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ABSTRACT

The study of dynamics in the fixed bed column was performed using nanocomposites fabricated
based on cloisite 15A, PVP and B-cyclodextrin (CD@Clay-PVP) as an adsorbent for removal of
naproxen from aqueous solutions. Chemically modified nano-clay was characterized by using
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The effect of different parameters of the column as well as flow rate, influent
naproxen concentration and bed height were investigated to determine the adsorption charac-
teristics by this adsorbent. Three mathematical models (bed depth service time (BDST), Thomas,
Yoon-Nelson and Clark) were applied for experimental data in order to predict the breakthrough
curve and determine the optimal parameters of the bed. Thomas model showed that the value of
maximum solid-phase concentration decreased when the flow rate and the bed height increased
but increased with increasing initial naproxen concentration. The BDST model showed that the rate
constant decreased when both the bed heights and the initial concentration increased, but increased
with the increase in flow rate. The value of Thomas kinetic rate constant increased with higher flow
rate but decreased with increasing initial concentration and the height of the bed. The rate constant
Yoon—-Nelson model (K, ) increased with both increasing flow rate and initial concentration but
decreased with increasing bed height. Also, Clark model (R*= 0.9646 to 0.997) is good predicts for
the breakthrough curve of naproxen adsorption process, meanwhile, the behavior of this system
was simulated as a Freundlich adsorption. The value of the volumetric sorption capacity of the bed
increased with increasing flow rate, initial concentration and bed height. The characteristic param-
eters of the relevant models for the process of designing columns were obtained using their linear
and nonlinear regressions. The analysis of the error of experimental and calculated data demon-
strated that all models were similar for describing the adsorption process across all adsorption
conditions within the analyzed range.
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1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) such
as naproxen are the most common anti-fever and anti-
inflammatory drugs used in the treatment of joint, bone
and muscle pains [1]. Pharmaceutical products, including
NSAIDs enter into the wastewater treatment plants through
Human wastes and since the treatment plants are not
specially designed to eliminate drugs, these chemicals, they
often remain in water and wastewater after conventional
treatment [2]. Within the past two decades, several studies
have reported the occurrence of new contaminants known
as emerging pollutants in water and wastewater [3-5].

According to Deblond et al.,, among the emerging
pollutants in wastewater treatment processes, the removal
of NSAIDs, beta-blockers and non-steroidal anti-pain
drugs are about 30-40% in different studies [6]. When
NSAIDs are administered in excessive doses, they result in
the formation of toxic metabolites by oxidative pathways
and after oxidation they will produce toxins that are
relatively unstable in aqueous media and are hydrolyzed
into other toxins [7,8]. Due to the accumulative effect of
contaminations and their metabolites in water systems,
they are therefore eliminated from aqueous media in
order to prevent their potential toxicity. Tertiary or
advanced wastewater treatment systems must be used to
eliminate pollutants and drugs from wastewater because
conventional methods such as biological and physico-
chemical treatments including coagulation, evaporation,
sedimentation and filtration would be unable to remove
them totally. Studies indicate that tertiary treatment
including physical treatment by microfiltration (MF),
nanofiltration (NF), reverse osmosis (RO), adsorption and
chemical treatment using advanced oxidation processes
can be effective in reducing these drugs [9-19]. Adsorption
is one of the most promising techniques among the
advanced treatment techniques used in eliminating and
destroying NSAIDs such as naproxen from aqueous
solutions [3,20,21].

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 to other
conventional 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 [22].

Chemical stability of the polymers and reproducibility
of the values, also the interior cavity of the molecule
provides a relatively hydrophobic environment into which
a polar pollutant can be trapped are the most characteristic
of B-CD [23].

The objective of this work is to synthesis and
characterization of a polymer-clay composite adsorbent,
functionalized with B-CD groups [24,25]. Also, a
comparison of the adsorption properties of functionalized
polymer-clay composite to those of clay, aiming for future
applications in water and wastewater treatment. The
adsorbents for naproxen were prepared using nano-clay
(Cloisite 15A) as starting materials for surface modification.
Firstly, there are some different methods for synthesis of
polymer-clay nanocomposites and intercalation of polymer

between clay layers is a common method. In the present
work intercalation technique was used for fabrication
of our composite adsorbent. This intercation method is
based on electrostatic interaction between ionic polymer
(PVP) and ionic groups on clay surface. The amount of
polymer inserted between clay interlayer dependent
to the some regular parameters such as polymer/clay
ratio concentration, pH of solution, temperature, solvent
composition, etc .

The synthesized adsorbent was used for removal of
an emerging pharmaceutical pollutant (naproxen) from
aqueous solution. The adsorption ability of synthesized
adsorbent was studied in the removal of naproxen by fixed
bed column method. Also, several mathematical models
including bed depth service time (BDST), Thomas, Yoon—
Nelson and Clark were applied for experimental data in
order to breakthrough curve and determine the optimal
parameters of the bed.

2. Material and method
2.1. Materials

Closite 15A (2M2HT) were purchased from
Neutrino Co. (Iran), B-cyclodextrin from Merck
(Germany), 3-aminopropyltriethoxysilane (APTS) and

p—toluenesulfonyl chloride (TsCl) from Sigma-Aldrich.
Naproxen pure material was prepared from Alborz bulk an
Iranian pharmaceutical production company as a gift. All
the other reagents were analytical grade and used without
further purification. The amount of naproxen in each
stage was measured using a UV-Vis spectrophotometer
(PG-Instruments Ltd.) at 230 nm.

2.2. Synthesis of amino-functionalized nano-clay

In order to synthetize and prepare amino functionalized
nano-clay (NH,-Clay), 0.5 g of Closite 15A and 2.5 moles of
APTS and 25 ml of toluene were refluxed for at least 2 h.
The resulting slurry was filtered and washed with acetone
in order to remove the unreacted materials and was dried
in the oven at 150°C for 2 h. Next, the resulting precipitate
was dissolved in 70 ml of distilled water and was stirred for
30 min for removed any residual organosilane. Finally, the
obtained NH,-Clay was isolated by centrifugation of 2000
rpm and was dried in the oven at 150°C.

2.3. Preparation of 6-mono-(p-toluenesulfonyl)-B-cyclodextrin
(Ts-BCD)

Monotosyl-p-cyclodextrin (Ts-BCD) was synthesized
and prepared as follows: 18 g of B-CD (16 mmol) 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 was refluxed for 8 h at 2—4°C and then
it was kept at room temperature for 2 d. After concentrating
the solution under vacuum condition, the mixture was
poured in diethyl ether. The resulting white precipitate was
collected and repeatedly rinsed with distilled water. Finally,
the obtained material was washed by acetone and was
dried in the oven under vacuum condition at 60°C.
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2.4. Preparation of clay-grafted -CD (CD@Clay)

50 ml of dimethyl formamide (DMF) containing 2 g of
NH,—Clay was kept in a three neck flask equipped with reflux
condenser at room temperature. Then, 0.25 g of Ts-BCD was
added to 10 ml DMF and was added to the initial mixture at
pH =7-8. The temperature was increased to 60°C. The reaction
was stirred with a magnetic stirrer for 7 h under nitrogen
atmosphere. Subsequently, the product was filtered, washed
with DMF and acetone to remove any unreactive and dried in
a drying cabinet for 24 h at 60°C to eliminate the solvent.

2.5. Preparation of the intercalate CD@Clay-PVP

A suspension of 0.5 g CD@Clay in 15 ml of toluene was
added dropwise to a solution of 0.05 g polyvinylpyrrolidone
(PVP) in 15 ml toluene with ultrasonication for 1 h. The
resulting mixture was kept at room temperature for one
day. The mixture was centrifuged, washed three times with
toluene and dried in the oven at 60°C overnight (scheme 1).

2.6. Characterization

The FT-IR spectra wererecorded by a Perkin—Elmer FT-IR
spectrophotometer (model Spectrum GX). The spectrum
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Scheme 1. Schematic procedure for synthesis of CD@Clay-PVP.

was recorded from 550 to 4000 cm™ using KBr pellets. The
crystallinity of the nanoclay materials was characterized by
X-ray diffraction (XRD; ITAL structures model APD2000)
with applying Cu Ka radiation wavelength 0.15405 nm.
A step size of 0.01 and a time per step of 0.2 s were used.
Diffraction patterns were taken over the 2 h range 0-60°. The
sizes and morphologies of the synthesized nanoadsorbents
were examined by scanning electron microscopy (SEM)
image that obtained with a MIRA3 TESCAN HV: 20.0 KV
from Czech Republic.

2.7. Fixed bed column adsorption experiments

Fixed-bed column of glass, with an inner diameter of 1
cm and a height of 30 cm was filled and prepared by a certain
amount of adsorbent for column experiments. In order not
to prevent the outflow of adsorbent from the column during
the flow of fluid, the end of the column was covered by
polyethylene wool. At first, synthesized nanoadsorbent was
used in the column and it was observed that high adhesion
of nanoadsorbent caused blockage in fixed-bed column so
the adsorbent with Ottawa sand (OS) (ASTM 20-30; 95%
OS and 5% CD@Clay-PVP adsorbent) was placed in the
column. Table 1 shows some characteristics and properties
of the OS. In order to determine the rate of adsorption of

CH;30Ts
=1

B-CD (CD@Clay)
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Table 1
Physical characteristics of Ottawa sand (OS)

Characteristic Ottawa sand
Specific gravity 2.64
D10 (mm) 0.29
Dc (mm) 0.38
D50 (mm) 043
D60 (mm) 046
Coefficient of uniformity 1.58
Coefficient of curvature 1.08
USCS symbol SP
(G 0.69
C 0.51

naproxen by OS, first separate column was launched by OS.
Before the experiment started, the column was filled by a
known weight of a mixture containing adsorbent and OS,
dispersed in deionized water in downward flow direction to
withdraw the trapped air between the adsorbent particles.
Then, naproxen working solutions were continuously fed
downward into the column and the samples were collected
from the bottom of the column at different time stored at
4°C until analysis by UV-Vis spectrophotometer.

2.8. Effect of bed height

To evaluate the effect of the bed height, it is necessary
to analyze the breakthrough curve (BTC). The time for
break through appearance and shape of BTC are very
important characteristics for determining the operation
and the dynamic response of an adsorption column [26,27].
The shape of the concentration-time profile of BTC is the
important characteristic for adsorption dynamic response
and process design of an adsorption column [26].

It can be done by calculating breakthrough curve
parameters. The breakthrough curves for adsorption of
naproxen at different amounts of adsorbent in column (1,
1.5 and 2 g corresponding to 1.5, 2 and 2.5 cm bed height,
respectively) with a constant flow rate of 6 mL/min, the
empty bed contact time (EBCT) = 1.96 min and the initial
concentration of naproxen 3 mg/LL were evaluated. The
effluent was collected for naproxen analysis.

2.9. Effect of flow rate on breakthrough curve performance

The effect of flow rate on the naproxen removal in
fixed-bed column with a bed depth of 1.5 cm, the initial
concentration of 3 mg/LL and EBCT = (1.96 and 1.3 min)
was investigated. The experiment was carried out at two
different flow rates (6 and 9 mL/min).

2.10. Effect of initial naproxen concentration

The effect of initial naproxen concentration on the
breakthrough curves was investigated using feed solutions
of initial naproxen concentrations of 3, 5 and 10 mg/LL. The

investigation was performed using fixed beds with a bed
depth of 1.5 cm, Q = 6 mL/min and EBCT = 1.96 min.

2.11. Mathematical description of fixed bed column studies

The behavior of column for adsorption of an adsorbate
is described in terms of an “effluent concentration-time”
profile, which is called the breakthrough curve. The time
of breakthrough is defined as the time when the outlet
adsorbate concentration equals a certain fraction of the
original adsorbate concentration at the inlet of the column.
The breakthrough curves were expressed in terms of
normalized concentration, defined as the ratio of the outlet
concentration, C, to the feed concentration, C, as a function
of time.

The total adsorbed drug (g,,,,) by the column can be
obtained by integrating the plot of adsorbed concentration
(C,y) vs. the flow time [22]:

QA Q =ty
qoal(mg) = AN annn Cuddt (1)
o 1000 1000 7,
where t_ ., Q, and C_, are the total time for the column to

reach saturation (min), volumetric flow rate (ml/min),
and the difference in the naproxen concentration at the
initial time and the t time caused by adsorption (mg/LL),
respectively. The total amount of adsorbate delivered to
the column system (m,, ) is obtained from the following
equation [11,30]:

_ Colti

1000 @)

mtctul (mg )

From the column data, one can determine the
equilibrium adsorption. Also, this quantity was used
to obtain the capacity of adsorbent required to remove
drug. The equilibrium drug uptake (g.), also known as the
column maximum capacity, was calculated by the following
equation:

qfat
= — 3
e M ®)

where M is the amount of adsorbent (CD@Clay-PVP) packed
in the column (g). The removal percentage of naproxen can
be obtained from Eq. (4) (33):

R(%)=-T=x100 (4)

mfotzzl

2.12. Dynamic adsorption models

Modeling of data available from column studies
facilitates scale-up potential. Successful design of a column
sorption process requires the accurate prediction of the
concentration-time profile or breakthrough curve of the
effluent. Several simple mathematical models have been
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developed to describe and possibly predict the dynamic
behavior of the bed in column performance [30].

In order to describe the fixed-bed column behavior,
four classic kinetic models, bed depth service time (BDST),
Thomas, Yoon—-Nelson and Clark models were used to fit
the experimental data in the column.

2.12.1. Bed depth service time (BDST) model

Bed depth service time (BDST) is a simple model
that states that column bed depth and service time bears
a linear relationship in terms of process concentration
and adsorption parameters. This model was proposed by
Hutchins [31] after modification of Bohart-Adams model
[32]. In fact, this model is simplified the Bohart-Adams
equation and presented a linear relationship between the
bed depth and service time. The linear expression of BDST
model can be expressed as follows [30]:

NoHy | f 1 4 (G
(e (e ) o

where C, is the effluent concentration of solute in the liquid
phase (mg L), C, is the inlet solute concentration (mg L™), U
is the influent linear velocity (cm min™), N, is the adsorption
capacity (mg L), k, is the rate constant in BDST model
(L mg™ min™), t is time (min), and H, is the bed height of
column (cm). From the plots of time vs. bed height (H,), the
BDST parameters, namely N, and k , can be determined.

2.12.2. Thomas model

Thomas model [33] is widely used to evaluate the
performance of adsorption fixed-bed columns and the
influencing adsorption parameters of the column system.
This model is obtained from the equation of conservation
of mass in a flow system. The model assumption is that
the second-order reaction kinetics is reversible and follows
the Langmuir kinetics of adsorption. On the other hand,
the suitability of the Thomas model may be explained
in that this model assumes negligible axial dispersion in
the column adsorption since the rate driving force obeys
second-order reversible reaction kinetics [34]. In addition,
the Thomas model considers that sorption is not limited
by the chemical reaction, but is controlled by the surface
reaction between the adsorbed and empty capacity of
adsorbent. The Thomas model is expressed in a linearized
form, as follows [35]:

h{CO _ 1] - (kTthM ) _ ( kCoVig ] ©)
G Q Q

where k, is the Thomas rate constant (ml min™ mg™), C, is
the inlet naproxen concentration (mg/LL), C, is the effluent
naproxen concentration (mg/LL), g, is the maximum solid
phase concentration (mg/g), V; is the throughput volume
(ml), M is the amount of adsorbent in the column (g) and
Q is the flow rate (ml/min). The value of k, and g, can be
obtained from the plot of In(C,/C,— 1) versus V_ (ml).

eff

2.12.3. Yoon—Nelson model

The Yoon-Nelson model was developed based on the
assumption that the rate of decrease of the probability of
adsorption for each adsorbate molecule is proportional to
the probability of adsorption and of adsorbate breakthrough
on the adsorbent. This model is known to be a simple
theoretical model because less column data is needed for
the construction of the model and does not require detailed
data regarding to the characteristics of the sorbate, the type
of the sorbent and physical properties of the sorption bed
[36, 37]. This model is suitable for the single component
system [38]. The linearized Yoon-Nelson equation is given
below:

C
lnﬁ =kYNt - TkYN (7)

0 t

where k, is the rate constant (min”) and 7 is the time
required for 50% exchange breakthrough (min). The values
of k,,, and t can be determined by plotting In [C,/(C,~ C)]
vs. f.

2.12.4. Clark model

The Clark model has been proposed for modeling the
breakthrough curves in fixed bed adsorption based on a
combination of bed differential mass balances to estimate
a mass transfer flux and the assumption of Freundlich-
type equilibrium at the column inlet [39]. It assumes
plug flow and negligible dispersion phenomena [40]. The
foundational equations are given as follows:

C_ ( 1 )H 8)
C, \1+Ae™
With
Cn—l
A — 0 rty
(C;,”)e ©
and

B

r= (n-1) (10)

where 7 is the Freundlich constant, and C, is the solute
concentration (mol m~) at breakthrough time, ¢, (h), and u,,
is the migration velocity of the concentration front in the
bed (cm/h). The A.and r. are known as the Clark constants.
The linearized form of the Clark model is as follows:

n-1
In [(%’) —1] =—rt+InA

n-1
From a plot of ln[(c(’) —1] against t at a given bed

(11)

height and flow rate, the values of A and r can be obtained
[39].
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2.13. Error Analysis

In order to verify the model for the adsorption system,
it is necessary to analyze the data using error analysis. A
number of error functions employed in this study are
included: the coefficient of determination (R?), the sum of
the square of the error (SSE), residual root mean square
error (RMSE), the sum of the absolute error (SAE), average
relative error (ARE) and the average relative standard error
(ARS). The smaller the error function value, the better the
curve fitting. The calculated expressions of some error
functions are as follows [41-44]:

Residual root mean square error (RMSE):

1 .
RMSE = \/72 i=1 (Xx - Ycul)z

(12)

where 7 is the number of experimental data points, Y_, is
the predicted (calculated) data and Yexp is the experimental
data and Y represents the ratio C,/C,.

(ii) The coefficient of determination (R?):

Y, -Y,)
R? = ( ext _2 cal) . (13)
zizl(yexp - Ycal) + (fop - Ycal)

where Y, is the average of Y.

(iii)  The sum of the square of the error (SSE):

2

SSE=31 (Yo — Y.u) (14)

(iv) The sum of the absolute error (SAE):
SAE = 2;’:1 ‘Ycal - szp i (15)

(v) Average relative error (ARE):

Y, -Y
ARE:lZ}Ll Zl ey (16)
n Ym
(vi) The average relative standard error (ARS):
n 2
ARS = \/zi—l(‘Ym’ B YEXF / Y‘-’XV) (17)
n—-1

3. Results and discussion
3.1. Characterization of CD@Clay-PVP adsorbent

Scheme 1 shows the overall procedure used to
synthesize clay nanocomposite functionalized with B-CD.
The FT-IR spectra of the clay (a), amino functionalized clay
(b), CD-Clay (c), PVP (d) and CD@Clay-PVP (e) are shown
in Fig. 1. 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™ on cloisite 15A (Si-O stretching vibration) was absent

Nanocomposite 1696 cm™

2932- 2861 cm’!

1058 cm™*

Cloisite 15A
2932- 2861 cm’!

1058 em™

Mﬂ%

PVP 2932-2861 cm
1696 cm™

% Transmittance

B-CD 1696 cm™

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Fig. 1. The FT-IR spectra of the cyclodextrin, PVP, cloisite 15A,
CD-Clay and CD@Clay-PVP.

on B-CD and PVP spectrum but present on nanocomposite.
The silylated Cloisite 15A clay has characteristic peaks at
1058, 529, and 467 cm™ originating from the Si-O group.
The bands at 1696 cm™ (C = O stretching vibration) on PVP
was absent on clay and B-CD but present on nanocomposite.
Also, the clay has IR peak at 3645 cm™ corresponding to
the free O-H group. The peaks at 2932 and 2861 cm™ are
due to the alkyl chains of the organic modifier in the clay.
Meanwhile, the nanocomposite has the following IR peaks:
characteristic CH, (2932, 2861 cm™) and Si-O (1058, 529,
and 467 cm™) peaks that are intrinsic to the polymer and the
clay, respectively.

The SEM technique was used to investigate the surface
morphologies of the prepared samples. The surface
morphologies of the clay nanopowder and the fabricated
functionalized clay nanocomposite with the PVP (CD@
Clay-PVP) are shown in Fig. 2. The SEM images of the
fabricated clay nanocomposite (CD@Clay-PVP) in Fig.
2b show different surface morphologies than that of
the clay nanopowder (Fig. 2a). It is noticed that the inter
layer spaces are more increased in Fig. 2b which indicate
the impregnation of the nanostructure of the polymeric
between the clay layers.

XRD patterns of the clay nanopowder and the clay
nanocomposite with PVP are represented in Fig. 3. The
characteristic features of these patterns are (a) the clay
nanopowder has a peak at 20 = 7.3° which is corresponding
to (001) crystallographic plane of its crystal structure and
the layer distance of clay is 1.21 nm; (b) peak at 26 = 2.9°
which is corresponding to the MMT layer distance of 3.04
nm. Compared with cloisite 15A, CD@Clay-PVP show
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Fig. 2. SEM images of (2a) Closite 15A and (2b) CD@Clay-PVP
nanocomposite.

higher interlayer distances that indicates polymer has
intercalated into MMT’s layers successfully.

The CD@Clay-PVP composite showed a peak shift
towards a lower diffraction angle (20) than the pure cloisite
15A, indicating an increase in the interlayer spacing of
silicate layers and intercalation of polymer chains between
clay layers. The reduced peak intensity is attributed to the
low concentration of clay in the samples. The shift in the
peak from a higher to a lower diffraction angle has been
reported by different researchers [45,46].

3.2. Column studies

Performance of continuous fixed-bed column system is
expressed through breakthrough curve. The behavior of the
desired column for adsorption of naproxen was expressed

CD@clay-PVP

Closite 15A

Intensity (cps)

2 3 4 S5 6 7 8 9 10
26 (degree)

Fig. 3. XRD patterns of Closite 15A and CD@Clay-PVP nano-
composite.

as the plot of C, /C, as a function of time, ¢, or column output
volume in the desired conditions. Then, the obtained data
were evaluated by mathematical models associated with
the fixed-bed column system. The removal percentage of
naproxen and related parameters are shown in Table 2.

As noted, at first the separate columns of OS were
launched and it was proved that OS had no effect on
concentration reduction or elimination of naproxen.
Therefore, these materials were only used to prevent the
column by nano-composite adsorbent and played the
role of facilitator. Performance of new nano-composite
adsorbent (CD@Clay-PVP) was compared with some other
adsorbents previously reported for removal of naproxen in
Table 3.

3.3. Effect of bed height on BTC

The accumulation of adsorbate in a fixed-bed column is
dependent on the quantity of adsorbent inside the column,
and the steepness of all the BTCs is a strong function of bed
height. In order to find out the effect of bed height on the BTC,
sample solution having influent naproxen concentration 3
mg L and flow rate 6 mL min™ was passed through the
column by varying the bed height. Fig. 4a represents the
performance of breakthrough curves at various bed heights
ie. 1.5, 2 and 2.5 cm. As can be seen from Fig. 4a, the
breakthrough time was increased with increasing the bed
height. BTCs parameters for naproxen column study were
tabulated in Table 2. As shown in Table 2, the bed depth
strongly influenced the naproxen uptake capacity of 3.49,
3.4 and 3.38 mg/g, which was recorded at 1.5, 2 and 2.5 cm,
respectively. Also, the results revealed that the breakthrough
time increased from 450 min to 383 min, with increasing bed
height from 1.5 to 2.5 cm. Higher uptake was observed at
the highest bed height due to an increase in the surface area
of adsorbent (CD@Clay-PVP), which provided increased
availability of binding sites for the attachment of naproxen
molecules for adsorption process [47]. Also, the bed capacity
and adsorption efficiency increased with increasing bed
height. On the other hand, as the bed depth increased,
effluent volume (V) increased, which might be due to
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Table 2

Parameters in fixed-bed column for naproxen adsorption by CD@Clay-PVP
C,(mg/ Q(ml/ H, (cm) tow (min)  m_(mg) q, . (mg) g, (mg/g) V. (ml) EBCT MTZ*or  Hy** (cm)
LL) min) (min) H_ s (cm)
3 6 1.5 383.33 6.9 349 349 2300 196 1.305 0.195
3 6 2.0 416.66 75 5.10 340 2500 196 1.436 0.564
3 6 2.5 450.00 8.1 6.76 3.38 2700 1.96 1.685 0.817
3 6 1.5 383.33 6.9 349 349 2300 1.96 1.305 0.195
5 6 1.5 316.66 9.5 5.67 5.67 1900 196 1.275 0.225
10 6 1.5 291.66 175 1143 1143 1750 196 0.969 0.532
3 6 15 383.33 69 349 3.49 2300 196 1.305 0.195
3 9 15 177.77 48 2.28 2.28 1600 1.30 0.651 0.849

*The unused bed length (HUNB) or Mass Transfer Zone (MTZ).
**The used bed length HB (up to the break point).

Table 3
Comparison of our developed nano-composite adsorbent
performance with some recently reported adsorbents

Adsorbate  Adsorbent %Removal Reference
Naproxen  Activated biochar 97.7% [44]
Commercially 94.1% [44]
powdered activated
carbon (PAC)
Amberlite XAD-7 60% [45]
Granular Activated 90% [46]
Carbon (GAC)
Molecularly 38% [47]
imprinted polymer
(MIP)
Octolig® 90% [48]
Octolig and selected 90% [49]
metalloligs
Porous sugarcane 83.11% [50]
bagasse (PSB)
CD@Clay-PVP 99.8% This work

the more contact time [48]. Fig. 4a shows that the slope of
breakthrough curve decreased with increasing bed depth,
which resulted in a broadened mass transfer zone [49-51].

3.4. Effect of flow rate

It is well known that the flow rate is an important
parameter as it controls the contact time between the solute
and adsorbent surface. Furthermore, the residence time of
the solute in the fixed bed is directly proportional to the flow
rate, and a large residence time will allow greater amounts
of adsorbate to be adsorbed. The effect of flow rates on the
breakthrough curves was investigated using flow rates of
6 and 9 mL/min. The breakthrough curves at various flow
rates of naproxen are shown in Fig. 4b. As indicated in
Fig. 4b, the breakthrough curve became faster as the flow
rate increased. In all cases, a feed solution having an initial

naproxen concentration of 3 mg/LL was passed through a
fixed bed of depth 1.5 cm. It can be seen that as the flow rate
was increased from 6 to 9 mL/min, the EBCT decreased from
1.96 to 1.3 min and the exhaust time (corresponding to 98% of
influent concentration) was found to be decreased from 383
to 177 min.

The faster breakthrough curve was due to this fact that
at a high rate of influent naproxen did not have enough
time to contact with adsorbent, which resulted in a lower
removal of naproxen in column. Thus, the contact time of
naproxen with CD@Clay-PVP is very short at higher flow
rate resulting in a lower degree of adsorption leading to an
increase in the effluent drug concentration [47].

On the other hand, the influent flow rate also strongly
influenced the drug uptake capacity. Obtained results for
adsorption of naproxen on CD@Clay-PVP showed that flow
rates had some negative effects on the adsorption capacity.
The amount of total naproxen uptake (g,) decreased from
3.49 to 2.28 mg/g as flow rate increased from 6 to 9 mL/min.

3.5. Effect of initial concentration

The performance of adsorption column for different
input concentrations of naproxen (3, 5 and 10 mg/LL)
was examined at the flow rate of 6 mL/min and adsorbent
amount of 1 g (adsorbent height in column 1.5 cm). The
results showed that as the initial concentration of naproxen
increases, the breakthrough time decreases (Fig. 4c) because
the high concentration of naproxen saturates adsorption
column faster and adsorbent particles are exposed to
further milligrams of the adsorbate. As the concentration
of naproxen increases, sharper breakthrough curves are
obtained which indicates smaller area of mass transfer
and higher adsorption rate. Lower concentration than the
input naproxen causes delay in the curve because at lower
concentration the concentration difference for the transfer
of naproxen decreases. The driving force for adsorption is
the concentration difference of adsorbate on adsorbent and
adsorbate in the solution. Higher concentration difference
creates greater chemical potential that is optimal for
adsorption process. Moreover, concentration changes will
affect column saturation rate and breakthrough time, as
well [27].
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Fig. 4. Comparison of experimental, theoretical breakthrough
curve and BTCs for naproxen on CD@Clay-PVP packed column
using various models at different bed height (a); flow rate (b)
and influent naproxen concentration (c). Experimental values
are shown by data points, and model predictions are represent-
ed by lines.

3.6. Models analysis

Table 4 shows the BDST result according to plot of
BDST parameters for removal of naproxen by CD@Clay-
PVP at different breakthroughs and assuming that both
the initial concentration, C; and Q, are constant during
column operation. From these plots one can calculate BDST
parameters, i.e., N_ and k, from their slopes and intercepts,
and R? values indicate that how these adsorption systems
follow the BDST equation. A good correlation for all plots
(R* > 0.97) indicating the applicability of the model for
predicting the service time of the adsorbents used in the
column. The results are listed in Table 4.

The rate constant (k ), calculated from the intercept of
BDST plots, characterizes the rate of solute transfer from
the fluid phase to the solid phase [52]. It is stated that if
k0 is large, then even a short bed will avoid breakthrough,
but if k, decreases, a progressively longer bed is required to
avoid breakthrough [30]. The BDST model parameters can
be useful to scale up the process for other flow rates without
further experimental runs.

On the other hand, the minimum bed height
corresponding to time ¢ = 0 may be predicted from the plot.
The minimum bed heights were calculated and tabulated in
Table 5 for various C,/C,,.

Table 4
BDST parameters at different conditions for the adsorption of
naproxen on CD@Clay-PVP using linear regression analysis

C, H, Q k,(Lmg’ N,(mg U(m R*
(mg/ (cm) (mL/ min) LY min)
LL) min)
3 15 6 0.006229  2314.286 6.18 0.9867
3 20 6 0.005679  2246.121 6.18 0.9865
3 25 6 0.006080  1930.385 6.18 0.9789
3 15 6 0.006229  2314.286 6.18 0.9867
5 15 6 0.003208 2524.324 6.18 09776
10 15 6 0.001659 3623416 6.18 0.9978
3 15 6 0.006229  2314.286 6.18 0.9867
3 15 9 0.009360  1508.18  8.08 0.9949
Table 5

Regression analysis of service time versus bed height for
determination of the minimum bed height corresponding to
time t =0 (H))

C/C, Regression N, k, H, R?
equation

0.03  t=68.501 1270.01  0.03455 1.469 0.9804
H, -100.6

005  t=69199 128295 0.04067 1.046 0.9850
H,-72.391

0.08  t=69.857 129515 0.05338  0.655 0.9925
H, -45.752

010  t=70179 130112 0.06710  0.467 0.9978
H, -32.747




72 L. Rafati et al. / Desalination and Water Treatment 134 (2018) 63-74

A linear regression analysis was used to evaluate the
Thomas model parameters and the results are presented
in Table 6 at different column conditions. As listed in this
table, when the bed height was increased, the value of k
decreased, and the value of q,increased. On the other hand,
the k,, value was increased from 5.6 to 9.0 mL min™ mg™
with increasing flow rate while the g, shows an opposite
trend and decreased from 2.378 to 1.524 mg g' [48,53].

The comparison of the experimental and predicted
breakthrough curves at different bed heights and flow rates
were investigated. According to these results, lower flow
rate and higher bed height was benefit to adsorption of
naproxen on CD@Clay-PVP adsorbent column.

A linear plot of Eq. (7) was used to evaluate the model.
The calculated parameters, k,, (a rate constant), t (t value
at 50% breakthrough), and other statistical parameters
for different conditions containing the inlet naproxen
concentration, bed height, and flow rate are listed in Table 7.

As shown in Table 7, the k,,, value generally decreased
with increasing inlet naproxen concentrations, whereas the
T decreased due to a rapid saturation of the column with
the increasing inlet naproxen concentration. Furthermore,
it was found that the K, decreased with increasing bed
height, but it increases proportionally with flow rate. The

Table 6

Thomas model parameters at different conditions for the
adsorption of naproxen on CD@Clay-PVP using linear
regression analysis

C,(mg/ Hi(cm) Q(mL/ k, (mL/ gq, R?
LL) min) minmg) (mg/g)
3 15 6 5.60 2.378 0.9985
3 2.0 6 540 2907 0.9840
3 2.5 6 5.20 3.381 0.9740
3 15 6 5.60 2.378 0.9985
5 15 6 4.08 3.992 0.9895
10 15 6 1.68 5193 0.9978
3 15 6 5.60 2.378 0.9985
15 9 9.00 1.524 0.9953

Table 7

Yoon-Nelson parameters at different conditions for the
adsorption of naproxen on CD@Clay-PVP using linear
regression analysis

T showed an opposite trend. The correlation coefficients
between the experimental and predicted values using the
Yoon—Nelson model for all tested conditions were between
0.9846 and 0.9985.

A linearized form of Clark equation [Eq. (11)] was
analyzed by linear regression analysis to calculate parameters
A and r. The parameter values, for different conditions of
inlet naproxen concentration, bed height, and flow rate are
listed in Table 8. As shown in Table 8, the value of A was
found to increase with increasing bed height, but it decreases
proportionally with flow rate and initial concentration,
whereas the r value showed an opposite trend.

As seen in Table 8, R* values were high (0.9646-0.997)
indicating that the Clark model is good predicts for the
breakthrough curve of naproxen adsorption process,
meanwhile, the behavior of this system was simulated as a
Freundlich adsorption.

3.7. Comparison between applied models

The predicted and experimental breakthrough curves
are presented in Fig. 4. As can be seen, the experimental
data are in good agreement with curve fitting from models.
The fitting of models with experimental data confirms
the control of external mass transfer in the initial part of
breakthrough curves.

The column adsorption model applied in this study
to fit the naproxen adsorption data can be essentially
grouped based on their equations. It is obvious that
only the characteristic parameters associated with
these models varies but all the four models will predict
essentially the same C,/C, values for a particular data
set, and are bound to give the same error function values
as illustrated in Table 9. But, the prominent and unique
characteristic features of the respective models enable
further comparison. According to given results obtained
by error analysis including R? values and other statistical
parameters like RMSE, SSE, SAE, ARE and ARS, one can
easily conclude that these four models are essentially the
same. So, if the simulated results presented in a figure all
data points overlap each other. Of course, the profitability
of each model is obtaining useful parameters to evaluate
the performance of the used fixed bed column.

Table 8

Parameters of the Clark model at various bed heights, flow
rates, and initial naproxen concentrations for the adsorption of
naproxen on CD@Clay-PVP using linear regression analysis

C,(mg/ H (ecm) Q(mL/ k, T (min) R? C,(mg/ Hy(cm) Q(mL/ r A R?
LL) min) (min™) LL) min)
3 15 6 0.0167 189.16 0.9985 3 15 6 0.0144 4.684 0.9939
3 2.0 6 0.0158 238.65 0.9879 3 2.0 6 0.0137 8.601 0.9874
3 2.5 6 0.0146 259.37 0.9896 3 2.5 6 0.0134 10.481 0.9798
3 1.5 6 0.0167 189.16 0.9985 3 15 6 0.0144 4.684 0.9939
5 15 6 0.0164 125.35 0.9846 5 15 6 0.0146 1.717 0.9646
10 1.5 6 0.0163 86.44 0.9969 10 15 6 0.0149 1.159 0.9970
3 1.5 6 0.0167 189.16 0.9985 3 15 6 0.0144 4.684 0.9939
1.5 9 0.0279 9341 0.9949 15 9 0.0214 2.285 0.9931
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Table 9
Error functions for prediction of breakthrough curve at various bed column conditions for all models
C, (mg/L) Q) H, (cm) R? RMSE SSE SAE ARE ARS
3 6 15 0.9963 0.0219 0.0089 0.3557 0.994 3.502
3 6 2.0 0.9913 0.0328 0.0193 0.5673 1.519 4.302
3 6 2.5 0.9922 0.0344 0.0207 0.5644 3.593 10.449
3 6 15 0.9963 0.0219 0.0089 0.3557 0.994 3.502
5 6 15 0.9866 0.0351 0.0197 0.5037 0.066 0.095
10 6 15 0.9952 0.0179 0.00562 0.2927 0.0282 0.065
3 6 15 0.9963 0.0219 0.0089 0.3557 0.994 3.502
9 15 0.987 0.0359 0.0245 0.5477 0.568 2454

4. Conclusions

In the present study, we used a synthesized clay-
polymer nanocomposite functionalized with B-cyclodextrin
as effective and inexpensive adsorbent to remove
naproxen from aqueous solutions. From fixed-bed column
experiments, it was found that the CD@Clay-PVP composite
exhibited favorable adsorption of naproxen in solution. The
effects of various column operating parameters, such as bed
height, flow rate, and initial naproxen concentration on the
adsorption capacity and breakthrough curve profiles were
investigated. It was found that the adsorption capacity
was increased with increasing influent concentration, but
decreased with increasing the bed depth and flow rate.
Thomas, BDST, Yoon—-Nelson and Clark models were applied
to the experimental data obtained from dynamic studies
performed in the fixed bed column for the prediction of the
breakthrough curves and to determine the characteristic
parameters of the naproxen adsorption on CD@Clay-PVP
composite under varying experimental conditions.

Prominent and unique characteristic features of the
respective models like BDST, Thomas, Yoon-Nelson and
Clark models were determined by adopting from regression
technique. All models were found to be suitable for fitting
experimental data with respect to various bed heights, flow
rates, and initial naproxen concentration values. From the
comparison studies it was also observed that the adsorption
capacity of the present adsorbent is well compared to other
similar adsorbents reported in literature.
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