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Abstract The functionalized nano-clay composite

adsorbent was prepared, and its properties were charac-

terized using FT-IR, XRD and SEM techniques. The

synthesized nano-clay composite was studied with regard

to its capacity to remove ibuprofen under different

adsorption conditions such as varying pH levels (5–9),

initial ibuprofen concentrations (3, 5 and 10 mg L-1),

contact time, and the amount of adsorbent (0.125, 0.25,

0.5 and 1 g). In order to evaluate the nanocomposite

adsorption capacity, the adsorption results were assessed

using nine isotherm models. The results showed that the

optimum adsorption pH was 6 and that an increase or

decrease in the pH reduced the adsorption capacity. The

adsorption process was fast and reached equilibrium

after 120 min. The maximum efficacy of ibuprofen

removal was approximately 95.2%, with 1 g of adsor-

bent, 10 mg L-1 initial concentration of ibuprofen,

120 min contact time and pH = 6. The optimal adsorp-

tion isotherm models were the Freundlich, Fritz–Sch-

lunder, Redlich–Peterson, Radke–Prausnitz, Sip, Toth

and Khan models. In addition, four adsorption kinetic

models were employed for adsorption system evaluation

under a variety of experimental conditions. The kinetic

data illustrated that the process is very fast, and the

reaction followed the Elovich kinetic model. Therefore,

this nano-clay composite can be used as an effective

adsorbent for the removal of ibuprofen from aqueous

solutions, such as water and wastewater.
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models � Error functions

Introduction

Ibuprofen is a common nonsteroidal anti-inflammatory

agent, which acts via the inhibition of prostaglandin and

is used in the treatment of pain and fever (Caldwell et al.

2015; Petrie et al. 2015; Söderström et al. 2009). There

are numerous concerns with regard to the indiscriminate

use of anti-inflammatory agents, and their contamination

of water, as they are not completely metabolized, and

enter the environment through wastewater treatment

facilities (Klavarioti et al. 2009; Birch et al. 2015). One

particular study showed that 85% of ingested ibuprofen

is excreted via urine (Rainsford 2009; Kolpin et al.

2002) reported that in 9.5% of streams examined in the

USA, the amount of ibuprofen present was approxi-

mately 0.018–1.0 lg L-1. Further, Heberer (2002),

found around 0.22 lg L-1 of ibuprofen in sewage
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effluents. In another study, Richardson and Ternes

reported the presence of 0.90–2.11 lg L-1 ibuprofen in

raw water and recycled resources (Richardson and Ter-

nes 2014).

Ibuprofen, which metabolizes as hydroxyl and car-

boxy-ibuprofen in aqueous solutions, has an accumula-

tive effect and results in great changes in the ecosystem

(Nikolaou et al. 2007; Mompelat et al. 2009). In addi-

tion, the presence of ibuprofen in the environment and

its effects on the organisms in aquatic ecosystems are the

cause of some concern. As a result, the removal of this

contaminant from sewage is essential. Since

conventional wastewater treatment processes remove

only 30–40% of drugs, advanced treatment systems

should be used for this task (Deblondea et al. 2011).

Several method and technologies were used for removal

of pharmaceuticals from environments including sedi-

mentation, advanced oxidation processes (AOP), photo-

catalytic degradation and adsorption (Yan et al. 2013;

Dong et al. 2013; Feng et al. 2013; Fernández et al.

2014; Mahvi et al. 2008; Kakavand et al. 2014 ; Zazouli

et al. 2014).

Tertiary or advanced wastewater treatment systems

must be used to eliminate these drugs from wastewater.

Scheme 1 Preparation procedure for fabricating of b-CD/ APTS/ PVP bonded to nano Cloisite 15A
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Studies indicate that tertiary treatment including physical

treatment by microfiltration (MF), nanofiltration (NF) and

reverse osmosis (RO) can be effective in reducing these

drugs (Rostamian et al. 2011; Shu et al. 2016). Adsorp-

tion is one of the most promising techniques among the

advanced treatment techniques used in eliminating and

destroying nonsteroidal anti-inflammatory drugs

(NSAIDs) such as ibuprofen from aqueous solutions

(Rafati et al. 2010).

Recently, surface functionalization of clays has garnered

intense interest for use as solid supports due to its large

surface area; fast adsorption kinetics and controllable pore

size and pore arrangement in comparison with other con-

ventional adsorbents. Although modified nano-clay has

several advantages over simple clay adsorbents, it seems to

be less suitable for some processes in water treatment such

as column methods, due to smaller interlayer distances and

inclusion complex formation abilities.

The aims of the present study were: (i) synthesize a

functionalized nano-clay composite adsorbent; (ii) inves-

tigate the efficacy of a prepared nanocomposite for removal

of ibuprofen from aqueous solutions in a batch system, as

well as to evaluate the effects of pH, adsorbent dose,

contact time and initial ibuprofen concentration; and (iii)

examine equilibrium isotherm and kinetic modeling of the

ibuprofen adsorption process.

Materials and methods

Materials

Cloisite 15A from Neutrinos Co., ibuprofen pure from

pharmaceutical company Alborz bulk (Iran) as a gift and

all other regent and chemicals from Merck (Germany) with

analytical grade were prepared. All chemicals were used

without further purification. The standard solution of

ibuprofen was prepared by dissolving certain amounts of

pure ibuprofen in double distilled water. All diluted solu-

tions (3, 5 and 10 mg L-1) were prepared from the stock

solution by dilution.

Methods

Preparation of adsorbent

Amino-functionalized nano-clay was prepared according to

the method described by Najafi et al. (2012) and Whilton

et al. (1998) with minor modifications. Briefly, 0.5 g of

Cloisite 15A, 2.5 mol of 3-aminopropyltriethoxysilane

(APTS) and 25 ml of toluene were refluxed for a minimum

of 2 h. After that, the white slurry obtained was stirred

overnight, and then the precipitate was collected by cen-

trifugation. The precipitate was washed thoroughly with

distilled water several times and dried in an air oven at

150 �C for 2 h.

Also, mono-tosyl b-cyclodextrin (b-CD) was prepared

by the method reported in the literature (Tripodo et al.

2013). Eighteen grams of b-CD was dissolved in 100 ml of

dry pyridine, and then 2.5 g of p-toluenesulfonyl chloride

(12 mmol) was added to the solution. The reaction mixture

was refluxed at 2–4� for 8 h and then kept at room tem-

perature for 2 days. The product (mono-tosyl b-CD) was

separated by precipitation in diethyl ether and drying in a

vacuum oven. Afterward, the resulting white precipitate

was washed with acetone and then dried under vacuum

conditions at 60 �C.

For functionalization of nano-clay with b-CD, a solution

of 0.25 g of Ts-b-CD in 10 ml DMF was mixed with a

suspension of 2 g amino-functionalized nano-clay in 50 ml

dimethyl formamide (DMF). The mixture was stirred for

7 h under nitrogen atmosphere. Afterward, the solution was

filtered and washed with acetone and DMF in order to

remove any unreacted compound, and then dried in air
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Fig. 1 FT-IR spectra of the cyclodextrin, PVP, Cloisite 15A, CD-

Clay and nanocomposite
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oven at 60 �C for 24 h in order to remove the additional

solvent.

Finally, the adsorbent was prepared by dropwise adding

a suspension containing 0.5 g of CD@Clay in 15 ml of

toluene to the solution of 0.05 g of PVP in 15 ml toluene

assisted by ultrasonication for 1 h. The resulting mixture

was kept at room temperature for 1 day. The obtained

compound was washed with toluene three times and dried

overnight in an oven at 60 �C. The designed synthesis

strategy is presented in Scheme 1.

Adsorbent characterization

FT-IR spectra of each fabricated materials were conducted

on a Perkin–Elmer FT-IR spectrophotometer (model

Spectrum GX). A KBr pellet was used for analysis. The

spectra were recorded with width ranging from 400 to

4000 cm-1. Scanning electron microscopy (SEM) analysis

was carried out using a MIRA3 TESCAN HV: 20.0 kV

from the Czech Republic. X-ray diffraction (XRD) patterns

were recorded on XRD spectrometer; ITAL structures

model APD2000, using Cu Ka radiation at a scanning

speed of 3� min-1 over 2 h from 0� to 60�.

Batch adsorption study

In this research, the functionalized nano-clay composite

adsorbent was prepared and used for removal of ibuprofen

in the batch system study at different conditions such as

the effects of pH (5–9), initial concentration of ibuprofen

(3, 5 and 10 mg L-1), contact time (5–120 min) and

various amounts of adsorbent (0.125, 0.25, 0.5 and 1 g).

All experiments were performed at room temperature.

The final ibuprofen concentration in the effluent was

determined by the UV–Vis spectrophotometric method

using UV–Vis spectrophotometer (PG-Instruments Ltd) at

225 nm. Finally, the kinetic models, adsorption isotherms

and nonlinear error function analysis were performed. We

analyzed laboratory and instrumental blanks throughout

the experiment and found that there was no sign of

interference or contamination in the samples. Spiked

matrixes recoveries were computed, and they were greater

than 90%.

The ibuprofen removal percentage was obtained by the

following equation:

%R ¼ Ca

C0

� 100 ð1Þ

where Ca and C0 are the amount of adsorbed (the difference

between ibuprofen concentration before and after sorption)

and the initial concentration of ibuprofen, respectively.

The ibuprofen adsorption uptake of nanocomposite

adsorbent (qt) was calculated from the following equation:

qt ¼
C0 � Ctð ÞV

m
ð2Þ

where C0 and Ct are the initial concentration and concen-

tration at a time of (t) of ibuprofen in terms of mg L-1,

respectively. Also, V is the volume of the solution (L) and

m is the amount of adsorbent (g).

Fig. 2 SEM images of Cloisite 15A (a), nanocomposite (b)
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Adsorption isotherm models were applied for data

analysis by using nine chosen models. Also, the data were

fitted to some kinetic models such as pseudo-first-order

(PFO), pseudo-second-order (PSO), Elovich and intra-

particle models. Finally, error function analysis was

investigated for the best fitting of experimental data.

Result and discussion

Characterization of CD@Clay-PVP

The FT-IR spectra of the clay (a), amino-functionalized clay

(b), CD-Clay (c), PVP (d) and CD@Clay-PVP (e) were

recorded between 400 and 4000 cm-1 as shown in Fig. 1. The

nanocomposite (CD@Clay-PVP) IR spectrum showed bands

which could be recognized on b-CD, PVP and Cloisite 15A

spectra. For example, the band at 1058 cm-1 on Cloisite 15A

(Si–O stretching vibration) was absent on b-CD and PVP

spectrum but present on nanocomposite. Cloisite 15A clay

silylated resulting from Si–O group has a distinctive peak in

1058, 529, and 467 cm-1. The peaks at 1696 cm-1 (C=O

stretching vibration) on PVP are not seen on clay and b-CD,

but are present in the nanocomposite. Further, clay has an IR

peak at 3645 cm-1 which is related to the free O–H group. The

peaks at 2932 and 2861 cm-1 are as a result of the existence of

organic modifying alkyl chain in clay. Meanwhile, the

nanocomposite has the following IR peaks: characteristic

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.

The SEM images in Fig. 2 confirm that the surface

morphologies of final adsorbent are different in comparing

with precursor materials. The greater interlayer spaces can

be seen in Fig. 2b suggesting the filling of polymer among

the layers of nano-clay.
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The wide-angle X-ray diffraction patterns of nano-

powder clay and CD@Clay-PVP are demonstrated in

Fig. 3. The characteristic peaks at 2h = 7.3� and 2.9� are

attributed to the clay crystal structure, and the distance of

layer clay is equal to 1.21 nm. From the XRD patterns of

adsorbent, it can be seen that the distance of clay layer was

increased to 3.04 due to intercalation of PVP between clay

layers. Also, the adsorbent, CD@Clay-PVP showed a peak

shift toward the refraction angle (2h) which is lower than

that of pure Cloisite 15A, implying an increased interlayer

distance of silicate layers and filling between layers out of

polymer chains.

Batch adsorption study

Effect of pH

The effect of pH on the adsorption efficiency was studied

by changing the initial pH (5–9). The amount of adsorbent

dose was selected at 0.01 g, the initial concentration of

ibuprofen 3 mg L-1 and the contact time 120 min. Fig-

ure 4a shows the results of the effects of pH on the

adsorption efficiency. It can be observed that the adsorption

efficiency passes through a maximum at pH = 6 by vary-

ing the pH from 5 to 9. Also the removal percentage was

decreased from 90% (at pH = 6) to 66% (at pH = 9). It is

well known that the pH has an effect on the electrical

charge of adsorbent’s surface, and by decreasing pH, the

ibuprofen removal increases due to the interaction between

the surface charge of adsorbent and ionic charge of

ibuprofen molecules (Sari and Tuzen 2009). According to

the earlier studies, the most removal percentage of pollu-

tants by adsorbents takes place under acidic condition

(Chen et al. 2002).

Effect of contact time

The effect of time on the adsorption efficiency was studied

by changing the contact time from 5 to 120 min at pH 6.

The adsorbent dose and the initial concentration of

Table 1 Isotherm parameters

of various common adsorption

isotherms for the adsorption of

ibuprofen onto nano-clay

composite adsorbent at 25.0 �C

Isotherm model Equation Constants Parameter values

Langmuir qe ¼ qmkLce

1þkLce

qm (mg/g) 0.8567

kL 44.8547

Freundlich
qe ¼ kFC

1=n
e

kF 1.0441

1/n 0.2234

Tempkin qe ¼ RT
bT

� �
lnðkTCeÞ b (j/mol) 1.1732

kTe 0.0773

Fritz–Schlunder qe ¼ qmFSkFSCe

1þqmCmFS
e

qmFSS (mg/g) 1.3072

kFS 1.0230

mFS 0.7817

Redlich–Peterson (P–R) qe ¼ qmRMPIkRPICe

ð1þkRPICeÞmRPI
kR 1.4037

aP 1.3721

b 0.7817

Radke–Prausnitz (R–P) qe ¼ kCe= 1 þ aRC
b
e

� �
qMRP (mg/g) 0.0808

kRP 1.1268

mRP 0.7818

Sips qe ¼ qmkC
1
n
e=ð1 þ kC

1
n
eÞ qm (mg/g) 22.2461

1/n 0.2247

ks 0.0481

Toth qe ¼ qmT Ce

1=kT
þC

mT
e

� �1=mT

qm (mg/g) 1.0235

kT0 2.6 351

mT 0.2853

khan qe ¼ qm
bKCe

ð1þbKCeÞn=k
qm (mg/g) 0.0807

bK 1.1269

n/k 0.7818
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ibuprofen were selected at 0.125 g and 10 mg L-1,

respectively. Figure 4b depicts the effect of contact time on

the removal efficiency. As illustrated in this figure, the

ibuprofen removal percentage was increased from 36.7 to

84.4% with increasing the contact time from 5 to 120 min.

By increasing the contact time, the curve becomes closer to

the equilibrium state. This curve shows a slow slope that it

can be due to filling pores on the adsorbent by ibuprofen

(Dönmez and Aksu 2002). In fact, the nature of adsorption

in the initial step is the adsorption on the surface binding
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Table 2 Comparison of our developed nanocomposite adsorbent performance with some reported adsorbents

Adsorbate Adsorbent % Removal References

Anti-inflammatory drugs (NSAIDs) Natural clay 7.04 Khazri et al. (2016)

Molecularly imprinted Polymer (MIP) 69 Madikizela and Chimuka (2016)

Octolig� 80 Martin et al. (2016)

Olive waste cakes 70.07 Baccar et al. (2012)

Functionalized nano-clay composite 94.5 The present study
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sites, while the adsorption occurred in internal and pore

sites with adsorption progress. This process was continuing

until the saturation of adsorbent (nano-clay composite)

(Razmovski and Sciban 2008).

Effect of initial concentration

The effect of initial concentration on the adsorption effi-

ciency was investigated by changing the initial concentration

of ibuprofen (3, 5 and 10 mg L-1) at pH 6. The adsorbent

dose and the contact time of ibuprofen were selected at

0.25 g and 120 min, respectively. Figure 5a shows the effect

of initial concentration on the ibuprofen removal efficiency.

As illustrated in this figure, the ibuprofen removal is

increased by increasing the initial concentration. Therefore,

according to the obtained results, it is indicated that the

adsorption capacity of nano-clay composite adsorbent

depends on the initial concentration of ibuprofen. The initial

concentration is a considerable driving force for overcoming

all mass transfer resistance between aqueous and solid pha-

ses (Dönmez and Aksu 2002).

Effect of adsorbent dose

The effect of the amount of functionalized nano-clay

composite adsorbent on the adsorption efficiency in the

batch system was studied using 0.125, 0.25, 0.5 and 1 g of

functionalized nano-clay composite adsorbent at pH 6,

contact time 120 min and initial concentration of ibuprofen

10 mg L-1. Figure 5b illustrates this effect on the

ibuprofen removal efficiency. As can be seen from Fig. 5b,

increasing the amount of adsorbent from 0.125 to 1 g

increases the ibuprofen removal efficiency from 84.38 to

95.2%. This behavior can be explained based on the

increases of adsorption sites and surface area of the

adsorbent with increasing of adsorbent dosage (Bayra-

moglu et al. 2009). In lower amounts of adsorbent, the

adsorbent’s surface is quickly saturated with ibuprofen

molecules and the amount of ibuprofen remained in the

solution is high. Since the increasing of adsorbent dose

raises available surface area, so the adsorption of ibuprofen

molecules was increased (Razmovski and Sciban 2008). At

the amount of 0.125 g of adsorbent dose, the removal is

Table 3 Value of four different

kinetic models for adsorption of

ibuprofen onto nano-clay

composite

Kinetic models Equation Parameters Value

Pseudo-first-order (PFO) ln qe � qtð Þ ¼ ln qe � k1t k1 0.1171

qe1 30.3990

R2 0.9093

Pseudo-second-order (PSO) t
qt
¼ 1

k2q2
e
þ t

qe
k2 0.0046

qe2 33.6510

R2 0.9621

Elovich qt ¼ ln aebe

be
þ 1

be
ln t a 24.2639

b 0.1883

R2 0.9921

Intraparticle Diffusion qt ¼ kpt
1=2 þ C kad 2.6831

Ci 7.7008

R2 0.8757

Table 4 Isotherm error

functions for the adsorption of

ibuprofen onto nano-clay

composite adsorbent

Isotherm model SSE SAE ARE ARS RMSE r v2 R2

Langmuir 0.1831 1.1275 4.8124 0.6439 0.6787 0.9025 0.7231 0.8143

Freundlich 0.1658 0.7249 4.1193 0.6326 0.2108 0.9241 0.6513 0.9525

Tempkin 6.0020 5.0904 46.7791 8.8615 9.3409 0.9370 56.3337 0.8747

Fritz–Schlunder 0.1433 0.7260 3.1705 0.6326 0.6668 0.9208 0.6514 0.9475

Redlich–Peterson (P–R) 0.1434 0.7260 4.1205 0.6326 0.6668 0.9208 0.6514 0.9475

Radke–Prausnitz (R–P) 0.1434 0.7260 3.1707 0.6326 0.6668 0.9208 0.6514 0.9475

Sips 0.1434 0.7273 4.1233 0.6326 0.6668 0.9208 0.6515 0.9469

Toth 0.1434 0.7260 4.1204 0.6326 0.6668 0.9210 0.6514 0.9473

khan 0.1434 0.7261 4.1209 0.6326 0.6668 0.9208 0.6514 0.9470

Int. J. Environ. Sci. Technol.

123



very low, and the equilibrium occurs quickly (Sari and

Tuzen 2009).

Equilibrium study

Adsorption isotherm is one of the fundamental tools for the

evaluation of the adsorption ability of an adsorbent. To

evaluate the performance of nanocomposite adsorbent,

batch adsorption studies were carried out to examine its

adsorption capacity for ibuprofen. Some isotherm models

are used to analyzing the experimental data and describe

the equilibrium in the adsorption process. In order to

describe the removal of ibuprofen by nanocomposite

adsorbent, the isotherms data were analyzed using nine

models which have been tabulated in Table 1.

Figure 6a shows the experimental equilibrium adsorp-

tion uptake data of the adsorbent as well as fitting curves

obtained from different isotherm models. According to the

results obtained from isotherm equations (Fig. 6a;

Table 1), it can be concluded that the equilibrium data of

ibuprofen adsorption process on the functionalized nano-

clay composite adsorbent follow the most studied

isotherms.

Our method of synthesis which is based on the inter-

calation of PVP and functionalization of clay surface with

b-CD can be improved and specify the adsorption process

in comparison with previous reported researches based on

clay adsorbent and some other adsorbents (Table 2).

Adsorption kinetic models

In the adsorption systems, several kinetic models have been

established in order to understand of the adsorption kinetics

of ibuprofen on clay nanocomposite. The common models

employed in this study are pseudo-first-order (PFO),

pseudo-second-order (PSO), Elovich and intraparticle dif-

fusion models that their equations have been shown in

Table 3. Also, Fig. 6b shows fitting curves derived from

four different models. As can be seen, the Elovich model is

the best model for fitting experimental data with the kinetic

model. All the parameters obtained by the kinetic models

are presented in Table 3.

Nonlinear error function analysis

In the adsorption systems, to verify models (kinetics or iso-

therms models), the model parameters were evaluated by

nonlinear regression method and the best fit can be selected

by an error function analysis. In the present research, 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 (v2) and the average relative

standard error (ARS) were used to measure the goodness of

fit. As we know, the smallest amount of error function shows

the best curve fitting. Table 4 illustrates the comparison of

errors for adsorption isotherms. As can be seen, the most

correlation and the smallest error were achieved for Fre-

undlich, Fritz–Schlunder, Redlich–Peterson, Radke–Praus-

nitz, Sip, Toth and khan models.

Conclusion

In this research, a functionalized nano-clay composite

adsorbent was used for the removal of ibuprofen from

aqueous solutions. Effective conditions for this process

were studied, and an optimum condition was obtained for

maximum efficiency of ibuprofen removal. The results

showed that ibuprofen removal rate increases via the

increase of initial ibuprofen concentration and the amount

of adsorbent. In addition, the maximum ibuprofen

adsorption capacity (1.1 mg/g) was obtained using 0.1 g of

adsorbent, a contact time of 120 min and a pH of 6. The

experimental data for the adsorption equilibrium were in

accordance with all isotherm models, with the exception of

the Tempkin and Langmuir models. Further, investigation

of the kinetic models of adsorption showed a high corre-

lation with the Elovich model. This study showed that the

adsorbent nano-clay composite has a high adsorption

capacity with regard to ibuprofen removal from aqueous

solution.
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