surfactant 
(CTAB). The produced solid material (S) was stored in a 
clean dry bottle.

2.3  Surface Modification of Silica Nanospheres 
with Trizma Base

Five samples of trizma base-modified silica nanospheres 
were prepared using a different percentage of trizma base 
to silica nanospheres (2, 4, 6, and 8%) to obtain ST2, ST4, 
ST6, and ST8, respectively. In a reaction flask, 0.1 g of 
silica nanospheres was dispersed in 20 mL of chloroform 
and mixed with the estimated amount of trizma base with 
constant stirring. The suspension was refluxed for 8 h and 
cooled to room temperature. The solid adsorbent was washed 
with water/ethanol washing solution followed by drying at 
80 °C for 4 h to obtain ST2, ST4, ST6, and ST8.

2.4  Characterization of the Prepared Solid 
Adsorbents

Different characterization techniques were used to iden-
tify the thermal stability, textural, and chemical nature of 
the prepared solid adsorbents. Thermogravimetric analysis 
curves for S, ST2, ST4, ST6, and ST8 were tested by using 
a thermoanalyzer apparatus (Shimadzu D-50, Japan) under 
a nitrogen flow rate of 50 mL min−1 and 10 °C at a heating 
rate up to 800 °C. The percentage weight loss during ignition 
was calculated for all the solid samples by weighing 0.2 g of 
the solid adsorbent sample in crucible and put it in the muffle 
for 6 h at 750 °C till constant weight.

Textural characterizations, namely total pore volume (VT, 
 cm3 g−1), surface area (SBET,  m2 g−1), and pore diameter 
(nm), were determined through nitrogen gas adsorption 
at − 196 °C by using a NOVA2000 gas sorption analyzer 
(Quantachrome Corporation, USA).

Solid samples’ morphological structure was investi-
gated using a JEOL JSM-6510LV model scanning electron 



283Arabian Journal for Science and Engineering (2022) 47:281–293 

1 3

microscope. Transmission electron microscopy (TEM) was 
studied via a JEOL-JEM-2100 (Tokyo, Japan).

X-ray diffraction patterns (XRD) for S and ST6 (as two 
selected representative samples) were applied using a D8 
Advance diffractometer with a Bragg–Brentano θ–θ goni-
ometer (Bruker AXS, Germany) at room temperature. The 
used generator was operated at 40 kV and 30 mA.

Point of zero charges for S, ST2, ST4, ST6, and ST8 
were determined by the preparation of several closed 
bottles containing 20  mL of 0.01  mol  L−1 NaCl, and 
its pH values were adjusted to values between 2 and 12 
using diluted NaOH and/or HCl. The bottles were mixed 
with 0.1  g of solid adsorbents and agitated for 24  h, 
and the final pH values were measured using a Hanna 
pH meter, HI-2200 series.  pHPZC is the point at which 
 pHfinal = pHinitial for the curve  pHfinal against  pHinitial [24].

Fourier transform infrared spectroscopy (FTIR) was 
performed for all the prepared solid adsorbent samples 
using a Mattson 5000 FTIR spectrometer in the range 
400–4000 cm−1 to identify the surface chemical functional 
groups.

2.5  Adsorption of Arsenic Ions

Batch adsorption experiments were carried out on  As+5 ion 
solution under different application conditions to obtain 
the optimum adsorption conditions, maximum adsorption 
capacities for the solid adsorbents, kinetics, and thermo-
dynamic adsorption parameters.

Arsenic ions adsorption from aqueous solution onto S, 
ST2, ST4, ST6, and ST8 was studied by shaking 25 mL of 
 As+5 solution having a certain concentration with 0.025 g 
of the solid adsorbent at constant temperature and pH 
value for 2 h of shaking time. The previous solution was 
filtered through a Gooch crucible. The residual  As+5 con-
centration was determined in filtrate using a 211 Acusys 
Atomic Absorption Spectrophotometer, Buck Scientific, 
USA. The average value was calculated by repeating every 
measurement three times. The adsorption capacity at equi-
librium was determined using the following equation:

where Ci and Ce are the initial and equilibrium  As+5 con-
centrations, respectively, V is the solution volume (L), and 
m is the mass of adsorbent (g). Different adsorption condi-
tions were applied to study the effect of adsorbent dosage 
(0.3–1.5 g L−1), pH (2–10), shaking time (5–100 min), ini-
tial adsorbate concentration (10–250 mg L−1), and applied 
adsorption temperature (20, 30, and 40 °C). The removal 
percentage (R%) was calculated using Eq. 2.

(1)qe =
Ci − Ce

m
× V

2.6  Adsorption Isotherm Models

Many adsorption models were used for studying the adsorp-
tion of  As+5 onto the investigated solid adsorbents such as 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
models.

2.6.1  Langmuir Adsorption Model

Langmuir model based on the presence of identical and a finite 
number of equivalent localized adsorption sites on the surface 
of solid adsorbent and the linear Langmuir adsorption [25] 
model are derived as:

where qe, qm, and b are the adsorption capacity at equilib-
rium (mg g−1), the maximum adsorption capacity (mg g−1), 
and adsorption constant of Langmuir model (L  mg−1), 
respectively. Calculation of dimensionless separation factor 
(RL) gives information on the nature of  As+5 adsorption, if 
it is favorable (0 < RL < 1), unfavorable (RL > 1), or irrevers-
ible (RL = 0).

where b (L mg−1) and Ci (mg L−1) are Langmuir constant 
and initial concentrations of  As+5, respectively.

2.6.2  Freundlich Adsorption Model

The linear Freundlich model (Eq. 5) was described on the non-
ideal and reversible nature of the adsorption process [26].

where n and KF are the Freundlich constants related to the 
intensity of adsorption and adsorption capacity, respectively.

2.6.3  Temkin Adsorption Model

The model considers the adsorbate/adsorbent interactions, 
neglecting the concentration of adsorbate and the linear 
decrease in heat of adsorption from one layer to the other layer. 
The model is given by the following equation [27].

(2)R% =
Ci − Ce

Ci

× 100.

(3)
Ce

qe
=

1

bqm
+

Ce

qm

(4)RL =
1

1 + bCi

(5)ln qe = lnKF +

(

1

n

)

lnCe

(6)qe = ALnKT + ALnCe
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where the heat of adsorption is related to the constant A, 
while bT is the Temkin constant in J mol−1, the gas constant 
R equals 8.314 J mol−1 K−1, T is the Kelvin absolute, and KT 
is the Temkin isotherm constant (L g−1).

2.6.4  Dubinin–Radushkevich Adsorption Model

Dubinin–Radushkevich isotherm model differentiates 
between the adsorption onto homogeneous and heterogene-
ous surface considering the adsorbate concentration. The 
linear model is described as follows:

where ɛ is the Polanyi potential parameter and qDR (mg  g−1) 
and KDR  (mol2  kJ−2) are the maximum adsorption capacity 
and the activity coefficient, respectively. The gas adsorption 
constant R equals 8.314 J mol−1 K−1, and T is the Kelvin 
absolute adsorption temperature [28]. Equation 10 is used 
to calculate the mean adsorption energy (EDR, kJ  mol−1):

2.7  Adsorption Kinetic Models

Pseudo-first-order (PFO), pseudo-second-order (PSO), and 
Elovich kinetic models were applied to study the adsorption 
kinetic parameters of  As+5 onto the prepared solid samples 
(Eq. 11, 12, and 13, respectively) [16].

where qt (mg g−1) is the adsorption capacity measured at 
certain time. k1  (min−1) and k2 (g/mg  min−1) are the rate con-
stants of PFO and PSO models, respectively. β represents the 
extent of surface coverage and the chemisorption activation 
energy, while α is related to the initial rate of  As+5 adsorp-
tion. The adsorption capacity (qt) measured at certain time 
is calculated by the following equation:

(7)A =
RT

bT

(8)� = RTLn(1 +
1

Ce

)

(9)Lnqe = LnqDR − KDR�
2

(10)EDR =
1

√

2KDR

.

(11)ln(qe − qt) = ln(qe) − k1t

(12)
t

qt
=

1

k2qe
2
+

1

qe
t

(13)qt =
1

�
ln ∝ � +

1

�
ln t

where Ct (mg L−1) is the  As+5 equilibrium concentration 
at time t.

2.8  Adsorption Thermodynamic Parameters

Equilibrium and thermodynamic adsorption parameters 
such as the change in entropy (ΔS°), free energy (ΔG°), and 
enthalpy (ΔH°) are used to investigate the ability, spontane-
ity, and the heat of  As+5 adsorption on the investigated solid 
adsorbents. Equations (15–17) were used in the calculation 
of equilibrium and thermodynamic adsorption parameters:

where Cs and Ce (mg  L−1) are the surface adsorbed and equi-
librium concentrations of  As+5, respectively. Ka, R, and T 
represent the adsorption distribution coefficient, gas con-
stant, and the absolute adsorption temperature, respectively. 
Plotting Eq. 16 (van’t Hoff) enables the calculation of ∆H° 
and ∆S° from the slope and intercept.

2.9  Arsenic Desorption and Solid Adsorbent 
Reusability

Surface-adsorbed  As+5 was desorbed by shaking of 0.1 g 
of ST4 pre-loaded with  As+5 in 50 mL of distilled water, 
1.0 mol L−1 nitric acid, or 1.0 mol L−1 hydrochloric acid 
for 2 h. The previous mixture was filtered, and the desorbed 
 As+5 was measured in the filtrate. The desorbed quantity was 
calculated using the following equation [29]:

where qi and qf are the mass (mg) of  As+5 on ST4 before and 
after desorption, respectively.

Solid adsorbent reusability was studied after four cycles 
of  As+5adsorption/desorption process. Adsorption of  As+5 
was carried out by ST4 under the following conditions: 
0.025 g L−1 as adsorbent dosage, pH 6, 100 mg L−1 as  As+5 
initial concentration, 60 min of shaking time, and tempera-
ture of 25 °C. After each cycle, the solid adsorbent was fil-
tered and boiled with 30 mL of 1.0 mol L−1 nitric acid to 
desorb the pre-adsorbed  As+5, washed with distilled water, 
and dried at 100 °C for the successive reuse.

(14)qt =

(

Ci − Ct

)

V

m

(15)Ka =
Cs

Ce

(16)LnKa =
ΔSo

R
−

ΔHo

RT

(17)ΔGo = ΔHo − TΔSo

(18)Desorption% =
qi − qf

qi
× 100
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3  Results and Discussion

3.1  Characterization of the Synthesized Solid 
Adsorbents

The % weight loss on ignition at 750 °C was found to be 
2.65, 4.71, 6.62, 8.53, and 10.52% for S, ST2, ST4, ST6, and 
ST8, respectively. The increase in loss in ignition for trizma 
base-modified samples is due to the total combustion of the 
organic trizma base compound at higher temperature.

Thermogravimetric curves were used to study the ther-
mal stability of S, ST2, ST4, ST6, and ST8. As presented 
in Fig. 1a, the weight loss at 110 °C (0.5 and 0.9% for S 

and trizma base-treated samples, respectively) is due to 
the evaporation of surface adsorbed water, indicating that 
trizma base raises the surface hydrophilicity for the treated 
samples [16]. The slight weight loss observed in the range 
200–300 °C may be related to the evaporation of residual 
occluded water molecules in the internal pores of nanoma-
terials solid adsorbents. The observable weight loss in the 
range from 375 to 500 °C which represents about 2.5–4.0% 
for all the samples may be related to the partial destruction 
of the template [30]. The observed weight loss at T > 500 °C 
in the case of S sample is probably related to the further con-
densation in the siloxane matrix with water loss. ST2, ST4, 
ST6, and ST8 showed another thermal decomposition (3.5, 
5.0, 5.2, and 5.4%, respectively) which may be related to the 
destruction of trizma base. TGA curves prove the thermal 
stability of the prepared solid samples and its uses at higher 
application temperatures.

Figure S1A shows the XRD patterns of S and ST6. The 
XRD patterns confirmed that both of modified and unmodi-
fied nanosilica spheres were amorphous  SiO2 based on the 
broad peak located around 2θ ≈ 22◦ [31–33]

The BET surface area, total pore volume, and pore diam-
eters were calculated for all the samples. Figure 1b shows 
that all the nitrogen adsorption isotherms followed typical 
IV adsorption isotherm which belongs to the adsorption onto 
mesoporous materials where the formation of multilayers 
at lower pressure and capillary condensation takes place 
at higher adsorption pressures. The calculated texture pore 
structures are presented in Table 1. The BET surface area 
for S was found to be 435.32 m2 g−1 and slightly decreased 
for ST2, ST4, ST6, and ST8, which may be related to the 
blocking of some pores by the effect of trizma base incor-
poration [23]. Total pore volume ranged between 0.81 and 
1.05 cm3 g−1 which decreases with trizma base modification 
and proportional with the BET surface area. The pore diam-
eter (8.07–9.68 nm) measurements indicate that the samples 
are mesopores. All the samples exhibit hysteresis loops of 
H3 type according to IUPAC classification, and it is related 
to the slit-like pores originated from the aggregation of 
nanoparticles [34]. Pore size distribution curves (Fig. S1B) 
showed that pore diameter for trizma base-modified and 
unmodified solid samples ranged between 7.12 and 9.03 nm.
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Fig. 1  TGA curves (a), nitrogen adsorption/desorption isotherms (b), 
and FTIR spectra (c) for S, ST2, ST4, ST6, and ST8

Table 1  pHPZC and textural characterization of S, ST2, ST4, ST6, and 
ST8 derived from nitrogen adsorption isotherms

Textural parameters S ST2 ST4 ST6 ST8

SBET  (m2 g−1) 435.32 426.33 417.60 410.51 401.22
VT  (cm3 g−1) 1.05 1.03 0.92 0.88 0.81
Pore diameter (nm) 9.68 9.65 8.84 8.55 8.07
pHPZC 5.0 5.4 5.4 5.6 5.7
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Surface chemical functional groups on S, ST2, ST4, ST6, 
and ST8 were examined by means of FTIR spectra. Fig-
ure 1c shows that for S sample the broad peak located at 
3450 cm−1 is due to silanol groups [35], the peaks located 
at 460 and 967 cm−1 are related to bending and stretching 
vibrations of Si–O-Si groups, respectively [36], and the 
bands at 805 and 1095 cm−1 are corresponding to symmetric 
and asymmetric stretching vibration modes of Si–O groups 
[37]. Modified samples with trizma base (ST2, ST4, ST6, 

and ST8) exhibited the same FTIR peaks where several new 
bands appeared at 1100, 1550, 2900, and 3386 cm−1 indicat-
ing the presence of C–C–C, C–N, C–H, and N–H groups, 
respectively. The overlapping between N–H stretching bands 
with the broad band of silanol stretching (Si–O–Si) confirms 
the introduction of  NH2 groups to nanosilica surface [23, 
38]. The measured  pHPZC values (Table 1) for S, ST2, ST4, 
ST6, and ST8 were found to be 5.0, 5.4, 5.4, 5.6, and 5.7, 
respectively.

Fig. 2  SEM (a, b) and TEM (c, d) images for S and ST4, respectively, SAED (e) and FFT (f) patterns for S
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Two samples were selected for SEM and TEM analysis (S 
and ST4) and are shown in Fig. 2. Figure 2a, b shows SEM 
morphologies of the silica nanospheres for S and ST4. SEM 
images revealed the uniform size of spheres with a smooth 
surface, in contact, and with a size of nearly 100 nm. Modi-
fication of silica nanospheres with trizma base not affects the 
morphological appearance of spheres, which means that it is 
only chemical modification [39]. TEM images for S and ST4 
samples are displayed in Fig. 2c, d, which clearly revealed 
that the particles are spherical in shape, with high porosity 
and with an average particle size of 95 nm. The selected area 
electron diffraction of S sample (SAED, Fig. 2e) revealed 
that the prepared solid sample is amorphous in nature. Fig-
ure 2f shows a fast Fourier transform (FFT) for S sample, 
indicating the regular arrangement of pores which confirms 
the homogenous distribution of pores on the nanosilica 
surface.

3.2  Adsorption of Arsenic onto all the Prepared 
Solids

3.2.1  Effect of Nanoadsorbent Dosage

The effect of S, ST2, ST4, ST6, and ST8 dosages on  As+5 
removal was studied, and the obtained results are graphed 
in Fig. 3a. Figure 3a shows the effect of adsorbent dosage 
(0.3–1.5 g L−1), while Eq. 2 was used to determine the 
removal % of  As+5 from 25 mL of 100 mg L−1 as initial 
concentration at 25 °C, pH 7, and after 120 min of shak-
ing time. It is evident that solid adsorbents dosage with the 
same behavior where R% increases with the increase in dos-
age up to 0.9 g L−1. The previous observation is related to 
the increase in active sites on the adsorbent surface with 
the increase in adsorbent mass [40]. There is no observable 
increase in  As+5 removal at solid dosage more than 0.9 g L−1 
which can be related to the adsorption equilibrium establish-
ment at the lower relative  As+5 concentration compared with 
the excessive active sites present on the solid adsorbents. 
The adsorption process of  As+5 onto all the used solid adsor-
bents gave an optimum adsorption condition using 0.9 g L−1 
with a maximum removal percentage of 58, 70, 80, 80, and 
85% for S, ST2, ST6, ST8, and ST4, respectively.

3.2.2  Effect of Initial pH

pH value plays an important role in the adsorption capacity 
and mechanism for metal cations adsorption from aqueous 
medium onto solid adsorbents. The effect of initial pH of 
 As+5 solution was studied in the range 2–10, using 25 mL 
of 100 mg L−1  As+5 solution, 0.023 g of sorbent, at 25 °C, 
and after 120 min of shaking time. The effect of pH is rep-
resented in Fig. 3b where the removal efficiency increased 
when pH values increased from 2.0 to 6.0 for all the samples 

and at pH values more than 6.0 a slight decrease in the 
removal percentage was observed. The maximum removal 
capacity was measured at pH around 6.0. This behavior can 
be explained on the basis of adsorbent surface charges and 
the speciation of  As+5 ions. Considering the  pHPZC for all the 
prepared nanosolid adsorbents, the surface of all the samples 
will acquire positive charges at pH less than its  pHPZC and 
negative at pH higher than its  pHPZC. The lower adsorption 
capacity at lower pH values can be related to the competi-
tion between  H3O+ and  As+5 on the adsorption sites, and the 
non-ionic form of  As+5,  H3AsO4 originated at lower pH (at 
pH < 9.2) will reduce its adsorption process [41]. At higher 
pH values, the slight decrease in  As+5 adsorption is due to 
the electrostatic repulsion between the negatively charged 
surface of solid adsorbents and the established negative 
forms of  As+5  (H2AsO4

−1 and/or  HAsO4
−2) [42].

3.2.3  Effect of Contact Shaking Time and Kinetic 
Parameters

To understand the adsorption rate-limiting step and kinetic 
adsorption, several models have been used. In the present 
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work, the rate of adsorption has been analyzed by the appli-
cation of pseudo-first-order (PFO, Eq. 11), pseudo-second-
order (PSO, Eq. 12), and Elovich (Eq. 13) kinetic models for 
the adsorption of  As+5 onto S and ST4 as two selected repre-
sentative samples. Figure 4a shows the adsorption capacities 
of the solid adsorbents against contact shaking time. The 
rate of  As+5 adsorption is fast at the beginning time up to 
nearly 20 and 40 min for S and ST4, respectively, and that 
rate becomes slower with time passage till the equilibrium 
adsorption time (60 min). The higher rate at the beginning 
of adsorption time can be related to the presence of active 

adsorption sites on the surface of solid adsorbents, and it 
is known that the adsorption rate is directly proportional 
to uncovered active sites [24]. Pseudo-first-order, pseudo-
second-order, and Elovich linear kinetic models plots are 
shown in Fig. S2, Fig. 4b, and Fig. 4c, respectively, while 
the calculated constants are listed in Table 2.  As+5 adsorp-
tion was well fitted by PSO kinetic models with high values 
of correlation coefficients (R2 > 0.9912), and the calculated 
adsorption capacity at equilibrium (qe, mg g−1) for S and 
ST4 (43.8 and 65.4 mg g−1) is very close to that calculated 
from the experimental Langmuir adsorption model (qm, 41.4 
and 64.5 mg g−1). The correlation coefficient values calcu-
lated for  As+5 adsorption using PFO models are nearly high, 
but the difference between qe and qm values is very high 
(31.2 and 27.5% for S and ST4, respectively). The last result 
proves that  As+5 adsorption onto the prepared nanomateri-
als does not follow the PFO kinetic models. The accepted 
PSO kinetic model confirms that the dominant mechanism 
of  As+5 adsorption is the chemisorption process [5]. The cal-
culated rate constants (k2, g/mg.  min−1) for ST4 > S by about 
1.3 times indicate the rate of  As+5 adsorption onto trizma 
base-treated samples more than that for untreated samples 
due to the incorporation of new active surface functional 
groups. Elovich equation is well applied for the adsorption 
process based on its higher correlation coefficients which 
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Fig. 4  Effect of contact shaking time (a), pseudo-second-order kinetic 
model (b), and Elovich plot (c) for the adsorption of  As+5 onto S and 
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Table 2  Pseudo-first-order, pseudo-second order, Elovich kinetic 
model, and thermodynamic parameters for  As+5 adsorption onto S 
and ST4

Parameters S ST4

PFO
 qm (mg g−1) 41.4 64.5
 qe (mg g−1) 28.5 46.8
 k1  (min−1) 0.04803 0.04646
 R2 0.9624 0.9610

PSO
 qe (mg g−1) 43.8 65.4
 k2 (g/mg min−1) 4.97 × 10–4 6.26 × 10–4

 R2 0.9979 0.9912
Elovich
 α (mg g−1 min−1) 3.6074 7.0651
 β (mg g−1) 0.0940 0.0586
 R2 0.9952 0.9756

Thermodynamic parameters
 ΔH° (kJ mol−1) 18.11 12.24
 ΔS° (kJ/mol K−1) 0.0713 0.0577
 ‒ΔG° (kJ mol−1)
  20 °C 2.8709 4.6665
  30 °C 3.3939 5.2431
  40 °C 4.2069 5.8201

 R2 0.9995 0.9671
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are 0.9952 and 0.9756 for S and ST4, respectively. The well 
application of PSO kinetic model indicates that the adsorp-
tion of  As+5 onto trizma-base-treated and untreated silica 
nanospheres is chemisorption in nature [43].

3.2.4  Effect of Initial Arsenic Ion Concentration

Figure 5a depicts the adsorption isotherms for  As+5 adsorp-
tion onto S, ST2, ST4, ST6, and ST8 at 25 °C considering 
0.9 g L−1 as the adsorbent dosage, 60-min contact shaking 
time, pH 6, and 10–250 mg L−1 as the initial  As+5 concentra-
tion. The obtained data from the produced adsorption iso-
therms were analyzed by Eqs. 3, 5, 6, and 9. Figure 5a shows 
that  As+5 adsorption is high at a lower initial concentration 
of  As+5 ions which may be related to the higher ratio of 
active adsorbent sites to adsorbate ions and decreased with 
the increase in that ratio at a higher initial concentration of 
 As+5 ions.

Langmuir adsorption model onto the prepared solid sam-
ples is predicted in Fig. 5b, while the Langmuir parameter 
is listed in Table 3. Langmuir model was well applied based 
on the higher correlation coefficient values (0.9798–0.9968). 
The calculated maximum adsorption capacity for silica 
nanospheres was found to be 41.4 mg g−1, while those 
for ST2, ST4, ST6, and ST8 were 48.2, 64.5, 60.3, and 
55.3 mg g−1, respectively, indicating that modification with 
trizma base raises the adsorption capacity of the modified 
solid adsorbents which may be related to the addition of 
new surface functional groups. The maximum adsorption 
capacity for ST4 was measured to be more than that for S 
and ST2 by about 55.8 and 33.8%, respectively. As the per-
centage of trizma base modification increases, the maximum 
adsorption capacity also increases but till a certain percent-
age of modifiers which is related to the abundance of surface 
functional groups present on the main solid material (S). 
The maximum adsorption capacity for ST4 > ST6 > ST8, can 
be explained as a result of the decrease in the surface area 
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without any increase in the surface functional groups. The 
previous results showed ST4 with the more advanced surface 
adsorption for  As+5 from aqueous medium. The calculated 
RL values (0.1606–0.3759) confirm the favorable adsorption 
of  As+5 onto the prepared solid adsorbents.

Figure S3 shows the Freundlich adsorption equation and 
the calculated constants in Table 3. The correlation coeffi-
cient values (0.7672–0.8817) indicate the poor application 
of Freundlich models. The well fitting of Langmuir model 
rather than the Freundlich model indicates the homogeneous 
monolayer adsorption of  As+5 on the solid surface [10, 44].

Figure 5c predicts Temkin adsorption model of  As+5 onto 
all the prepared nanomaterials, while Temkin constants are 
illustrated in Table 3. Adsorption data of  As+5 by the pre-
pared solid silica nanospheres and the modified solids are 
well fitted by Temkin model as indicated in the higher cor-
relation coefficient values (0.9711–0.9980). The calculated 
equilibrium binding constants (KT) for trizma base-modified 
solid surface (ST2, ST4, ST6, and ST8) are more than that 
value for unmodified sample (S). The previous observation 
proves the ability of trizma base to enhance both the adsorp-
tion process and the strong binding between modified sur-
face with  As+5. The Temkin parameter bT is related to the 
heat of  As+5 adsorption process (bT > 80 J mol−1), which 
indicates the chemical adsorption of  As+5 onto the solid sur-
face and the stronger ionic interaction between  As+5 and the 
solid surface [45, 46].

The importance of Dubinin–Radushkevich isotherm 
model (DR) is originated from the consideration of both 

homogeneous and heterogeneous surface of the solid adsor-
bents. Figure 5d exhibits the DR for  As+5 adsorption, and 
DR parameters are illustrated in Table 3. The adsorption of 
 As+5 on the present solids is well fitted with the DR model 
where R2 values > 0.9445. The magnitude of maximum 
adsorption capacity measured by DR model (qDR, mg  g−1) 
is very close to that calculated by the Langmuir model. The 
magnitude of the mean free energy per ion of  As+5 during 
its transformation from solution bulk to the solid adsorbent 
surface (EDR, kJ mol−1) is in the range 8.0–16.0 kJ mol−1 
(12.33–13.91 kJ mol−1), indicating that  As+5 adsorption 
proceeds via chemisorption or ion exchange mechanism, 
while values less than 8.0 kJ mol−1 represent on physical 
adsorption [47, 48]. The previous section indicates that  As+5 
adsorption data by S, ST2, ST4, ST6, and ST8 are best fit-
ted with Langmuir, Temkin, and Dubinin–Radushkevich 
models.

3.2.5  Effect of Adsorption Temperature 
and Thermodynamic Parameters

Arsenic adsorption was studied onto S and ST4 at 20, 30, 
and 40 °C under the condition of 0.9 g  L−1 as adsorbent dos-
age, pH 6, initial concentration in the range 10–250 mg L−1, 
and after 60 min of shaking time. Thermodynamic param-
eters were calculated using Eqs. 15–17. Figure 6a, b and 
Fig. S4 show the adsorption isotherms, van’t Hoff equation 
(Eq. 16), and applied Langmuir equation at the investigated 
temperature, respectively. Thermodynamic parameters, 
namely ∆H°, ∆S°, and ∆G°, are presented in Table 2. Linear 
fitting of van’t Hoff equation was observed from the calcu-
lated R2 values. Upon inspection of thermodynamic param-
eters, (i) the positive values for entropy changes (∆S°, 0.0713 
and 0.0577 kJ/mol K−1 for S and ST4, respectively) reflect 
the increased  As+5 randomness during the adsorption pro-
cess at the solid/liquid interface [49]; (ii) the negative val-
ues for free energy change (∆G°) for  As+5 adsorption onto 
untreated and treated solid adsorbents indicate the favora-
ble and spontaneous adsorption process and the increase in 
the negative values for ∆G° with temperature reflects the 
enhanced adsorption at higher temperatures [24]; (iii) the 
positive values for ∆H° confirm the endothermic nature for 
the entire adsorption process; and (iv) the calculated qm, 
mg  g−1 for the solid adsorbents increased with temperature 
(Table S5) also confirms the endothermic nature for  As+5 
adsorption on the prepared silica nanoparticles.

3.3  Desorption and reusability of adsorbents

Figure 6c illustrates the desorption efficiency of differ-
ent pure solvent. It indicates that desorption efficiency for 
 HNO3 > HCl > H2O (99, 45, and 5%, respectively). Reusabil-
ity of ST4 was tested for after four cycles of  As+5 adsorption 

Table 3  Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
adsorption parameters for the adsorption of  As+2 onto S, ST2, ST4, 
ST6, and ST8 at 25 °C

Parameters S ST2 ST4 ST6 ST8

Langmuir parameters
 qm (mg  g−1) 41.4 48.2 64.5 60.3 55.3
 b (L  mg−1) 0.0332 0.0432 0.0529 0.0559 0.1045
 RL 0.3759 0.3165 0.2743 0.2635 0.1606
 R2 0.9944 0.9846 0.9798 0.9939 0.9968

Freundlich parameters
 1/n 0.4653 0.3052 0.2648 0.2468 0.1641
 KF 3.27 9.17 15.56 15.81 23.24
 R2 0.8772 0.8672 0.8817 0.7672 0.7876

Temkin parameters
 bT (J  mol−1) 443.1 280.2 246.7 246.5 306.0
 KT (L  g−1) 1.044 1.197 1.969 1.422 1.430
 R2 0.9966 0.9942 0.9711 0.9895 0.9980

Dubinin–Radushkevich parameters
 qDR (mg g−1) 39.0 46.0 63.9 58.2 55.1
 EDR (kJ mol−1) 13.91 13.45 12.33 12.67 12.48
 R2 0.9870 0.9934 0.9792 0.9445 0.9709
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as shown in Fig. 6d. It is revealed that the solid adsorbent 
is reusable even after four cycles of adsorption where its 
adsorption efficiency decreased only by 9.1% and that 
decrease may be explained by the coagulation of nanosolid 
adsorbent particles, which leads to the decrease in surface 
area besides the expected loss of some surface chemical 
functional groups [50].

3.4  Comparison of ST4 with other nanosolid 
adsorbents

In this study, ST4 was compared with other nanosolid adsor-
bents as indicated in Table 4 [4, 51–56]. The reported data 
in the table represent the higher efficiency for trizma base-
treated solid sample as a promising adsorbent for one of the 
most toxic heavy metal ions in the environment  (As+5).
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Fig. 6  Adsorption isotherms of  As+5 onto S and ST4 at 20, 30, and 40 °C (a), van’t Hoff plot (b) desorption of  As+5 from ST4 using different 
solvents (c), and ST4 reusability after four adsorption/desorption cycles (d)

Table 4  Comparison of ST4 maximum adsorption capacity with dif-
ferent nanosolid adsorbents

Adsorbents qm (mg  g−1) References

Chitosan–magnetic-graphene 
oxide (CMGO) nanocomposite

45.00 [4]

ZIF-8 60.20 [51]
Fe3O4-GO-MnO2 12.22 [52]
NCuO (II) 22.60 [53]
NTiO2 amorphous 19.00 [54]
Nano zero-valent@activated 

carbon
12.02 [55]

Fe3O4 nanomaterial 6.71 [56]
ST4 64.50 [The present work]
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4  Conclusions

Trizma base-modified mesoporous silica nanospheres 
displayed high adsorption capacity to  As+5. Modification 
with trizma base enhances the adsorption efficiency of the 
prepared mesoporous nanosilica spheres. Static adsorption 
experiments revealed the good application of Langmuir, 
Temkin, and Dubinin–Radushkevich adsorption models 
with maximum adsorption capacity about 64.5 mg g−1, 
and the optimum adsorption efficiency was achieved at 
pH 6, after 60 min of shaking time, and 0.9 g L−1 as adsor-
bent dosage.  As+5 adsorption onto the prepared nanosolid 
materials obeyed pseudo-second-order and Elovich kinetic 
models. Thermodynamic parameters confirm the spontane-
ous, endothermic, and chemisorption adsorption process. 
The prepared nanosolid adsorbent showed accepted reus-
ability after four cycles of adsorption, and the maximum 
desorption efficiency was confirmed by using nitric acid 
as a desorbing solvent. The previous experimental data 
considering the comparison section (Sect. 3.4) prove the 
promising future for trizma base-modified mesoporous 
nanosilica in the removal of  As+5 from aqueous media.
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