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a b s t r a c t
Three types of silica nanoparticles (SiO2-ZnO(CTAB), SiO2-(CTAB), and SiO2-ZnO) were prepared by 
sol-gel method as adsorbent for mefenamic acid drug. The morphology of ZnO and silica nanoparti-
cles were investigated using scanning and transmission electron microscopy. The results showed that 
the CTAB cationic surfactant and ZnO nanoparticles improved the efficiency for removing mefenamic 
acid from aqueous solution. The adsorption of mefenamic acid onto SiO2-ZnO(CTAB) nanoparticles 
was characterized by infrared spectroscopy and the kinetic and thermodynamic adsorption mech-
anisms were investigated. Pseudo-first and pseudo-second-order kinetic adsorption models were 
applied to the adsorption of mefenamic acid onto SiO2-ZnO(CTAB) nanoparticles. The results indi-
cated that the experimental data fitted the pseudo-second-order model better than pseudo-first-order 
model. Also, the results showed that Langmuir isotherm model described efficiently the adsorption 
process rather than Freundlich isotherm model. The activation energy value of (74.73 kJ/mole) indi-
cated that a chemisorption process is predominant in the adsorption mechanism due to cationic and 
anionic electrostatic attraction. Thermodynamic parameters of standard enthalpy, standard entropy 
and standard Gibbs free energy were determined at different temperatures and indicated an exother-
mic and spontaneous process in nature. 
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1. Introduction

Recently, presence and removal of recalcitrant chemical 
compounds in the environment has received much atten-
tion due to an incomplete elimination in wastewater treat-
ment plants using the conventional treatment methods. As 
a result, residues of pharmaceuticals are still found in both 
surface water and wastewater [1]. Therefore it is necessary to 
search for other alternatives that have the ability to remove 
such recalcitrant compounds.

Such contamination is due to the consumption and the 
excretion of large quantities of pharmaceuticals via urine and 

faeces in wastewaters. Studies showed that even though res-
idues of pharmaceuticals and their metabolites are usually 
detectable in the environment at trace levels, the low concen-
tration level can induce toxic effects, as in the cases of anti-
biotics and steroids that cause resistance in natural bacterial 
populations [2].

Different types of adsorbents have been considered for 
wastewater treatment such as silica nanoparticles (SiO2), 
activated carbon (AC), clay, chitosan [3–7]. Also, these adsor-
bents were integrated with other nanoparticles to enhance 
the capacity of sorption by increasing the surface area. For 
example, AC–ZnO nanoparticles [8,9], chitosan-zinc oxide 
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nanoparticles [10], silica-SnO2 [11], zero-valent iron-bentonite 
clay [12] and amino-silica nanoparticles [3].

Recently, mesoporous silica nanoparticles have been greatly 
recognized in environmental remediation especially for organic 
contamination due to their high melting point, high specific 
surface area, stable structure, controllable size (10–100 nm), 
biocompatibility, low toxicity and greater intrinsic reactivity of 
surface sites [13,14]. A cationic CTAB surfactant was used as a 
template to produce a highly ordered-nanomesoporous silica 
structure (MCM-41 type silica). This type of silica has uniform 
pore structure and size, and its surface can be easily function-
alized for different applications [15].

Shahwan et al. [16] reported the synthesis and charac-
terization of nano-scale zero-valent iron in the presence of 
kaolinite clay (nZVI-kaol) with different ratios. The syn-
thesized nZVI-kaol materials were tested for the removal 
of aqueous copper, cobalt, nickel and chromium ions (Cu2+, 
Co2+, Ni2+ and Cr(VI), respectively) [17–24]. The adsorbents 
demonstrated high removal abilities toward both cations 
under the investigated conditions.

Sulaiman and Shahwan [25] synthesized and character-
ized a low-cost composite, nanoscale zero-valent iron (nZVI) 
immobilized on bentonite clay (B), which was prepared 
using the NaBH4 reduction method. The B-nZVI composite 
was used to remove a popular non-steroidal anti-inflamma-
tory drug mefenamic acid (MA) from aqueous solution [25].

AC-coated with ZnO nanoparticles were used for the 
removal of acid orange 7 and methylene blue from aqueous 
solution where AC-ZnO nanoparticles indicated more effi-
ciency when compared with raw AC for the dyes removal [8]. 
Also, the nanocomposite chitosan-zinc oxide nanoparticles 
have shown to be more efficient as adsorbent for the elim-
ination of anionic dyes [10]. Nanocomposite of silica-SnO2 
nanoparticles exhibited a high removal efficiency for cationic 
dye (methylene blue) from wastewater [11].

Recently, many studies have been published on the 
synthesis of functional silica nanoparticles [26]. The func-
tionalized silica nanoparticles lead to enhance the removal 
efficiency. Amino-functionalized silica nanoparticles were 
used for removal of heavy metal ions such as Ni(II), Cd(II), 
Pb(II) and arsenate [27–29], while ammonium-functional-
ized mesoporous silica was investigated for the removal of 
nitrate and phosphate ions from aqueous solutions [30,31]. 
Also, composite of ordered mesoporous silica with graphene 
oxide was investigated for the removal of heavy metals from 
wastewater [32].

The widespread use of drugs around the world 
has led to increased pollution of the environment that 
often contaminates the water of seas and rivers, which 
harms human and animal health [33,34]. Mefenamic acid 
(MA) [(2,3-dimethyl diphenyl) amino-2-carboxylic acid], 
C15H15NO2 (241.285 g/mol), shown in Fig. 1, is a popular 
non-steroidal anti-inflammatory agent used in treating 
moderate and menstrual pain [35,36]. MA is one of emerg-
ing environmental pollutants reaching the groundwater, 
surface water, drinking water and soil from various anthro-
pogenic sources and is among the organic contaminants 
whom environmental concentrations have been greater than 
expected (no-effect concentration of 0.428 μg L–1) [37]. A pro-
longed exposure to trace amount of MA can cause diarrhea, 
skin rash and stomach upset [38]. Since the application of 

advanced treatment techniques such as membrane, adsorp-
tion or photodegradation are not sufficiently effective for 
MA removal from wastewater, therefore more sophisticated 
advanced techniques are still needed [39,40].

The goal of this study is to synthesize, characterize and 
investigate the adsorption potential of three types of silica 
nanoparticles: (SiO2-ZnO(CTAB), SiO2(CTAB), SiO2-ZnO) for 
determining low concentration of MA in aqueous solution. 
The effect of CTAB and ZnO nanoparticles was evaluated on 
the adsorption capacity of mesoporous silica. Different mod-
els of the adsorption and kinetic and thermodynamic iso-
therms were applied to analyze the nanoparticles efficiency 
under different variable conditions in order to find out and 
understand the adsorption mechanism of MA on the surface 
of silica-ZnO(CTAB) nanoparticles.

2. Materials and methods

2.1. Materials 

Zinc acetate dihydrate (Zn(Ac)2.2H2O ≥ 98%), lithium 
hydroxide (LiOH ≥ 98%), sodium hydroxide (NaOH ≥ 98%), 
ethanol ≥ 99%, ethyl acetate (EtAc ≥ 99%, tetraethyl ortho-
silicate (TEOS ≥ 99%), cetyltrimethylammonium bromide 
(CTAB ≥ 98%), mefenamic acid (MA ≥ 98.5%). Deionized 
water (18 ΩOhm cm). All chemicals were purchased from 
Sigma-Aldrich company (Germany) and were used without 
any further purifications.

2.2. Characterization and analysis

The absorption spectra of samples were recorded using 
a single beam Hp 8453 instrument which uses photodiode 
array detector and deuterium lamp. Fourier transform infra-
red (FT-IR) spectroscopy (Tensor II, Bruker, Germany) anal-
ysis was performed in the range of (4,000–200 cm–1) by ATR. 
All the samples were analyzed in solid phase after drying. 
Transmission electron microscope (TEM, model JEM-2100F) 
and scanning electron microscope (SEM, lyra3) were used 
to analyze the morphology and determine the size of the 
nanoparticles.

2.3. ZnO nanoparticles synthesis 

Synthesis of ZnO nanoparticles was carried out as 
described by Tang et al. [41] using 6 mg of solid LiOH. After 
washing, ZnO nanoparticles were dispersed in 20 mL abso-
lute ethanol.

O OH

H
N

H3C

CH3

2-(2,3-dimethylphenyl)aminobenzoic acid

Fig. 1. Chemical structure of mefenamic acid (MA).
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2.4. Silica nanoparticles synthesis 

Three types of silica nanoparticles were prepared: (SiO2-
ZnO(CTAB), SiO2-(CTAB), SiO2-ZnO). To prepare SiO2-
ZnO (CTAB) nanoparticles, 0.2 g of CTAB was dissolved 
completely in 10 mL of deionized water. Then, 1 mL of 
ZnO nanoparticles/ethanol mixture was transferred to the 
solution and the resulting solution was stirred vigorously 
for 10 min. The resulting solution was added to a mixture 
of 100 mL of 13 mM NaOH solution. Then 3 mL and 1 mL 
of ethylacetate and TEOS were added to the aqueous solu-
tion respectively and sequentially. The reaction mixture 
was stirred for 3 h. The as-synthesized silica-ZnO (CTAB) 
nanoparticles were washed with deionized water pH 7 
then with ethanol to remove the unreacted species, then 
the nanoparticles were dried in an oven at 60°C for 1 h. The 
obtained nanoparticles were kept in tightly-closed bottles 
for further analysis.

To prepare SiO2-ZnO nanoparticles, same procedure was 
followed. After drying, the nanoparticles were dispersed in 
40 mL ethanol, then the CTAB was extracted from SiO2-ZnO 
(CTAB) nanoparticles by adding 80 μL of HCl (pH ~ 1.4) and 
the solution was stirred vigorously for 3 h at 60°C.

To prepare SiO2-(CTAB) nanoparticles, same procedure 
of synthesis SiO2-ZnO (CTAB) nanoparticles was followed 
with the exception that the added 1 mL of ethanol did not 
contain any ZnO nanoparticles.

3. Adsorption experiments 

MA solution was prepared according to previous study 
[25]. Briefly 1,000 ppm stock solution was prepared by dis-
solving 1.0 g of MA in I L of deionized water adjusted to pH 
8.0 using sodium hydroxide. Then, the stock solution was 
used to prepare the standards solutions to construct the cali-
bration curve with concentrations in the range of 0–100 mg/L 
at maximum wavelength (λ) of 284 nm. All experimental 
samples were repeated twice and only the mean value was 
considered. The calibration curve was obtained with a deter-
mination coefficient (R2) of 0.9996.

3.1. Effect of contact time

To study the removal efficiency of MA using the three 
types of adsorbents nanoparticles, the experiments were 
performed using 250 mL Erlenmeyer flasks. Deionized 
water was used to prepare 100 mL solutions of (10, 30 and 
60 mg/L) from stock solution and 5.0 mg of adsorbents was 
added to each flask. The solutions were sonicated for 20 s, 
and the flasks were placed on a shaker for 60 min at 298 K. 
Samples were analyzed at different time intervals (0, 1, 2, 3, 
4, 5, 10, 15, 20, 30, 40 and 60 min). At the end of the contact 
period, each sample was filtered using 0.45 μm membrane 
filters. The clear supernatant before and after adsorption was 
analyzed using UV–Vis spectrophotometer and the concen-
tration of MA was determined using calibration curve. The 
removal efficiency of the sorbents was calculated according 
to Eq. (1) as follows:

R
C C
C

t% %( ) = ×
−0

0

100  (1)

3.2. Effect of adsorbate concentration

Effect of initial MA concentrations (10, 20, 30, 40, 50 and 
60 mg/L) on the adsorption was examined using 5.0 mg of 
SiO2-ZnO (CTAB) nanoparticles. The 60 min contact samples 
were tested to ensure that the adsorption equilibrium has 
been reached. Then samples were analyzed at different time 
intervals (0, 1, 2, 3, 4, 5, 10, 15, 20, 30, 40 and 60 min).

3.3. Effect of temperature 

The effect of temperature on adsorption was executed 
using 5.0 mg of SiO2-ZnO (CTAB) nanoparticles in 100 mL of 
(30 mg/L) of MA, the sample was evaluated at three different 
temperatures (298, 308 and 318 K). 

4. Results and discussion

4.1. Nanoparticles characterization

Surface morphology of the synthesized nanoparticles 
was studied using SEM and TEM techniques. Figs. 2(a) and 
(b) present the TEM images of ZnO nanoparticles, the images 
of the nanoparticles indicating average 6 nm diameter, the 
fringes of ZnO nanoparticles were clearly observed as pre-
sented in Fig. 2(b) and the d-spacing value around 2.4 Å 
which matches to the space between two (101) planes of ZnO 
[42]. Figs. 2(c) and (d) show the SEM and TEM images of 
SiO2-ZnO (CTAB) nanoparticles, respectively. The cationic 
surfactant (CTAB) was used as template to produce silica 
nanoparticles called (MCM-41) similar to previous studies 
[15]. These silica nanoparticles have uniform spherical shape 
with 60 nm diameter. Fig. 2(d) shows the ZnO nanoparticles 
as dark dots attached to silica surface and between silica 
layers [41].

4.2. Removal efficiency 

Removal efficiency of MA under three different initial 
concentration of MA (10, 30 and 60 mg/L) at 298 K using the 
three synthesized types of silica nanoparticles was evaluated. 
Fig. 3 shows the percentage removal efficiency of 30 ppm 
MA solution by three types of silica nanoparticles. The figure 
indicates clearly that the best performance was obtained with 
SiO2-ZnO(CTAB), followed by SiO2-CTAB, and finally with 
SiO2-ZnO nanoparticles. In addition, the results indicated 
that the removal efficiency increases as MA concentration 
decreases as presented in Table 1. The adsorption equilibrium 
is established within 60 min, while about 90% of MA adsorp-
tion was achieved on silica nanoparticles within about one-
third the equilibrium time (i.e., 20 min) for all nanoparticles 
used. This is due to the large surface area which was reported 
in previous studies ranging from 917 to 1,373 m2 g–1 [43,44], 
and ease of accessibility of adsorbate molecules to adsorbent 
sites on the external surface of the silica nanoparticles.

As shown in schematic of Fig. 4, the scheme represents 
the proposed mechanism of the adsorption process, the 
attraction between positive cationic surfactant (CTAB) and 
negative charge of MA is the main contributor of adsorp-
tion mechanism. Another possible attraction is between ZnO 
nanoparticles and the MA molecules which is consistent with 
previous study’s results [8].
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The adsorption of MA on the synthesized silica nanopar-
ticles was characterized by FT-IR spectroscopy. Powder 
SiO2-ZnO(CTAB) nanoparticles and MA before and after 
adsorption were obtained in range of 4,000–200 cm–1.

Figs. 5(b) and (c) show the characteristic peak at 795 cm–1 

which is recognized due to the presence of ZnO stretching 
mode [45]. The IR spectra show strong peak at 444 cm–1 
which represents the bending vibration mode of Si–O bond 
in silica nanoparticles. Additional strong adsorption peaks at 
about 1,052 cm–1 and 969 cm–1 were observed in Figs. 5(b) and 
(c), representing the presence of Si–O–Si stretching vibration 
of silanol groups.

Stretching vibrations of C–H methyl bands, can be 
observed at 3,970; 2,923; 2,853 cm–1. Benzene ring overtone 
or combination bands can be observed at 2,000–1,667 cm–1. 
C=C ring bend at 707 cm–1 and C=C ring stretch at 1,639 cm–1 

as shown in Figs. 5(a) and (c). Symmetric and asymmetric 

(a) (b)

(c) (d)
Fig. 2. ((a) and (b)) TEM images of ZnO nanoparticles, ((c) and (d)) SEM and TEM images of SiO2-ZnO (CTAB) nanoparticles 
respectively.
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Fig. 3. Percentage removal efficiency of mefenamic acid 
(30 mg L–1) by (♦) SiO2-ZnO(CTAB), (■) SiO2-(CTAB), (▲) 
SiO2-ZnO nanoparticles at 298 K.[TS: Please note that the sym-
bols in Figs. 3 and 6 artwork should be changed to their coloured 
versions according to the manuscript.]

Table 1
Maximum percentage removal efficiency of mefenamic acid 
using different types of silica nanoparticles at different initial 
concentrations at (298 K)

Silica 
nanoparticles

Maximum 
removal % 
(10 mg L–1)

Maximum 
removal % 
(30 mg L–1)

Maximum 
removal % 
(60 mg L–1)

SiO2-ZnO(CTAB) 72.31 31.64 17.13
SiO2-(CTAB) 64.11 26.81 14.69
SiO2-ZnO 51.21 22.05 11.81
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carboxylate anion CO2
− appears at about 1,600–1,400 cm–1, 

secondary amine N–H shows a single weak band in the 
3,390–3,310 cm–1, while C–N stretching band at 1,373 cm–1 as 
indicated in the spectra of Figs. 5(a) and (c). Broad peak at 
3,400 cm–1 in spectrum (b) indicates the presence of hydroxyl 
group (O–H) stretch on the surface of silica nanoparticles. 
The peak intensity decreases after adsorption which can be 
related to the basic media of adsorption process (pH ≈ 8).

4.3. Adsorption kinetics 

Adsorption kinetic study is important to understand 
the dynamic of reaction and to calculate the adsorption 
rate constant. The kinetic parameters are useful to provide 
information for designing and modeling the adsorption 
process [46]. Different types of kinetic and thermodynamic 
models describing the sorption of pollutant have been well 
established [47,48].

The adsorption of MA by SiO2-ZnO(CTAB) nanopar-
ticles was evaluated using pseudo-first-order and 
pseudo-second-order kinetic models. The linear form of 
pseudo-first-order kinetic model is defined according to 
Eq. (2) as follows:

ln (qe – qt) = ln qe – k1t (2)

where k1 is the pseudo-first-order rate constant (min–1), qe is 
the amount of adsorbate adsorbed (μg g–1) at equilibrium, qt 
is the amount of adsorbate adsorbed (μg g–1) at time t (min).

When this kinetic model is applicable and regression cor-
relation coefficient value – R2 – close to 1.0000 is obtained, 
then linear relationship is achieved by plotting ln (qe – qt) vs. t 
and the value of k1 and qe are determined from the intercept 
and slope of the straight line, respectively.

The linear form of pseudo-second-order kinetic model 
can be defined by Eq. (3) as follows:

t
q k q

t
qt e e

= +
1

2
2  (3)

where k2 is the pseudo-second order rate constant 
(g μg–1 min–1). If this kinetic formula is applicable, then 
plot t/qt vs. t is straight line and the value of k2 is determined.

Fig. 6 shows the pseudo-second-order model based 
for Eq. (3). Similarly, pseudo-first-order kinetic model 
was applied and the calculated parameters for the fit of 
pseudo-first and pseudo-second order adsorption kinetic 
models are summarized in Table 2. The highest value of 
correlation coefficient (R2) indicates that the adsorption 
data fit the pseudo-second-order model better than the 
pseudo-first-order model. Similar results were obtained 
for the other types of nanoparticles at different tempera-
tures suggesting that the rate of the adsorption process is 
preferably controlled by chemisorption process. Similar 

Fig. 4. Schematic representation of the adsorption of mefenamic 
acid on the surface of SiO2-ZnO(CTAB) nanoparticles.

Fig. 5. FT-IR spectra for (a) mefenamic acid, (b) SiO2-ZnO(CTAB), 
(c) mefenamic acid and SiO2-ZnO(CTAB).
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Fig. 6. Fitted pseudo-second order kinetic model for adsorption 
of ME by SiO2-ZnO(CTAB) nanoparticles at 298 K. Initial 
concentrations: (●) 10 mg L–1, (■) 30 mg L–1, (▲) 60 mg L–1.

Table 2
Kinetic parameters of pseudo-first-order and pseudo- 
second-order models for adsorption of different initial 
concentrations of MA onto SiO2-ZnO(CTAB) nanoparticles 

Pseudo-first-order model Pseudo-second-order model
C0 
(mg L–1)

k1 × 102 
(min–1)

R2 qe 
(mg g–1)

k2 × 102 
(min g mg–1)

R2

10 6.430 0.9706 151.5 0.6130 0.9991
30 6.400 0.9280 200.0 0.5000 0.9995
60 6.700 0.7297 212.8 0.6130 0.9992
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kinetic outcomes were obtained for adsorption of MA onto 
other materials such as bentonite supported by nanoscale 
zero-valent iron and activated charcoal [25]. Also, removal of 
methylene blue and acid orange 7 by activated carbon coated 
with ZnO nanoparticles [8], and SnO2 quantum dots deco-
rated silica nanoparticles for removal of cationic dye indi-
cated similar results [11].

4.4. Adsorption isotherm

Langmuir and Freundlich are two adsorption isotherms 
commonly applied to describe the removal of pollutants from 
effluent. Langmuir model assumes monolayer adsorption on 
homogenous and uniform surface without attraction among 
the adsorbed molecules [49].

The linear relationship of the Langmuir model is pre-
sented by Eq. (4):

C
q Q K

C
Q

e

e m L

e

m

= +
1

 (4)

where Ce (mg L–1) is the equilibrium concentration of adsor-
bate (MA), Qm (mg g–1) is the complete monolayer adsorbent 
capacity at equilibrium, KL (L mg–1) is the Langmuir constant 
related to rate of adsorption.

Freundlich isotherm can be used for non-uniform or het-
erogeneous surface of the adsorbent [50]. The linear form of 
Freundlich isotherm model is given by Eq. (5):

ln ln lnq K
n

Ce F e= +










1
 (5)

where KF (L mg–1) and n (dimensionless) are Freundlich iso-
therm constants related to adsorption capacity and intensity, 
respectively. KF and 1/n parameters were determined from 
intercept and slope of plotting ln qe vs. ln Ce, respectively.

The obtained surface heterogeneity parameter 1/n values 
are between 0 and 1. The surface becomes more heteroge-
neous as 1/n values converge to zero [51], while 1/n < 1 indi-
cates Langmuir isotherm [52].

If Langmuir is valid, then straight line with a slope of 
1/Qm is obtained when plotting Ce/qe vs. Ce. Fig. 7 shows the 
well-fitted data of Langmuir isotherm model (correlation 
coefficient R2 = 0.9993). Similar isotherm was constructed 

for Freundlich isotherm model at 298 K. This indicates a 
homogenous surface of SiO2-ZnO(CTAB) nanoparticles, and 
monolayer adsorption process of MA on the surface of SiO2-
ZnO(CTAB) nanoparticles. Similar results were obtained at 
temperatures of 308 and 318 K.

Table 3 summarizes the kinetic isotherm parameters 
of Langmuir and Freundlich isotherm models. It clearly 
appears that the Qm decreases at the highest temperature of 
318 K. Freundlich isotherm constants 1/n and KF decrease 
with increasing temperature. Also, 1/n less than unity at all 
temperatures indicates a normal Langmuir isotherm [53].

4.5. Effect of temperature and thermodynamic parameters 

Effect of temperature change on adsorption of MA by 
SiO2-ZnO(CTAB) nanoparticles was investigated at 298, 308 
and 318 K. Arrhenius relation was used in order to study 
the activation energy of the adsorption process using Eq. (6). 
Other thermodynamic parameters such as heat of adsorption 
(standard enthalpy change ΔH°), standard Gibbs free energy 
change of adsorption ΔG° and standard entropy change 
ΔS° were evaluated. The following thermodynamic equa-
tions (Eqs. (7) and (8)) were used to calculate the presented 
parameters.

ln lnk A
E
RT
a

2 = −  (6)

ln
q
C

S
R

H
RT

e

e









 = −

∆ ∆° °
 (7)

∆ ∆ ∆G H T S° ° °= −   (8)

where Ec is the activation energy (kJ mol–1), k2 is the 
pseudo-second-order rate constant (min g mg–1), A 
is the pre-exponential factor, R is the gas constant 
(8.314 J K–1 mol–1) and T is the temperature (K).

Values of the activation energy were evaluated from the 
slope of linear plot of ln k2 vs. 1/T. The activation energy 
value indicates the type of adsorption; the adsorption mech-
anism is considered physisorption for values in the range of 
(5–40 kJ mol–1) and chemisorption for values in the range of 
(40–800 kJ mol–1) [54].

The activation energy for the adsorption of MA onto 
SiO2-ZnO(CTAB) nanoparticles is determined to be about 
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Fig. 7. Langmuir isotherm of MA adsorbed by SiO2-ZnO(CTAB) 
nanoparticles at 298 K.

Table 3
Langmuir and Freundlich isotherm parameters

298 K 308 K 318 K

Langmuir isotherm
Qm (mg g–1) 217.4 217.5 138.9
KL (L mg–1) 0.474 0.222 0.503
R2 0.9993 0.9717 0.9884
Freundlich isotherm
KF (L mg–1) 134.8 126.5 112.9
1/n 0.121 0.102 0.039
R2 0.9820 0.8264 0.733
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74.73 kJ mol–1 indicating that the adsorption mechanism is pre-
dominantly chemisorption rather than physisorption process.

From Table 4, the negative value of enthalpy change 
indicates that the adsorption process was exothermic in 
nature, and the magnitude value of Gibbs free energy change 
decreases with increasing temperature meaning that the 
adsorption process is unfavorable at high temperature and 
more effective adsorption process occurs at lower tempera-
ture. Also, the negative value of ΔG° indicates that the adsorp-
tion process was spontaneous in nature, whereas the negative 
value of entropy change of adsorption process indicates a 
decrease in the degree of freedom for species in solution.

5. Conclusion

Different types of silica nanoparticles were prepared 
and characterized. The removal rate of MA drug from water 
in presence of cationic CTAB surfactant and ZnO(SiO2-
ZnO(CTAB)) nanoparticles was rapid and with high MA 
removal efficiency. Pseudo-second-order kinetic model is 
more applicable than first-order kinetic model with a correla-
tion coefficient (R2 > 0.999). The Langmuir and Freundlich 
isotherm models were applied with a better fitting resulting 
from Langmuir isotherm model. The activation energy value 
of 74.73 kJ mol–1 suggests that the adsorption is controlled 
by chemisorption process. Other thermodynamic parameters 
were evaluated such as standard enthalpy change (ΔH°), stan-
dard Gibbs free energy change (ΔG°), and standard entropy 
change (ΔS°). The results clearly show an exothermic and 
spontaneous process in nature, and the magnitude of (ΔG°) 
decreases with increasing temperature. Therefore, the results 
clearly indicate that the SiO2-ZnO(CTAB) nanoparticles are 
promising for application in removal of anionic drugs or 
other anionic pollutants in aqueous solution.
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