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Abstract

In this study, ibuprofen was removed using a strong nano-clay-composite based on cloisite 15A, PVP and 3-cyclodextrin
(CD@clay-PVP) adsorbent through a fixed-bed column system. Chemically modified nano-clay was characterized by using
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and XRD. Different input situations were
evaluated and included adsorbent bed height, initial concentrations, and the impact of the flow rate on the adsorbent. The various
mathematical models employed to predict the breakthrough curve and model parameters include Thomas, bed-depth service time
(BDST), Yoon—Nelson, and Clark. The characteristics of parameters related to the models were obtained by linear and nonlinear
regression to design the process for the columns. Based on error analysis and adsorption conditions, all of the models are identical

in describing the adsorption fixed-bed columns.
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Introduction

Ibuprofen is a non-steroidal anti-inflammatory drug
(NSAIDs) used worldwide for treating pain, fever, and inflam-
mation and is on the World Health Organization (WHO) list of
essential medicines [1-3]. Developing countries consume sev-
eral hundred tons of ibuprofen per year. NSAIDs are pharma-
ceutically active compounds (PhACs), which are a major
source of pharmaceutical pollution in the aquatic environment
[4, 5]. These drugs cause irreversible changes in the genomes
of microorganisms, thereby increasing resistance [6, 7].
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Epidemiological studies suggest that insufficient evidence
available to predict the long-term ramifications of the syner-
gistic and metabolic effects of these pollutants in humans.
However, it is already established that their toxic effects in
the aquatic environment can adversely impact human health
[8, 9]. These compounds are dispersed into sewer systems
without modification in stool or urine [6, 7]. Therefore, mu-
nicipal or domestic wastewater contains a variety of these
materials [10, 11]. The manufacturing activities of the phar-
maceutical industry release significant amounts of pharma-
ceutical compounds into the environment (water, soil, and
air) [12]. According to Heberer [13], the extent of the occur-
rence (number of compounds and concentration) of PhACs in
water and wastewater has been investigated. The results
showed that, in most countries, more than 80 compounds
qualifying as PhACs are detectable up to the pg/l-level in
aquatic environment. When non-steroidal anti-inflammatory
drugs are administered in excessive doses, they result in the
formation of toxic metabolites by oxidative pathways and af-
ter oxidation they will produce toxins that are relatively un-
stable in aqueous media and are hydrolyzed into other toxins
[6, 11]. Therefore, these drugs must be removed (or, if that is
impossible, reduced in terms of concentration) from the aquat-
ic environment. Tertiary or advanced wastewater treatment
systems, including micro filtration (MF), nano-filtration
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Scheme 1 Structure of ibuprofen is a NSAIDs drug

(NF), reverse osmosis (RO), advanced oxidation processes
[14] and adsorption, must be used to remove these drugs from
water and wastewater [15-21].

Recently, the trend of using nanostructures and nano-
composites as adsorbents for the removal of pollutants from
the environment has been increasing.

Nanoclays contain small and irregular plates of nearly 1 m
width and 100 nm diameter. Enclosing a 750 m*/g of specific
surface causes the nanoclays to have manifold efficiencies with a
remarkable increase in the features compared with natural clay.
Different studies have, as yet, explored the application of clay or
nanoclay along with colanders, ceramic filters, clay pipes, or
earthen containers. The nanoclays with very small sizes have
been of desirable efficiencies in adsorption of both organic and
heavy metals [22]. Clay minerals have also been widely used as
adsorbents due to their low-cost, natural abundance, and envi-
ronmental friendliness. The cost of clays (0.04-0.12 US $ kg ")
are up to 20 times more cheaper than activated carbon (20-22.00
US $ kg ) [23]. In addition, clays exhibit a moderate specific
surface area [23, 24] and a high cation exchange capacity [25].

Scheme 2 Schematic procedure

CH,OH
4

In this study, a strong nano-clay-composite adsorbent was
used to remove ibuprofen from an aqueous solution. The aim
of this study is to investigate the effect of a new nano-clay-
composite for the removal of ibuprofen as measured by different
parameters including column bed height, initial concentration,
and flow rate. Finally, the fixed-bed column adsorption models
were analyzed using multiple mathematical models (Thomas,
bed-depth service time (BDST), Clark, Yoon—Nelson).

Materials and methods
Chemical material

Closite 15 A was purchased from Neutrino Co. (Iran), (3-
Cyclodextrine from Merck (Germany), 3-aminopropyl
triethoxysilane (APTS) and p-toluenesulfonyl chloride
(TsCl) from Sigma-Aldrich and all the other reagents were
analytical grade and used without further purification.
Ibuprofen with high purity was gift from Tehran Daru
(Iranian pharmaceutical company). The amount of ibuprofen
in each stage was measured using a UV-Vis spectrophotome-
ter (PG-Instruments Ltd.) at 225 nm [26] (Scheme 1 shows the
chemical structure of ibuprofen).

Preparation of adsorbent

Clay/3-CD/PVP nano-composite adsorbent (CCP) was syn-
thesized according to using Tan et al. method [27] with slight
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Scheme 3 Schematic of S
continues fixed bed column
process

<« Pyrex column

<—— Ibuprofen solution

Polyethylene ;
wool
( ) Adsorbent
Tbsulirofeu Peristaltic
Solution Pump Polyethylene

wool

Tbuprofen effluent

modification. Briefly, a Solution (3-CD was vigorously stirred ~ in order for the 3-CD to dissolve completely. Next, 2.5 g of
by adding 18 g of 3-CD (16 mmol) to 100 ml of dry pyridine  toluenesulfonyl chloride (12 mmol) was added to it. The

Fig. 1 The FT-IR spectra of the
cyclodextrin, PVP, cloisite 15A
and CCP
\a.nocomposxte 1696 cm™
2932- 2861 em®

= 1058 e

=

E

: ¥ W

2 Cloisite 15A i \

= 2932- 2861 em™

=

1058 e
2932- 2861 em™ \Mm
1696 em™
g CD 1696

4000 3500 3000 2500 2000 1500 1000 5C0

Wave number (cm™)

@ Springer



756

J Environ Health Sci Engineer (2019) 17:753-765

SEM HV: 30.0 kV |
View fleid: 11.8 pm
SEM MAG: 23,5 kx  Date{m/dly): 08/07/15

Fig. 2 SEM images of (a) Closite 15A and (b) CCP nanocomposite

reaction was then refluxed for 8 h at 2—4 °C and kept at room
temperature for 2 days. This solution was concentrated under
vacuum conditions and then poured into diethyl ether. Then it
was centrifuged and drained with distilled water several times.
It was then placed inside an oven under vacuum condition at
60 °C. The obtained solution was in the form of a white pre-
cipitate which was then collected.

For grafting of clay with 3-CD, 50 ml of dimethyl form-
amide (DMF) together with 2 g of Cloisite 15A were refluxed
inside a three-neck flask equipped with a condenser at room
temperature. Then, 0.25 g of 3-CD-OTs was added to 10 ml of
DMF and mixed with the initial mixture at pH = 7-8. The
temperature was then increased to 60 °C and next the reaction
was stirred by a magnetic stirrer for 7 h under nitrogen atmo-
sphere. The obtained product was next filtered and washed by
DMF and acetone for removing unreacted compounds. In

@ Springer

order to remove the residual solvent, it was dried inside a
drying cabinet for 24 h at 60 °C.

Following grafting, intercalation was done between the
layers by polyvinylpyrrolidone (PVP). A suspension of 0.5 g
of grafted clay with 3-CD in 15 ml of toluene was added
dropwise to a solution of containing 0.05 g of PVP and
15 ml of toluene through ultra-sonication for 1 h. The obtained
product was exposed to room temperature for one day, then
centrifuged and washed with toluene three times, and eventu-
ally dried at 60 °C for overnight (Scheme 2).

Fixed -bed column experiments

The pilot of fixed bed column was presented in
Scheme 3. Fixed- bed column with an inner diameter
of 1 cm and 30 cm in height were made of glass Pyrex.
In order to avoid the withdrawal of adsorbent column,
the Column was fixed by polyethylene wool. It was
necessary to set up a certain amount of adsorbent used
in the column of nano-adsorbent clay. Several distilled
water was passed to adsorbent packed in the column in
order to the removal of air trapped between adsorbent
particles. Then, ibuprofen solutions were continuously
fed downward into the column and the samples were
collected at different time and were analyzed by UV-
Vis spectrophotometer.

Effect of bed height

In order to measure effect of the bed height, nano adsorbent
clay was used in different amounts and was used in separate
columns. Adsorbent bed height was measured in columns 1.5,
2 and 2.5 cm, respectively. The initial solution of ibuprofen
with concentration of 3 mg/l was evaluated and was passed
separately to the column with a flow rate of 6 ml/min and
empty bed contact time (EBCT) =1.96 min. Effluent samples
of the column were collected and were analyzed.

Effect of flow rate

The effect of ibuprofen influent flow rate into the column, at
flow rates of 6 and 9 ml/min was measured with the initial
concentration of 3 mg/l, EBCT = 1.96 min and the adsorbent
rate of 1 g (bed height of 1.5 cm). At the end of the column,
samples were collected for analysis.

Effect of initial concentration

Ibuprofen stock solution was prepared and the concentrations
of 3, 5 and 10 mg/l were prepared from it. The performance of
fixed-bed column was measured for different input concentra-
tion of ibuprofen at Q =6 ml/min, EBCT =1.96 min, and
adsorbent rate of 1 g (bed height of 1.5 cm). Each
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Fig. 3 XRD patterns of Closite 400

15A and CCP nanocomposite
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concentration was established separately and at the end of the
column the samples were collected and kept for analysis.

Theoretical description of fixed bed column studies

The column behavior for adsorption of ibuprofen is expressed
as C./Cy (Copr and C are the concentration of column-
effluent ibuprofen and the initial concentration of column-
influent ibuprofen, respectively) against the flow time and is
accordingly plotted on the breakthrough curve [28].
Breakthrough time and the shape of breakthrough curve are
major factors that can effectively be used to determine the
efficiency of the adsorption column. The velocity and concen-
tration of the adsorbate are the factors involved in the shape a
fixed-bed column. The total adsorbed ibuprofen, ¢ (mg), in
the column for inlet concentration of Cy and the flow rate O
(ml/min) are obtained by integrating the plot of adsorbed con-
centration (C,,) versus the flow time according to Eq. (1):

t=lior

4 5 6 7 8 9 10
26 (degree)

The total amount of ibuprofen delivered to the column
system m,,,; (mg) is calculated from Eq. (2) [29]:

CO Veff
1000

(2)

Mot (Mg) =

In this equation C, and C, are the initial concentration of
ibuprofen and adsorbed concentration at time (¢) respectively
and C,q is equal to C,-C; and Vg is the output volume of the
column. Equilibrium adsorption capacity ¢, (mg/g) from the
rate of adsorbed ibuprofen per gram of adsorbent is calculated
according to Eq. (3):

Y
e (mg/e) = 7

3)

M is the gram of adsorbent was used in the fixed-bed column.
The removal percentage of ibuprofen as follow as Eq. (4):

q tot

QA Q R(%) = x 100 (4)
mg)=——=—— Cqdt 1
9:(™8) = T000 = 1000 (2o € M) Moo
Table 1 Parameters in fixed-bed column for ibuprofen adsorption
Parameters Co (mg/)  O(ml/ Hr(em) o (min)  mg (M) G (mg)  ge(mg/g)  Vewen R(%)  EBCT (min)
min)

Bed height 3 6 1.5 400.00 7.20 3.780 3.78 2400 52.50 1.96

3 6 2.0 433.33 7.80 5.295 3.53 2600 67.88 1.96

3 6 2.5 458.33 8.25 6.920 3.46 2750 83.87 1.96
Concentration 3 6 L5 400.00 7.20 3.780 3.78 2400 52.50 1.96

5 6 1.5 333.33 10.00 6.17 6.17 2000 61.70 1.96

10 6 L5 308.33 18.5 12.55 12.55 1850 67.83 1.96
Flow rate 3 6 1.5 400.00 7.20 3.780 3.78 2400 52.50 1.96

3 9 1.5 200.00 5.4 2.82 2.82 1800 52.22 1.30
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Fig. 4 Effect of different bed 19 0°% %00°
heights on the breakthrough curve
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respectively
0.6 -
>
)
~
)
0.4 -
@1.5cm
0.2 1 02 cm
02.5cm
00°
o
0 - 888° : , . . : : : .
0 50 100 150 200 250 300 350 400 450 500
Time (min)

Results and discussion
Characterization of CCP adsorbent

Scheme 2 represents the overall procedure used for syn-
thesis of nano-composite functionalized with 3-CD. The
FT-IR spectra related to (a), 3-CD (b), PVP (c) Cloisite
15A and (d) CCP are shown in Fig. 1. IR spectra nano-
composite (CCP) showed nano-composite bands that can
be detected on (3-CD, PVP, and Cloisite 15A spectra. For
example, the band emerged at 1058 cm ™' for cloisite 15A
(Si—O stretching vibration) does not exist on 3-CD and

1 -

PVP spectrum, but it was present on the nano-composite
spectrum. The silylated Cloisite 15A clay had specific
peaks at 1058 529, and 467 cm ' resulting from Si—O
group. The bands present at 1969 ¢cm ™' (C=O stretching
vibration) on PVP do not exist on clay and (3-CD, but
were presented on the nano-composite. Further, clay had
IR peak at 3645 cm ' corresponding to the O—H free
group. The Peaks at 2932 and 2861 cm ' are a result of
organic modifier alkyl chains in the clay. Meanwhile, the
nano-composite has the following IR peaks: Si—O (1058,
529, and 467 cm™') and CH, (2932, 2861 cm™') peaks
associated with polymer and clay, respectively.

Fig. 5 Effect of different
concentrations on the
breakthrough curve of ibuprofen.
Experimental and predicted
breakthrough curve data is 0.8 -
indicated by circles and lines,
respectively
0.6 -
DQ
AN
O
0.4 -
03 mg/l
0.2 4 05 mg/l
®10 mg/l
0 +o T T T T T T T T !
0 50 100 150 200 250 300 350 400 450
Time (min)

@ Springer



J Environ Health Sci Engineer (2019) 17:753-765 759
Fig. 6 Effect of different flow 14 . o®®
rates on the breakthrough curve of
ibuprofen. Experimental and
predicted breakthrough curve data
is indicated by circles and lines, 0.8 A
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The SEM method was used for investigating the surface mor-
phologies of the prepared samples. The surface morphology of
the clay nano-powder and functionalized clay nano-composite
fabricated by PVP (CCP) are shown in Fig. 2. The SEM images
related to the fabricated nano-composite (CCP) in Fig. 2b indi-
cates different surface morphologies when compared with surface
morphologies of clay nano-powder (Fig. 2a). It is observed that
the spaces of the internal layers have grown in Fig. 2b, suggesting
saturation of polymer nanoparticles between clay layers.

XRD patterns of clay nano-powder and clay nano-
composite with PVP are revealed in Fig. 3. The specific char-
acteristics of these patterns include: (a) clay nano-powder has
a peak at 20 =7.3°, corresponding to the crystallographic
plane (001) of its crystal structure, with the Layer distance
of clay being around 1.21 nm. (b) A peak at 20 =2.9° which
corresponds to the MMT distance layer of 3.04 nm. In com-
parison with cloisite 15A, CCP represents higher interlayer
distances suggesting that the polymer has successfully pene-
trated into MMT’s layers.

The CCP composite indicated a variation in peak towards a
lower refraction angle (20) of the pure cloisite 15A, suggest-
ing increased interlayer space of silicate layers and diffusion
of polymer chains between clay layers. The reduction in the
peak intensity is attributed to the lower amount of clay in the
composite relative to the pure nano-clay. Various researchers
have reported altered peaks from a higher refraction angle to
lower angles [30, 31].

Fixed bed column studies

The fixed bed column system is expressed by breakthrough
curve. The behavior of column for adsorption of ibuprofen is

100 150 200 250 300 350 400 450
Time (min)

provided as C.i/Cy against the flow time (t). Then, by using
mathematical theories of the column system, the data obtained
were applied. The total removal of column ibuprofen and
related parameters are presented in Table 1.

Effect of bed height

Breakthrough curves of ibuprofen adsorption on the adsorbent
at different bed heights (1.5, 2 and 2.5 cm) were evaluated
(flow rate=mL min~', EBCT = 1.96 min and influent ibupro-
fen concentration =mg L") (Fig. 4). According to Fig. 4, the
breakthrough time was increased by increasing the bed height.
Table 1 represents the parameters in fixed-bed column for
ibuprofen adsorption by adsorbent. As shown in Table 1,
bed height strongly influenced on the adsorption of the ibu-
profen uptake capacity of 3.78, 3.53 and 3.46 mg/g, was ob-
tained at 1.5, 2 and 2.5 cm, respectively. Also, the results
showed that the breakthrough time increased from 400 min
to 458 min, with increasing bed height from 1.5 to 2.5 cm.

Table 2 Predicting adsorption models for Breakthrough curve

Breakthrough curve Model Equation

_ (NoHT\_( 1 o
BDST (= () () m(21)

o _ [ kmgoM \ _ (kmcoVey
Thomas ln(c‘: 1) - (—QO ) (—Q ) ©6)
Yoon —Nelson In%- = kynt=Thyy (7)
L

c 1 "

Clark = () ®
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Table 3 BDST parameters at different conditions for the adsorption of ibuprofen

Parameters C, (mg/L) Hr (cm) O (mL/min) ko (L mg ™" min™ ") Np (mg L™ U (cm min ") R?

Bed height 3 1.5 6 0.005625 2328.624 6.18 0.9980
3 2.0 6 0.006084 2125332 6.18 0.9929
3 2.5 6 0.006553 1788.294 6.18 0.9653

Concentration 3 1.5 6 0.005625 2328.624 6.18 0.9980
5 1.5 6 0.003609 2969.966 6.18 0.9974
10 1.5 6 0.001719 3682.868 6.18 0.9941

Flow rate 3 1.5 6 0.005625 2328.624 6.18 0.9980
3 1.5 9 0.00083 1536.541 8.08 0.9920

When the bed height of the adsorbent was increased, bind-
ing sites were provided for the attachment of ibuprofen mol-
ecules for adsorption [32]. Also, with the bed height increased,
effluent volume (V) is increased that due to the more contact
time [33]. The slope of the breakthrough curve was reduced
based on the increasing bed height due to the expansion of the
mass-transfer zone [34-36].

Effect of initial concentration

Function of adsorption column was investigated for various
input concentrations of ibuprofen (3, 5 and 10 mg/l) in flow
rate of 6 ml/min and bed height of 1.5 cm. Equilibrium uptake
of ibuprofen was increased with increasing initial concentra-
tions (Table 1). Breakthrough time decreased by increasing
the initial concentration of ibuprofen according to data pre-
sented in Table 1 and Fig. 5 due to rapid saturation of bed,
since adsorbent particles are exposed to higher levels of
adsorbed materials; sharper breakthrough curves were ob-
served with increasing concentration, indicating smaller mass
transfer zone and higher adsorption rate [37].

Effect of flow rate

The effect of flow rate of flow rates on the breakthrough
curves were studied by flow rates of 6 and 9 ml/min. The
breakthrough curves at different flow rates of ibuprofen are
presented in Fig. 6. As shown in Fig. 6, with the flow rate
increased the breakthrough curve became faster. In all cases, a
feed solution having an initial ibuprofen concentration of
3 mg/L was passed through a fixed bed of depth 1.5 cm. As
the flow rate was increased from 6 to 9 mL/min, the EBCT
decreased from 1.96 to 1.3 min and the breakthrough time was
decreased from 400 to 200 min (Table 1).

With increasing flow rates decreasing the breakthrough
time because the adsorbent is saturated and ions have a lower
level of contact time with adsorbent. The amount of total
ibuprofen uptake (g.) decreased from 3.78 to 2.82 mg/g as
flow rate increased from 6 to 9 mL/min.

Adsorption modeling

Prediction of the breakthrough curve for the effluent need to
design of a column adsorption process [38]. In order to

Fig. 7 Times of breakthroughs 160 -
with respect to bed height
according to the BDST model 140 -
*
120 m
z
é 100 -
g
= 80 -
D
k> _
Zz 60 - * @ C/C0=0.1
D
@
40 - u BC/C0=0.08
20 4 A CIC0=0.05
0 T T T T T T T ]
1 1.2 14 1.6 1.8 2 2.2 24 2.6
Hp(cm)
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Table 4 Regression analysis of service time versus bed height for determination of the minimum bed height corresponding to time =0 (Ho)
C/ Regression equation Ny ko H, R?
G
0.05 t=77.45 Hr - 97.192 1435.923 0.02260 1.2549 0.9511
0.08 t=73.236 Hr — 68.158 1357.795 0.03993 0.8350 0.9465
0.10 t=71.179 Hr —43.566 1319.659 0.06758 0.6120 0.9439
Table 5 Thomas model
parameters at different conditions Parameters Co (mg/L) Hr (cm) O (mL/min) krn (mL/min mg) qo (mg/g) R
for the adsorption of ibuprofen
Bed height 3 1.5 6 5.60 2.330 0.9977
3 2.0 6 4.60 2.830 0.9840
3 2.5 6 4.40 3.340 0.9740
Concentration 3 1.5 6 5.60 2.330 0.9977
5 1.5 6 3.840 3.936 0.9963
10 1.5 6 1.740 5.497 0.9939
Flow rate 3 1.5 6 5.60 2.330 0.9977
3 1.5 9 8.40 1.561 0.9963
Table 6 Yoon—Nelson
parameters at different conditions Parameters Cy (mg/L) Hr (cm) Q (mL/min) kyn (min™h) 7 (min) R
for the adsorption of ibuprofen
Bed height 3 1.5 6 0.0166 187.95 0.9985
3 2.0 6 0.0150 236.53 0.9849
3 25 6 0.0149 266.33 0.991
Concentration 3 1.5 6 0.0166 187.95 0.9985
5 1.5 6 0.0176 128.55 0.9962
10 1.5 6 0.0180 91.93 0.9929
Flow rate 3 1.5 6 0.0166 187.95 0.9985
3 1.5 9 0.0262 95.03 0.9965
Table 7 Clark parameters at
different conditions for the Parameters Co (mg/L) Hr (cm) Q (mL/min) r A R
adsorption of ibuprofen
Bed height 3 1.5 6 0.0137 4.0548 0.9980
3 2.0 6 0.0125 5.954 0.9901
3 25 6 0.0117 6.405 0.9803
Concentration 3 1.5 6 0.0137 4.0548 0.9980
5 1.5 6 0.0151 2.1662 0.9922
10 1.5 6 0.0171 1.6482 0.9927
Flow rate 3 1.5 6 0.0137 4.0548 0.9980
3 1.5 9 0.0203 2.1357 0.9958
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Table 8 Equations for error

functions for fixed bed column Error functions

Equation

study

Residual root mean square error (RMSE)
The coefficient of determination (R?)
The sum of the square of the error (SSE)

The sum of the absolute error (SAE)

Average relative error (ARE)

The average relative standard error (ARS)

n
RMSE = \/g > (Yep—Yea)’

(Yo Vea)’
S (YeyTea) +(Yep—Yeur)'

SSE = 'Zl (Yexp_Ycal)z
i=

R =

SAE — é Y earY e,

2
Y (YeaYep/Yey)
n—1

ARS =

describing and analyzing the fixed bed column studies several
theoretical models have been investigated [39, 40]. In this
study, BDST, Thomas, Yoon- Nelson and Clark models were
applied for predicting the dynamic behavior of the column.
Some of these equation models are listed in Table 2.

BDST (bed depth service time) model analysis

BDST is a simplified model of Bohart-Adams with linear rela-
tionship between the bed depth and service time. This model was
developed by Hutchin and introduced as BDST (Eq. 5) [41].
This model is having different modes of bed depth, Hr, service
time in the column. N, and k, constants were obtained during
column operation and R* shows the compliance of adsorption
system from BDST. A suitable correlation for all plots (R* >
0.97) is indicative of high applicability of the model to predict
the service time of the adsorbents used in the column (Table 3).
ko was obtained through BDST plots, indicating the properties of
solute transfer levels from liquid phase to solid phase [42].

BDST model parameters can be useful to scale up the pro-
cess in other flow rates without testing. The minimum bed
height corresponding to time =0 may be predicted from the
plot (Fig. 7). The minimum bed heights were estimated and
presented in Table 4 for different C/C.

Thomas model

The Thomas model is presented in a linearized form, in Eq.
(6). Based on Thomas model, Thomas kinetic coefficient
(Ktn) and Maximum solid phase concentration (mg/g) are
respectively calculated through slope and intercept of linear-
ized plots form and the behavior is described in the column
[43]. K1y, and g, values increased with increasing bed height
(Table 5). On the other hand, K1y, was increased from 5.6 to
8.4 mLmin ' mg ' by increasing the flow rate and ¢, was
decreased from 2.33 to 1.561 mg g . The results showed that
lower flow rate and higher bed height lead to better adsorption
of ibuprofen on adsorbent.

Yoon-Nelson model

The simple theoretical Yoon—Nelson model, suitable for sin-
gle component system, was tested to predict the behavior of
breakthrough for ibuprofen on adsorbent [44]. The linearized
Yoon—Nelson model is expressed in Eq. (7). kyy is the rate
constant (min ') and  is the time required for 50% exchange
breakthrough (min). The values of kyy and T wrer determined
by plotting In [C/(Cy — Cy)] versus t. Calculated parameters of
(¢ value at 50% breakthrough), kv (a rate constant) and other

Table 9  Error functions for prediction of breakthrough curve at various bed column conditions for all models

Parameters Cop (mg/l) O(ml/ Hrt (cm) R? RMSE SSE SAE ARE ARS
min)
Bed height 3 6 1.5 0.9989 0.0162 0.0119 0.5669 0.602 2.868
3 6 2.0 0.9954 0.0329 0.0481 1.3368 2.761 6.231
3 6 2.5 0.9963 0.0317 0.0527 1.5287 3212 7.952
Concentration 3 6 1.5 0.9989 0.0162 0.0119 0.5669 0.602 2.868
5 6 1.5 0.9966 0.0242 0.0219 0.7714 0.0450 0.0625
10 6 1.5 0.9980 0.0167 0.0138 0.5736 0.0357 0.0662
Flow rate 3 6 1.5 0.9989 0.0162 0.0119 0.5669 0.602 2.868
3 9 1.5 0.9957 0.0285 0.0268 0.7042 0.6752 2.698
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Table 10  Comparison of our developed nano composite adsorbent performance with some reported adsorbents

Adsorbate Adsorbent % Removal Reference

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

statistical parameters for different situations of input concen-
trations of ibuprofen, bed height and flow rate have been pre-
sented in Table 6. kyyn value decreased by increasing bed
height and input concentrations of ibuprofen because of rapid
saturation of column and elevated due to increasing flow rate.
Correlation coefficients related to experimental and predict-
able data using Yoon—Nelson model in all phases were 0.991
and 0.9985, respectively.

Clark model

Clark model is expressed in Eq. 8. A and r parameters were
calculated based on linear equation of Clarke model [45].
Table 7 indicates the value of these parameters for different
modes of input concentrations of ibuprofen, bed height and
flow rate. Value of A decreased by increasing initial concen-
tration and flow rate and showed an increase by elevating bed
height, but the ratio of 7 was in contrast [46-50]. R* in 0.9901
and 0.9980 range indicates that the model is suitable for
predicting the breakthrough curve of ibuprofen uptake process
as well as is simulated model of Freundlich adsorption kinetic.

Comparison between applied models

Data analysis using error analysis is required to confirm the
adsorption system models. Equations for error functions are
listed in Table 8. The experimental data was very consistent
with the curve fitting obtained from the models, confirming
the control of external mass transfer by initial breakthrough
curves. The column adsorption models used in this study to fit
the ibuprofen adsorption data can be essentially grouped
based on these equations. The characteristics of the parameters
associated with these models were different, but all four
models predicted a substantial amount of C/C, for a particular
set of data. The unique properties related to parameters of
error functions presented in Table 9 created more possibilities
for comparison.

According to the results obtained by the error analysis in-
clude R?, and other statistical parameters such as residual root
mean square error (RMSE), the sum of the square of the error
(SSE), the sum of the absolute error (SAE), average relative
error (ARE) and the average relative standard error (ARS) can
be easily concluded that these four models are essentially the

same as each other. Thus, the overlap of all the data points is
clear based on the results of the simulation, and the effective
parameters for measuring the functioning of the fixed-bed
column suggested the usefulness of the models.

Conclusions

In this study, we synthesized a Clay/[3-CD/PVP (CCP) nano-
composite adsorbent to remove ibuprofen from aqueous solu-
tions and examined the efficiency of this adsorbent through
fixed-bed column studies. Parameters affecting the function of
the column, such as bed heights, flow rates, and initial ibupro-
fen concentrations, were studied with respect to adsorption
capacity and breakthrough curve profiles. The results show
that adsorption capacity was increased with increasing con-
centrations and the bed depth and decreased with increases in
flow rate. The Thomas, BDST, Yoon—Nelson, and Clark
mathematical models were analyzed to predict the break-
through curves and characterize the ibuprofen adsorption pa-
rameters for the nano-composite adsorbent in different situa-
tions. The relevant characteristics of these models were mea-
sured by adopting non-linear regression, indicating appropri-
ate fitting of experimental data due to bed heights, flow rates,
and initial ibuprofen concentration values. Compared to other
studies (Table 10), the adsorbent presented in this study had
better adsorption capacity.
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