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In this investigation, the adsorption measure of linezolid antibiotic onto MgO  nanoparticles

and  ZnO–MgO nanocomposites were performed. The adsorbents were characterized by dif-

ferent techniques such as XRD, SEM, TEM and BET. The parameters influence such as the

pH,  adsorbent dosage and temperature was tested and evaluated by Box–Behnken Design

combined with response surface methodology. Performing adsorption tests at optimal con-

ditions set as 0.5 g L−1 of adsorbent, pH 10 and 308 K make admit to obtain high adsorption

turnover (123.45 and 140.28 mg g−1 for MgO nanoparticles and ZnO–MgO nanocomposites,

respectively). A good compromise between predicted and experimental data in this research

was observed. The experimental equilibrium data fitting to Langmuir, Freundlich, Temp-

kin and Dubinin–Radushkevich models indicate that the Langmuir model is a best model

for  evaluation of adsorption behavior. Kinetic evaluation of experimental data indicated

that the adsorption operations followed well pseudo-second-order models. The adsorption

capacity of ZnO–MgO nanocomposites is higher than MgO nanoparticles that because of the
gO nanoparticles

inetics studies

ZnO–MgO nanocomposites have high specific surface area.

©  2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Response Surface Methodology (RSM), a statistical techniques and
.  Introduction

ewly, the capable association has become enhancing fond about

he possible general health strike of novel environmental pollutants

manated from artful, human activities and agricultural. (Jones et al.,

005; Khetan and Collins, 2007; Ziylan and Ince, 2011). Numerous

harmaceuticals were found ubiquitously up to �g L−1 level in aque-

us environment (Halling-Sorensen et al., 1998; Ternes, 1998; Kolpin

t al., 2002; Fent et al., 2006; Nikolaou et al., 2007; Carabineiro et al.,

011, 2012), in soil (Halling-Sorensen et al., 1998; Thiele-Bruhn, 2003)

nd as high as 100 �g L−1 in effluent from drug manufactures (Larsson
t al., 2007). Linezolid is used to treat infections, including pneumonia,
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and infections of the skin and blood. Linezolid is in a class of antibac-

terials called oxazolidinones (Table 1). The removal of linezolid is

important that because of this antibiotic is dangerous drug interaction

could occur, leading to serious side effects.

The methods of controlling water pollution fall into three general

categories: physical, chemical, and biological. Chemical reactions can

be used to remove pollutants from water. The results of chemical

reactions were high efficiency. In order that to assess the experiment

parameters effect on adsorption turnover, the appropriate apply of

a proportionate experimental design is of particular importance.
nch, Islamic Azad University, Tehran, Iran. Tel.: +98 21 22873079;

collection of mathematical, has been found to be an effective method
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Table 1 – Physicochemical properties of linezolid.

Molecular weight (g mol−1) Density (g/cm3) Chemical structure

Linezolid 337.346 1.302

The relationship between the response Y (linezolid adsorption
amount) and these variables parameters can be distinguished

Table 2 – Process variables and their level for the
linezolid adsorption by BBD.

Factor Low level
(−1)

Medium
level (0)

High level
(+1)

Temperature (A) 288 K 298 K 308 K
−1 −1 −1
for studying the mutual interaction between the parameter and

optimizing the variables in the adsorption process. The MgO nanopar-

ticles and ZnO–MgO nanocomposites have the inexpensive and easy

synthesis. Then, these nano powders were considered for removal

of antibiotics. This contribution was aimed at the investigation of

linezolid antibiotic adsorption performances over MgO nanoparticles

and ZnO–MgO nanocomposites. The Box–Behnken Design (BBD)

of the RSM was employed to investigate the effects of important

operating parameters including pH, adsorbent dose, and temperature

on linezolid adsorption capability.

2.  Materials  and  methods

2.1.  Naive  materials

Analytical reagent grade of magnesium chloride anhydrous,
zinc acetate dehydrate, ammonia, and polyvinyl pyrrolidone
(PVP) were obtained from Merck. Linezolid (99%) were obtained
from Leap Labchem Co., Ltd., and used as received. Water used
in the study was purified by distillation.

2.2.  Purveyance  of  MgO  nanoparticles

200 mL  solution of MgCl2 (1 M)  was derived in 1 L flat bottomed
flask and 200 mg  of PVP was added within it. The poly vinyl
pyrrolidone has used as inhibitor for the growth the crystal-
lites of magnesium hydroxide during the course of sedimen-
tation. The mixture was stirred for 30 min, and NaOH is added
by dropwise. The white precipitate was washing using double
distilled water, and during 24 h dried an oven with 70 ◦C and
eventually calcined at 500 ◦C for 2 h to get MgO nanoparticles.

2.3.  Purveyance  of  ZnO–MgO  nanocomposites

First, a 100 mL  aliquot containing zinc acetate solution and
amount of MgO  nanoparticles and PVP were mixture for
30 min. Then, nano-sized Zn(OH)2 was formed. At the end, the
mixture was during 24 h dried an oven with 70 ◦C. The obtained
precipitate was calcined at 550 ◦C for 4 h. A scanning elec-
tron microscope (SEM); JEOL JSM-5600 Japan Digital Scanning
Electron Microscope, X-ray diffractometer (XRD) Philips X’Pert,
USA and transmission electron microscopy (TEM, JEM-2100F
HR, 200 KV) were used to characterize the nano powders for
its morphological information. Brunauer–Emmett–Teller (BET)
surface area (SBET) of the powder was analyzed by nitrogen
adsorption in an ASAP2020 surface area and porosity analyzer
(Micromeritics, USA).

2.4.  Equilibrium  studies
The antibiotic removal using MgO  nanoparticles and
ZnO–MgO nanocomposites was survey by batch methods.
Various concentrations (10, 30, 50 and 100 mg  L−1) of antibi-
otics solutions were prepared. The dosage of adsorbent
in between 0.2 to 0.8 g L−1 was added with pH variable in
between 3 and 10. The amount of adsorbate removal was
computed using the Eq. (1) (Fakhri and Adami, 2014):

qe = (C0 − Ce)
w

(1)

where w is the mass of the adsorbent (g), v is the volume of
solution (L) and C0 and Ce are the adsorbate concentrations in
mg L−1 initially and at a given time. The analysis of data was
performed by analysis of relevance employing least-square
model and the standard deviation of Marquardt’s percent is
computed by the Eq. (2) (Mall et al., 2005):

MPSD = 100

√√√√ 1
n − p

n∑
i=1

(
qe,exp − qe,cal

qe,exp

)2

i

(2)

This error function is analogous in some tribute to a geo-
metric average fallacy dispensation reclaimed pursuant to the
degrees number of system freedom.

2.5.  Box–Behnken  Design  and  linezolid  antibiotic
adsorption  optimization

RSM was employed to investigate the effects of different
operating factors on linezolid adsorption turnover, and dis-
close the optimum conditions for linezolid removal. BBD was
used to evaluate the major effects of adsorption variables
and optimize the adsorption reaction. The effects of variables
(adsorbent dose, pH value and temperature) on adsorption
turnover were selected for RSM. The range and levels for these
variables are coded according to Eq. (3) and summarized in
Table 2.

Xi = Xi − X0

�X
(3)

where Xi are the coded and the real values of variables. X0 are
the center point of Xi and the step change in Xi respectively.
Adsorbent dose (B) 0.2 g L 0.5 g L 0.8 g L
pH (C) 3 6.5 10
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Fig. 1 – XRD pattern of MgO  nanoparticles (A), ZnO–MgO nanocomposites (B) and SEM images of MgO  nanoparticles (C),
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y the following second-order polynomial equation:

 = ˇ0 + ˇ1A + ˇ2B + ˇ3C + ˇ11A2+22B2 + ˇ33C2 + ˇ12AB

+ ˇ13AC + ˇ23BC (4)

The validity of this equation was tested by using ANOVA
analysis-of-variance), and fit quality of the equation was
udged from the coefficients of correlation and p-value.

.  Results  and  discussion

.1.  Characterizations  of  MgO  nanoparticles  and
nO–MgO  nanocomposites

he X-ray diffraction (XRD) patterns for MgO  nanoparticles
re indicated in Fig. 1A. The XRD peaks are labeled to (1 1 1),
2 0 0), (2 2 0), (3 1 1) and (2 2 2) reflections [JCPDS Card No. 4-
829]. XRD patterns of the ZnO/MgO nanocomposite is shown
n Fig. 1B which demonstrates the presence of wurtzite ZnO
eaks and cubic MgO  peaks. The ZnO and MgO phases were
ith clarity determined by the presence of wurtzite ZnO (1 0 1),

1 0 0), (0 0 2) [JCPDS Card No. 36-1451] and MgO peaks. The
rystallite sizes of MgO  and ZnO/MgO specimens have been
istinguished using the Scherrer’s equation: D = 0.9�/B cos �;
here D is the crystallite size (nm), � is the wavelength of the
-ray radiation, � is the Bragg’s angle and B is the full width at
alf maximum (FWHM) of the peak at 2�. The crystallite sizes
f MgO  and ZnO/MgO have been estimated as 29 and 30 nm,

espectively. The SEM micrographs for the prepared samples
re shown in Fig. 1C and D. The particles are agglomerated
into bundles of flaky-spherical morphology. The particle size
of the MgO sample was typically in the between of 25–30 nm.
As can see, it was found that the harsh morphology and the
rough particle sizes were not changed with doping ZnO.

Fig. 2(A) and (B) show typical TEM images of MgO nanoparti-
cles and ZnO–MgO nanocomposites, respectively. The images
indicated spheroidal morphologies. The crystallite sizes of
samples particles were found to be ranging from 25 to 30 nm.
Fig. 2(C) demonstrates the nitrogen sorption isotherms and the
related to pore size distributions of the obtained MgO  nanopar-
ticles and ZnO–MgO nanocomposites samples. The isotherms
of samples exhibit type III characteristics with a significant
type H3 loop. The specific surface area and total pore volume of
MgO  nanoparticles and ZnO–MgO nanocomposites computed
using the multipoint BET-equation is 48 and 153 m2 g−1 and
0.30 and 0.65 cm3 g−1, respectively.

3.2.  Regression  model

The major objective of RSM is to distinguish regression model
of adsorption reaction, and the quadratic model was applied
to find out the relationship between the response and vari-
ables. Pursuant to experiment data, the final empirical model
of linezolid adsorption over MgO  nanoparticles and ZnO–MgO
nanocomposites was described by using Eq. (5) and (6).

Y = +54.12600 + 1.49375A − 0.23000B + 1.47875C + 0.26250AB

2
− 0.19500AC + 0.082500BC + 1.72700A − 2.84550B2

+ 1.85200C2 (5)
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Fig. 2 – TEM images of MgO  nanoparticles (A), ZnO–MgO nanocomposites (B) and nitrogen sorption isotherms of two

tion with adsorption turnover and at higher pH and high

Fig. 3 – The predicted values versus experimental values of
samples (C).

Y = +57.12600 + 1.49375A − 0.23000B + 1.47875C + 0.26250AB

− 0.19500AC + 0.082500BC + 1.72700A2 − 2.84550B2

+ 1.85200C2 (6)

where, Y is the predicted response (linezolid adsorption capac-
ity). In order to ensure the efficiency of employed model, an
adequate fit of the model should be given to avoid poor or
ambiguous results. The Eqs. (5) and (6) are very important and
were determined by using BBD in Response Surface Method-
ology (RSM) by Design Expert Version 6.0.10 (Stat Ease, USA).
The importance of quadratic regression model was analyzed
by the value of F, p and correlation coefficient, and the cor-
responding results of ANOVA were tabulated in Table 3. The
model F-value (24.30) and a very low p-value (less than 0.0001)
implicit that the model was highly significant for linezolid
adsorption on MgO  nanoparticles and ZnO–MgO nanocom-
posites. The value of determination coefficient (R2 = 0.9690)
of Eqs. (5) and (6) indicates that the regression model is best
suited for predicting the performance of linezolid adsorption
on MgO  nanoparticles and ZnO–MgO nanocomposites. As can
be seen from Table 3, all the p-values of A, C, A2, B2, and C2 are
less than 0.05, which indicates that these variables are signifi-
cant and have great influence on linezolid adsorption capacity.
The good agreement and high correlation coefficient of plot of
experimental values versus predicted removal amount sug-
gest high efficiency of above mention equation to evaluate and
explain experimental data (Fig. 3).

3.3.  Response  surface  methodology

The inflection natures of Fig. 4 indicate the RSM plots of
adsorption capacity versus significant variables confirm
strong interaction between the variables. The composed
influence of adsorbent dosage and temperature on the
linezolid uptake by the nanoparticles is shown in Fig. 4(A
and B). It may be noted that the removal of the linezolid
reduced with increase in temperature as earlier. In a solu-
tion of constant linezolid concentration, an enhancing in
removal amount with increase in adsorbent dosage might
be due to accessibility of rather active site at higher mass
of adsorbent. The response surface plots (Fig. 4C and D,

changes in the amount of removal as a function of adsor-
bent dosage) indicate that removal turnover has positive
correlation with dose of adsorbent, so that adsorption
enhanced with increasing adsorbent dosage. At higher
value maybe due to enhance in surface area and availabil-
ity of more  active adsorption sites. Fig. 4(E and F) shows
the interaction of pH with temperature and their relation
with adsorption turnover. The pH has positive correla-
linezolid adsorption on MgO  nanoparticles (A) and
ZnO–MgO nanocomposites (B).
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Table 3 – The results of ANOVA for the response surface quadratic model.

Source Sum of squares DFa Mean square F valueb p-value Prob > Fc

Model 94.39 9 10.49 24.30 0.0002
A 17.85 1 17.85 41.36 0.0004s

B 0.42 1 0.42 0.98 0.3551
C 17.49 1 17.49 40.53 0.0004s

AB 0.28 1 0.28 0.64 0.4505
AC 0.15 1 0.15 0.35 0.5714
BC 0.027 1 0.027 0.063 0.8089
A2 12.56 1 12.56 29.10 0.0010s

B2 34.09 1 34.09 78.99 <0.0001s

C2 14.44 1 14.44 33.46 0.0007s

Residual 3.02 7 0.43
Lack of fit 3.00 3  1.00 164.31 0.0001
Pure error 0.024 4  6.080E−003
Corr. total 97.41 16

a Degree of freedom.
b Test for comparing model with residual (error) variance.
c Probability of finding the observed F value when the null hypothesis is true.
s Significant at p < 0.05.
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emperature led to achievement of higher adsorption
urnover. High removal amount of linezolid at high pH
howes that the surface in alkaline medium causing reduce
he protonation at their surfaces due to neutralization of
ositive charges, resulting in easier diffusion.

.4.  Adsorption  equilibrium  study

dsorption parameters attained by well-known equation of
raditionally known isotherms give useful information about

echanism and properties and tendency of adsorbent. Based
n the linear form of Langmuir isotherm model (according to
able 4), the values of KL (the Langmuir adsorption constant
L mg−1)) and qm (theoretical maximum monolayer adsorption
apacity (mg  g−1)) were obtained from the intercept and slope
f the plot of Ce/qe versus Ce, respectively (Fakhri, 2013). The
igh correlation coefficients (R2) (0.9985 and 0.9990 for MgO
anoparticles and ZnO–MgO nanocomposites, respectively)
how the applicability of Langmuir model for interpretation of
he experimental data. The parameters of Freundlich isotherm

odel such as KF ((mg g−1)/(mg L−1)1/n) and n (the capacity
nd intensity of the adsorption) were calculated from the
ntercept and slope of the linear plot of ln qe versus ln Ce,

espectively and their values are presented in Table 4. The
alue of 1/n  for Freundlich isotherm (Freundlich, 1906) confirm

Table 4 – Isotherm constant parameters and R2 calculated for th

Isotherms Equations Paramete

Langmuir Ce/qe = 1/(qm) + Ce/qm

qm (mg g−1) 

KL (L mg−1) 

R2

Freundlich ln qe = ln KF + (1/n) ln Ce

1/n 

KF (L mg−1) 

R2

Tempkin qe = B1 ln KT + B1 ln Ce

B1

KT (L mg−1) 

R2

Dubinin and
Radushkevich (D–R)

ln  qe = ln Qs − Bε2 Qs (mg g−1)B (mo

R2
the high tendency of linezolid for transfer to the adsorbents
surface, while lower R2 value indicates its unsuitability for
fitting the experimental data. The heat of the adsorption
and the adsorbent–adsorbate interaction were evaluated by
using Tempkin isotherm model (Fakhri, 2014). In this model
B is the Tempkin constant related to heat of the adsorption
(J mol−1), T is the absolute temperature (K), R is the universal
gas constant (8.314 J mol−1 K−1), KT is the equilibrium bind-
ing constant (L mg−1). The values of the Tempkin constants
and the correlation coefficient are lower than the Langmuir
value. Then, the Tempkin isotherm has poor ability. Another
adsorption isotherm as D–R (Dubinin and Radushkevich, 1974;
Sari and Tuzen, 2014) model was used to estimate the poros-
ity apparent free energy and the characteristic of adsorption.
In the D–R isotherm K (mol2 (kJ2)−1) is a constant related to
the adsorption energy, Qs (mg  g−1) is the theoretical satura-
tion capacity, e is the Polanyi potential. The slope of the plot
of ln qe versus e2 gives K and the intercept yields the Qs value.
The lower value of R2 of D–R model indicate not usefulness of
this model to fit the experimental data.

3.5.  Adsorption  kinetic  modeling
Kinetic evaluated based on two models (pseudo first and
second-order) give good and deep knowledge about the

e adsorption of linezolid.

rs MgO nanoparticles ZnO–MgO nanocomposites

123.45 140.28
0.1663 0.2052
0.9985 0.9990

0.695 0.702
15.839 16.022
0.9783 0.9755

2.589 2.855
919.51 990.27
0.9588 0.9508

l2 (kJ2)−1) 89.56
5E−9

95.87
6E−3

0.9055 0.9171
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Fig. 4 – Response surface plots for the adsorption of linezolid using MgO  nanoparticles (right) and ZnO–MgO
nanocomposites (left): adsorbent dose–temperature (A and B); pH–adsorbent dose (C and D); pH–temperature (E and F).

Table 5 – Kinetic parameters for the adsorption of linezolid onto MgO  nanoparticles (qexp = 31.58 mg  g−1) and ZnO–MgO
nanocomposites (qexp = 33.91 mg  g−1).

Kinetics model Equations Parameters MgO nanoparticles ZnO–MgO nanocomposites

Pseudo-first-order ln(qe − qt) = ln(qe) − k1t

qe (calc) 24.52 26.85
k1 0.0909 0.1112
R2 0.9886 0.9893
MPSD 18.54 19.23

Pseudo-second-order (t/qt) = 1/(k2qe
2) + 1/qe(t)

qe (calc) 33.22 36.02
k2 0.0006 0.0009
R2 0.9973 0.9981
MPSD 1.851 1.951
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C
and fresh water: treatability by conventional and
ate and mechanism of an adsorption process. Table 5
ummarized the properties of each model. In the pseudo-
rst-order model (Lagergren model), by plotting the values of

og(qe − qt) versus t may give a linear relationship that its slope
nd intercept is used to evaluate the k1 and qe values (Table 5)
Sari and Tuzen, 2013). The interval among experimental qe

alue with intercept show that this model not suitable to
xplain experimental data. The enhance in the value of k1 and

2 attributed to increase in driving force of mass transfer. The
orption kinetics may be described by a pseudo second-order
odel (Sari and Tuzen, 2013). In despite of first order model,

he plot of t/qt versus t for the pseudo-second-order kinetic
odel gives a straight line with a high correlation coefficient

hat k2 and equilibrium adsorption capacity (qe) were com-
uted from the intercept and slope of this line, respectively

Sari and Tuzen, 2013). The values of R2 and closeness of exper-
mental and theoretical adsorption capacity (qe) value indicate
he applicability of the pseudo-second-order model to explain
Table 5).

.  Conclusion

he combination of various effects in addition to applica-
ion of MgO  nanoparticles and ZnO–MgO nanocomposites are
ast, sensitive and efficient adsorption method for the line-
olid removal. The effects of experimental parameters on
he removal amount were performed using BBD combined
ith RSM. The optimum operating variables to obtain max-

mum linezolid removal were distinguished. The equilibrium
ata were best described by the Langmuir model, while the
ppropriate kinetic model for fitting the experimental data is
seudo-second order model. The benefit of method is possi-
ility to use nontoxic adsorbent for removal of large amount
f linezolid in short time via a simple procedure.
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