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ABSTRACT

Today, the unusual use of antibiotics and the entry of these compounds into the environment have
caused global concern. The antibiotics even in low concentrations in the range of ng/L and pg/L can
cause effects in humans and animals due to their low degradability, high solubility and cumulative
properties in water. This study was performed to removal of Penicillin G by silica nanoparticles in a
batch system. The effects of different parameters including pH (3-11) adsorbent dosage (0.2-2 g/L),
contact time (2-120 min), initial concentration (10-100 mg/L) and temperature (283-318 K) on
the adsorption of Penicillin G by silica nanoparticles were investigated. The results of this study
showed that the maximum adsorption of Penicillin G by silica nanoparticles has occurred in pH =7.
By increasing the adsorbent dose, adsorption capacity has decreased. Also, with increasing Penicillin
G concentration, the adsorption capacity was increased. The maximum adsorption capacity of silica
nanoparticles was 211.35 mg/g (optimum conditions of pH = 7, adsorbent dose of 0.2 g/L, contact
time of 60 min, Penicillin G concentration of 100 mg/L and temperature of 218 K). The results showed
that the adsorption of Penicillin G by silica nanoparticles was more consistent with Langmuir
model (R*=0.81). Also, the results of kinetic study showed that the adsorption process followed the
pseudo-second-order kinetic. The result of temperature and thermodynamics parameter showed
that the values of AS°, AH° and AG® were positive, negative and negative respectively.
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1. Introduction

Today, the unusual use of antibiotics and the entry of
these compounds into the environment have caused global
concern. Each year 100,000-200,000 tons antibiotics are
used in the world [1,2]. One of the most important classifica-
tions of antibiotics is based on the existence of B-Lactam and
non-B-Lactam. Penicillin G is classified as a f-Lactam anti-
biotic which is one of the most widespread and important
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antibiotics used in America and Europe. These antibiotic is
sensitive to the temperature and acidic medium and is clas-
sified as a weak acid (pK, = 2.75) [3-5]. Table 1 shows the
physical and chemical properties and molecular structure
of Penicillin G [6].

The presence of compounds and drug residues in the
environment, especially water resources, is an important
issue in the environment due to its stability and low degrad-
ability [7,8]. Among the sources that release antibiotics
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Table 1
Physical and chemical properties and molecular structure of
Penicillin G

Properties Values
Molecular formula C,H,N,NaO,5
Molecular weight 356.4 g/mol
Other name Benzylpenicillin

2 H

NH ©
Structure 5 N \)< CH,
Z/~0" Na*
o Na

into the environment, we can mention urban wastewater,
industrial wastewater associated with the antibiotics indus-
try such as pharmacy, animal waste and solid waste solids
[9]. The wastewater of the pharmaceutical industry is also
considered as one of the most important industries that
import much of the drug, including antibiotics, into the
environment [10]. Also, the antibiotics used by humans are
only partly metabolized and 10%-90 % of them are excreted
unchanged with urine and feces. Then, these remained anti-
biotics are discharged into the sewage systems. The waste-
water treatment systems, disability to remove the high polar
micro pollutants like the antibiotics cause these compounds
to enter into the surface and underground water and then
the water refineries. Finally, they entered into the drinking
water distribution systems due to the non-removal of them
in the water refineries [11,12]. Some studies have showed
that most of the antibiotics are present in the environment
including the surface water, underground water, soil, as
well as sewage and drinking water [13]. The antibiotics in
low concentrations in the ranges of ng/L and pg/L can cause
effects in humans and animals due to their low degrad-
ability, high solubility and cumulative properties in water
[14,15]. Antibiotics have various effects, such as drug resis-
tance in humans, effects on non-target pathogens, altered
algae in aquatic resources and interfere with photosynthesis
of plants [16]. In addition, the widespread use of antibiotics
has led to significant problems, including acute and chronic
toxicity, effects on aquatic photosynthetic organisms, dis-
ruption of indigenous microbial populations and the release
of antibiotic-resistant genes among microorganisms [17].

So far, different methods such as ozonation [18], fenton
and photo-fenton [19], electrochemical method [20], nano-
filtration [21], coagulation [22], ionic exchange [23] and
adsorption process [24] to removal of antibiotics were used.
Among these, adsorption is one of the most used methods
in the removal of antibiotics. The adsorption process is very
efficient, simple design and operation and relatively inex-
pensive. In addition, the adsorption process is widely used
in the removal of organic pollutants. It should be noted
that the efficiency of the adsorption process is strongly
influenced by the type of adsorbent, adsorbate properties
and the compositions of waste flow [25-27]. Among the
adsorbents, silica nanoparticles (5iO,) are made out of two
elements silicon and oxygen and it is structurally similar to

the water molecules and is one of the main soil constitu-
ents. Silica nanoparticles are very hard and stiff and hardly
transformed [28]. Another important issue is when selecting
nanoparticles for the removal of pollutants in the aquatic
environment is their toxicity. Silica nanoparticles with very
high percentage of silicon dioxide are a great candidate and
have no known effects on health [29]. The silica nanopar-
ticles have a large specific surface area and active surface
which is very important in adsorption and ion exchange
processes [30]. The performed studies showed that silica
nanoparticles are an effective adsorbent for removing metal
ions and natural pollutants [31]. The study of Luo et al. [32]
to removal of humic acid by silica nanoparticles showed
that materials obtained from the nature, considering their
low cost, have a high adsorption potential [32]. In another
studies, silica nanoparticles has presented reasonable result
in the removal of nickel, cadmium and lead and the methyl
red color [33,34]. Also, Li et al. [35] study on adsorption
ciprofloxacin by Ca@silica core/shell nanoparticles showed
that the maximum ciprofloxacin adsorption amount of the
Casilica core/shell nanoparticles was 516.8 mg/g. In study
of Aksu et al. [5] carried out to removal of Penicillin G by a
bioadsorbent Rhizopus arrhizus, active mud and active car-
bon. They reported that the removal efficiency for each of
these adsorbents were 78%, 61% and 57%, respectively [5].

Considering that there is not any study about Penicillin
G adsorption from aqueous solutions by silica nanoparticles.
In this research, silica nanoparticles was used as an adsor-
bent to removal of Penicillin G from aqueous solution and
to evaluating the adsorption capacity of silica nanoparticles,
different parameters such as pH, adsorbent dosage, initial
concentration of penicillin G, contact time, isotherm kinetics
and thermodynamic studies were studied.

2. Materials and methods
2.1. Materials and equipment

In this study, Penicillin G (purity 99%) purchased from
Sigma Aldrich company (St. Louis, MO). Silica nano-
particles (purity 99.9% and surface area of 200 m?/g)
purchased from EVonik Company. In this study, characteri-
zation of Silica nanoparticles was investigated by scanning
electron microscopy (SEM) (HITACHI, S4160, Japan) and
X-ray diffraction (XRD) (GNA, Explorer, Italy). In order
to determine the Penicillin G concentrations, a spectro-
photometer UV-Visible (UV/VIS Spectrophotometer T80,
PG Instrument) was used. The solution pH was set by pH
meter HACH, HQ411d (USA) by using HCl and NaOH
(1 and 0.1 N) before adding the adsorbent. To mix the
solutions we used the shaker model (Multishaker, Model
NB-101 MT, Korea) and to stabilize the temperature, the
shaker incubator model SI-100R made in Korea was used.

2.2. Adsorption experiment

The stock solution of Penicillin G (500 mg/L) was pre-
pared by dissolving a certain amount of Penicillin G in
deionized water. Then, the effects of various parameters
such as pH (3-11), adsorbent dosage (0.2-2 g/L), contact
time (2-120 min), initial concentration (10-100 mg/L) and
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temperature (283-318 K) on the removal of Penicillin G by
silica nanoparticels were investigated.

2.2.1. Effect of pH

To determine the effect of pH on the removal of Penicillin
G, the antibiotic solution of Penicillin G with concentration
of 30 mg/L was used. The solution pH was set in values of
3,5, 7,9 and 11. Then, 0.5 g/L of silica nanoparticles was
added into solutions. After that, the solutions were placed on
a shaker with the mixing rate of 200 rpm for 60 min. After
passing the mentioned time, the samples were filtered using
the 0.45 micron filter. Finally, the concentration of Penicillin
G was measured by the spectrophotometer at a wavelength
of 290 nm [36].

2.2.2. Effect of adsorbent dosage

At this stage, according to the optimum pH obtained
from the previous stage, solutions of Penicillin G at a con-
centration of 30 mg/L was made and then the effect of the
adsorbent dose with 5 doses of silica nanoparticles (0.2, 0.5,
1, 1.5 and 2 g/L) on the removal of Penicillin G was studied.
The contact time in this stage was 60 min.

2.2.3. Effect of initial concentration and contact time

After determining optimum pH and adsorbent dosage,
the adsorption of Penicillin G by silica nanoparticles was
determined for each of the initial concentrations 10-100 mg/L
in contact time of 2-120 min.

The adsorption capacity of silica nanoparticles was
determined by Eq. (1).

sy M)

where ¢, is the rate of antibiotic adsorbed from the solu-
tion per each gram of the adsorbent (mg/g), C, is the initial
concentration of antibiotic (mg/L), C, is the equilibrium con-
centration of antibiotic (m/L), V is the sample volume (L) and
m is the amount of silica nanoparticles (g) [37].

2.3. Adsorption isotherms

For the study of adsorption isotherm, the compatibility
of empirical adsorption equilibrium data with Langmuir,
Freundlich, Brunauer—-Emmett-Teller (BET), Temkin and
Dubinin—-Radushkevich (D-R) adsorption isotherm models
were investigated according to the linear form of Egs. (2)—(8),
respectively.

Langmuir isotherm model equation is as follows:

& — L + & (2)
9, Kg, 4,

where C, is the equilibrium concentration of antibiotics in
the solution (mg/L), g, is the adsorption capacity of adsor-
bent in equilibrium state (mg/g), g, is maximum Penicillin
G adsorbed per gram of adsorbent, K, is the equilibrium
constant of Langmuir isotherm and shows the affinity of
silica nanoparticles with antibiotic (L/mg) [38].

Another model used in this study is the Freundlich
model. The equation of this model is shown below:

1
lnquaner;lnCe 3)

where g, is the adsorption capacity of adsorbent (mg/g), C,

is the equilibrium concentration of antibiotic in the solution

(mg/L), n and K, are adsorption constants of Freundlich [38].
BET isotherm model is as follows:

C, _ 1 + (CBET 4)& )
qe (Cs - Ce ) qSCBET qs Cs

where C_is the saturation concentration of the solute in
terms of g/L, K, is the constant obtained from the line equa-
tion and represent the energy between adsorbate and adsor-
bent and has a direct relation with the adsorption energy.
Q.. is the value of adsorbed material in the adsorbent mass
unit (mg/g) [39].

The Temkin isotherm model is another model that can
be presented as follows:

b.~5 1, o[ Jinc g

t t

where B is the heat of sorption (J/mol), R is universal gas
constant R = 8.31 J/K mol and T is the absolute temperature
in terms of Kelvin. In this relation A, in terms of L/mg is the
linkage constant related to the maximum linkage energy,
b, in terms of J/mol is Temkin constant proportional to the
surface of adsorption temperature [40].

The D-R isotherm model is as follows:

Ing, =lng, — K ¢’ (6)

1
g= RTln[l + (CJJ )

where ¢ is the Polanyi potential, T is the solution tempera-
ture and R is the universal gas constant, g, is the valve of
dissolved material solution the adsorbent mass unit and ¢,
is the adsorption capacity of the single layer. p (mol?/kj?)
is a constant related to the average adsorption energy.
The average adsorption free energy E in terms of kJ/mol is
calculated as follows [41].

E=— ®)
2B

2.4. Adsorption kinetics

To the study of adsorption kinetics, the pseudo-first-
order and pseudo-second-order models were investigated
Egs. 9 and 10.

d
%:Kl(qe—m) )
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where g, is the value of antibiotic adsorbed on the adsor-
bent surface in time ¢ (mg/g), g, is the value of antibiotic
adsorbed in equilibrium state (mg/g), t is the time (min),
K, is the constant of pseudo-first-order equation (1/min)
and K, is the constant of pseudo-second-order equation
(g/mg min) [42,43].

2.5. Adsorption thermodynamics

To determine the temperature effect and thermodynamic
of adsorption process on the removal of Penicillin G by sil-
ica nanoparticles, experiment was done at 283, 298, 308 and
318 K. The adsorption thermodynamics are obtained by the
following Egs. (11)—(13):
AG°=—-RTInk, (11)
where AG® is indicative of Gibbs free energy in terms of
kJ/mol, R is the universal gas constant (8.314 J/mol k) and
T represents the absolute temperature based on Kelvin.

The enthalpy parameters (AH®) and the entropy (AS°)
in the adsorption process were calculated by the following
equations:

Ink =-AH", AS (12)
° RT R

k=1
C

e

(13)

where k_(L/g) is the ratio of antibiotic value adsorbed on
silica nanoparticles (mg/g) to the value remained in the solu-
tion (mg/L). The resultant line slope represents the value of
AH° in terms of kJ/mol and the ordinate indicates the para-
meter AS° in terms of (J/mol k) [44].

3. Results and discussion
3.1. Characterization of Silica nanoparticles

The adsorbent surface morphology was identified by a
SEM. As shown in the below figure, the size of the nanopar-
ticles is below 100 nm (Fig. 1). The silica nanoparticles
showed a spherical shape with individual distribution in
homogeneous shape [45]. The SEM images showed that the
maximum and minimum nanoparticles size was approxi-
mately between 53 and 31 nm, respectively. Also, in order
to determine the crystalline structure of nanoparticles as
well as operational groups existed in their structures used
was XRD analyzes (Fig. 2). Considering the study of XRD
pattern, the sharp peak (27 = 22) in the X-ray pattern of
the silica nanoparticles shows the nature of the nanopar-
ticles and silica nanoparticles crystalline phase are glass
(amorphous) [46].

3.2. Effect of pH

To determine the optimum pH, the effect of Penicillin
G solution pH in the range of 3-11 was investigated.

F. Masoudi et al. / Desalination and Water Treatment 169 (2019) 333-341

Fig. 1. SEM image of silica nanoparticles.

Considering Fig. 3, the optimum pH for removal of Penicillin
G by silica nanoparticles is 7 with adsorption capacity of
28.4 mg/g. As a result, the maximum adsorption capacity has
occurred in neutral conditions.

In the adsorption process OH™ and H* are the two ions
responsible for and determinant of the surface charge.
With regard to pKa, the charge of Penicillin G is posi-
tive in pH, below 2.7 and negative in pH, above 2.7 [47].
Also, in pH; < 3 the silica surface has positive charge but
in pH, higher than 3, due to the separation of silica adsor-
bent from H* and OH, the surface charge increases and
in fact, it obtains desorption property. In other words the
surface charge of silica in pH, above 3 is negative due to
Si-O- production [31,48]. Therefore, Penicillin G anions do
not interact electrostatically with the negative surfaces of
silica nanoparticles. They are probably adsorbed by phys-
ical or chemical forces. Reducing the adsorption capacity
of Penicillin G on silica nanoparticles at higher pH may be
attributed to changes in charge and surface characteristics.
Accordingly, the adsorption mechanism at different pHs is
difficult due to the large number of variables involved in
the Penicillin G adsorption and the complexity of chemistry
in the adsorption and water [5]. In this connection, similar
results were found by Aksu et al. [5] by using bioadsorbent
Rhizopus arrhizus, activated sludge and activated carbon in
the removal of Penicillin G [5].

3.3. Effect of adsorbent dosage

In this stage, to determine the optimum adsorbent dos-
age different values of adsorbent (0.2, 0.5, 1, 1.5 and 2 g/L)
in the optimum pH and contact time of 60 min were used.
The results in Fig. 4 show the effect of different adsor-
bent doses on Penicillin G removal by silica nanoparticles.
Considering the figure, the maximum adsorption capacity
of silica nanoparticles is 0.2 g/L with the adsorption capacity
rate of 43 mg/g. Also, the results showed that increasing the
adsorbent dose value decreases the adsorption capacity of
silica nanoparticles.

The results from Fig. 4 showed that in the process of
Penicillin G removal by silica nanoparticles, increasing the
adsorbent dosage decreases the adsorption capacity of the
adsorbent. By increasing the adsorbent dosage, the capacity
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Fig. 3. Effect of pH on the adsorption of Penicillin G by silica
nanoparticles (Penicillin G concentration: 30 mg/L, adsorbent
dosage: 0.5 g/L, contact time: 60 min).

of the total active sites in the adsorbent surface has not been
used entirely. Therefore, the adsorption capacity decreases
[49]. In other words, by increasing the amount of adsor-
bent, some of the adsorbent active sites remain non-satu-
rated, which leads to a lack of utilization of total adsorbent
capacity and hence the adsorption of Penicillin per unit
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Fig. 4. Effect of adsorbent dosage on the adsorption of Penicil-
lin G by silica nanoparticles (pH: 7, Penicillin G concentration:
30 mg/L, contact time: 60 min).

mass decreases [50]. The results of this study are completely
consistent with the research performed on that removal of
amoxicillin by carbon nanotubes. In this study the adsorption
capacity was reduced by the adsorbent dose, which could
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be due to the lack of saturation of active sites by increasing
adsorbent dosage [51].

3.4. Effect of initial concentration and contact time

Fig. 5 shows the results from the effect of different con-
centrations of Penicillin G solutions and different contact
times on removal of Penicillin G by Silica nanoparticles.
The adsorption process was performed in contact time of
10-120 min. The results showed that adsorption of Penicillin
G by silica nanoparticles has been done rapidly up to the con-
tact time of 60 min and after that up to the contact time of
120 min the variance trend has been almost unchanged. Also,
the result showed that by increasing the antibiotic concen-
tration from 10 to 100 mg/L, the adsorption capacity has
been increased. The adsorption capacity in contact time of
60 min for concentration of 10, 30, 50, 70 and 100 mg/L were
37.58, 69.96, 109.76, 191.17 and 270.73 mg/g respectively.

The results showed that by increasing the contact time
to 60 min the Penicillin G adsorption by silica nanoparti-
cles increased and then the adsorption rate was approxi-
mately constant. It can be due to the decrease in Penicillin
G concentration and also to decrease active sites in the
adsorbent surface and reduces the transfer of penicillin
molecules to surface of silica nanoparticles [5,52]. The long
range diffusion effect of Penicillin G diffusing slowly into
the intra-particle pores of the silica nanoparticles can be
another reason for reduction of adsorption capacity [53].
Also, the results showed that by increasing the concentra-
tion of Penicillin G, the adsorption capacity was increased.
Increasing penicillin G concentration will increase the
diffusion of Penicillin G molecules from the silica nanopar-
ticles surface into the micropores [54]. Also another reason
for increasing of adsorption capacity is due to the increased
likelihood of contact between the silica nanoparticles and
Penicillin G [55]. Bajpai et al. [54] in their study by using
sawdust as an adsorbent for removing antibiotic cipro-
floxacin found that the greatest amount of ciprofloxacin is
adsorbed during the first 5 min and after that the process
is slow and at last in 40 to 60 min equilibrium is obtained.

=6—10mg/L ==-30mg/L 50 mg/L =%=70 mg/L —©-100 mg/L

250 -
200 - ¥
& 150 -
E
(]
S 100 A
50
0

0 10 20 30 40 50 60 70 80 90

Contact time (min)

100 110 120

Fig. 5. Effect of contact time and Penicillin G concentration on
the adsorption of Penicillin G by silica nanoparticles (pH: 7,
Adsorbent dosage: 0.2 g/L).

Increasing the initial concentration of antibiotic from 10
to 20 mg/L increased the adsorption capacity from 3.74 to
11.32 mg/g.

3.5. Adsorption isotherms

The result of adsorption isotherms are shown in Table 2.
Considering the result of the table and also regression coef-
ficient of different isotherms, the adsorption process is more
consistent with Langmuir isotherms (R?=0.81). In Langmuir
isotherm, adsorption occurs in special and homogeneous
sites within the adsorbent [5]. One of the important param-
eters that approves Langmuir isotherm and should be
determined in adsorption equations for appropriateness or
inappropriateness of adsorption is dimensionless coefficient
R, obtained from Langmuir curve. If R, is more than 1, it is
indicative of the adsorption inappropriateness. If R, equals
to 1, it is indicative of linear adsorption and if R, equals
to zero, it is indicative of irreversible adsorption. If R, is
between 0 and 1, it is indicative of an appropriate adsorp-
tion [56,57]. In adsorption of Penicillin G by silica nano-
particles R, was equal to 0.04 which approves the accuracy
of Langmuir isotherm.

3.6. Adsorption kinetic

The result of kinetics study of Penicillin G adsorption
process by silica nanoparticles are shown in Table 3 and
Figs. 6 and 7. The adsorption kinetic is used to determine

Table 2
Results of isotherms calculations for Penicillin G adsorption by
silica nanoparticles

Isotherms Constants Values
q,... (Mg/g) 138.65
Langmuir K, (L/mg) 023
R, 0.04
R? 0.81
kf(mg/g) 28.55
Freundlich Un 045
n 2.22
R? 0.79
1/AX 0.00
(A-1)/(AX,) 0.02
BET A 1.00
X, 50.94
R? 0.32
A, L/mg 0.97
Temkin b >7.06
B 43.42
R? 0.63
(3, mol?/kJ? 0.00
o . E, kJ/mole 0.70
Dubinin-Radushkevich 4, mg/g 133.45
R? 0.59
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Results of kinetic calculations for Penicillin G adsorption by silica nanoparticles

Pseudo-first-order

Pseudo-second-order

C, (mg/L) K; (min™) 4, (Mg/8) LS K, (g/mg min) 4, (Mg/8) R Goexp (M8/8)
10.20 0.003 6.85 0.01 0.006 43.92 0.98 499
31.82 0.009 11.23 0.04 0.003 53.66 0.98 74.0
54.73 0.008 38.56 0.15 0.003 116.77 1.00 120.1
68.56 0.009 89.17 0.22 0.001 200.83 0.99 197.6
98.85 0.015 49.58 0.13 0.002 206.02 1.00 2114
Table 4
€C0=102 WCO0=31.8 C0=54.7 XC0=68.6 XC0=98.9
Thermodynamics parameters for Penicillin G adsorption by 35
silica nanoparticles ’
3
Thermodynamic parameters ,g) 25
T(K) gq,(mg/g) AG(KJ/mol) AH (kJ/mol) AS (J/molK) )
£
283 21135 -3.03 E s 2
298 20775 =311 L8 s = 2 -
308 204.15 -3.14 o ' 05
318 181.65 —2.74 0
0 20 40 60 80 100 120
€C0=102 MC0=31.8 AC0=547 XC0=68.6 XC0=98.9 Time, min
25 Fig. 7. Pseudo-second-order kinetic model for adsorption of
' the Penicillin G by silica nanoparticles.
2
= s >|2<X§§ § X 215 4
L X 210 |
]
;‘; :-l | * ° . X 205 -
s 1le PN 200 1
* a 5 195
0.5 L ? 190
> 185 4
o
0 L 3 180 4
0 20 40 60 80 100 120 12(5)
Time, min 165
283 298 308 318

Fig. 6. Pseudo-first-order kinetic model for adsorption of the
Penicillin G by silica nanoparticles.

the control mechanism of the surface adsorption processes
like adsorption on the surface, chemical reactions and or
influence mechanisms. Indeed, kinetic equations are used
to explain the transfer behavior of the adsorbate molecules
in time unit and or to investigate the variables effective in
the reaction rate [58]. The results from Table 3 show that
the regression coefficient for Penicillin G in pseudo-second-
order kinetic is higher than the regression coefficient of
pseudo-first-order kinetic and as a result, the behavior of
Penicillin G adsorption by silica nanoparticles has followed
the pseudo-second-order kinetic so that the regression
coefficient values in all concentrations of Penicillin G in
pseudo-second-order equation are higher. Aksu et al. [5] in
their study about Penicillin G adsorption on the bioadsor-
bent Rhizopus arrhizus reported that the adsorption process

Temperature (K)

Fig. 8. Effect of temperature on adsorption of Penicillin G by
silica nanoparticles (pH: 7, Penicillin G concentration: 100 mg/L,
adsorbent dosage: 0.2 g/L, contact time: 60 min).

followed the second-order kinetic [5]. Also, in Table 3 it is
found that calculation adsorption capacity (g, ) resulted
from the pseudo-second-order kinetic model is nearer to the
empirical capacity resulted from the empirical experiments
compared to the pseudo-first-order kinetic model (g, )
and, as a result, the dominant mechanism in Penicillin G
adsorption process on silica nanoparticles is a chemical
adsorption [59].

3.7. Effect of temperature and thermodynamic study

In fig. 8, the effect of temperature on adsorption of Penicillin
G by silica nanoparticles was showed. In thermodynamic



340

studies of the adsorption process, considering Table 4, the val-
ues of AH and AS were —2.18 kJ/mol and 3.14 J/mol, respec-
tively. The negative value obtained for AH indicates that the
Penicillin G adsorption process by silica nanoparticles is exo-
thermic and increasing the temperature decreases the adsorp-
tion rate. The positive value of AS indicates that with increasing
the temperature in the common gas and liquid phase during
the adsorption process, the entropy increases. The negative
value of AG indicates that the removal of Penicillin G by silica
nanoparticles is spontaneous. Homem et al. [60] in their study
on removal of amoxicillin on nut-shell ash reported that the
values of AH and AS were negative and positive, respectively
and also the value of AG was negative [60].

3.8. Comparison of silica nanoparticles with other adsorbent

The results of Table 5 show the comparison between
maximum adsorption capacities of silica nanoparticles used
in this study with other adsorbents.

4. Conclusion

Penicillin G adsorption by silica nanoparticles was
occurred in pH = 7. By increasing the adsorbent dose, the
value of adsorption capacity was decreased. Also, with
increasing Penicillin G concentration the adsorption capac-
ity decreased and in contact time of 60 min the adsorption
process achieved the equilibrium state. The equilibrium data
obtained are more consistent with Langmuir isotherm model.
Also, Penicillin G adsorption kinetic by silica nanoparticles
from the pseudo-second-order kinetic model was better than
the pseudo-first-order kinetic model. The results from the
thermodynamic studies and the effect of temperature on the
adsorption process showed that the reaction was exothermic
and spontaneous.
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