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In this research, nano-clay was firstly modified with β-cyclodextrin and polymerized by polyvinylpyrrolidone
(PVP) to provide more surfaces for higher adsorption. The adsorption process as batch study was investigated
under the experimental conditions affecting some parameters such as pH, contact time, concentration of
naproxen and the amount of adsorbent for adsorption efficiency. Then, the adsorption kinetic and equilibrium
isotherms were also studied. The results showed that the adsorption was influenced by some factors such as
initial concentration of naproxen, the amount of adsorbent and solution's pH. The optimum values of adsorbent
dosage, contact time, initial naproxen concentration and pH were evaluated as 1 g, 120 min, 10 mg/l and 6,
respectively. Also, themaximumefficiency of adsorptionwas achieved92.2%. The equilibriumconstantwas stud-
ied with 9 more common isotherm models, and among them, all isotherm models could well describe the
adsorption of naproxen on the modified nano-composite except Langmuir and Tempkin models that show
large deviation fromexperimental data. Thiswas confirmed by investigating the results of error function analysis.
Moreover, itwas indicated that the adsorption follows Elovich kineticmodel. Based on the obtained results, it can
be stated that the adsorptionmethod using themodified nano-composite is an efficient, facile and reliablemeth-
od for the removal of naproxen from aqueous solutions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Pharmaceutical products which are essential elements and integral
part of modern life are used to treat human and animal diseases. Never-
theless, the impacts of pharmaceutical pollutants on the environment
are evident [1–7]. Naproxen belongs to non-steroidal anti-inflammato-
ry drugs (NSAIDs) which can reduce certain hormones causing inflam-
mation and pain [7–9]. NSAIDs are among the most widely used
medicines that are produced and consumed in large quantities [10].
Most of pharmaceutical compounds, after use, are discharged into the
sewer via urine and feces without changing or as decomposed
byproducts, which affect human health, directly and indirectly by enter-
ing the food chain [11,12].

Tertiary and advanced treatments in the aquatic environment,
such as adsorption technology using mineral adsorbents, are necessary
esearch (CSWR), Institute for
cal Sciences, Tehran, Iran.
to remove pharmaceutical contaminants from the environment,
since conventional treatment systems such as coagulation, sedimen-
tation and filtration are only able to remove 25% of these substances
[13]. In recent years, adsorbent materials with nanostructures or
nano-composites have been increasingly used to remove contaminants
[14–31].

The objective of this work is to synthesis and characterization of a
new polymer-clay composite adsorbent, functionalized with β-CD
groups. Also, a comparison of the adsorption properties of function-
alized polymer-clay composite to those of clay, aiming for future ap-
plications in water and wastewater treatment. The adsorbents for
naproxen were prepared using nano-clay (Cloisite 15A) as starting
materials for surface modification. The effects of various parameters
such as contact time, the amount of adsorbent, initial concentration
and pH were studied on nanocomposite adsorbent. Then, adsorption
method was used to remove naproxen from water and wastewater
and obtained experimental data were fitted with nine different adsorp-
tion isotherm models. Also, the kinetics of adsorption was studied by
four models. Finally, error functions analysis was applied for experi-
mental data.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2016.10.059&domain=pdf
http://dx.doi.org/10.1016/j.molliq.2016.10.059
mailto:ahmahvi@yahoo.com
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http://www.sciencedirect.com/science/journal/01677322
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2. Materials and methods

2.1. Materials

Cloisite 15Awas used in this study that was purchased from Neutri-
nos Company. Naproxen pure was prepared from pharmaceutical com-
pany Alborz bulk (Iran) as a gift. All chemicals were purchased from
Merck with analytical grade. Standard solutions of the naproxen were
prepared by dissolving an appropriate weight of pure naproxen salt in
distilled water. The working solution of naproxen (3, 5 and 10 mg/l)
were prepared by diluting the stock solution in distilled water. The
batch method was applied to study the adsorption of naproxen on
strong nano clay composite. All experiments were performed at room
temperature and the effect of parameters such as pH, initial concentra-
tion of naproxen, contact time and the amount of adsorbent on removal
efficiencywere investigated. The final naproxen concentration in the ef-
fluent was determined by the UV–Vis spectrophotometric method
using UV/VIS spectrophotometer (PG-Instruments Ltd) at 230 nm. Fi-
nally, kinetics parameters and adsorption isotherms were studied.

2.2. Preparation of nanocomposite briefly

The used nanocomposite adsorbent in this researchwas prepared as
follows: firstly, monotosyl-β-cyclodextrin (Ts-βCD) was synthesized
and prepared. β-CD (18 g) was dissolved in dry pyridine (100 mL),
and then p-toluenesulfonyl chloride (2.5 g) was added to this solution.
The reaction mixture was stirred well in the temperature range of 2–
4 °C for about 8 h, and then the solution temperature reached to room
temperature and the reaction mixture was kept for two days at this
temperature. After this step, the solution was concentrated under the
reduced pressure, and then, diethyl ether was added. The obtained
white solid product was washed with acetone, and then dried under
vacuum condition at 60 °C [32–34].

To modify the substance Cloisite 15A, with 3-aminopropyltriethoxy
silane (APTS), substance Cloisite 15A (0.5 g) was dissolved in a mixture
of 25 ml of toluene, and the mixture was put in an ultrasonic bath for
30 min and extremely stirred under reflux condition for 40 min. Then,
APTS (2.5 mol) was gradually added. The reaction was heated under ni-
trogen atmosphere for 3 h. The obtained compound was washed with
water and acetone several times to remove ever impurities, and then
dried in an oven at 150 °C for 2 h.

After conducting the above steps, tomodify the substanceβ-CDwith
NH2-Clay which is the main structure of nanocomposite, compound
NH2-Clay (2 g) was added to dimethyl formamide (DMF) (50 mL),
and extremely stirred for 7 h. Then, compound Ts-βCD (0.25 g) which
was separately dissolved in DMF (10 mL) was added to the mixture.
The obtained mixture was heated at 60 °C at pH= 7–8 under nitrogen
atmosphere, and then the resulting product was washed with DMF and
acetone to remove ever impurities, and dried in an oven 24 h.

2.3. Adsorption experiments

Stoke solutions of naproxen were prepared in different concentra-
tions in one-liter baker as a batch reactor, and then a certain amount
of adsorbent was evaluated according to the ratio of the adsorbent to
thepollutants (R) (Eq. (1)), including12.5, 25, 50 and100 in a batch sys-
temand thenmixed bymagnetic stirring at a speed of 300 rpm. Optimal
Rs are obtained corresponding to the less remaining naproxen. Optimal
% R was calculated from Eq. (1):

%R ¼ Ca

C0
� 100 ð1Þ

where Ca is the amount of adsorbed naproxen (difference in naproxen
concentration in the aqueous solution before and after sorption) and
C0 is the initial concentration of naproxen.
The adsorbent adsorbate uptake, qt (mg/g)was calculated by Eq. (2):

qt ¼
C0−Ctð ÞV

m
ð2Þ

where C0 and Ct, are the initial concentration of naproxen and naproxen
concentration at a time of (t) in terms of mg/l respectively, V is volume
of the solution (L) and m is the amount of adsorbent (g) [35–37].

2.4. Determination of pH optimized and pH point of zero charge (ZPC)

The effect of pH (5–9) on the removal efficiency was evaluated after
determining the optimum Rs and contact times. The pH range between
5 and 9 was adjusted by 0.1 N NaOH and HCl using pH meter (from
Metrohm Company, model 827).

The pHZPC is a point of pH inwhich the surface charge of adsorbent is
equal to zero. The importance of this point is to determine the proper-
ties of adsorbent surface. In this way, at a pH higher than pHZPC, the ad-
sorbent surface has a negative charge so that ions with opposite charge
(positive ions) are easily adsorbed. Also, at lower pH, the surface
charges are positive, and ions with negative charges are adsorbed
more quickly [38–40]. To determine the pHZPC of the studied adsorbent,
50mL of potassium nitrate solution (0.01M)was added to seven Erlen-
meyer flasks, and initial pH of each flaskwas adjusted between 2 and 12
using 0.1 N of HCl or NaOH solutions. Then, the prepared adsorbent
(0.1 g) was added to each flask, and the mixtures were stirred for
24 h. After measuring the final pH of each solution, the final pH versus
initial pH was plotted, and pHZPC was determined.

2.5. Equilibrium adsorption experiment

In this study, Langmuir, Freundlich, Tempkin, Redlich-peterson (R-
P), Sip, Radke–Prausnitz, Fritz–Schlunder, Toth and Khan adsorption
isotherms were evaluated and all of the equations are listed in Table 1.

2.6. Kinetic models

Equations of adsorption kinetic are the methods of analysis for
adsorption reaction; the most widely used of these models include
pseudo-first order, pseudo-second order, Interparticle Diffusion and
Elovich kinetic equations which were used in this study.

2.6.1. Pseudo-first-order model (Lagergren)
Eq. (3) shows the pseudo-first order model [41–44]:

Ln qe−qtð Þ ¼ Lnqe−k1t ð3Þ

where qe indicates the ratio of equilibriumuptake of naproxen on adsor-
bent asmg/g, qt is adsorption of naproxen on adsorbent at the timeof (t)
and k1 is rate constant for pseudo-first-order based on gmg−1 min−1. If
the curve obtained is linear, adsorption kinetics follows this model.

2.6.2. Pseudo-second-order model
Thismodel is based on the hypothesis that the rate of used adsorbent

sites is proportional to the square of the number of sites involved. Eq.
(4) is the linear form of this model [45–51]:

t
qt

¼ 1
k2qe2

þ t
qe

ð4Þ

where k2 (gmg−1min−1) indicates overall rate constant of pseudo-sec-
ond-order. A plot of t/qt versus t shows a straight line with an intercept
and slope of 1/k2q2 and 1/qe, respectively.



Table 1
Isotherm models as nonlinear forms.

Isoterm model Equation

Langmuir
qe ¼

qmkLce
1þ kLce

Froundlich qe ¼ kFCe
1=n

Tempkin qe ¼ ðRTbT Þ ; lnðkTCeÞ
Fritz–Schlunder

qe ¼
qmFSkFSCe

1þ qmCe
mFS

Radke–Prausnitz (R-P)
qe ¼

qmRMPIkRPICe

ð1þ kRPICeÞmRPI

Redlich-peterson (P-R) qe=kCe/(1+αRCe
β)

Sips qe ¼ qmkCe
1
n=ð1þ kCe

1
nÞ

Toth
qe ¼

qmTCe

ð1=kT þ CmT
e Þ

1=mT

Khan
qe ¼ qm

bkCe

ð1þ bkCeÞn=k

+ Closite 15
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Scheme 1. Preparation procedure for fabricating β
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2.6.3. The Elovich
The Elovich or Roginsky–Zeldovich equation is expressed as follows

[52–57]:

qt ¼
lnaebe
be

þ 1
be

lnt ð5Þ

where ae, initial adsorption rate (mg/g min) and be (g mg−1) are the
parameters of the Elovich rate equation obtained from the linear regres-
sion analysis of the qt versus lnt.

2.6.4. Intraparticle diffusion model
This model equation is expressed as follows [58–60]:

qt ¼ kpt1=2 þ C ð6Þ

where, C is the y-intercept and kp (mg/g min−1/2) is the rate constants
of intra-particle diffusion.
 A

Step 3: APTS+ Clay + -CD + PVP

CH3OTs

OH

O

OH

O

OH

Si

Si

HN

HN

-CD, APTS and PVP bonded nano Cloisite 15A.
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3. Results and discussion

3.1. Preparation of adsorbent

Scheme 1 shows the synthesis procedure for nanocomposite prepa-
ration. FT-IR spectra of rawmaterials as well as prepared nanocompos-
ite are depicted in Fig. 1. As can be seen from the FT-IR spectrum of
nanocomposite, the observed peak at 1058 cm−1 is the same peak in
Cloisite 15A spectrumwhile that peak is absent inβ-CD and PVP spectra.
On the other hand, observed peaks at 1058, 529, and 467 cm−1 on the
silylated Cloisite 15A spectrum indicate the Si\\O group.

Peak at 1696 cm−1 (C_O stretching vibration) is present in PVP and
nanocomposite spectra but it is absent in β-CD. Cloisite 15A has a peak
in the area of 3645 cm−1 which corresponding to the O\\H free groups.
The peaks in the range of 2932 and 2861 cm−1 illustrate the modified
alkyl chain in clay. The different peaks of the obtained nanocomposite
are as follows: peaks of CH2 (2932, 2861 cm−1) and Si\\O (1058, 529,
and 467 cm−1), which are related to the polymer and clay, respectively.

In this research, the SEM analysis was employed to determine the
morphology of nanocomposite surface (Fig. 2). The SEM images of
starting material and nanocomposite, as depicted in Fig. 2a and b, re-
spectively, shows the difference between the morphology of layers be-
fore and after intercalation. The spaces between the layers prove the
presence of polymer in these spaces.

The XRD patterns of nanocomposite and starting materials are
depicted in Fig. 3. The properties of these patterns include: a) a peak
at 2θ = 7.3°, is corresponding to (001) crystallographic plane of clay
and the distance of clay layer is equal to 1.21 nm; b) peak at 2θ =
2.9°,which related to theMMT layers is correspond to3.04nm layer dis-
tances for nanocomposite layers. In comparison with clay, increased in
Fig. 1. The FT-IR spectra of the cyclodextrin, PVP, Cloisite 15A, CD-Clay and
nanocomposite.

Fig. 2. SEM images of (a) Cloisite 15A and (b) nanocomposite.
interlayer spacing is due to insertion of polymer chain between clay
layers [61,62].

3.2. Adsorption analysis

To determine the amount of optimized R [63] and to find the maxi-
mum adsorption of naproxen on the adsorbent as a function of t, some
experiments were carried out. In this regard, 10 mg/l of naproxen
with different amounts of adsorbent was investigated at optimized pH
of 6 (Fig. 4, typically). R = 12.5 was chosen as the optimized level
with contact time of 120min and highest concentration of naproxen re-
moval, aswell. The optimized level of adsorbent/adsorbatewas selected
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for all the experiments. As shown in Fig. 4, according to the small
amounts of the used adsorbent (0.125 g), the minimum rate of
naproxen uptakewas in thefirst 5min, and after awhile, the adsorption
Table 2
Comparison of our developed nano-composite adsorbent performance with some recently rep

Adsorbent Adsorption conditions

Amberlite XAD-7 Initial concentration (25–75 ppm), adsorbent dose (1–
(80–240 rpm), pH (2–9) and temperature (20–60 °C)

Granular Activated Carbon
(GAC)

Initial concentration = 500 ng/l, adsorbent dose = 23 g a

Molecularly Imprinted
Polymer (MIP)

Initial concentration = 20 mg/l, adsorbent dose = 50
time = 10 min and pH = 4.6

Olive waste cakes Initial concentration (10 = mg/l), adsorbent dose = 0
pH = 4.12

Magnetic activated carbon
(M-AC)

Initial concentration = 10 mg/l adsorbent dose = 10 mg

Fe3O4 nanoparticles on
multi-walled carbon
nanotubes (MWCNTs)

Initial concentration =10 mg/l, adsorbent dose = 10 mg

MIL-100-Fe Initial concentration = 10 mg/l, adsorbent dose = 50 mg
time = 10 min–12 h and pH = 4.5

SBA-15 Initial concentration = 10 mg/l, T = 25 °C, low pH an
WA11Zn5 Initial concentration = 100 mg/l, adsorbent dose =0.1

time = 1 h and T = 25, 37, 50 °C
Functionalized nano-clay
composite

Initial concentration = 10 mg/l, adsorbent dose = 1 g
120 min, T = 25 °C and pH = 6
rate was considerably increased. At t = 120 min, it reached the lowest
amount of naproxen at an optimized level of adsorbent/pollutant of
R= 12.5. It shows that the amount of adsorbent in the solution should
be 12.5 times the adsorbent for the 10 mg/l naproxen to reach the low-
est amount of naproxen. According to this diagram, the optimized con-
tact time is 120 min. However, by increasing the time, the remaining
amount of naproxen would reduce, but the increase in time would
raise the costs of facilities and system steering. Also, Fig. 5 shows the
variation of the naproxen uptake on nanocomposite adsorbent versus
time at pH 6. As you can see, maximum uptake for nanocomposite
was obtained at 120 min and the removal of naproxen was increased
when the increased time. Therefore in this research, the optimized
time was considered as 120 min [63] according to the absent of any
standard defined for naproxen [64,65].

Performance of new nano-composite adsorbent was compared with
some other adsorbents previously reported for removal of naproxen in
Table 2.

3.2.1. The effect of pH and pHzpc

Since the solution's pH affects the surface charge of adsorbent and
ionization degree, the effect of solution's pH in the range of 5 to 9 on
the naproxen removal by the use of nano-composite adsorbent was
studied at room temperature. Fig. 6 shows the effect of pH on the ad-
sorption process of naproxen. Also, pHZPC, which important in the inter-
pretation of results related to pH, was determined as depicted in Fig. 7.
As shown, the increase of pH up to 6 increased the amount of naproxen
removal, and after that it is decreased. At pH 6, the removal efficiency
was obtained as 90%, so this pHwas used as the optimized pH in the ex-
periments. On the other hand, pH has a great effect on the equilibrium
constant (Ke). Therefore, it can be considered as comparative measure
of the efficiencies of different adsorbents. The amount of pH can be pro-
posed based on the type of the adsorbed compounds andmechanism of
the applied adsorbent.

3.2.2. The effect of adsorbent dose
Thedependence of naproxen adsorptionon the amount of adsorbent

was studied at the optimized pH (pH 6) which was investigated the
previous section. The results are presented in Fig. 8. From this figure it
is evident that at a constant initial naproxen concentration, the increase
of adsorbent dose increases the efficiency of naproxen adsorption.
Hence, by increasing the dose of adsorbent from 0.125 to 1 g/l, themax-
imum efficiency of adsorption is increased from 78.4 to 92.2% since en-
hancement of the adsorbent amount leads to increase in the adsorption
active sites on the adsorbentwhich are available for naproxen ions. Also,
orted adsorbents for removal of naproxen.

% removal Maximum adsorption capacities Reference

3 g/l), stirring rate 60% [66]

nd EBCT = 2.6 min 90% [67]

mg, extraction – 1.25 mg/g [68]

.3 g, T = 25 °C and 70.07% – [69]

, T = 293 K and pH 5 87.79% – [70]

, T = 293 K and pH 3 67.20% – [70]

, T = 25 °C, contact – 88 mg/g [71]

d neutral pH – 0.45 μmol/g and 0.69 μmol/g [72]
, pH 5.82, contact – 49.69, 49.75, 49.76 mg/g [73]

, contact time = 92.2% The present
study
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Fig. 8 shows that the increase of adsorbent amount results in a decrease
of the adsorption equilibrium time. This is because of two reasons: the
first reason is that increasing adsorbent's dose increases the collision
of adsorbate with the adsorbent particles. Consequently, the adsorption
rate increases and equilibrium time decreases. The second reason is that
by increasing the adsorbent dose (or decreasing the concentration of
solution), the second step of kinetic adsorption process (formation of
a boundary layer around the adsorbent which limits the adsorption)
becomes gradually ineffective, the adsorption rate increases, and the
equilibrium time decreases [74]. As can be seen from the results, this
adsorbent shows a high adsorption rate at initial contact time and it
was considered as a fast adsorbent so that for a typically sample with
1 g of adsorbent, 72% of naproxen was removed after t = 5 min (C0 =
10 mg/l).

3.2.3. The effect of initial concentration
The effect of C0 for removal of naproxen on the modified nanocom-

posite adsorbent is depicted in Fig. 9. The effect of different concentra-
tion of naproxen on the adsorption uptake quantities in different
times showed that the adsorption equilibrium capacity of the modified
nanocomposite increases for naproxen adsorption by increasing the ini-
tial concentration of naproxen. Also, the adsorption kinetic of naproxen
contains two steps: in the first one, naproxen adsorption takes place
quickly, and in the second step, the adsorption is slower and finally it
reaches the equilibrium point. The high rate of naproxen adsorption in
the first step is related to the presence of adsorption active sites on
the adsorbent which can adsorb the naproxenmolecules quickly. How-
ever, the number of these adsorption active sites gradually decreases
with increase in the adsorption time and the number of naproxen
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Fig. 7. Determination of pHZPC based on initial pH versus final pH.
molecules adsorbed on the adsorbent, as well [75]. As a result, the ad-
sorption rate significantly decreases and leads to beginning of the sec-
ond step of adsorption. Furthermore, it is noteworthy that the
adsorption active sites are placed on the surface and interior part of
the adsorbent. So, at the beginning of the adsorption process, all these
sites are ready for adsorption but surface sites are easily available for
naproxen molecules and have more chance to have contact with
naproxen ions. Therefore, this increases the adsorption rate, but gradu-
ally, through the saturation of surface and external sites, the adsorption
continues via the internal adsorption sites and it causes the slow rate of
adsorption. However, it does not mean that at the beginning of the ad-
sorption process, the deeper sites of adsorbent are not involved in the
adsorption. In fact, all sites are involved in the adsorption process but
in the first phase, the adsorption rate is controlled by the surface sites
of adsorbent. Also, increase in the adsorption capacity by enhancing
the naproxen concentration is due to the collision of naproxen mole-
cules with the adsorbent surface [76].

3.3. Adsorption isotherms

Adsorption isotherm is one of the significant factors in the design of
adsorption process. In fact, adsorption isothermexplains how the adsor-
bent and adsorbate substance interact with each other. So, it is consid-
ered as a main factor for the determination of adsorbent capacity and
optimizing the use of adsorbent. Therefore, the isotherm can provide
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some information on the maximum capacity of adsorbent for naproxen
adsorption which is useful in the design of adsorption processes. In this
study, the adsorption behavior of naproxen on the nanocomposite, in
different concentrations of naproxen was studied. Nine isotherms
were used for the explanation of adsorbent ability in the experiments.
Fig. 10 shows a typical adsorption isotherm in a specified condition. As
seen, the equilibrium adsorption uptake on the adsorbent increases sig-
nificantly by increasing the naproxen concentration. This indicates that
the adsorption on the adsorbent is a diffusion process [17]. By increasing
C0, the equilibrium adsorption uptake of the adsorbent was increased.
Hence, the adsorption caused by mass transfer increases with increase
in the C0 [63]. As shown in Fig. 10, the adsorption capacity of naproxen
tends to a constant trendwhich shows that all active sites on the adsor-
bent are completely filled with naproxen.

For extract isotherm model parameters, we use a nonlinear regres-
sion program for fitting data. The obtained fitting data as well as iso-
therm equations are summarized in Table 3. Also, the graphical
representations of some models are presented in Fig. 11.
Table 3
Isotherm parameters for various common adsorption isotherms for the adsorption of
naproxen onto nanocomposite adsorbent.

Isoterm model Constants Parameter values

Langmuir qm (mg/g) 0.8689
kL 45.9352

Froundlich kF 1.0410
1/n 0.2155

Tempkin β (j/mol) 1.1689
kTe 0.0765

Fritz–Schlunder qmFSS (mg/g) 49.4346
kFS 1.0411
mFS 0.7845

Redlich-peterson (P-R) KR 8.2890 × 107

αΡ 7.9617 × 107

β 0.7845
Radke–Prausnitz (R-P) qMRP(mg/g) 0.0862

kRP 1.05433 × 105

mRP 0.7846
Sips qm (mg/g) 23.1575

1/n 0.2217
ks 0.0469

Toth qm (mg/g) 1.0410
kT0 7.8814
mT 0.3682

Khan qm (mg/g) 0.0862
bK 1.05431 × 105

n/k 0.7846
3.4. Adsorption kinetics

The kinetics of adsorption is important for better understanding of
the adsorption dynamic of adsorbate. Thus, kinetic parameters play a
significant role in the design and modeling of the adsorption process,
and as anticipant's models, they can provide some information on the
number of molecules adsorbed during the adsorption process. This
information can be used to design big systems. Experimental data of
the adsorption kinetic of naproxen on the nanocomposite adsorbent
was calculated using Eq. (2). In this work, four kinetic models i.e.
pseudo-first-order [45], pseudo-second-order [52], Ellovich [55] and
Intraparticle diffusion models [58] were used.

All the parameters obtained by kineticmodels are presented in Table
4. Fig. 12 illustrates the comparison of experimental points with the
fitted data. Among these four different models, it was indicated that
Ellovich model showed good consistency with experimental data.
3.5. Non-linear error function analysis

Eight error functions including: residual root mean square error
(RMSE), the coefficient of determination (R2), correlation coefficient
(r), the sum of the square of the error (SSE), the sum of the absolute
error (SAE), average relative error (ARE), nonlinear chi-square (χ2)
and the average relative standard error (ARS) were used to verify the
model for the adsorption system. All of the error function equations
are listed in Table 5.
Table 4
Different kinetic models were obtained by the value of parameters.

Kinetic models Parameters Value

Pseudo-first-order k1 0.0835
qe1 27.4376
r2 0.9385

Pseudo-second-order k2 0.0037
qe2 30.6458
r2 0.9777

Elovich α 11.2740
β 0.1849
r2 0.9944

Intra-particle diffusion kad 2.4440
Ci 5.9860
r2 0.8950
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Table 6 shows the results of error functions for different isotherms.
In each condition, the best curve fitting is corresponding to the lower
error function value. According to the results in Table 6 and comparing
error functions of the adsorption isotherms, the highest correlation and
the lowest error were achieved for Froundlich, Fritz–Schlunder,
Redlich-peterson, Radke–Prausnitz, Sip, Toth and Khan isotherms
which indicates that these models are the best fitted models for exper-
imental data of naproxen adsorption on the adsorbent.
4. Conclusion

In this research, the functionalized nanocomposite was used as a
strong adsorbent for the removal of naproxen from the aqueous
Table 5
Error functions to evaluate the fit of the nonlinear equation.

Error functions Equation

Residual root mean square error (RMSE) RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n−2∑
n
i¼1 ðYexp−YcalÞ2

q

The coefficient of determination (R2)
R2 ¼ ðYexp−YcalÞ

2

∑n
i¼1 ðYexp−YcalÞ

2þðYexp−YcalÞ2

The sum of the square of the error (SSE) SSE ¼ ∑n
i¼1 ðYexp−YcalÞ2

The sum of the absolute error (SAE) SAE ¼ ∑n
i¼1 jYcal−Yexp ji

Average relative error (ARE) ARE ¼ 1
n∑

n
i¼1 j Ycal−Yexp

Yexp
j

The average relative standard error (ARS)
ARS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 ðYcal−Yexp=YexpÞ2
n−1

q

Nonlinear chi-square (χ2) χ 2 ¼ ∑n
i¼1

ðYcal−Yexp Þ2
Yexp

The Correlation coefficient (r)
r ¼ nð∑xyÞ−ð∑xÞð∑yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½n∑x2−ð∑x
q

Þ2 �½n∑y2−ð∑yÞ2�

Table 6
Isotherms error function data related to naproxen onto nanocomposite adsorbent.

Isoterm model SSE SAE ARE

Langmuir 0.1830 1.1258 4.8072
Froundlich 0.1657 0.7178 4.1092
Tempkin 6.0020 5.0887 46.7747
Fritz–Schlunder 0.1432 0.7188 3.1604
Redlich-peterson (P-R) 0.1432 0.7188 4.1104
Radke–Prausnitz (R-P) 0.1432 0.7188 3.1606
Sips 0.1433 0.7202 4.1132
Toth 0.1432 0.7188 4.1103
Khan 0.1432 0.7190 4.1108
solutions. First, adsorbent was provided and synthesized. Then, the be-
havior of this adsorbent was investigated using different parameters
such as the effect of contact time, different concentrations of naproxen,
the amount of adsorbent and pH. The highest efficiency of naproxen re-
movalwas obtained by this adsorbent at pH 6. Also, itwas indicated that
by increasing the initial concentration of naproxen, contact time and the
amount of adsorbent, the efficiency of adsorption process was in-
creased. Based on the experimental results, optimum values of adsor-
bent dosage, contact time, initial naproxen concentration and pH were
evaluated as 1 g, 120 min, 10 mg/l and 6, respectively. Also, the maxi-
mum efficiency of adsorption was achieved 92.2%. Experimental data
were fitted using nine different isotherms. The results showed that the
experimental data were well fitted with all were chosen isotherms ex-
cept Langmuir and Tempkin, and maximum adsorption capacity was
obtained approximately 1.1 mg/g of adsorbent. The positive effect of in-
creasing the initial naproxen concentration on the removal efficiency
was proved by Ellovich kinetic model. Generally, the results obtained
from this research showed that this adsorbent has a great ability for
the removal of naproxen from aqueous solutions.
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