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picillin removal efficiency from
aqueous solution by polydopamine/zirconium(IV)
iodate: optimization by response surface
methodology†

Nafisur Rahman * and Poornima Varshney

Polydopamine/zirconium(IV) iodate was prepared by incorporating polydopamine into zirconium iodate gel

and studied as an effective adsorbent for ampicillin. In order to characterize the prepared composite, FTIR,

XRD, TGA-DTA, SEM and TEM were used. The effects of experimental variables on ampicillin removal were

examined using response surface methodology. The optimum conditions for ampicillin removal were 7,

130 min, 20 mg/20 mL and 50 mg L�1 for pH, contact time, adsorbent dose and initial ampicillin

concentration, respectively. Under the optimum conditions, the maximum ampicillin removal percentage

was found to be 99.12%. The Langmuir isotherm and pseudo-second-order kinetic models explained the

removal process more appropriately. The maximum adsorption capacity at 303 K was 100.0 mg g�1.

Thermodynamic study revealed that the ampicillin adsorption was spontaneous and endothermic in

nature. The reusability of the prepared material was also explored.
1. Introduction

The occurrence of new emerging pollutants in the aquatic
environment is of prime concern to researchers worldwide.1,2

Antibiotics are considered as emerging pollutants which have
been found in various water systems.3 Antibiotics are of great
importance as they have been used for the therapeutic treat-
ment of infection related diseases in both humans and
animals.4 The major sources of antibiotics in the aqueous
environment mainly originate from hospital effluents, phar-
maceutical industries and municipal wastewaters.5 Although
the concentration of antibiotic residues in the environment is
low but studies have revealed that these antibiotics are practi-
cally non-biodegradable and may result in the production of
antibiotic resistant bacteria and antibiotic resistance genes.6

Ampicillin is a b-lactam, “broad spectrum” penicillin group
antimicrobial agent which is used to treat against Gram-positive
and Gram-negative bacteria.7 Ampicillin binds to peptidoglycan
synthesizing enzymes and inhibits the synthesis of the cell
wall.8 It is also helpful in the treatment of bacterial infections,
such as ear infections, respiratory tract infections, endocarditis
and to prevent group B streptococcal infections in newborns.9–11

It may also be used for utero therapy.12 Ampicillin is used for the
treatment of clostridia infections in chickens.13 Therefore, the
niversity, Aligarh-202002, INDIA. E-mail:
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20337
removal of these non-biodegradable antibiotics from environ-
mental water has received great attention.

Several methods have been developed to deal with antibiotic
contaminants in wastewater, including oxidation,14 degrada-
tion,15,16 electrodegradation,17 reverse osmosis,18 coagulation,19

nanolteration membranes,20 photocatalytic degradation21 and
adsorption.22 Adsorption is widely available technique due to its
inherently high efficiency, operational simplicity and economic
feasibility. However, the efficiency of adsorption method is
highly affected by the properties of adsorbents. To date, several
sorbents were utilized to adsorb penicillin group antibiotics
from contaminated water. In recent years, low-cost naturally
occurring biosorbents such as decaffeinated tea waste,23 palm
bark biomass,24 rice husk,25 Rhizopus arrhizus and activated
sludge26 were successfully utilized for the removal of antibiotics.
Granular activated carbon was also tested to adsorb ampicillin
from water at pH 6. The removal efficiency (73%) was poor and
requiring 120 min of contact time.27 Carbon materials modied
by liquid nitrogen treatment was used to remove ampicillin but
its efficiency was 92.31% at pH 7.0.28 The adsorption behavior of
ampicillin onto hydroxyapatite was investigated and the
adsorption data followed the Freundlich isotherm model.29

Weng et al.30 have examined the adsorption characteristics of
bentonite-supported nanoscale Fe/Ni for the decontamination
of b-lactam antibiotics. The study revealed that only 85.1% of
ampicillin was removed from aqueous solution. In addition,
myristyltrimethylammonium intercalated montmorillonite was
used as adsorbent with ampicillin adsorption capacity of
49.96 mg g�1.31 Rahardjo et al.32 have modied the bentonite by
This journal is © The Royal Society of Chemistry 2020
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treating with cetyltrimethylammonium bromide and tested as
sorbent to adsorb ampicillin. Single and multi-walled carbon
nanotubes were adopted to extract penicillin G from aqueous
solutions.33 Graphene sand composite and chitosan modied
with Bi2O3/BiOCl were found to have selective affinity for the
adsorption of ampicillin.34 Amino functionalized ordered mes-
oporous silica35 exhibited its potential for ampicillin removal.

Currently, synthesis of organic–inorganic composite mate-
rials is gaining attention because of their multifunctional and
enhanced adsorption properties.36–39 Polydopamine is highly
conjugated organic material and have abundant adhesive
functional groups. It can be synthesized by the oxidative poly-
merization of dopamine in acidic and slightly alkaline condi-
tions.40,41 Due to strong adhesion ability, versatile chemical
reactivity and chemical stability of polydopamine, a variety of
polydopamine based composite materials has been prepared
for environmental applications.42,43 Moreover, the catechol
groups and nitrogen heteroatoms of polydopamine are active
sites for heavy metal ions and other organic pollutants through
electrostatic, bidentate chelating or hydrogen bonding interac-
tions.44 Recently, polydopamine based composite materials
have demonstrated their potential in the removal of pollutants
from aqueous solutions. Zeng et al.45 have designed a bio-
sorbent based on pullulan and polydopamine for uptake of
Cu2+, Co2+ and Ni2+ ions. Polydoapmine-functionalized gra-
phene oxide was used for preparation of polyvinyl alcohol/chi-
tosan/polydopamine–graphene oxide hydrogel.46 The material
was found to have enhanced adsorption capacities for Cu2+,
Pb2+ and Cd2+ ions. Zhao et al.47 have synthesized
polydopamine/graphene oxide (PDA/GO) by self-polymerization
of dopamine monomers on graphene oxide surface. PDA/GO
has effectively removed U(VI) from aqueous solution. GO/PDA-
b-cyclodextrin ultraltration membrane was used for rejection
of methylene blue and uptake of trace Pb2+ ions from aqueous
solution.48 Wang et al.49 have prepared polycaprolactone/
polyethylene oxide@polydopamine composite with numerous
functional groups for uptake of methylene blue and methyl
orange. In this study, polydopamine with its reactive functional
groups, imine and hydroxyl groups, was combined with ther-
mally stable zirconium(IV) iodate to synthesize the composite
material and explored its potential for the removal of antibi-
otics. The material was found to have higher adsorption
capacity for ampicillin as compared to other adsorbents.27,31,32

The optimization of variables of analytical methods and
adsorption processes50–52 has been accomplished mostly by one-
factor-at-a time (OFAT) approach. Therefore, OFAT experi-
mental designs for optimization of all variables are expensive
and time consuming. Moreover, it does not give any interac-
tional effects of variables on response. Alternatively, response
surface methodology (RSM) can be useful to minimize the
difficulties of OFAT approach. RSM is applied to study the
relationships between the response and several independent
factors using a second-degree polynomial model. Recently, RSM
is used in the adsorptive removal processes for optimization of
independent variables and determination of relative signi-
cance of several parameters.53–56
This journal is © The Royal Society of Chemistry 2020
The aim of this work was to develop polydopamine/zirco-
nium(IV) iodate (PDA/ZI) for ampicillin removal from water. The
composite material was characterized by different analytical
techniques including Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), scanning/transmission electron
microscopy (SEM/TEM), and thermogravimetric analysis-
differential thermal analysis (TGA-DTA). Box–Behnken design
(BBD) under RSM was utilized for optimizing and examining
the effects of pH, contact time, adsorbent dose and initial
ampicillin concentration on the percent ampicillin removal.
Additionally, the studies of adsorption isotherms, kinetics,
thermodynamics and the reusability of PDA/ZI composite were
also performed.

2. Experimental
2.1 Reagents and materials

Ampicillin was procured from Sigma chemical company, St.
Louis (USA). Dopamine hydrochloride and zirconium oxy-
chloride were purchased from Himedia Laboratories (India)
and Otto Chemie (India), respectively. Potassium iodate was
obtained from Merck (India).

2.2 Characterization

FTIR spectrum of PDA/ZI composite was recorded on PerkinElmer
FTIR spectrophotometer using KBr pellet method. The surface
morphology of PDA/ZI composite and ampicillin loaded PDA/ZI
was studied by scanning electron microscopy using a JEOL-JSM
6510LV scanning electron microscope. The TEM images were
obtained through conventional transmission electron microscopy
[JEM 2100 JEOL, Japan]. Thermal analysis was performed using
a thermogravimetric analyzer (Shimadzu DTG-60H, Japan). The
heating was carried in the range of 20 �C to 800 �C at a rate of
20 �C min�1 in nitrogen atmosphere. The powder X-ray diffrac-
tions were performed on Bruker AXS D8 advance diffractometer
operating at 40 kV and 35 mA equipped with a Cu-Ka radiation.
The scanning rate was xed at 0.02� s�1 in 2q range of 5� to 80�. A
UV-Visible spectrophotometer (Shimadzu UV 1800, Japan) was
used to determine the ampicillin in solutions. The measurement
of pH of working solutions was performed using digital pH meter
(model: Cyberscan pH 2100, Eutech instruments, Singapore). The
sample solution was agitated at the desired temperature using
a water bath shaker (Narang Scientic Works, India).

2.3 Synthesis of polydopamine/zirconium(IV) iodate (PDA/ZI)

The synthesis of polydopamine was conducted following the
method of Zheng et al.57 For this, 0.3 g of dopamine hydro-
chloride was dissolved in 10 mL of 0.1 M HCl solution and
heated at 80 �C for 20 h. The dark brown colored product was
collected aer cooling the content of the ask. Zirconium iodate
was obtained on mixing 0.10 M ZrOCl2$8H2O (100 mL) and
0.10 M potassium iodate (100 mL) with stirring for 4 h at 27 �C
(ref. 58) (Scheme 1). The gel of zirconium(IV) iodate was mixed
with the prepared polydopamine with stirring for 8 h at 27 �C.
Finally, the product was collected aer ltration and dried at
50 �C in an oven (Scheme 2).
RSC Adv., 2020, 10, 20322–20337 | 20323
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Scheme 1 Synthesis of zirconium(IV) iodate gel.

Scheme 2 Synthesis of PDA/ZI composite.
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2.4 Adsorption studies

For optimization of experimental variables, experiments were
conducted according to Box–Behnken design. A known amount
of adsorbent ranging from 0.01 to 0.03 g was added to 20 mL of
ampicillin of varying concentration ranging from 30.0 to
70.0 mg L�1 in a 50 mL conical ask. The solution pH was
adjusted from 4.0 to 10.0 using 0.10MHCl or 0.10MNaOH. The
resulting mixture was stirred at different time intervals ranging
from 50 to 210 min. Aliquots were taken from the system at
different time intervals. The ampicillin concentration was
determined spectrophotometrically at 511 nm.59 The adsorption
capacity and percentage removal of ampicillin was calculated
using the following equations:

Removal ð%Þ ¼ Ci � Ce

Ci

� 100 (1)

qe ¼ ðCi � CeÞ � V

m
(2)
20324 | RSC Adv., 2020, 10, 20322–20337
where, Ci and Ce (mg L�1) are the initial and equilibrium
concentrations of ampicillin respectively, V and m are the
solution volume (L) and mass of adsorbent (g), respectively.
2.5 Box–Behnken experimental design

BBD under RSM was applied to optimize the experimental
variables (pH, contact time, adsorbent dose and initial
concentration) to achieve the maximum response. Each factor
was studied at three levels (Table S1†). A total of 29 experimental
runs were needed for the development of BBD and the actual
experimental design matrix was developed using Design-Expert
11.0 (trial version) soware and is illustrated in Table 1.

Themeasured data were tted to a second degree polynomial
model which is expressed as:

Y ¼ b0 þ
Xk
i¼1

biXi þ
Xk
i¼1

Xk
j¼1

bijXiXj þ
Xk
i¼1

biiXi
2 þ 3 (3)

where, Y, Xi and Xj presents response (predicted) and experi-
mental variables. b0, bi, bii and bij are the regression coefficients
This journal is © The Royal Society of Chemistry 2020
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Table 1 Box–Behnken design matrix with actual and predicted responses

Experimental
run

Independent variables Response

A: pH
B: contact
time (min)

C: adsorbent
dose (mg per 20 mL)

D: initial concentration
(mg L�1)

Actual removal
(%)

Predicted removal
(%)

1 7 130 20 50 99.12 99.12
2 7 210 20 70 82.29 81.95
3 7 50 10 50 58.57 58.64
4 7 210 20 30 99.12 99.11
5 4 210 20 50 78.88 79.10
6 7 130 20 50 99.12 99.12
7 10 130 20 70 63.05 62.93
8 7 50 20 30 77.09 77.49
9 7 130 10 70 61.77 62.33
10 7 130 20 50 99.12 99.12
11 7 210 10 50 83.6 83.27
12 7 130 20 50 99.12 99.12
13 7 50 20 70 57.26 57.32
14 4 130 20 70 58.05 57.96
15 4 130 10 50 59.36 59.35
16 10 130 10 50 64.36 64.18
17 7 130 10 30 82.6 82.49
18 7 130 20 50 99.12 99.12
19 7 210 30 50 99.12 99.17
20 4 130 20 30 77.88 78.12
21 10 130 30 50 80.15 80.22
22 7 130 30 70 81.29 81.23
23 7 130 30 30 99.12 98.39
24 10 130 20 30 79.88 80.09
25 10 210 20 50 80.25 80.66
26 4 130 30 50 77.88 78.11
27 4 50 20 50 54.65 54.06
28 7 50 30 50 77.09 77.54
29 10 50 20 50 59.85 59.45
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for the intercept, linear, interaction and quadratic terms,
respectively; 3 denes the error.

2.6 Desirability function

Desirability function60 was used to nd the independent vari-
ables to reach simultaneously the optimum value. In this
approach, each response was changed into individual desir-
ability function, di, and establishing the optimization criteria.
When di ¼ 0, the response is considered undesirable whereas di
¼ 1, exhibiting the response is completely desirable.

In order to obtain the individual desirability within an
acceptable range of response values (Ru � Rl) where, Ru is the
upper acceptable value and Rl is the lower, the transformations
can be performed in several ways.

(i) The value of di was obtained from eqn (4) when the
response has to be maximized.

di ¼

2
66664

0 if Ri\Rl�
Ri � Rl

Ru � Rl

�s

if Rl #Ri #Ru

1 if Ri .Ru

3
77775 (4)

where s is a power value called ‘weight’. Analyst set s > 1 to judge
the importance of ‘weight’ for Ri to be close to the maximum.
This journal is © The Royal Society of Chemistry 2020
Once the n variables (factors and responses) are converted
into desirability functions, then the individual desirability
scores are combined to give global desirability, D, according to
the following equation:

D ¼ �d1r1 ; d2r2... dn
rn
� 1P

ri ¼
 Yn

i¼1

di
ri

! 1P
ri

(5)

where ri is the importance of each variable relative to the other.
The global desirability is optimized to get the optimum set of
input variables.

2.7 Error analysis

A statistical approach for comparing the tness of adsorption
isotherms and kinetic models was carried out by calculating the
chi-square (c2) and average percentage error (APE) values. These
error functions employed are as follows:

c2 ¼
Xn
i¼1

�
qe;exp � qe;cal

�2
qe;exp

(6)

APE% ¼

Xn
i¼1

�����
�
qe;exp � qe;cal

�
qe;exp

�����
n

(7)
RSC Adv., 2020, 10, 20322–20337 | 20325
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where, qe,exp is the experimentally obtained capacity, qe,cal is the
capacity computed from the model and n denes the number of
experimental runs. The best tted model can be determined
using the minimum values of c2 and APE.

2.8 Desorption and reuse experiments

The reuse of PDA/ZI was explored by conducting sorption–
desorption cycles. For desorption studies, 10 mL of NaOH
solution (0.5 M) was added to the ampicillin loaded PDA/ZI
(0.06 g). The mixture was shaken at 120 rpm for 20 minutes at
room temperature. Aer ltration, ampicillin concentration in
the ltrate was obtained by measuring absorbance at 511 nm.
PDA/ZI was washed with distilled water till the washing became
neutral and then treated with 0.10 M HCl solution for 1 h. Aer
washing with distilled water, it was dried.

3. Results and discussion
3.1 Characterization

FTIR spectrum of PDA/ZI (Fig. 1) displays a broad absorption
band in the range of 3600–3200 cm�1 which conrmed the
Fig. 1 FTIR spectrum of PDA/ZI composite.

Fig. 2 TGA and DTA curves of PDA/ZI composite.

20326 | RSC Adv., 2020, 10, 20322–20337
presence of N–H and O–H groups of polydopamine. A strong
band centred at 1618 cm�1 corresponds to benzene ring –C]C–
stretching.61 The band at 1417 cm�1 is assigned to in-plane
deformation of phenolic hydroxyls present in polydopamine.62

The band at 1340 cm�1 arises due to C–N stretching.63 The
deformation vibration of C–H (aromatic) is revealed by the
absorption bands peaking at 1284 cm�1 and 1121 cm�1.63 The
absorption band centered at 785 cm�1 is indicative of iodate
group in the material.64 The bands peaking at 623 cm�1 and
482 cm�1 are linked to Zr–O lattice vibration.65 The peak
observed at 2029 cm�1 is assigned to N+–H deformation mode
because the material was prepared in acidic conditions.63 These
results suggested that the PDA/ZI composite was formed
successfully.

The X-ray diffraction pattern of PDA/ZI composite (Fig. S1†)
shows few broad peaks at 2q of 13.062, 26.383, 58.346 and
76.985 with d-spacing of 6.772, 3.375, 1.580 and 1.273 Å,
respectively. This study showed the semi-crystalline nature of
the material.

The thermal stability of PDA/ZI was examined in the range of
20� to 800 �C. TGA and DTA curves are shown in Fig. 2. In the
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 TEM images of (a) PDA/ZI composite, and (b) ampicillin loaded PDA/ZI.

Fig. 4 SEM images of (a) ZI, (b) PDA/ZI composite, and (c) ampicillin loaded PDA/ZI composite.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
8/

20
26

 6
:4

9:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
rst step, the weight loss was 8.44% up to 140 �C which is due to
the elimination of external water present on the surface of
composite. Similar observations were also reported for the
removal of water from polyacrylamide zirconium(IV) iodate66

and zirconium(IV) selenoiodate.67 Secondly, weight loss of about
20.09% was observed in the temperature range of 140–280 �C.
The weight loss is associated with the loss of I2 molecule, and
decomposition of amino groups present in polydopamine
polymeric backbone.68–70 This decomposition process is also
conrmed by DTA curve with an exothermic peak at 210 �C. In
the third step, the weight loss was about 12.30% from 280–
520 �C. In this transition range, the degradation of main poly-
dopamine chain occurs. Luo et al.71 have also reported the
degradation of polydopamine chain in silver nanoparticles
loaded polydopamine spheres. The weight loss between 520–
580 �C (35.37%) was due to the formation of zirconium oxide. It
is concluded that the adsorbent is thermally stable and can be
used as an adsorbent for removal of ampicillin from water.

SEM and TEM were used to study the morphology of the
material. TEM image of PDA/ZI composite revealed that the
average size of the particle was about 22 nm (Fig. 3a). The
This journal is © The Royal Society of Chemistry 2020
average size of the ampicillin loaded PDA/ZI composite particle
(Fig. 3b) was found to be 36 nmwhich conrmed the adsorption
of ampicillin onto PDA/ZI composite. SEM image of zirconiu-
m(IV) iodate (Fig. 4a) shows an irregular surface with pores of
varying dimensions. The surface of the material became more
irregular aer incorporation of polydopamine (Fig. 4b). Addi-
tionally, the morphology of PDA/ZI has considerably changed
aer ampicillin adsorption (Fig. 4c). The morphological study
has also pointed towards the successful adsorption of ampi-
cillin onto PDA/ZI.
3.2 Box–Behnken statistical analysis and the model tting

Box–Behnken design matrix includes pH (A), contact time (B),
adsorbent dose (C) and ampicillin concentration (D) along with
experimental response (percentage removal) (Table 1). The
experimental data were tted to polynomial models such as
linear, 2-factor interaction and quadratic to obtain the regres-
sion equations and model statistics are shown in Table S2.†
Model statistics were compared to nd the best model repre-
senting the removal of ampicillin by PDA/ZI. The results
RSC Adv., 2020, 10, 20322–20337 | 20327
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Table 2 ANOVA results and percent contributions of each variable for the developed response surface quadratic model

Source Sum of squares df Mean square F-Value
p-Value
prob > F Remark VIF PC

Model 6739.51 14 481.39 2813.08 <0.0001 Signicant
A – pH 36.19 1 36.19 211.49 <0.0001 Signicant 1.0000 0.537
B – contact time 1604.30 1 1604.30 9374.90 <0.0001 Signicant 1.0000 23.804
C – adsorbent dose 908.11 1 908.11 5306.63 <0.0001 Signicant 1.0000 13.474
D – initial conc. 1044.96 1 1044.96 6106.35 <0.0001 Signicant 1.0000 15.505
AB 3.67 1 3.67 21.43 0.0004 Signicant 1.0000 0.054
AC 1.86 1 1.86 10.89 0.0053 Signicant 1.0000 0.028
AD 2.25 1 2.25 13.15 0.0028 Signicant 1.0000 0.033
BC 2.25 1 2.25 13.15 0.0028 Signicant 1.0000 0.033
BD 2.25 1 2.25 13.15 0.0028 Signicant 1.0000 0.033
CD 2.25 1 2.25 13.15 0.0028 Signicant 1.0000 0.033
A2 2593.30 1 2593.30 15 154.25 <0.0001 Signicant 1.08 38.479
B2 757.11 1 757.11 4424.26 <0.0001 Signicant 1.08 11.234
C2 486.60 1 486.60 2843.50 <0.0001 Signicant 1.08 7.220
D2 567.06 1 567.06 3313.71 <0.0001 Signicant 1.08 8.414
Residual 2.40 14 0.1711
Lack of t 2.40 10 0.2396
Pure error 0.0000 4 0.0000
Cor total 6741.90 28
Std. dev. 0.4137 R2 0.9996
Mean 78.92 Adjusted R2 0.9993
C.V.% 0.5242 Predicted R2 0.9980
P 13.80 Adeq precision 151.5971
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revealed that the quadratic model has highest R2 (0.9996).
Moreover, the results also showed higher F-value (4574.71) and
lower values of standard deviation (0.41), predicted residual
error sum of squares (13.80) and p-value (<0.0001) for quadratic
model as compared to other models tested. Therefore, the
measured data were tted to second-order polynomial equation
to correlate the response to the four selected variables and is
expressed as:

Y(% Removal) ¼ �146.34442 + 32.039(A) + 0.607(B)

+ 4.4280(C) + 1.6475(D) � 0.0040(A � B)

� 0.0228(A � C) + 0.0125(A � D)

� 0.0009(B � C) + 0.0005(B � D)

+ 0.008(C � D) � 2.2217(A)2 � 0.0017(B)2

� 0.0866(C)2 � 0.0234(D)2 (8)

Analysis of variance (ANOVA) was adopted to judge the
correctness of the model equation (Table 2). The results showed
a high correlation between the measured and predicted
responses because there is a closeness between R2 (0.9996) and
adjusted R2 (0.9993). The values of F (2813.08) and p (<0.0001)
for the model demonstrated its statistical signicance. More-
over, the signicance of each of the linear terms, the interaction
terms and quadratic terms on the adsorption (%) of ampicillin
was investigated on the basis of p-values. The model terms
possessing p-values < 0.05 are regarded as signicant. Here, all
the linear terms, interaction terms and quadratic terms have p-
value less than 0.05 and hence, all these terms are signicant.
The sign before the individual, interactive or quadratic terms as
shown in eqn (8) indicated the positive or negative effect of
model terms on the uptake of ampicillin. The model terms
20328 | RSC Adv., 2020, 10, 20322–20337
positively affecting on the removal efficiency were A, B, C, D, AD,
BD and CD. On the other hand, the negative coefficient values of
the interaction terms (such as AB, AC and BC) and quadratic
terms (A2, B2, C2 and D2) indicated that these terms negatively
affect the percentage removal of ampicillin. The plot of experi-
mental response versus predicted response (Fig. S2†) showed
the data points are homogeneously distributed on either side
along the straight line. This indicated the adequacy and suit-
ability of the quadratic model for analysis and optimization of
ampicillin removal by PDA/ZI.
3.3 Interaction effects of variables and response surface

Response surface plots (3D) were used for determining the
signicance of binary interactions between the selected vari-
ables while keeping the other variables constant. Fig. 5a
displays the combined effect of pH and contact time on percent
ampicillin removal. At any xed pH, the uptake increases with
increasing contact time and 99.12% removal of ampicillin
(maximum removal) was obtained at 130 min. The interactive
effect of pH and adsorbent dosage on ampicillin removal
(Fig. 5b) shows that on increasing the mass of adsorbent, the
removal efficiency increases. The increase in the ampicillin
removal percentage with increasing adsorbent dosage was ex-
pected because more active sites are available for ampicillin
capture. The 3D-plot (Fig. 5c) displays the interactive effects of
pH and ampicillin concentration on percent removal. The
change in pH of the medium has a great impact on the surface
of the adsorbent and ionization of ampicillin in solution. The
pK1 (–COOH) and pK2 (–NH3

+) of ampicillin are 2.5 and 7.3,
respectively. Therefore, protonated ampicillin having –COOH
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Response surface 3D plots for ampicillin percent removal versus (a) pH and contact time, (b) pH and adsorbent dose, (c) pH and initial
concentration, (d) contact time and adsorbent dose, (e) contact time and initial concentration, and (f) adsorbent dose and initial concentration.
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and –NH3
+ are deprotonated in the pH ranges 2–4 and 6–8,

respectively.72 At any xed initial concentration percent removal
increases with increasing pH from 4 to 7 and then the removal
efficiency gradually decreases up to pH 10. The maximum
percent removal (99.12%) was observed at pH 7. This is because
of the fact that at pH < 2.5, both adsorbent and ampicillin were
positively charged, which retarded the adsorption of ampicillin
onto PDA/ZI surface. At pH 7, ampicillin is deprotonated and
providing negative sites which are available to interact with
This journal is © The Royal Society of Chemistry 2020
positive surface of PDA/ZI. Hence, at pH 7, maximum adsorp-
tion of ampicillin occurred. Further, at pH > 7 the adsorption of
ampicillin was decreased due to the electrostatic repulsion
between carboxylate group present in ampicillin and the nega-
tive surface charge of the adsorbent.73 Fig. 5d displayed the
combined effect of adsorbent dose and contact time at pH 7 and
initial concentration of ampicillin (50 mg L�1). The plot
revealed that at lower adsorbent amounts, uptake decreases due
to lesser number of binding sites for ampicillin. The interactive
RSC Adv., 2020, 10, 20322–20337 | 20329
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Table 3 Adsorption isotherm parameters obtained from non-linear fitting for adsorption of ampicillin onto PDA/ZI

Isotherm Temperature (K) Parameters Error function

Langmuir

qe ¼ qmKLCe

1þ KLCe

qm
a (mg g�1) KL (L mg�1) RL R2 c2 APE

303 99.98 0.719 9.8 � 10�3 0.9965 1.16 � 10�5 �3.40 � 10�4

313 102.9 0.867 8.1 � 10�3 0.9974 7.62 � 10�6 �2.72 � 10�4

323 105.51 1.105 6.4 � 10�3 0.9997 1.73 � 10�3 4.04 � 10�3

Freundlich
qe ¼ KFCe

1/n qm (mg g�1) 1/n KF R2 c2 APE
303 103.47 0.215 46.80 0.9940 0.12 �3.52 � 10�2

313 104.72 0.193 52.13 0.9938 0.03 �1.79 � 10�2

323 105.04 0.162 59.31 0.9979 7.61 � 10�3 8.48 � 10�3

Temkin

qe ¼ RT

bT
ln ATCe

qm (mg g�1) AT (103) bT (103) R2 c2 APE
303 95.33 0.107 0.221 0.9954 0.21 4.60 � 10�2

313 96.74 0.282 0.249 0.9964 0.36 5.90 � 10�2

323 98.19 1.768 0.301 0.9973 0.56 7.31 � 10�2

Dubinin–Radushkevich
qe ¼ (qm)exp(�KDR3

2),

where, 3 ¼ RT ln
�
1þ 1

Ce

� qm (mg g�1) KDR (10�8) E (KJ mol�1) R2 c2 APE
303 74.98 3.00 4.08 0.7907 6.24 0.25
313 80.99 2.00 5.00 0.9460 4.65 0.21
323 84.99 0.90 7.45 0.9808 4.14 0.20

a The experimental adsorption capacity for ampicillin (qe) are 99.946, 102.872, and 105.938mg g�1 at 303, 313, and 323 K respectively. Where, qe and
qm (mg g�1) are the adsorption capacity at equilibrium and simulated adsorption capacity, respectively. Ce (mg L�1) is the equilibrium concentration
of ampicillin, KL (L mg�1) is the Langmuir adsorption constant. KF and n are the Freundlich constant and heterogeneity factor, respectively. AT (L
g�1) is Temkin isotherm equilibrium binding constant, bT is Temkin isotherm constant associated with heat of sorption (J mol�1), R and T are
universal gas constant (8.314 J mol�1 K�1) and temperature (Kelvin), respectively. KDR represents Dubinin–Radushkevich isotherm constant
(mol2 J�2).
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effect of ampicillin concentration and equilibrations time
(Fig. 5e) suggested that uptake was increased with increasing
initial ampicillin concentration at any xed contact time. This is
due to higher concentration gradient which facilitates the mass
transfer from bulk solution to adsorbent surface.74 Fig. 5f shows
the combined effect of concentration and adsorbent dose on
uptake efficiency. Removal efficiency was found to increase with
increasing concentration up to 50 mg L�1. Above 50 mg L�1,
removal percentage decreases because the saturation rate
increased and the more adsorption sites were being covered.
3.4 Verication of the model

Numerical optimization was studied by keeping independent
variables in the selected ranges (pH: 4–10; contact time: 50–
210 min; adsorbent dose: 20 mg/20 mL; initial concentration:
30–70 mg L�1) to obtain response at maximum level (Fig. S3†).
The optimal conditions of pH, contact time, adsorbent dose and
initial concentration of ampicillin were 7.0, 130 min, 20 mg/20
mL, and 50 mg L�1, respectively. RSM tting model provided
the predicted removal of 99.12%. Experiments in triplicate were
conducted using the optimum values of independent variables
and results were in well agreement with the predicted values.
Therefore, RSM is accurate in predicting the removal efficiency
of ampicillin by PDA/ZI.
20330 | RSC Adv., 2020, 10, 20322–20337
3.5 Adsorption isotherms

Langmuir, Freundlich, Temkin and Dubinin–Radushkevich (D–
R) isotherm models were applied to t the adsorption data to
understand the nature of interaction between ampicillin and
PDA/ZI adsorbent at equilibrium. The non-linear equations of
these isotherm models75 are given in Table 3. Microso Excel
SOLVER function-spread sheet method76 was applied to eval-
uate the isotherm parameters. Fig. 6 and 7 show the plots of qe
vs. Ce using experimental and predicted values by Langmuir and
Freundlich isotherm models respectively. The values of KL, qm,
KF and 1/n were computed by nonlinear regression analysis
(Table 3). The characteristics of Langmuir isotherm is usually
given by dimensionless parameter, RL.77 The numerical value of
RL can be computed from eqn (9):

RL ¼ 1

1þ KLC0

(9)

The value of RL pointed towards the adsorption process as (i)
irreversible when RL ¼ 0, (ii) favourable when 0 < RL< 1, (iii)
linear when RL¼ 1 and (iv) unfavourable when RL > 1. Herein, RL

values demonstrated that the adsorption of ampicillin onto the
surface of PDA/ZI was favourable. Similar observations were
also reported for adsorption of chloramphenicol on modied
activated carbon.78 Additionally, the value of 1/n computed from
the Freundlich isotherm plot was less than 1 at all temperatures
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Nonlinear plots of Langmuir adsorption isotherm model for ampicillin adsorption onto PDA/ZI at different temperatures (pH: 7; contact
time: 130 min; adsorbent dose: 1.0 g L�1).

Fig. 7 Nonlinear plots of Freundlich adsorption isotherm model for adsorption of ampicillin onto PDA/ZI (pH: 7; contact time: 130 min;
adsorbent dose: 1.0 g L�1) at different temperatures.
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studied. This further demonstrated that ampicillin was
favourably adsorbed onto PDA/ZI. The value of 1/n obtained
from Freundlich isotherm for adsorption of tetracycline onto
Fig. 8 Non-linear plot of Temkin adsorption isotherm model for adsorpt
dose: 1.0 g L�1) at different temperatures.

This journal is © The Royal Society of Chemistry 2020
cellulose nanobril/graphene oxide was reported to be less than
1 which was similar to this study.79

Temkin isotherm model suggested the effects of some
adsorbate/adsorbent interactions. Due to adsorbate/adsorbent
ion of ampicillin onto PDA/ZI (pH: 7; contact time: 130 min; adsorbent

RSC Adv., 2020, 10, 20322–20337 | 20331
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Table 4 Adsorption kinetic parameters obtained from non-linear fitting for adsorption of ampicillin onto PDA/ZI composite

Kinetic model Temp. (K) Parameters Error function

Pseudo-rst-order
qt ¼ qe(1 � e�k1t) qe,cal (mg g�1) k1 R2 c2 APE

303 45.67 0.0356 0.9609 3.05 � 10�1 7.84 � 10�2

313 47.63 0.03615 0.9616 8.95 � 10�2 4.24 � 10�2

323 49.15 0.04099 0.9764 1.26 � 10�2 1.59 � 10�2

Pseudo-second-order

qt ¼ k2qe
2t

1þ k2qet

qe,cal
a (mg g�1) k2 R2 c2 APE

303 49.70 0.0038 0.9934 3.95 � 10�4 �2.82 � 10�3

313 50.15 0.0036 0.9993 3.37 � 10�3 �8.24 � 10�3

323 50.34 0.0035 0.9982 3.12 � 10�3 �7.90 � 10�3

a The experimental values of adsorption capacity (qe,exp) are 49.56, 49.74, and 49.945 mg g�1 at 303, 313, and 323 K respectively, when C0 ¼
50 mg L�1.
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interactions the heat of adsorption decreases in a linear fashion
with increasing surface coverage.80 Fig. 8 displays the plot of qe
versus Ce for Temkin isothermmodel and values of AT and bT were
obtained by nonlinear regression analysis (Table 3). For exam-
ining the nature of adsorption (chemical/physical), D–R isotherm
model was adopted to t the measured data. The plot of qe versus
Ce (Fig. S4†) was used to obtain the values of KDR and maximum
adsorption capacity (qm) (Table 3). The mean free energy, E, per
mole of adsorbate can be computed using eqn (10):81

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffi
2KDR

p (10)

The magnitude of E denes the type of adsorption reaction.
If the value of E lies between 8–16 kJ mol�1 then the nature of
adsorption is considered to be chemisorption type, while the
values lower than 8 kJ mol�1 denes a physisorption
process.82,83 Here, the values of E were found to be 4.08, 5.00 and
7.45 kJ mol�1 at 303, 313 and 323 K, respectively. This supports
the fact that adsorption of ampicillin onto PDA/ZI composite
may be favoured by physical forces. However, the R2 values were
found to be 0.7907, 0.9460 and 0.9808 at 303, 313 and 323 K,
Fig. 9 Nonlinear plot of pseudo-second-order kinetic model for the ad
adsorbent dose: 1.0 g L�1) at different temperatures.

20332 | RSC Adv., 2020, 10, 20322–20337
respectively which indicated that the experimental data did not
t well with the D–Rmodel. Therefore, the calculated mean free
energy values from D–R model failed to justify the adsorption
mechanism. Similar observation is reported in the literature.84

The values of R2 were 0.9965–0.9997, 0.9938–0.9979, 0.9954–
0.9973 and 0.7907–0.9808 for Langmuir, Freundlich, Temkin
and D–R models, respectively. The value of R2 may not be
considered as the sole criterion to reject or accept a model.85,86

Therefore, the applicability of these models in describing the
adsorption of ampicillin was further validated by error func-
tions (c2 and APE). Based on highest R2 and lowest c2 and APE
values, Langmuir isotherm model is most appropriate to
describe the uptake of ampicillin onto PDA/ZI (Table 3).
3.6 Adsorption kinetic studies

In order to understand the mechanism of ampicillin uptake
onto PDA/ZI composite, three kinetic models have been adop-
ted to analyze the experimental kinetic data.

Surface kinetic models. The nonlinear equations of pseudo-
rst-order and pseudo-second-order kinetic models are given in
Table 4.75 Nonlinear plots of qt (mg g�1) vs. t (min) for pseudo-
sorption of ampicillin onto PDA/ZI composite (contact time: 130 min;

This journal is © The Royal Society of Chemistry 2020
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Table 5 Kinetic parameters of intraparticle diffusion model for
adsorption of ampicillin onto PDA/ZI composite

Kinetic model Temp. (K)

Parameters

Cid Kid R2

Intraparticle diffusion 303 I 26.231 2.2219 0.9960
II 36.267 1.1638 0.9994

313 I 27.056 2.202 0.9964
II 38.083 1.0146 0.9893

323 I 27.507 2.3048 0.9856
II 43.443 0.5631 0.9716
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rst-order and pseudo-second-order model at 303, 313 and 323
K are shown in Fig. S5† and 9, respectively.

The values of k1 and q*e for pseudo rst order kinetic model
were obtained by nonlinear regression analysis using Microso
Excel SOLVER function-spread sheet method76 and summarized
in Table 4. The values of correlation coefficient (R2) vary from
0.9609–0.9764. However, the values of q*e (simulated) deviated
from the corresponding experimental qe values. These results
demonstrated the poor tting of the pseudo-rst-order model to
the measured data. In a similar fashion, the adsorption of
tetracycline on activated carbon did not obey pseudo rst-order
kinetic model.87

The values of k2 and q*e for pseudo second order kinetic
model were computed by nonlinear regression analysis and are
given in Table 4. The values of R2 of the plots were found to be
0.9934, 0.9993, and 0.9982 at 303, 313, and 323 K, respectively,
which showed that pseudo-second-order model tted well with
the adsorption data as compared to the pseudo-rst-order
kinetic model. Moreover, value of q*e was very close to the
measured qe suggesting the best t to the pseudo-second-order
kinetic equation. The lower values of c2 and APE (%) further
conrmed the better tting of pseudo-second-order kinetics to
Fig. 10 Intra-particle diffusion model for the adsorption of ampicillin ont
temperatures.

This journal is © The Royal Society of Chemistry 2020
the measured data (Table 4). The adsorption of noroxacin on
hydrogen titanate nanobelts is controlled by pseudo second-
order kinetic model.88 Therefore, the adsorption of ampicillin
onto PDA/ZI was favoured by the chemisorption process.

Intra-particle diffusion model. The intra-particle diffusion
model suggested that adsorption may occur in two or more
steps89 and it can be represented as:

qt ¼ Kidt
1/2 + Cid (11)

where Kid is the intra-particle diffusion rate constant (mg g�1

min�1/2), and Cid (mg g�1) denes the boundary layer thickness.
The values of Kid for rst and second stages were computed
from qt vs. t

1/2 plots and are presented in Table 5. The rst sharp
slope of the line (Fig. 10) is due to the lm diffusion of ampi-
cillin from the bulk solution to the adsorbent surface. In the
second stage, the low slope of the line was due to a slow diffu-
sion rate of ampicillin into the pores of adsorbent. The linear
portions of these curves (Fig. 10) show intercept of greater than
zero which demonstrated that both lm and intra-particle
diffusion are playing signicant role in the adsorption of
ampicillin. It has been reported that the adsorption of sulfon-
amide antibiotics on carbon nanotubes was controlled by both
surface adsorption (pseudo second order kinetic model) and
intraparticle diffusion processes.90 These results support the
ndings of this study.
3.7 Adsorption thermodynamics

The uptake of ampicillin onto PDA/ZI was examined at 303, 313
and 323 K under the optimized experimental conditions. The
thermodynamic parameters such as Gibbs free energy change
(DG�), enthalpy change (DH�) and entropy change (DS�) were
calculated by using the eqn (12) and (13):

DG� ¼ �RT ln Kc (12)
o PDA/ZI (contact time: 130 min; adsorbent dose: 1.0 g L�1) at different

RSC Adv., 2020, 10, 20322–20337 | 20333
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Table 6 Thermodynamic parameters for ampicillin adsorption onto
PDA/ZI at different temperatures

Temperature
(K)

DG�

(KJ mol�1)
DH�

(KJ mol�1)
DS�

(J mol�1 K�1)

303 �29.302 84.436 373.922
313 �31.647
323 �36.841
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ln Kc ¼ DS�

R
� DH�

RT
(13)

The adsorption equilibrium constant, Kc, was calculated
using eqn (13) and following the method reported by
Milonjic.91,92

Kc ¼
�
qe

Ce

�
(14)

where qe and Ce are equilibrium adsorption capacity (mg g�1)
and equilibrium concentration of ampicillin in solution (mg
L�1), respectively.

The linear plot of ln Kc versus 1/T (Fig. S6†) provided the
values of DH� and DS�. The DG� values for the removal of
ampicillin were found to be �29.302, �31.647 and
�36.841 kJ mol�1 at 303 K, 313 K and 323 K, respectively, which
indicated that the adsorption of ampicillin onto PDA/ZI needed
low adsorption energy.93 Therefore, the uptake of ampicillin
occurred favourably and spontaneously. The adsorption of
ampicillin was endothermic in nature since the value of DH�

(84.436 KJ mol�1) is positive.94,95 The positive value of DS�

(373.922 J mol�1 K�1) depicts the increased degree of freedom
at solid liquid interface (Table 6).
Scheme 3 Mechanism of adsorption of ampicillin on PDA/ZI.

20334 | RSC Adv., 2020, 10, 20322–20337
3.8 Adsorption mechanism

The mechanism of ampicillin adsorption can be explained by
taking into consideration the pH of the solution as it plays
a signicant role in the speciation of ampicillin as well as
surface charge of the adsorbent. The pK values corresponding to
–COOH and –NH3

+ of ampicillin are 2.5 and 7.3, respectively. At
pH < 2.5, both the adsorbent as well as ampicillin were posi-
tively charged. This electrostatic repulsion limited the adsorp-
tion of ampicillin in acidic conditions. At about neutral pH, the
surface of the adsorbent was positively charged while negative
charge on ampicillin was developed due to deprotonation of
–COOH and –NH3

+ groups72 and thus, electrostatic interaction
occurs between adsorbent and ampicillin. Moreover, Zr(IV) can
also interact with –COO� group of ampicillin. Additionally, p–p
interaction between benzene ring of ampicillin and polydop-
amine can be expected (Scheme 3). Thus, these interactions are
responsible for enhanced adsorption capacity.
3.9 Desorption and reuse

For industrial applications, the regeneration and reuse of
adsorbents are the major factors for the adsorption processes.
In this study, reuse efficiency of PDA/ZI composite for ampi-
cillin was studied up to eight cycles, the results of which are
shown in Fig. 11. The desorption studies of ampicillin were
carried out by varying the concentration of NaOH solution
(0.1 M to 0.5 M). It was observed that the 0.5 M NaOH removed
almost all of the ampicillin from the adsorbent surface
(regeneration efficiency 99.12%) and the results reached
a nearly constant value up to 5 cycles of adsorption–desorption.
This result indicated that the PDA/ZI is a suitable adsorbent for
removal of ampicillin.
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Reusable efficiency of PDA/ZI composite for ampicillin removal from aqueous solutions.

Table 7 Comparison of adsorption capacities of various adsorbents for ampicillin

S. no. Adsorbent pH Contact time
Max. adsorption
capacity (mg g�1) Ref.

1 Granular activated carbon 6 120 12.70 27
2 Montmorillonite 7 24 h 27.60 31
3 Myristyltrimethyl ammonium

intercalated montmorillonite
7 24 h 49.96 31

4 Natural bentonite 7.8 35 50.35 32
5 Organo bentonite 7.8 35 86.55 32
6 Hydroxyapatite@C/Fe3O4 6 24 h 3.49 96
7 Activated carbon (prepared from graphene slurry) — 150 1.87 97
8 Polydopamine/zirconium(IV) iodate 7 130 100.00 This study
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3.10 Comparative study

The maximum adsorption capacities of PDA/ZI and other
existing adsorbents for the uptake of ampicillin are presented in
Table 7. Two adsorbents namely natural bentonite and orga-
nobentonite show adsorption capacity of 50.35 and 86.55 mg
g�1, respectively. All other adsorbents, except PDA/ZI, have
adsorption capacity lower than 50.0 mg g�1. The material
synthesized in this study (PDA/ZI) has higher adsorption
capacity as compared to all other adsorbents mentioned in
Table 7.
4. Conclusion

In this approach, polydopamine/zirconium(IV) iodate composite
was prepared by incorporating polydopamine into zirconium(IV)
iodate gel for removal of ampicillin. The effects of pH, contact
time, adsorbent dose and initial ampicillin concentration, on
percentage removal were examined and optimized using Box–
Behnken design. The quadratic equation developed for the
percent ampicillin removal showed a high correlation between
measured and predicted values. The optimized values, at which
maximum percent removal (99.12%) was obtained, were pH ¼
This journal is © The Royal Society of Chemistry 2020
7, contact time ¼ 130 min, adsorbent dose ¼ 20 mg and initial
concentration of ampicillin ¼ 50 mg L�1. The isotherm studies
pointed towards the best t of Langmuir isotherm model to the
measured data (R2 ¼ 0.9926). The adsorption kinetics revealed
that the uptake of ampicillin onto PDA/ZI is best represented by
the pseudo-second-order adsorption mechanism. Intra-particle
diffusionmodel was also analyzed and it was concluded that the
uptake of ampicillin was generated by lm and pore diffusion
mechanisms. The feasibility and endothermic nature of
adsorption process were conrmed by the thermodynamic
parameters.
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