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g r a p h i c a l a b s t r a c t
� Dopamine can self-polymerize on
polypropylene membrane (PP/PDA).

� The PP/PDA membrane has zwitter-
ionic nature and hydrophilic
character.

� The PP/PDA can efficiently remove
(>75%) iodine from aqueous media
within 2 h.

� Catechol and amine groups involved
in iodine chemisorption on the sur-
face monolayer.

� The PP/PDA is an affordable, stable,
reusable, and efficient iodine
adsorbent.
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The development of stable and effective iodine removal systems would be highly desirable in addressing
environmental issues relevant to water contamination. In the present research, a novel iodine adsorbent
was synthesized by self-polymerization of dopamine (PDA) onto inert polypropylene (PP) membrane.
This PP/PDA membrane was thoroughly characterized and its susrface propeties was analyzed by various
analytical techniques indcluding field emission scanning electron microscopy (FESEM), atomic force
microscopy (AFM), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR),
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH), contact angle, and surface free energy
measurement. The PP/PDA membranes were subsequently used for batchwise removal of iodine at
different temperatures (25e70 �C), pH (2e7), and surface areas (1e10 cm2) to understand the underlying
adsorption phenomena and to estimate the membrane capacity for iodine uptake. The increase in
temperature and pH both led to higher adsorption of iodine. The present approach showed a removal
efficiency of over 75% for iodine using 10 cm2 PP/PDA membrane (18.87 m2 g�1) within 2 h at moderate
temperatures (~50 �C) and pH > 4, about 15 fold compared to the PP control membrane. The adsorption
kinetics and isotherms were well fitted to the pseudo-second-order kinetic and Langmuir isotherm
models (R2 > 0.99). This adsorbent can be recycled and reused at least six times with stable iodine
adsorption. These findings were attributed to the homogenous monolayer adsorption of the iodide on
gy, Faculty of Biological Science and Technology, University of Isfahan, Isfahan, 73441-81746, Iran.

mailto:amirr@unsw.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2020.126079&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2020.126079
https://doi.org/10.1016/j.chemosphere.2020.126079


Z. Changani et al. / Chemosphere 249 (2020) 1260792
the surface due to the presence of catechol and amine groups in the PP/PDA membrane. This study
proposes an efficient adsorbent for iodine removal.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, removal of water contaminants is of paramount
importance due to inevitable generation of diverse biological,
organic, and metallic pollutants (Karimi-Maleh et al., 2019; Karimi-
Maleh et al., 2020; Long et al., 2017; Wang et al., 2019; Zhang et al.,
2019a, 2019b). Thewater pollution are one of the greatest threats to
human health and the ecological world (Bae et al., 2013; Emami
et al., 2017). Iodine is one of the most important water pollutants
which is extremely undesirable due to its potential toxicity to the
human and aquatic environment (Sato et al., 2011; Majidnia and
Idris, 2015; Bal et al., 2018). It enters into water bodies through
such various routes as iodine radioisotopes produced in nuclear
reactors, wastes produced in thin-film-transistor liquid-crystal
display, and those from medical research institutions, among
others (Sato et al., 2011; Majidnia and Idris, 2015; Hamed et al.,
2017). Thus, the wastewater and industrial effluents should be
freed effectively from iodine prior to release into the environment.

Ion separation and removal has been becoming a topical area
(Cha-Umpong et al., 2019; Razmjou et al., 2019). To date, a variety of
technologies has been developed for iodine removal from waste-
waters including precipitation (Bo et al., 2013; Hamasaki et al.,
2014), anion exchange (Liu et al., 2015; Majidnia and Idris, 2015;
Hamed et al., 2017; Yu et al., 2019), and adsorption (Kentjono et al.,
2010; Madrakian et al., 2012; Bo et al., 2013; Liu et al., 2015). Porous
organic polymers with low densities and high surface areas have
shown exceptional performance in iodine removal (Chen et al.,
2017; He et al., 2019). It has been shown that carbon-based nano-
materials, inorganic and organic materials, polymers (Kentjono
et al., 2010; Bae et al., 2013), and zeolite-based media (Hamasaki
et al., 2014; Yan and Mu, 2014) are among numerous iodine ad-
sorbents. In addition, several groups have previously reported
iodine removal by microporous inorganic exchanger (Hamed et al.,
2017), Ag2OeAg/TiO2 composites (Liu et al., 2015), ionic liquids (Yan
and Mu, 2014), and metal-organic frameworks (MOFs) (Falaise
et al., 2013). However, synthetic adsorbents suffer from
complexity and time-consuming development process, high-cost,
non-compatibility with the environment, and separation prob-
lems have limited their potential applications in wastewater
treatment (Kentjono et al., 2010; Bae et al., 2013; Yan and Mu,
2014). There are strong necessity and demand for development of
novel adsorbents for iodine removal.

Polymeric membranes are widely used as adsorbents because
their surface can be easily modified for separation of various pol-
lutants and toxins (Gryta, 2007; Song et al., 2017). Recently, there
have been an especial research focus on the surface modification of
polypropylene (PP) (Qiu et al., 2015; Moazzam et al., 2018), poly-
ethersulfone (Qiu et al., 2016; Song et al., 2017), polyimide (Xu et al.,
2017), and polyvinyl alcohol (PVA) nanofibrous membranes via
polydopamine (PDA) (Zhu et al., 2017) or other catechol coatings for
pollutant removal. The PP membranes are broadly used in indus-
trial wastewater treatment plants to remove particles larger than
0.1 mm in diameter. The PPwas found an excellentmaterial to create
a platform for separation process due to its excellent chemical and
mechanical stability and high flexibility.

The PDA, 3,4-dihydroxyphenethylamine hydrochloride, is a
biomimetic molecule of mussel adhesion proteins that is recently
received significant attention as a surface modifying agent with a
wide range of applications (Razmjou et al., 2017; Tahroudi et al.,
2018). This merit has arisen from its biocompatibility, persistent
reactive capability, environment-friendly nature, hydrophilicity,
low-cost, and universal adhesive ability to various inorganic and
organic substrates (Cheng et al., 2012; Lv et al., 2015; Ding et al.,
2016; Qiu et al., 2016; Zhang et al., 2017a; Shao et al., 2018). Its
building block, dopamine, is a neurotransmitter in the brain con-
taining both catechol and amine functional groups. Under alkaline
conditions, it can self-polymerize into PDA via the Michael addition
or Schiff’s base reaction. It can then be applied to different mem-
branes in order to improve their hydrophilicity, water permeability,
and antifouling properties (Du et al., 2015; Song et al., 2017; Xu
et al., 2017).

In the past few years, PDA has attracted considerable interest in
various applications such as biomedical, energy, and environmental
fields (Lynge et al., 2011; Liu et al., 2014). More recently, PDA and its
derivatives were used as a novel stable metal free adsorbents to
treat various dyes and other pollutants (Shi et al., 2018). In most
cases, the co-deposition of PDA/catechol and polyethyleneimine
(PEI) via Michael addition or a Schiff base reaction were used for
adsorbing pollutants with anionic charge. The adsorption process is
because of the electrostatic interaction between negatively charged
pollutants and positively charged adsorbents (Qiu et al., 2015, 2016;
Wang et al., 2015; Gong et al., 2017; Long et al., 2017; Zhu et al.,
2017). In addition, it was demonstrated that the PDA is a redox
mediator and a zwitterionic polymer due to the presence of cate-
chol and amine groups in its structure. This characteristic of poly-
dopamine allows the conjugation of molecules onto its surface
(Double et al., 2000; Liu et al., 2011; Wang et al., 2016; Bakirci et al.,
2017; Ball, 2018). Despite the great capability of PDA based mem-
branes, it has never been used for iodine removal, to the best of our
knowledge.

It is known that the high porosity of the PP membrane provides
high surface area (Deng et al., 2004; Yang et al., 2009; Shirani et al.,
2017) which in return increases the iodine uptake per unit area.
However, the hydrophobic nature of the PPmembranes is themajor
challenge in the penetration of the aqueous solution from the
membrane pores (Gryta, 2007). In the present work, the commer-
cial PP microfiltration (MF) membrane, a hydrophobic polyolefin
polymer, was used to develop a novel substrate for iodine removal.
The immediate output of this work could be modification of the
already available PP MF membrane with the PDA in order to reach
significant enhancement in iodine removal efficiency. Using the
PDA on the PP membrane would change the wettability of the
substrate which will enhance the removal of iodine molecules from
solutions. The property of the redox mediator and the zwitterionic
nature of the PDA coating can be used to modify the PP membrane
for effective iodine removal from aqueous media. The PP/PDA
membrane was then characterized by different analytical tech-
niques in order to find the capacity for iodine uptake and to un-
derstand the underlying adsorption mechanism.

2. Materials and methods

2.1. Materials

Hydrophobic flat membrane type PP 2E HF (R/P) PPMM was
purchased from Membrana GmbH (Wuppertal, Germany). The
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freshly modified membranes were used prior to each test. The
dopamine, tris (hydroxymethyl)aminomethane, potassium iodide,
and hydrogen peroxide were purchased from SigmaeAldrich
(Sydney, Australia). All chemicals were of analytical reagent grade
and used as received without any further purification. All solutions
were prepared with double-distilled water in the present work.

2.2. Preparation of PP/PDA membrane

For surface modification of the PP membrane, the strategy of
mussel-inspired chemistry was applied. To this end, dopamine
hydrochloride (10.5 mM) was dissolved in Tris-HCL buffer (50 mM,
pH 8.5). The PP membrane was cut into pieces of 10 cm2 and then
wetted by ethanol for 3 min. Subsequently, they were immersed
into freshly prepared dopamine solution and shaken for 4 h. Later
on, the membranes were air-dried at ambient condition and were
washed with deionized (DI) water three times.

2.3. Membrane characterization

The surface of PP membranes and PP/PDA were observed by
field emission scanning electron microscopy (FESEM), Hitachi
S4500II, Sunlit Technology Co., Taiwan. Prior to each test, the
membrane specimens were prepared by drying under vacuum
followed by sputtering with a thin layer of chromium. The surface
morphology and roughness of the membranes were examined by
atomic force microscopy (AFM), scanning probe microscopy (SPM/
DME) DualscopeC-26, Denmark. For each test, different parts of
each sample piece (20� 20mm2) were scanned in tapping mode at
5 � 5 mm2 and 10 � 10 mm2. The root-mean-square (RMS) rough-
ness values were determined over the area of 2 � 2 mm2. The
contact angle of a small water droplet on the surface of membranes
was measured by the sessile drop method using the contact angle
goniometry (Kruss Drop Shape Analyzer, KRÜSS GmbH, Hamburg,
Germany), with the average of at least five measurements. The
acid-base method was applied to measure the contact angle of
three liquids (Milli-Q water, glycerol, and di-iodomethane) to
calculate the surface free energy (Moazzam et al., 2018). The surface
chemical composition and structure of the membranes were
studied by attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR), JASCO FT/IR-6300, Japan. For Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) analysis,
the samples were dried at 120 �C under N2 for 26 h.

Membrane water fluxes were measured according to the pre-
viously introdced protocols (Razmjou et al., 2012; Orooji et al.,
2017a, 2018). Briefly, the PP membranes were cut into rounds
with a diameter of 25 mm and placed in an in-house dead-end cell.
The samples were rinsed with isopropanol to remove impurities
adsorbed on themembrane surfaces and then dried at 35 �C. All the
tests were conducted at 0.02 MPa. The rejections of the membranes
were calculated based on iodine concentration on the feed (Cf) and
permeate (Cp) side by following equation:

R%¼
�
1� Cf

Cp

�
� 100 (1)

2.4. Adsorption experiments

Adsorption experiments were performed under both dynamic
and static modes. The modeling methods of dynamic and static
adsorption of iodine are explained in Fig. S1 of the Supporting In-
formation. A 40 mL iodine solution (1 mol L�1) was pumped
continuously over the 20 cm2 of PDA/PP membrane at speed of
20 mL min�1. The experiments were carried out at constant tem-
perature of 30 �C controlled by an incubator. Every 10min, 0.1 mL of
each sample was collected and analyzed for iodine concentration
by measuring optical density at 288 nm using a UV/Vis spectrom-
eter (Spectrophotometer Biochrom, Biowave II, UK). For static
adsorption experiments, the 20 cm2 of PDA/PP membrane were
immersed in 40 mL iodine solution (1 mol L�1) and the optical
density of iodine solution was measured every 10 min. The iodine
concentration was then determined by a calibration curve method
(Supporting information, section 1 and Fig. S2).

Adsorption kinetics and isotherms were calculated for the
estimation of the PP/PDA membrane capacity to uptake iodine and
for understanding the adsorption mechanism. For the adsorption
kinetic study, the experiments were performed at different tem-
peratures of 20, 30, and 40 �C. The 10 cm2 membranes were placed
in a bottle (25 mL) containing 20 mL KI and H2O2 solutions with an
initial concentration of 1 M KI. At predetermined time intervals, a
200 mL aliquot of the solution was taken out to analyze the iodine
concentration in the solution.

To investigate the adsorption isotherm of iodine, the experi-
ments were performed at a fixed temperature of 30 �C. The
adsorption isotherm experiments were done by changing the initial
KI concentration from 1 to 5 M for 2 h time interval. The adsorption
capacity (qt) in mg g�1 was calculated by the following equation
(Liu et al., 2015; Zhang et al., 2017b):

q¼ðC0 � CtÞV
m

(2)

where V is the volume of solution in mL, C0 and Ct are the con-
centrations of the solution (in M) at initial condition and time t,
respectively. m stands for the membrane mass in g.

The concentration of the iodine in the solution was measured
via UVevis spectrophotometer by a calibration curve (Fig. S1).
2.5. Effect of different parameters on iodine removal

The effect of initial pH level and temperature on the adsorption
behavior of iodine was examined at an initial concentration of 1 M
for KI and H2O2 on membranes with an area of 10 cm2. The initial
pH and temperature values were changed from 2 to 7 and
25e70 �C, respectively. The control sample was a KI solution with
pure PP membrane. The removal efficiency of iodine was then
calculated for each test by the following equation:

Percentageofiodineremoval
�
%
�
¼C0 � C1

C0
� 100 (3)

where C0 and C1 (M) are the concentrations of the solution in the
initial sample and after 2 h, respectively. To determine the effect of
different surface area of the membranes on the iodine removal, the
membrane pieces ranging in area from 1 to 10 cm2 were immersed
in 1 M KI solutions at 30 �C, and the removal efficiency was
measured after 1 h.

To evaluate the membrane reusability, the iodine removal effi-
ciency was calculated in six adsorption/desorption cycles using the
ultra-sonication bath (Tecna-GAZ S.P.A Company, Germany). To
order this purpose, a modified membrane (area of 10 cm2) was
immersed in 1 M KI solution. After 2 h, the membrane was sepa-
rated from the solution and was sonicated for 30 min, in temper-
ature of 30 �C. This step was followed by washing the samples by
distilled water for at least three times and air dried at ambient
conditions. For running the next cycle, this membrane was washed
again by distilled water and then added to a fresh KI solution to
start a new adsorption cycle. Experiments were repeated for six
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cycles to ensure the repeatability of the results. The highest activity
measured was designated as 100%, and the other activities were
values proportional to that of the highest activity. The detailed
mechanisms of ultra-sonication desorption are provided in the
Supporting Information, section 2.

2.6. Mathematical modeling of the adsorption process

To gain a better understanding of the iodine adsorption onto the
PDA-modified membrane, three kinetic models were fitted to the
experimental kinetic data. The two-constant rate (Eq. (4)), pseudo-
first-order (Eq. (5)), and pseudo-second-order (Eq. (6)) models
were used to investigate the kinetic adsorption mechanism (Liu
et al., 2015).

LnðqtÞ¼ LnðaÞ þ bLnðtÞ (4)

Lnðqe � qtÞ¼ LnðqeÞ � k1t (5)

t
qt

¼ 1
k2q2e

þ t
qe

(6)

where a stands for the initial adsorbed concentration (M) and b is a
generic kinetic constant. k1 (min�1) and k2 (g mg�1 min�1) are the
rate constant of the pseudo-first-order and the pseudo-second-
order, respectively; qt and qe are the adsorption capacities of
iodine at the time t and at equilibrium (mg g�1), respectively.

In addition to the importance of adsorption kinetics, the
adsorption isotherms were investigated to gain a better under-
standing of the adsorption mechanism, the interaction of iodine
with the adsorbent, and the surface properties of the membrane.
Freundlich’s (Eq. (7)) and Langmuir (Eq. (8)) models were studied to
explain the adsorption isotherms:

LnðqeÞ¼ Ln
�
kf
�
þ 1
n
LnðCeÞ (7)

Ce
qe

¼ Ce
qm

þ 1
qmk1

(8)

where, Ce in M and qe in mg g�1 are the equilibrium concentration
and adsorption capacity, respectively. qm in mg g�1 is themaximum
adsorption capacity. kl and kf respectively are the equilibrium
constants of the Langmuir and Freundlich models and n is the
Freundlich linearity index.

2.7. Data representation and statistical analysis

All the experiments were done in triplicates unless otherwise
specified to be sure of the reproducibility of the results. The data
were reported as the mean of three independent measurements
(mean ± SE). The statistical significance of the data was studied
based on Least Significance Difference Test at P-values less than
0.05 using SPSS software version No. 16 (SPSS Inc., Chicago IL).

3. Results and discussion

3.1. Characterization of membranes

Fig. 1aed shows the FESEM images of the PP and PP/PDA porous
membranes with different magnifications. As shown in Fig. 1a and
c, the pristine PP membrane surface has different-sized pores. After
4 h of PDA deposition (Fig. 1b and 1d), the PDA layer over the PP
membrane surface was formed that lead to a significant reduction
in the amount and size of pores compared to the pristine PP
membrane. Xi et al. (2009) showed that long coating time de-
creases the surface pore size. The mouth of surface pores is
distinctly reduced when coated for 48.5 h. Similar observations
were reported in other reports for PDA-modifiedmembranes (Jiang
et al., 2010; Cheng et al., 2012; Zhao et al., 2015; Yang et al., 2016; Xu
et al., 2017; Zhang et al., 2017a). Under alkaline pH, dopamine was
oxidized to dopamine-o-quinone, which triggers the self-
polymerization and binding to the surface (Cheng et al., 2012).
Moreover, the PDA can penetrate pores of the highly porous PP
membranes and increase its mechanical strength by making
interpenetration networks.

The effect of PDA deposition on the surface roughness and
topography of the membrane was illustrated by three-dimensional
(3D) AFM analysis (Fig. 1e and f). The RMS value was decreased
from 352 to 258 nm after immersion of the pristine PP membrane
into dopamine solution. The previous research works were
consistently shown the reduction in surface roughness of
dopamine-coated membranes because PDA generates a relatively
uniform coating layer on the porous membranes (Xi et al., 2009;
Cheng et al., 2012; Xu et al., 2017). It is certain that the deposition of
PDA significantly changed the surface morphology and topology of
the membrane.

The FTIR, water contact angle, and surface free energy analysis
methods were employed to prove the presence of a PDA layer on
the membrane. The water contact angle measurement was used for
characterization of the surface wetting properties. As shown in
Fig. 1g and h, the water contact angle of the PP membrane
decreased from 148.62� to 21.2� after the membrane was immersed
in a PDA solution for 4 h. The reduction of water contact angle can
be attributed to a large amount of the hydrophilic groupseNH2 and
hydroxyl functional groups on the surface, allowing the water
droplets to easily extend over the membrane surface. This phe-
nomenon demonstrates that a PDA layer containing hydrophilic
groups is successfully introduced onto the membrane surface (Xi
et al., 2009; Jiang et al., 2010; Cheng et al., 2012; Xu et al., 2017).
In addition, the elevation of the surface free energy of the PP
membrane from 20.2 to 83.6 m Nm�1 after treatment with the PDA
confirms the enhancement of surface hydrophilicity (Fig. S3).

The FTIR spectra were utilized to characterize the PDA deposi-
tion on the PP membrane surface. As shown in Fig. 1i, a wide band
appears in the range of 1700e1500 cm�1 which is associated with
the CeC vibration of the aromatic ring and NeH bending of the
polydopamine structure (Yang et al., 2016). The new peak at
3306 cm�1, with the broad band from 3100 cm�1 to 3500 cm�1, can
be attributed to the stretching vibration of Ar-OH (Phenols) and
OeH stretching in hydroxyl-functional groups (the NeH stretch-
ing). They arise from the stretching vibration of the OH or NH2
groups belonging to dopamine and PP (Jiang et al., 2010; Cheng
et al., 2012; Xu et al., 2017). The new peak at 1647 cm�1 on the
spectra of PP/PDA membranes is associated with the overlap of the
CeC resonance vibration in an aromatic ring and NeH bending (Xi
et al., 2009). Therefore, the FTIR spectra confirm the presence of
amine and phenolic hydroxyl groups that belong to PDA on the
membrane surface via the coating process.

As presented in Table 1 and Fig. S4, the BET and BJH models
utilize N2 adsorption-desorption isotherms to calculate surface area
(m2 g�1), mean pore diameter (nm) and total pore volume (cm3

g�1) of the unmodified and modified PP membrane (Razmjou et al.,
2011; Orooji et al., 2017b). The isotherms of samples display type II
H4 hysteresis loop according to the IUPAC classifications of phys-
isorption isotherms. It shows the presence of numerous macron
size pores, thereby indicating porous structure in pure PP mem-
brane, Fig. S4 (Khalfaoui et al., 2003). After surface modification of



Table 1
Physicochemical data for the PP and PP/PDA membranes.

Sample BET Surface area (m2g�1) Mean pore diameter (nm) Total pore volume (cm3 g�1)

PP membrane 24.694 13.129 0.081
PP/PDA membrane 18.872 8.867 0.041

Fig. 1. Surface FESEM images of pure PP membrane (a and c) and PP/PDA membrane at two distinct magnifications (b and d); Three dimensional AFM images of the pristine PP
membrane (e) and the PP/PDA membrane (f); the water contact angle of the pure PP membrane (g) and PP/PDA membrane (h); the FTIR spectrum of the PP (Green) and PP/PDA
(Pink) membranes (i). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the membrane by PDA, it can be observed that the adsorption and
desorption curves were overlapped (Fig. S4b). This overlapping
arose from PDA coating layer on the membrane and the disap-
pearance of available membrane pores after surface modification.
The mean pore diameter and total volume of the pores reduced by
about 32% and 49%, respectively. These results are in agreement
with SEM, AFM, and contact angle data (Fig. 1).

Pure water flux of the membrane at constant pressure mode of
0.02 MPawas measured for the PP membrane before and after PDA
coating. For the control PP membrane, it was calculated around 850
LMH while for the PDA coated membrane it is enhanced to 1100
LMH. It should be pointed out that the PP membranes were wetted
by ethanol before measurement. The enhanced pure water flux of
the PP membranes after the PDA coating is attributed to the higher
hydrophilicity of the PDA coated membranes (Fig. 1g and h). This
higher water permeability of the PP/PDA membranes was consis-
tently observed in other works (Yang et al., 2014a, 2014b). The PP
membrane showed a poor iodine rejection of 10% whereas it
improved to 79% for the PP/PDA membranes.
3.2. Adsorption experiments

3.2.1. Study of dynamic and static modes of iodine removal
The adsorption tests were conducted in both dynamic and static

modes due to its high significance for industrial applications. The I2
from any polluted stream can be removed by circulating the feed
solution through the PDA membrane. To this end, the uptake of
iodine was compared in both dynamic and static modes during
180 min under the same conditions. Fig. 2 shows higher adsorption
capacity (245 mg g�1) under the dynamic conditions compared
with that of the static mode (206 mg g�1). This is mainly because of
the higher accessibility of surface area for iodine adsorption in the
dynamic mode. Also, it could be observed that in the static condi-
tions, the adsorption reached equilibrium after 120 min, but in the
dynamic conditions, the removal of iodine was continued.

3.2.2. Adsorption kinetics
Fig. 3aed shows the results of adsorption kinetics for the PP/PDA

membrane. Fig. 3a shows the adsorption capacity of iodine at



Fig. 2. Removal of iodine in both dynamic and static modes.
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different temperatures of 20, 30, and 40 �C. From Fig. 3a, it is
obvious that the amount of iodine adsorbed on the PP/PDA is
enhanced with an increase in temperature. It was observed that by
increasing temperature, the diffusion rate of molecules increases,
which elevate the interaction between the iodine molecules and
the membrane (Hamed, 2014; Hamed et al., 2017). At all temper-
atures, the adsorption increased initially and gradually leveled off
to reach equilibrium. It can be observed that rapid initial removal of
iodine occurred at the beginning of the test. Hamed et al. (2017)
reported the same phenomenon when they used synthetic inor-
ganic ion exchangers for iodine removal. This rapid rate is because
of the initial considerable surface area of membrane that is avail-
able to the iodine molecules. In contact times of 70, 100 and
120 min, the removal of iodine have been stable respectively for
temperatures of 20, 30 and 40 �C. After these times, the removal
efficiency increased slowly and became constant with no signifi-
cant uptake by the membranes. This can be attributed to the
saturation of themembrane surface to the iodinemolecules and the
decrease of its concentration. These adsorption phenomena can be
better described by fitting the kinetic data to the pertinent models
(Eqs. (4)e(6)). The kinetic data were well fitted to the pseudo-
second-order model (Eq. (6)) with a high correlation coefficient of
0.99 (Table 2). It can be concluded that the pseudo-second-order
kinetic model is well-suited to describe the adsorption mecha-
nism. The pseudo-second-order model indicates that the adsorp-
tion process is chemisorption and the chemical adsorption is the
rate-determining step (Liu et al., 2015; Long et al., 2017; Song
et al., 2017; Liang et al., 2018). The mechanism of chemisorption
involves strong interactions between the surface and the adsorbate,
confirming the formation of charge transfer complexes between
iodine and the MOF (Falaise et al., 2013).
3.2.3. Adsorption isotherm
Fig. 3eeg and Table 3 show that the adsorption process followed

the Langmuir model with the high correlation coefficient (R2) of
0.99. The correlation coefficient of the Freundlich model is of lesser
value. The Langmuir adsorption model assumes that the adsorption
process performed on a homogeneous surface. Accordingly, a
monolayer of iodine molecules was adsorbed on the PP/PDA
membrane (Hamed et al., 2017; Long et al., 2017; Song et al., 2017).
Fig. 3a illustrates a significant difference in qt after about 90 min of
experiments. As shown in Fig. 3b, the line slopes, as a generic ki-
netic constant for the two-constant rate kinetic models, increase
when the temperature rises from 20 to 40 �C. According to Fig. 3b,
the slopes of the line in temperatures of 20, 30 and 40 �C are 0.56,
0.44 and 0.36, respectively. In Fig. 3c, the line slopes which are the
rate constant for the pseudo-first-order kinetic models (min�1),
decrease with increasing temperature. The slopes of the line in
temperature 20, 30 and 40 �C are 0.043, 0.029 and 0.024 min�1,
respectively.

3.3. Effect of different parameters on the iodine removal efficiency

Fig. 4a shows the effect of changing temperature from 25 �C to
70 �C on the iodine removal. It appears that the amount of adsorbed
iodine on the PP/PDA membrane is enhanced with an increase in
temperature. In general, the reaction rate increases with temper-
ature according to the Arrhenius equation (Laidler, 1987). The
dissolution of KI in water is indeed an endothermic process that
absorbs energy in the form of heat because of the required energy
for breaking of the associated chemical bonds. An increase in
temperature is also accompanied by a higher diffusion rate of an-
ions in solution (Hamed et al., 2017). To be sure of the effect of
temperature on iodine removal, the control PP membrane in the
same experimental conditions was tested as well. As shown in
Fig. 4a, there is no significant reduction of iodine at temperatures
below 50 �C in the control samples, while about 80% iodine is
eliminated in the PP/PDA samples. Hamed et al. (2017) measured
iodine removal by inorganic ion exchanges and reported an in-
crease in the amount of removed iodine with temperature. At
temperatures higher than 50 �C, the iodine reduction occurs in both
control and treatment samples. This reduction can be explained by
the fact that the elevated temperatures increase the rate of iodine
loss because some of the iodine molecules diffuse out to the sur-
rounding environment. Yeon and Jung (2017) showed a similar
decrease in the concentration of iodine in the solution with an in-
crease in the temperature, as iodide was diffused out to the gas
phase. Accordingly, all the other adsorption experiments in the
present research were investigated at temperatures below 50 �C.

To investigate the effect of pH, the adsorption experiments in
solutions with different pH values were conducted for both control
PP and PP/PDA membranes (Fig. 4b). In pH 2 and 3, no adsorption
was obtained in the control samples and at pH between 4 and 7 a
slight percentage of the elimination occurred which was 4.1, 4, 2.51
and 2.54%, respectively. With an increase in pH from 2 to 7, the
removal efficiency in the PP/PDA samples increased from 49.4% to
87.4%. It can be observed that there are significant differences be-
tween the control PP samples and the PP/PDA. The highest
adsorption was observed at neutral pH.

It should be noted that the yellow color of KI and H2O2 solution
at pH higher than 7 immediately disappeared and the solution was
turned colorless. Higher pH values reduce the dissociation of KI,
shift the reaction (Eq. (9)) to the left and make the PDA layer
inefficient in removing iodine. The pH is a crucial variable affecting
the adsorption process by changing the surface charges of the
membrane, concomitantly lead to a change in surface adsorption
properties (Li et al., 2014). There are a lot of amine and phenolic
hydroxyl groups in the PDA which bestow ampholytic or zwitter-
ionic characteristics to the PDA (Yu et al., 2010), Fig. S5. The iso-
electric pH of the PDA is 4 so that lower values result in the
protonation of amino groups from the indole group and render the
PDA coating positive charges. While higher pH values (˃ 4), they are
negatively charged due to the deprotonation of the phenolic group
(Ball, 2010; Liu et al., 2011; Zhong et al., 2017; Zhan et al., 2018). In
both conditions, the removal of iodine occurs with the PP/PDA
membrane. The PDA film can remove iodine on its surface via
electrostatic attraction and electrophilic substitution reaction in
the lower and higher values of pH of 4, respectively. The PP
membrane is a hydrophobic neutral membrane and of significantly
lower (~15 fold) iodine adsorption than the PP/PDA membrane



Fig. 3. Kinetics of iodine adsorption on the PP/PDA membrane (a) fitted to two-rate constant (b), pseudo-first eorder (c) and the pseudo-second-order (c) models; the isotherm of
iodine adsorption on the PP/PDA membrane (e) and fitted data to the Freundlich’s (f) and Langmuir (g) models.

Table 2
Kinetic parameters of the fitted models to the experimental data of iodine adsorption at three temperatures of 20, 30, 40 �C.

Temperature (�C) Two-constant rate Pseudo-first-order Pseudo-second-order

A B R2 kl qe R2 K2 qe R2

20 16.31 0.56 0.95 0.043 81.79 0.96 0.00041 200 0.99
30 25.4 0.44 0.99 0.029 87.13 0.99 �0.0028 208.33 0.99
40 34.2 0.36 0.97 0.024 88.44 0.87 0.00037 250 0.99

Table 3
The parameters of the isotherms models fitted to the experimental data.

Langmuir constants Freundlich constants

KL qm R2 N Kf R2

0.008 221.46 0.99 0.4 104.5 0.86
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Fig. 4. Effect of temperature (a), pH (b), and surface area (c) on the iodine removal and reusability (d) of the PP (control) and PP/PDA membranes.
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(Fig. 4b).
Fig. 4c shows an increase in the removal efficiency with an in-

crease in the membrane area. This observation can be attributed to
the increase in the available area for iodine ions to access a greater
number of functional groups on the surface. This finding is
consistent with higher adsorption rate of iodine upon using the
membranes in dynamic mode (Fig. 2). Given these results, it is
possible to increase the removal rate of iodine in the solution by an
increase in the surface area of the PP/PDA membrane and even
achieve complete iodine elimination in the solution.

In industrial applications, one of the most important factors for
reducing expenses is the reusability of adsorbents. To evaluate the
reusability, the removal efficiency of iodine for the PP/PDA mem-
brane of 10 cm2 area was repeated for six adsorption/desorption
cycles. After the end of each cycle, the PP/PDA membrane was
separated from the solution and was sonicated for 30 min and then
it was used for the next run. The removal efficiency was then
determined spectrophotometrically before and after each run.
Fig. 4d suggests that during six cycles of reuse, the removal effi-
ciency of iodine did not change significantly and removability
remained almost constant. It can be concluded that the membrane
can be recycled and reused at least six times with stable adsorption,
higher than 70%. The regeneration of the PP/PDA membrane can be
accomplished easily at low-cost and in only 15 min by sonication.
The regeneration of other adsorbents reported to be higher around
12 and 48 h (Bo et al., 2013; Liu et al., 2015). The present approach
showed a removal efficiency of over 75% for iodine using the
10 cm2 PP/PDAmembrane (with 18.87m2 gr�1) within 2 h, which is
competitivewith previously reported removal efficiencies (Table 4).
Sato et al. (2011) used zeolite to remove iodine (removal efficacy
85%). Zeolite usually possesses a high surface area of above
500 m2 g�1 (Lowell et al., 2012) but their regeneration, and cost
makes them less attractive for iodine removal. Here, we reached
75% removal efficiency in only 2 h, and it rose to above 98% after
recovery and feed recycling. S�anchez-Polo et al. (2006) used silver-
activated carbon aerogel to remove iodine. While their adsorbent’s
surfer area (845 m2 g�1) was substantially higher than the PP/PDA
membrane, their adsorption capacity was dramatically lower
(4.3 mg g�1). Kentjono et al. (2010) utilized MgeAl (NO3) layered
double hydroxide (LDH) with 10.0 m2 g�1 surface area for iodine
removal. They reached a low adsorption capacity of 10.1 mg g�1

within 4 h. The present PP/PDA membrane exhibited significantly
high removal efficiency at the low surface area of 18.87m2 g�1, with
a significantly low removal time (2 h). Our future work on
increasing the active surface area might dramatically enhance its
removal efficacy. It is emphasized here that the advantages of our
method are that it is environment-friendly, quick (the removal ef-
ficiency of over 75% just in 2 h), inexpensive, easy and simple to
fabricate modified membranes along with high reusability.

3.4. Adsorption mechanism

Fig. 5 shows the iodine adsorption mechanism on the PDA layer.
Previous works have been reported that the surface of PDA has
numerous functional groups such as carbonyl groups of o-quinine
moieties, amine groups, and phenolic hydroxyl groups of catechol
moieties (Wang et al., 2016).

The PDA has nucleophilic and zwitterionic nature due to the
phenolic hydroxyl and amine groups. In addition, the presence of
catechol groups renders them the redox mediation ability that is
oxidized through a reversible two-electron, two-proton oxidation
(Double et al., 2000; Liu et al., 2011). The catechol group of dopa-
mine molecules also plays an important role in the catalytic re-
actions (Bakirci et al., 2017).



Table 4
Comparison of iodine removal by the PP/PDA membrane with other materials.

Material Surface area (m2/g) Removal capacity (mg g�1)/Removal efficiency (%) Time (h) Reference

Ag2OeT3NL 143 3.4 mg g�1 1 Bo et al. (2013)
Ag2OeAg/TiO2 composite 153.7 207.6 mg g�1 5 Liu et al. (2015)
Zeolite 500 85% Sato et al. (2011)
[Bmim]-based ILs e 96% 5 Yan and Mu (2014)
Ag-activated carbon aerogel 845 4.3 mgg�1 e S�anchez-Polo et al. (2006)
MgeAl LDH 10.0 10.1 mg g�1 4 Kentjono et al. (2010)
PP/PDA membrane 18.87 221.46 mg g�1 2 Present work

Fig. 5. Schematic of the iodine removal mechanism via the PP/PDA membrane.
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Potassium iodide was used as the source of I2. When H2O2 reacts
with KI solution (oxidation of KI by H2O2), iodide (I�) oxidizes to
iodine (I2) and changes the KI solution from colorless to light yel-
low, according to Eq. (9) (Razmjou et al., 2012). In basic solution, I2
and OH molecules can react to form the iodide (I-) and tri-iodide
(I3-) (Eqs. (10) and (11)) (Madrakian et al., 2012):

2KI þ H2O2 #2KOH þ I2 (9)

I2þ2OH-/ I- þ IO- þ H2O (10)

I2þ I-%I3- (11)

We have observed that the yellow color of the solution dis-
appeared when the PP/PDAmembranes were placed in the solution
after a while.

The PDAmembranes have zwitterionic nature because of amino
and phenolic groups. In the previous studies, the surface charge
characteristic of different PDA-modified membranes was investi-
gated by Zeta potential at different pH values. It was found that at
the pHs lower than that of the isoelectric point of PDA, the Zeta
potential (mV) of surfaces was positive. In contrast, at pHs higher
than that of the isoelectric point of PDA, the Zeta potential became
negative. This means that in the pH < 4, the surface charged posi-
tively and in the pH ˃ 4, the surface charged negatively (Liu et al.,
2011; Zhu et al., 2017; Zhan et al., 2018; Ouyang et al., 2019). So
in low pH (<4), it is possible that the triiodide molecules make a
weak complex with positively charged PDA via electrostatic in-
teractions. The electrostatic interactions occurred between the
anionic molecules and positive catechol groups deposited on the
membrane surfaces, resulting in the removal of I3-and as a
consequence the removal of I2 from the solution (Qiu et al., 2015).
Similar process occurs during the interaction of iodine and poly-
vinylpyrrolidone in the povidone-iodine complex. The povidone-
iodine is a complex of PVP/iodine that triiodide makes a complex
with the Hþ ions bridging between pairs of carbonyl groups of
povidone (Goodwin et al., 2017).

At pH higher than 4.0, the PDA surface is negatively charged. It
sounds that the PDA layer acts as a reducing agent. Iodine is one
such case as there is only one empty space in its p-orbitals for a
single bond to form. When I ions attack the benzene rings of the
PDA layer, I atoms could displace OH in the catechol group, through
electrophilic substitution reaction (Zhong et al., 2015). Fig. S6 (see
Supporting Information) presents FTIR spectra of PP, PP/PDA and
PP/PDA/I. The broadening peak in 1000e1300 cm�1 is associated
with the CeI stretch.
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Zhong et al. (2015) used PDA as a carrier for loading of a cancer
drug. Also, they showed that PDA could successfully load several
different radionuclides such as 131I via electrophilic substitution
reaction.

Furthermore, Falaise et al. (2013) similarly reported that amines
and OH groups on the aluminum-MOF support (aluminum-based
metal-organic frameworks) are very good electron donors to
iodine, forming strong charge-transfer complexes. It should be
noted that the results of the effect of pH on the iodine uptake
confirm the proposed mechanism. The high adsorption capability
(221.46 mg g�1) of the PP/PDA membrane can be attributed to the
presence of catechol and amine groups in its structure to a large
number which extends over the membrane surface. Moreover, the
high surface area (18.8 m2 g�1) increases the efficiency of iodine
removal. Adsorbate molecules can be attracted to the surface and
can be entrapped inside pores. With regard to the matching of the
absorption process with the Langmuir adsorption model, it can be
predicted that the molecules that are connected in a monolayer of
iodine molecules were adsorbed on the PP/PDA membrane. The
reusability results of the removal of iodine from the PP/PDA
membranes (section 3.3) demonstrated that the interactions be-
tween iodine and PP/PDA membranes are not strong enough
because the modified membranes were regenerated easily via
sonication. Finally, the high selectivity of the PP/PDAmembrane for
iodine removal was observed as well (for more details please see
supporting information, section 3 and Fig. S7).

4. Conclusions

A novel adsorbent for the removal of iodine based on the self-
polymerization of dopamine on the PP membrane was developed
in the present work. This adsorbent has positive attributes of
simplicity and easy to use, low-cost, and reusability. The PDA layer
can react with iodinemolecules and form complex and significantly
affected by temperature, pH, the surface area of the membrane, and
the adsorption contact time. The adsorption process follows the
pseudo-second-order kinetic and the Langmuir isotherm models.
Furthermore, our experimental results revealed that on the PP/PDA
membrane, the dynamic adsorption results in higher iodine
removal efficiency than that of the static mode. The PP/PDA
membrane could be reused at least six times. This study showed
that the PP membrane modified by PDA is a potentially promising
material for the removal of iodine and it would be used for the
treatment of various environmental samples, especially from
medical and radioactive wastewaters.
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